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Dr. Ralph Cicerone (1943-2016) was Presi-
dent of the National Academy of Sciences in 
2015 when, in partnership with the Presi-
dent of the National Academy of Medicine, 
he announced a human genome-editing ini-
tiative that would encompass science, ethics, 
and regulation. He noted that the National 
Academies of Sciences, Engineering, and 
Medicine have led the effort to develop re-
sponsible, comprehensive policies for many 
emerging and controversial areas of genet-
ics and cell biology, such as human embry-
onic stem cell research, human cloning, and 
“gain-of-function” research. Most notable 
was its involvement in key events leading 

up to the 1975 Asilomar conference. But there are important differences 
between the Asilomar era and today, Dr. Cicerone said in an interview with 
Nature, because few researchers were pursuing recombinant DNA research 
in 1975. Modern genome-editing techniques are easy to use and widely 
accessible, leading him to conclude that the situation requires an approach 
that is “really more international than Asilomar ever had to be.” 

Dr. Cicerone was as good as his word. In collaboration with science 
and medicine academies from China and the United Kingdom, an initiative 
was launched with an international summit. From this came a commitment 
to future summits and the formation of a study committee, with members 
hailing from or working in Canada, China, Egypt, France, Germany, Israel, 
Italy, Spain, the United Kingdom, and the United States. This report is the 
culmination of the work by that committee and is dedicated to this great 
leader of the National Academy of Sciences.
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Preface

xi

Genome editing—a suite of methods for creating changes in DNA more 
accurately and flexibly than previous approaches—was hailed as the 
2011 Method of the Year by Nature Methods, and the CRISPR/Cas9 

system of genome editing was named the 2015 Breakthrough of the Year 
by Science. The technology has excited interest across the globe because of 
the insights it may offer into fundamental biological processes and the ad-
vances it may bring to human health. But with these advances come many 
questions, about the technical aspects of achieving desired results while 
avoiding unwanted effects, and about a range of uses that may include not 
only healing the sick, but also preventing disease in this and future genera-
tions, or even altering traits unrelated to health needs. Now is the time to 
consider these questions. Clinical trials using edited human somatic cells 
are already underway, and more are anticipated. To help direct the use of 
genome editing toward broadly promoting human well being, it is impor-
tant to examine the scientific, ethical, and social issues it raises, and assess 
the capacity of governance systems to ensure the technologies’ responsible 
development and use. Doing so also entails articulating the larger principles 
that should underlie such systems.

These were not easy tasks, but we are profoundly grateful to the com-
mittee members who joined us in tackling our charge. They willingly and 
thoughtfully brought their diverse perspectives to bear on our discussions, 
and we thank them for their commitment to this study and for devoting 
so much of their time and energy over the past year. It has been a pleasure 
and a privilege to work with them. The report was also informed by many 
presentations and discussions with speakers whose contributions provided a 
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wealth of information and insight. We thank them for sharing their research 
and viewpoints with us. Finally, on behalf of the committee, we would like 
to thank the staff of the National Academies of Sciences, Engineering, and 
Medicine for working alongside us throughout the study—their ideas and 
support were crucial to bringing the project to fruition—and thank the 
sponsors of the study, who had an expansive vision for its potential.

R. Alta Charo and Richard O. Hynes, Co-Chairs
Committee on Human Gene Editing: Scientific,  
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Summary1

enome editing2 is a powerful new tool for making precise 
additions, deletions, and alterations to the genome—an or-
ganism’s complete set of genetic material. The development 
of new approaches—involving the use of meganucleases; zinc 
finger nucleases (ZFNs); transcription activator-like effector 
nucleases (TALENs); and, most recently, the CRISPR/Cas9 

system—has made editing of the genome much more precise, efficient, flex-
ible, and less expensive relative to previous strategies. With these advances 
has come an explosion of interest in the possible applications of genome 
editing, both in conducting fundamental research and potentially in pro-
moting human health through the treatment or prevention of disease and 
disability. The latter possibilities range from restoring normal function in 
diseased organs by editing somatic cells to preventing genetic diseases in 
future children and their descendants by editing the human germline.

As with other medical advances, each such application comes with its 
own set of benefits, risks, regulatory frameworks, ethical issues, and societal 
implications. Important questions raised with respect to genome editing 
include how to balance potential benefits against the risk of unintended 

1 This summary does not include references. Citations for the discussion presented in the 
summary appear in the subsequent report chapters.

2 The term “genome editing” is used throughout this report to refer to the processes by which 
the genome sequence is changed by adding, replacing, or removing DNA base pairs. This term 
is used in lieu of “gene editing” because it is more accurate, as the editing could be targeted to 
sequences that are not part of genes themselves, such as areas that regulate gene expression. 

G

1
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2 HUMAN GENOME EDITING

harms; how to govern the use of these technologies; how to incorporate 
societal values into salient clinical and policy considerations; and how to 
respect the inevitable differences, rooted in national cultures, that will shape 
perspectives on whether and how to use these technologies.

Recognizing both the promise and concerns related to human genome 
editing, the National Academy of Sciences and the National Academy of 
Medicine convened the Committee on Human Gene Editing: Scientific, 
Medical, and Ethical Considerations to carry out the study that is docu-
mented in this report. While genome editing has potential applications 
in agriculture and nonhuman animals, this committee’s task was focused 
on human applications. The charge to the committee included elements 
pertaining to the state of the science in genome editing, possible clinical 
applications of these technologies, potential risks and benefits, whether 
standards can be established for quantifying unintended effects, whether 
current regulatory frameworks provide adequate oversight, and what over-
arching principles should guide the regulation of genome editing in humans. 

OVERVIEW OF GENOME-EDITING 
APPLICATIONS AND POLICY ISSUES

Genome-editing methods based on protein recognition of specific DNA 
sequences, such as those involving the use of meganucleases, ZFNs, and 
TALENs, are already being tested in several clinical trials for application 
in human gene therapy, and recent years have seen the development of a 
system based on RNA recognition of such DNA sequences. CRISPR (which 
stands for clustered regularly interspaced short palindromic repeats) refers 
to short, repeated segments of DNA originally discovered in bacteria. These 
segments provided the foundation for the development of a system that 
combines short RNA sequences paired with Cas9 (CRISPR associated pro-
tein 9, an RNA-directed nuclease), or with similar nucleases, and can read-
ily be programmed to edit specific segments of DNA. The CRISPR/Cas9 
genome-editing system offers several advantages over previous strategies for 
making changes to the genome and has been at the center of much discus-
sion concerning how genome editing could be applied to promote human 
health. Like the use of meganucleases, ZFNs, and TALENs, CRISPR/Cas9 
genome-editing technology exploits the ability to create double-stranded 
breaks in DNA and the cells’ own DNA repair mechanisms to make precise 
changes to the genome. CRISPR/Cas9, however, can be engineered more 
easily and cheaply than these other methods to generate intended edits in 
the genome. 

The fact that these new genome-editing technologies can be used to 
make precise changes in the genome at a high frequency and with consid-
erable accuracy is driving intense interest in research to develop safe and 
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SUMMARY 3

effective therapies that use these approaches and that offer options beyond 
simply replacing an entire gene. It is now possible to insert or delete single 
nucleotides, interrupt a gene or genetic element, make a single-stranded 
break in DNA, modify a nucleotide, or make epigenetic changes to gene 
expression. In the realm of biomedicine, genome editing could be used for 
three broad purposes: for basic research, for somatic interventions, and for 
germline interventions. 

Basic research can focus on cellular, molecular, biochemical, genetic, 
or immunological mechanisms, including those that affect reproduction 
and the development and progression of disease, as well as responses to 
treatment. Such research can involve work on human cells or tissues, but 
unless it has the incidental effect of revealing information about an iden-
tifiable, living individual, it does not involve human subjects as defined by 
federal regulation in the United States. Most basic research on human cells 
uses somatic cells—nonreproductive cell types such as skin, liver, lung, and 
heart cells—although some basic research uses germline (i.e., reproductive) 
cells, including early-stage human embryos, eggs, sperm, and the cells that 
give rise to eggs and sperm. These latter cases entail ethical and regulatory 
considerations regarding how the cells are collected and the purposes for 
which they are used, even though the research involves no pregnancy and 
no transmission of changes to another generation.

Unlike basic research, clinical research involves interventions with 
human subjects. In the United States and most other countries with ro-
bust regulatory systems, proposed clinical applications must undergo a 
supervised research phase before becoming generally available to patients. 
Clinical applications of genome editing that target somatic cells affect 
only the patient, and are akin to existing efforts to use gene therapy for 
disease treatment and prevention; they do not affect offspring. By contrast, 
germline interventions would be aimed at altering a genome in a way that 
would affect not only the resulting child but potentially some of the child’s 
descendants as well. 

A number of the ethical, legal, and social questions surrounding gene 
therapy and human reproductive medicine provide a backdrop for consid-
eration of key issues related to genome editing. When conducted carefully 
and with proper oversight, gene therapy research has enjoyed support from 
many stakeholder groups. But because such technologies as CRISPR/Cas9 
have made genome editing so efficient and precise, they have opened up 
possible applications that have until now been viewed as largely theoretical. 
Germline editing to prevent genetically inherited disease is one example. 
Potential applications of editing for “enhancement”—for changes that go 
beyond mere restoration or protection of health—are another. 

Because genome editing is only beginning to transition from basic re-
search to clinical research applications, now is the time to evaluate the full 
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4 HUMAN GENOME EDITING

range of its possible uses in humans and to consider how to advance and 
govern these scientific developments. The speed at which the science is de-
veloping has generated considerable enthusiasm among scientists, industry, 
health-related advocacy organizations, and patient populations that per-
ceive benefit from these advances. It is also raising concerns, such as those 
cited earlier, among policy makers and other interested parties to voice 
concerns about whether appropriate systems are in place to govern the 
technologies and whether societal values will be reflected in how genome 
editing is eventually applied in practice. 

Public input and engagement are important elements of many scientific 
and medical advances. This is particularly true with respect to genome 
editing for potential applications that would be heritable—those involv-
ing germline cells—as well as those focused on goals other than disease 
treatment and prevention. Meaningful engagement with decision makers 
and stakeholders promotes transparency, confers legitimacy, and improves 
policy making. There are many ways to engage the public in these debates, 
ranging from public information campaigns to formal calls for public com-
ment and incorporation of public opinion into policy.

APPLICATIONS OF HUMAN GENOME EDITING

Genome editing is already being widely used for basic science research 
in laboratories; is in the early stages of development of clinical applications 
that involve somatic (i.e., nonreproductive) cells; and in the future might be 
usable for clinical applications involving reproductive cells, which would 
produce heritable changes.

Basic Science Laboratory Research

Basic laboratory research involving genome editing of human cells and 
tissues is critical to advancing biomedical science. Genome-editing research 
using somatic cells can advance understanding of molecular processes that 
control disease development and progression, potentially facilitating the 
ability to develop better interventions for affected people. Laboratory re-
search involving genome editing of germline cells can help in understanding 
human development and fertility, thereby supporting advances in such areas 
as regenerative medicine and fertility treatment. 

The ethical issues associated with basic science research involving ge-
nome editing are the same as those that arise with any basic research in-
volving human cells or tissues, and these issues are already addressed by 
extensive regulatory infrastructures. There are, of course, enduring debates 
about limitations of the current system, particularly with respect to how 
it addresses the use of gametes, embryos, and fetal tissue, but the regula-
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SUMMARY 5

tions are considered adequate for oversight of basic science research, as 
evidenced by their longevity. Special considerations may come into play 
for research involving human gametes and embryos in jurisdictions where 
such research is permitted; in those cases, the current regulations govern-
ing such work will apply to genome-editing research as well. Overall, then, 
basic laboratory research in human genome editing is already manageable 
under existing ethical norms and regulatory frameworks at the local, state, 
and federal levels.

Clinical Uses of Somatic Cell Editing for Treatment 
and Prevention of Disease and Disability

An example of the application of genome editing to alter somatic 
(nonreproductive) cells for purposes of treating or preventing disease is a 
recently authorized clinical trial involving patients whose advanced cancer 
has failed to respond to such conventional treatments as chemotherapy and 
radiation. In this study, genome editing is being used to program patients’ 
immune cells to target the cancer. 

Somatic cells are all those present in the tissues of the body except for 
sperm and egg cells and their precursors. This means that the effects of ge-
nome editing of somatic cells are limited to treated individuals and are not 
inherited by their offspring. The idea of making genetic changes to somatic 
cells—referred to as “gene therapy”—is not new, and genome editing for 
somatic applications would be similar. Gene therapy has been governed by 
ethical norms and subject to regulatory oversight for some time, and this 
experience offers guidance for establishing similar norms and oversight 
mechanisms for genome editing of somatic cells. 

Somatic genome-editing therapies could be used in clinical practice 
in a number of ways. Some applications could involve removing relevant 
cells—such as blood or bone marrow cells—from a person’s body, making 
specific genetic changes, and then returning the cells to that same indi-
vidual. Because the edited cells would be outside the body (ex vivo), the 
success of the editing could be verified before the cells were replaced in the 
patient. Somatic genome editing also could be performed directly in the 
body (in vivo) by injecting a genome-editing tool into the bloodstream or 
target organ. Technical challenges remain, however, to the effective deliv-
ery of in vivo genome editing. Gene-editing tools introduced into the body 
might not find their target gene within the intended cell type efficiently. The 
result could be little or no health benefit to the patient, or even unintended 
harm, such as inadvertent effects on germline cells, for which screening 
would be necessary. Despite these challenges, however, clinical trials of in 
vivo editing strategies are already under way for hemophilia B and muco-
polysaccharidosis I.
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The primary scientific and technical, ethical, and regulatory issues as-
sociated with the use of somatic gene therapies to treat or prevent disease 
or disability concern only the individual. The scientific and technical issues 
of genome editing, such as the as-yet incompletely developed standards 
for measuring and evaluating off-target events, can be resolved through 
ongoing improvements in efficiency and accuracy, while the ethical and 
regulatory issues would be taken into account as part of existing regula-
tory frameworks that involve assessing the balance of anticipated risks and 
benefits to a patient. 

Overall, the committee concluded that the ethical norms and regulatory 
regimes developed for human clinical research, gene transfer research, and 
existing somatic cell therapy are appropriate for the management of new 
somatic genome-editing applications aimed at treating or preventing disease 
and disability. However, off-target effects will vary with the platform technol-
ogy, cell type, target gene, and other factors. As a result, no single standard 
for somatic genome-editing efficiency or specificity—and no single acceptable 
off-target rate—can be defined at this time. For this reason, and because, 
as noted above, somatic genome editing can be carried out in a number of 
different ways, regulators will need to consider the technical context of the 
genome-editing system as well as the proposed clinical application in weigh-
ing anticipated risks and benefits. 

Germline Editing and Heritable Changes

Although editing of an individual’s germline (reproductive) cells has 
been achieved in animals, there are major technical challenges to be ad-
dressed in developing this technology for safe and predictable use in hu-
mans. Nonetheless, the technology is of interest because thousands of 
inherited diseases are caused by mutations in single genes.3 Thus, editing the 
germline cells of individuals who carry these mutations could allow them 
to have genetically related children without the risk of passing on these 
conditions. Germline genome editing is unlikely to be used often enough in 
the foreseeable future to have a significant effect on the prevalence of these 
diseases but could provide some families with their best or most acceptable 
option for averting disease transmission, either because existing technolo-
gies, such as prenatal or preimplantation genetic diagnosis, will not work in 
some cases or because the existing technologies involve discarding affected 
embryos or using selective abortion following prenatal diagnosis.

At the same time, however, germline editing is highly contentious pre-
cisely because the resulting genetic changes could be inherited by the next 

3 OMIM, https://www.omim.org (accessed January 5, 2017); Genetic Alliance, http://www.
diseaseinfosearch.org (accessed January 5, 2017).
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generation, and the technology therefore would cross a line many have 
viewed as ethically inviolable. The possibility of making heritable changes 
through the use of germline genome editing moves the conversation away 
from individual-level concerns and toward significantly more complex tech-
nical, social, and religious concerns regarding the appropriateness of this 
degree of intervention in nature and the potential effects of such changes on 
acceptance of children born with disabilities. Policy in this area will require 
a careful balancing of cultural norms, the physical and emotional well-being 
of children, parental autonomy, and the ability of regulatory systems to 
prevent inappropriate or abusive applications. 

In light of the technical and social concerns involved, the committee 
concluded that heritable genome-editing research trials might be permit-
ted, but only following much more research aimed at meeting existing 
risk/benefit standards for authorizing clinical trials and even then, only for 
compelling reasons and under strict oversight. It would be essential for this 
research to be approached with caution, and for it to proceed with broad 
public input. 

In the United States, authorities currently are unable to consider pro-
posals for this research because of an ongoing prohibition on the U.S. Food 
and Drug Administration’s (FDA’s) use of federal funds to review “research 
in which a human embryo is intentionally created or modified to include a 
heritable genetic modification.”4 In a number of other countries, germline 
genome-editing trials would be prohibited entirely. If U.S. restrictions on 
such trials were allowed to expire or if countries without legal prohibitions 
were to proceed with them, it would be essential to limit these trials only 
to the most compelling circumstances, to subject them to a comprehensive 
oversight framework that would protect the research subjects and their de-
scendants, and to institute safeguards against inappropriate expansion into 
uses that are less compelling or well understood. In particular, clinical trials 
using heritable genome editing should be permitted only if done within a 
regulatory framework that includes the following criteria and structures:

• absence of reasonable alternatives;
• restriction to preventing a serious disease or condition;
• restriction to editing genes that have been convincingly demon-

strated to cause or to strongly predispose to the disease or condition;
• restriction to converting such genes to versions that are prevalent in 

the population and are known to be associated with ordinary health 
with little or no evidence of adverse effects; 

4 Consolidated Appropriations Act of 2016, Public Law 114-113 (adopted December 18, 
2015).
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• availability of credible preclinical and/or clinical data on risks and 
potential health benefits of the procedures;

• ongoing, rigorous oversight during clinical trials of the effects of the 
procedure on the health and safety of the research participants;

• comprehensive plans for long-term, multigenerational follow-up that 
still respect personal autonomy;

• maximum transparency consistent with patient privacy;
• continued reassessment of both health and societal benefits and 

risks, with broad ongoing participation and input by the public; and
• reliable oversight mechanisms to prevent extension to uses other 

than preventing a serious disease or condition.

Even those who will support this recommendation are unlikely to ar-
rive at it by the same reasoning. For those who find the benefits sufficiently 
compelling, the above criteria represent a commitment to promoting well-
being within a framework of due care and responsible science. Those not 
completely persuaded that the benefits outweigh the social concerns may 
nonetheless conclude that these criteria, if properly implemented, are strict 
enough to prevent the harms they fear. It is important to note that such 
concepts as “reasonable alternatives” and “serious disease or condition” 
embedded in these criteria are necessarily vague. Different societies will 
interpret these concepts in the context of their diverse historical, cultural, 
and social characteristics, taking into account input from their publics and 
their relevant regulatory authorities. Likewise, physicians and patients will 
interpret them in light of the specifics of individual cases for which germ-
line genome editing may be considered as a possible option. Starting points 
for defining some of these concepts exist, such as the definition of “serious 
disease or condition” used by the FDA.5 Finally, those opposed to heritable 
editing may even conclude that, properly implemented, the above criteria 
are so strict that they would have the effect of preventing all clinical trials 
involving germline genome editing. 

Use of Genome Editing for “Enhancement”

Although much of the current discussion around genome editing fo-
cuses on how these technologies can be used to treat or prevent disease and 

5 While not drafted with the above criteria in mind, the FDA definition of “serious disease or 
condition” is “a disease or condition associated with morbidity that has substantial impact on 
day-to-day functioning. Short-lived and self-limiting morbidity will usually not be sufficient, 
but the morbidity need not be irreversible if it is persistent or recurrent. Whether a disease 
or condition is serious is a matter of clinical judgment, based on its impact on such factors 
as survival, day-to-day functioning, or the likelihood that the disease, if left untreated, will 
progress from a less severe condition to a more serious one” (21 CFR 312.300(b)(1)).
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disability, some aspects of the public debate concern other purposes, such as 
the possibility of enhancing traits and capacities beyond levels considered 
typical of adequate health. In theory, genome editing for such enhancement 
purposes could involve both somatic and germline cells. Such uses of the 
technologies raise questions of fairness, social norms, personal autonomy, 
and the role of government.

To begin, it is necessary to define what is meant by “enhancement.” 
Formulating this definition requires a careful examination of how various 
stakeholders conceptualize “normal.” For example, using genome editing 
to lower the cholesterol level of someone with abnormally high cholesterol 
might be considered prevention of heart disease, but using it to lower 
cholesterol that is in the desirable range is less easily characterized, and 
would either intervention differ from the current use of statins? Likewise, 
using genome editing to improve musculature for patients with muscular 
dystrophy would be considered a restorative treatment, whereas doing so 
for individuals with no known pathology and average capabilities just to 
make them stronger but still within the “normal” range might be consid-
ered enhancement. And using the technology to increase someone’s muscle 
strength to the extreme end of human capacity (or beyond) would almost 
certainly be considered enhancement.

Regardless of the specific definition, there is some indication of public 
discomfort with using genome editing for what is deemed to be enhance-
ment, whether for fear of exacerbating social inequities or of creating social 
pressure for people to use technologies they would not otherwise choose. 
Precisely because of the difficulty of evaluating the benefit of an enhance-
ment to an individual given the large role of subjective factors, public dis-
cussion is needed to inform the regulatory risk/benefit analyses that underlie 
decisions to permit research or approve marketing. Public discussion also is 
needed to explore social impacts, both real and anticipated, as governance 
policy for such applications is developed. The committee recommends that 
genome editing for purposes other than treatment or prevention of disease 
and disability should not proceed at this time, and that it is essential for 
these public discussions to precede any decisions about whether or how to 
pursue clinical trials of such applications.

Public Engagement

Public engagement is always an important part of regulation and over-
sight for new technologies. As noted above, for somatic genome editing, it 
is essential that transparent and inclusive public policy debates precede any 
consideration of whether to authorize clinical trials for indications that go 
beyond treatment or prevention of disease or disability (e.g., for enhance-
ment). With respect to heritable germline editing, broad participation and 
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input by the public and ongoing reassessment of both health and societal 
benefits and risks are particularly critical conditions for approval of clini-
cal trials. 

At present, a number of mechanisms for public communication and 
consultation are built into the U.S. regulatory system, including some de-
signed specifically for gene therapy, whose purview would include human 
genome editing. In some cases, regulatory rules and guidance documents 
are issued only after extensive public comment and agency response. Dis-
cussion is fostered by the various state and federal bioethics commissions, 
which typically bring together technical experts and social scientists in 
meetings that are open to the public. And the National Institutes of Health’s 
Recombinant DNA Advisory Committee offers a venue for general public 
discussion of gene therapy, for review of specific protocols, and for trans-
mission of advice to regulators. Other countries, such as France and the 
United Kingdom, have mechanisms that involve formal polling or hearings 
to ensure that diverse and informed viewpoints are heard. 

PRINCIPLES TO GUIDE THE GOVERNANCE 
OF HUMAN GENOME EDITING

One of the charges to the committee was to identify principles that 
many countries might be able to use to govern human genome editing. The 
principles identified by the committee are detailed in Box S-1. The commit-
tee recommends that any nation considering governance of human genome 
editing consider incorporating these principles—and the responsibilities 
that flow therefrom—into its regulatory structures and processes.

RECOMMENDATIONS

In light of the considerations detailed above, the committee made a 
series of recommendations targeted to basic research and to clinical applica-
tions, both somatic and germline. A summary of the key messages in these 
recommendations is found in Box S-2.
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BOX S-1 
Principles for the Governance of Human Genome Editing

1. Promoting well-being: The principle of promoting well-being supports provid-
ing benefit and preventing harm to those affected, often referred to in the bioethics 
literature as the principles of beneficence and nonmaleficence. 

Responsibilities that flow from adherence to this principle include (1) pursuing 
applications of human genome editing that promote the health and well-being of 
individuals, such as treating or preventing disease, while minimizing risk to indi-
viduals in early applications with a high degree of uncertainty; and (2) ensuring 
a reasonable balance of risk and benefit for any application of human genome 
editing. 

2. Transparency: The principle of transparency requires openness and sharing 
of information in ways that are accessible and understandable to stakeholders.

Responsibilities that flow from adherence to this principle include (1) a commit-
ment to disclosure of information to the fullest extent possible and in a timely 
manner, and (2) meaningful public input into the policy-making process related 
to human genome editing, as well as other novel and disruptive technologies. 

3. Due care: The principle of due care for patients enrolled in research studies 
or receiving clinical care requires proceeding carefully and deliberately, and only 
when supported by sufficient and robust evidence.

Responsibilities that flow from adherence to this principle include proceeding cau-
tiously and incrementally, under appropriate supervision and in ways that allow for 
frequent reassessment in light of future advances and cultural opinions.

4. Responsible science: The principle of responsible science underpins adher-
ence to the highest standards of research, from bench to bedside, in accordance 
with international and professional norms.

Responsibilities that flow from adherence to this principle include a commitment 
to (1) high-quality experimental design and analysis, (2) appropriate review and 
evaluation of protocols and resulting data, (3) transparency, and (4) correction of 
false or misleading data or analysis.

5. Respect for persons: The principle of respect for persons requires recogni-
tion of the personal dignity of all individuals, acknowledgment of the centrality of 
personal choice, and respect for individual decisions. All people have equal moral 
value, regardless of their genetic qualities.

Responsibilities that flow from adherence to this principle include (1) a commit-
ment to the equal value of all individuals, (2) respect for and promotion of indi-
vidual decision making, (3) a commitment to preventing recurrence of the abusive 

continued
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forms of eugenics practiced in the past, and (4) a commitment to destigmatizing 
disability.

6. Fairness: The principle of fairness requires that like cases be treated alike, and 
that risks and benefits be equitably distributed (distributive justice).

Responsibilities that flow from adherence to this principle include (1) equitable 
distribution of the burdens and benefits of research and (2) broad and equitable 
access to the benefits of resulting clinical applications of human genome editing. 

7. Transnational cooperation: The principle of transnational cooperation sup-
ports a commitment to collaborative approaches to research and governance 
while respecting different cultural contexts.

Responsibilities that flow from adherence to this principle include (1) respect for 
differing national policies, (2) coordination of regulatory standards and procedures 
whenever possible, and (3) transnational collaboration and data sharing among 
different scientific communities and responsible regulatory authorities.

BOX S-1 Continued 

BOX S-2 
Oversight and Use of Human Gene Editing: 

Summary of Recommendations

Global Principles for Research and Clinical Use 
Consider and apply the global principles in governance of human genome edit-
ing (2.1)

Promoting well-being
Transparency
Due care
Responsible science
Respect for persons
Fairness
Transnational cooperation 
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Basic Laboratory Research
Use existing regulatory processes to oversee human genome-editing laboratory 
research (3.1)

Somatic Genome Editing
Use existing regulatory processes for human gene therapy to oversee somatic 
human genome-editing research and uses (4.1)

Limit clinical trials or therapies to treatment and prevention of disease or disability 
at this time (4.2)

Evaluate safety and efficacy in the context of risks and benefits of intended  
use (4.3)

Require broad public input prior to extending uses (4.4)

Germline (Heritable) Genome Editing
Permit clinical research trials only for compelling purposes of treating or prevent-
ing serious disease or disability, and only if there is a stringent oversight system 
able to limit uses to specified criteria (5.1) 

Enhancement
Do not proceed at this time with human genome editing for purposes other than 
treatment or prevention of disease and disability (6.1)

Encourage public discussion and policy debate with respect to somatic human 
genome editing for uses other than treatment or prevention of disease and dis-
ability (6.2)

Public Engagement
Public input should precede any clinical trials for an extension of human genome 
editing beyond disease treatment and prevention (7.1)

Ongoing reassessment and public participation should precede any clinical trials 
of heritable germline editing (7.2)

Incorporate public participation into the human genome editing policy process 
concerning “enhancement” (7.3)

When funding genome-editing research, consider including research on strategies 
to improve public engagement (7.4) and for long-term assessment of the ethical, 
legal, and social implications of human genome editing (7.5)

BOX S-2 Continued 
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enome editing1 is a powerful new tool for making precise 
additions, deletions, and alterations to the genome—an or-
ganism’s complete set of genetic material. The development 
of new approaches—involving the use of meganucleases; zinc 
finger nucleases (ZFNs); transcription activator-like effector 
nucleases (TALENs); and, most recently, the CRISPR/Cas9 

system—has made editing of the genome much more precise, efficient, flex-
ible, and less expensive relative to previous strategies. With these advances 
has come an explosion of interest in the possible applications of genome 
editing, both in conducting fundamental research and potentially in pro-
moting human health through the treatment or prevention of disease and 
disability. The latter possibilities range from editing somatic cells to restore 
normal function in diseased organs to editing the human germline to pre-
vent genetic diseases in future children and their descendants. 

As with other medical advances, each application comes with its own 
set of benefits, risks, regulatory questions, ethical issues, and societal impli-
cations. Important questions raised with respect to genome editing include 
how to balance potential benefits against the risk of unintended harms; how 
to govern the use of these technologies; how to incorporate societal values 
into salient clinical and policy considerations; and how to respect the in-

1 The term “genome editing” is used throughout this report to refer to the processes by which 
the genome sequence is changed by adding, replacing, or removing DNA base pairs. This term 
is used in lieu of “gene editing” because it is more accurate, as the editing could be targeted to 
sequences that are not part of genes themselves, such as areas that regulate gene expression. 

1
Introduction

G
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evitable differences, rooted in national cultures, that will shape perspectives 
on whether and how to use these technologies.

Recognizing both the promise and concerns related to human genome 
editing, the National Academy of Sciences (NAS) and the National Acad-
emy of Medicine (NAM)2 convened the Committee on Human Gene Edit-
ing: Scientific, Medical, and Ethical Considerations to carry out the study 
that is documented in this report. While genome editing has potential ap-
plications for use in agriculture and nonhuman animals,3 this committee’s 
task (see Box 1-1) was focused on human applications.4 The charge to the 
committee included elements pertaining to the state of the science in ge-
nome editing, possible clinical applications of these technologies, potential 
risks and benefits, whether standards can be established for quantifying un-
intended effects, whether current regulatory frameworks provide adequate 
oversight, and what overarching principles should guide the regulation of 
genome editing in humans. 

STUDY CONTEXT

The NAS and the NAM Human Gene-Editing Initiative

In light of the promise of genome editing and the associated regula-
tory and ethical issues, the NAS and the NAM established an initiative to 
explore these issues in greater depth and facilitate U.S. and international 
dialogue on how to address them. The first activity of this Human Gene-
Editing Initiative was the convening of the International Summit on Human 

2 The NAS and the NAM are referred to throughout this report simply as the National Acad-
emies, or the U.S. National Academies when discussed in relation to the academies of other 
nations. Until 2016, the NAM was known as the Institute of Medicine (IOM).

3 In January 2017, the U.S. Food and Drug Administration (FDA) issued revised draft guid-
ance addressing the regulatory pathway for intentionally altered genomic DNA in plants and 
nonhuman animals. This would include DNA intentionally altered through genome editing. 
The guidance does not affect the regulatory pathway for human applications that are regulated 
as human drugs, devices, and biologics. See FDA “Regulation of Intentionally Altered Ge-
nomic DNA in Animals—Draft Guidance” (January 2017) at http://www.fda.gov/downloads/
AnimalVeterinary/GuidanceComplianceEnforcement/GuidanceforIndustry/ucm113903.pdf 
(accessed January 30, 2017) and “Genome Editing in New Plant Varieties Used for Foods; Re-
quest for Comments” at https://www.regulations.gov/document?D=FDA-2016-N-4389-0001 
(accessed January 30, 2017).

4 The regulatory roles of the federal departments and agencies and the overall framework for 
regulation of applications of biotechnology are outlined in “Modernizing the Regulatory Sys-
tem for Biotechnology Products: Final Version of the 2017 Update to the Coordinated Frame-
work for the Regulation of Biotechnology” (January 4, 2017) and “National Strategy for 
Modernizing the Regulatory System for Biotechnology Products” (September 2016) (https://
obamawhitehouse.archives.gov/blog/2017/01/04/increasing-transparency-coordination-and-
predictability-biotechnology-regulatory [accessed January 30, 2017]).
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Gene Editing: A Global Discussion jointly with the Chinese Academy of 
Sciences and The Royal Society of the United Kingdom. This 3-day event 
addressed a number of scientific advances in the development of modern 
genome-editing tools, potential medical uses of these tools in human pa-

BOX 1-1 
Statement of Task

The study will examine the scientific underpinnings as well as the clinical, 
ethical, legal, and social implications of the use of human genome-editing tech-
nologies in biomedical research and medicine. It will address the following issues 
related to human gene editing, including editing of the human germline:

1.  What is the current state of the science of human gene editing, as well 
as possible future directions and challenges to further advances in this 
research? 

2.  What are the potential clinical applications that may hold promise for the 
treatment of human diseases? What alternative approaches exist?

3.  What is known about the efficacy and risks of gene editing in humans, and 
what research might increase the specificity and efficacy of human gene 
editing while reducing risks? Will further advances in gene editing introduce 
additional potential clinical applications while reducing concerns about 
patient safety?

4.  Can or should explicit scientific standards be established for quantifying 
off-target genome alterations and, if so, how should such standards be 
applied for use in the treatment of human diseases?

5.  Do current ethical and legal standards for human subjects research ad-
equately address human gene editing, including germline editing? What 
are the ethical, legal, and social implications of the use of current and 
projected gene-editing technologies in humans?

6.  What principles or frameworks might provide appropriate oversight for 
somatic and germline editing in humans? How might they help deter-
mine whether, and which applications of, gene editing in humans should 
or should not go forward? What safeguards should be in place to en-
sure proper conduct of gene-editing research and use of gene-editing 
techniques? 

7.  Provide examples of how these issues are being addressed in the interna-
tional context. What are the prospects for harmonizing policies? What can 
be learned from the approaches being applied in different jurisdictions?

The committee will address these questions and prepare a report that contains 
its findings and recommendations. The report will provide a framework based on 
fundamental, underlying principles that may be adapted and adopted by any na-
tion that is considering the development of guidelines. The report will also include 
a focus on advice for the United States.
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tients, and ethical and social issues their uses might pose. The organizing 
committee released a statement that summarized its conclusions from the 
meeting (NASEM, 2016d). Panel chair David Baltimore also noted “we 
hope that our discussion here will serve as a foundation for a meaningful 
and ongoing global dialogue” (NASEM, 2016d, p. 6). All three nations 
embraced the statement’s call for continued research on gene editing, fur-
ther deliberation with regard to heritable changes, and a continued public 
discourse on the topic.5 The summit provided important input to the pres-
ent study, as did other studies by the NAS and the NAM on related topics 
(see Box 1-2). 

This committee was convened to continue the dialogue initiated by the 
International Summit and to undertake a year-long, in-depth consensus 
study. As specified in its statement of task (see Box 1-1), the committee 
examined the state of the science in human genome editing, its potential ap-
plications, and the ethical issues that need to be considered in deciding how 
to govern the use of these powerful new tools. This report is the product 
of that study and, as with all other National Academies consensus stud-
ies, underwent peer review by an independent panel of experts. Additional 
activities of the Chinese Academy of Sciences and The Royal Society of the 
United Kingdom are anticipated, including another international summit to 
take place in China in 2018. 

BACKGROUND

U.S. and International Policy Discussions

Among the earliest calls for a detailed examination of the implications 
of genome-editing technologies were those made by members of the sci-
entific community engaged in developing these tools and advancing their 
clinical applications. In 2015 a group of investigators and ethicists, includ-
ing CRISPR/Cas9 developers, met in Napa, California, and subsequently 
published a request for the community to explore the nature of human 
genome editing and provide guidance on its acceptable uses (Baltimore et 
al., 2015). That same year, a number of articles and commentaries appear-
ing in scientific journals and the popular press called attention to scientific 
and ethical challenges that would be posed by CRISPR/Cas9 and similar 

5 Statement by Ralph J. Cicerone, President, U.S. National Academy of Sciences; Victor J. 
Dzau, President, U.S. National Academy of Medicine; Chunli Bai, President, Chinese Acad-
emy of Sciences; and Venki Ramakrishnan, President, The Royal Society (http://www8. 
nationalacademies.org/onpinews/newsitem.aspx?RecordID=12032015b [accessed January 24, 
2017]).
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genetic tools (Bosley et al., 2015; Editing Humanity, 2015; Lanphier et al., 
2015; Maxmen, 2015; Specter, 2015).

Professional bodies, international organizations, and national acad-
emies of sciences and medicine further raised the profile of genome editing 
by issuing statements on its appropriate uses, particularly in reference to 
the potential for creating heritable genetic modifications. Among others, 
they included the U.K. Academy of Medical Sciences and a number of 
collaborative partners; the European Group on Ethics in Science and New 
Technologies, an advisory body to the president of the European Com-
mission; the Council of Europe; and the International Society for Stem 
Cell Research (AMS et al., 2015; Council of Europe, 2015; EGE, 2016; 
Friedmann et al., 2015; Hinxton Group, 2015; ISSCR, 2015). The United 
Nations Educational, Scientific, and Cultural Organization (UNESCO) 
(2015) issued updated guidance to reflect genome-editing advances. Oth-
ers launched activities to examine the implications of genome editing in 
greater detail, including the Académie Nationale de Médecine (France) 
(ANM, 2016); Institut Nationale de la Santé et de la Récherche Médicale 
(France) (INSERM; Hirsch et al., 2017); Berlin-Brandenburg Academy of 
Sciences and Humanities (BBAW, 2015); National Academy of Sciences 
Leopoldina, in partnership with the Deutsche Akademie der Technikwis-
senshaften (National Academy of Science and Engineering: “acatech”), 
Deutsche Forschungsgemeinschaft (German Research Foundation: DFG), 
and Union der deutschen Akademien der Wissenschaften (Union of Ger-
man Academies of Sciences and Humanities: Academien Union) (National 
Academy of Sciences Leopoldina et al., 2015); Federation of European 
Academies of Medicine (FEAM, UKAMS, and ANM, 2017); Royal Neth-
erlands Academy of Arts and Sciences (KNAW, 2016); Nuffield Council on 
Bioethics (Nuffield Council, 2016b); and others (see Box 1-3).

The Technologies

New or improved tools facilitate scientific progress by making it pos-
sible to investigate new kinds of questions and to generate new solutions. 
In the area of health and medicine, scientists and clinicians have long 
sought to apply the techniques of molecular biology to understand basic 
biology—including embryonic development, physiology, and the immune 
and nervous systems—and to treat or prevent disease. Much progress has 
been made in elucidating the role of genetics in diseases, ranging from 
sickle-cell anemia, muscular dystrophy, and cystic fibrosis, to such condi-
tions as deafness, short stature, and blindness. The development of many 
such diseases and conditions has a genetic component. Some result from 
straightforward single-gene changes, but most involve a complex interplay 
of genetic, environmental, and other factors that remain only imperfectly 
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BOX 1-2 
Related Studies of the NAS and the NAM

Genome Editing in Nonhuman Organisms

Because genome-editing methods such as the CRISPR/Cas9 system are 
simply tools, they can be applied in myriad ways to achieve genetic changes in 
cells in the laboratory, in microbes, in nonhuman organisms, or in human subjects. 
The present study, which focuses on the use of genome editing in humans, is part 
of a broader examination by the U.S. National Academies of the implications of 
genome editing across a number of applications that also includes projects ad-
dressing the following:

•	 	Genetically Engineered Crops: Experiences and Prospects—This report 
addresses safety, environmental, regulatory, and other aspects of food 
crops developed through the use of genetic engineering technology. Such 
crops can be produced using a number of methods, and new genome-
editing tools are among them (NASEM, 2016c).

•	 	Gene Drives on the Horizon: Advancing Science, Navigating Uncertainty, 
and Aligning Research with Public Values—This report focuses on a spe-
cific application enabled by CRISPR/Cas9 technology that allows genetic 
changes to spread in a population in the absence of selective advantage. 
This technology is not applicable to every species and is most commonly 
proposed for such uses as insect vector control. The ability of heritable 
genetic changes to spread through an ecosystem raises its own complex 
set of scientific, ethical, and governance challenges (NASEM, 2016b). 

•	 	Workshop on Gene Editing to Modify Animal Genomes for Research: Sci-
entific and Ethical Considerations (Institute for Animal Laboratory Research 
[ILAR] Roundtable)—Genome-editing tools can be used to produce labora-
tory animal models enabling better study of diseases, as well as to produce 
livestock with desired traits. The workshop explored animal uses of genome 
editing, along with associated ethical and regulatory considerations (ILAR 
Roundtable, 2015).

•	 	Future Biotechnology Products and Opportunities to Enhance Capabilities 
of the Biotechnology Regulatory System—As the types of products that can 
be created through biotechnology expand, these products are evaluated in 
regulatory frameworks initially created decades ago. This ongoing study is 
examining capabilities and expertise that may be needed by U.S. regula-
tory systems to assess and regulate future products that could be created 
through a number of technologies, including genome editing. The study is 
not addressing the development and regulation of human drugs or medical 
devices (NASEM, 2017).
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Other Studies on Clinical Research and Applications

Not specific to genome editing but pertinent to discussions about all of its clini-
cal applications are several other recent National Academies reports:

•	 	Oversight and Review of Clinical Gene Transfer Protocols: Assessing the 
Role of the Recombinant DNA Advisory Committee is a report on the role 
of the U.S. Recombinant DNA Advisory Committee (RAC), recommending 
that it move toward more judicious use of its advisory power to review 
specific protocols, and that it focus primarily on novel applications of gene 
therapy or on providing a venue for broad public debate about the therapy 
(IOM, 2014). 

•	 	Mitochondrial Replacement Techniques: Ethical, Social, and Policy Consid-
erations presents an analysis of the special opportunities and concerns as-
sociated with making changes in mitochondrial DNA in gametes or embryos 
(NASEM, 2016e). 

•	 	Guidelines for Embryonic Stem Cell Research (IOM, 2005; NRC and IOM, 
2007, 2008, 2010) outlines the regulatory landscape and provides a road-
map for professional self-regulation for emerging technologies that gener-
ate considerable public interest and controversy. 

Studies on Public Engagement and Science Communication

•	 	Communicating Science Effectively: A Research Agenda finds that people 
rarely make decisions based only on scientific information; they also con-
sider their own goals and values, and a focus on knowledge alone is not 
enough to achieve communication goals (NASEM, 2016a).

•	 	Public Participation in Environmental Assessment and Decision Making 
(NRC, 2008) describes how public participation can improve the quality 
and legitimacy of policy decisions, and enhance trust and understanding 
among all parties.

•	 	Understanding Risk: Informing Decisions in a Democratic Society describes 
how risk characterization must be responsive to the problem to be solved 
and to the interests of the parties affected (NRC, 1996).

In concert with the National Academies’ Human Gene-Editing Initiative, these 
studies represent a series of efforts exploring scientific, ethical, and governance 
issues raised by potential uses of genome editing.
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BOX 1-3 
Excerpts from Selected Calls Around the World 

for Continued Study and Public Discussion

China, the United Kingdom, and the United States
“This is an important moment in human history and we have a responsibility 
to provide all sections of society with an informed basis for making decisions 
about this technology, especially for uses that would affect generations to come” 
(NASEM, 2016d, p. 8).

France 
“Our recommendations include setting up a European committee of experts from 
different disciplines to assess the scope, efficacy and safety of CRISPR–Cas9, 
and reviewing the ban on all genetic modifications to the germline” (Hirsch et al., 
2017, p. 30).

“[We recommend the] establishment of multidisciplinary discussions on the ques-
tions posed by the techniques for the germline and embryonic genome editing  
. . . considered as part of a wider debate on all the medical technologies . . . with 
potential effects on the genome of unborn children and, possibly, that of subse-
quent generations” (ANM, 2016, p. 15).

Germany
“It is important to have an objective debate that informs all stakeholders in a clear 
and transparent manner about the status of research and development into the 
techniques, and to ensure that any decisions taken are based on sound scientific 
evidence” (Leopoldina, 2015, p. 27).

The Netherlands
“Public debate would give patients, care providers and society an opportunity to 
discuss controversial issues, to assess the risks, advantages and conditions of 
potential germline applications based on growing scientific insight, and to develop 
good practices and further regulation” (KNAW, 2016, p. 3).

United Kingdom
“Active early engagement with a wide range of global stakeholders will therefore 
be needed, which should include, but not be limited to, biomedical and social sci-
entists, ethicists, healthcare professionals, research funders, regulators, affected 
patients and their families, and the wider public” (AMS et al., 2015).
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understood. Furthermore, genetic sequences themselves paint only part of 
the biological picture. Regulation of how and when genes are turned on and 
off, including the role of the epigenome,6 continues to be actively explored. 
Controlled gene expression and epigenetic alterations influence how tissues 
develop and differentiate and have clinical ramifications in such areas as 
cancer and embryonic development.

Tools that enable investigators to alter DNA sequences in order to 
understand or improve their function are not new. Recent years, however, 
have seen the development of a suite of genome-editing tools that allow for 
easier, better controlled, and more accurate changes to DNA inside cells. 
These tools are based on exogenous enzymes that cut DNA at specific loca-
tions, combined with endogenous processes that repair the broken DNA, 
thereby enabling letters of the genetic code to be added, modified, or de-
leted. The speed with which this technology has been adopted in research 
laboratories and further adapted to tackle additional scientific challenges is 
a reflection of how powerful a technique the editing of genes and genomes 
will be for the scientific and clinical communities. 

The earliest applications of nuclease-based genome-editing methods 
employed targeted recognition of specific DNA sequences by proteins: 
homing nucleases (also known as meganucleases), ZFNs, and TALENs. 
However, the recent development of RNA-based targeting has greatly sim-
plified the process of genome editing. The first publications on the subject, 
in 2012-2013, explained how the CRISPR/Cas9 system, derived from a 
natural bacterial defense mechanism against infecting viruses, can be har-
nessed to make controlled genetic changes in any DNA, including that of 
human cells (Cho et al., 2013; Cong et al., 2013; Jinek et al., 2012, 2013; 
Mali et al., 2013). This was a game-changing advance. These methods have 
rapidly been adopted by scientists worldwide and have greatly accelerated 
fundamental research that has included altering cells in the laboratory to 
study the functions of particular genes, developing models for studies of 
human diseases using stem cells or laboratory animals, creating modified 
plants and animals to improve food production, and developing therapeutic 
uses in humans. Genome editing has rapidly become an invaluable core 
technology in research laboratories and biotechnology companies, and is 
already moving into clinical trials (e.g., Cyranoski, 2016; Reardon, 2016; 
Urnov et al., 2010).

6 The term “epigenome” refers to a set of chemical modifications to the DNA of the genome 
and to proteins and RNAs that bind to DNA in the chromosomes to affect whether and how 
genes are expressed.
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The Issues

Individual-Level Concerns

As with other types of medical interventions, whether genome editing 
can be used in patients will depend largely on understanding the safety and 
efficacy of the treatment and evaluating whether the anticipated benefits 
are reasonable with respect to the risk of adverse effects. Treatments based 
on genome editing are intended to make controlled modifications to spe-
cific portions of the DNA that affect the functions of their target(s) while 
avoiding changes to other portions whose alteration is not desired. The 
latter alterations, referred to as off-target events, could have consequences, 
many unnoticeable but others damaging, depending on their location and 
their effects. In general, human genome editing raises questions common 
to the process of researching and developing new treatments: which condi-
tions or diseases are most suitable to address with these technologies, how 
to identify and evaluate off-target events and other potential side effects, 
and which patients are most appropriate for studies. As described in this 
report, regulatory systems for addressing the individual-level concerns as-
sociated with genome editing already exist in the United States and many 
other countries, but can be improved. 

Societal-Level Concerns

The use of genome editing also has significant social dimensions that 
vary depending on the proposed application. The use of a genome-editing 
treatment whose effects are nonheritable and are restricted to an individual 
patient may not differ greatly from the use of a traditional drug or medi-
cal device. By contrast, making changes that may be inherited by future 
generations raises questions about the extent to which the long-term ef-
fects of proposed edits can be predicted and whether it is appropriate for 
humans to purposely alter any aspect of their genetic future (Frankel and 
Chapman, 2000; Juengst, 1991; Parens, 1995). In addition, identifying the 
increased range of applications made possible by genome editing may be 
yet another challenge to conventional conceptions of what constitutes a dis-
ease or disability. Societal-level concerns are particularly acute with respect 
to genome-editing interventions aimed at enhancing human capabilities. 
Such applications also raise questions about how to define and promote 
fairness and equity (President’s Council on Bioethics, 2003). Moreover, 
as with other genetic technologies, such genome-editing applications may 
raise concerns about coercive and abusive eugenics programs of the past, 
which were based on faulty science and served discriminatory political goals 
(Wailoo et al., 2012).
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Looking Beyond Safety and Efficacy

Although the nature of the debate surrounding genome editing is not 
new, the tools available in the past for making genetic modifications in hu-
man cells were time-consuming, difficult, and expensive, and were unlikely 
to be used outside of specialized medical applications. Recent genome-
editing technologies, particularly the CRISPR/Cas9 system, have greatly 
expanded the landscape of potential applications and potential users. Their 
rapid development and adoption also have shortened the timeline for dis-
cussion of what appropriate governance structures need to be identified 
or developed. As the safety and efficacy of these technologies continue to 
improve, the critical question will become not whether scientists and clini-
cians can use genome editing to make a certain change, but whether they 
should. There is already discussion of do-it-yourself (DIY) editing and the 
use of genome-editing tools by the biohacker and DIY biology communi-
ties, albeit in nonhuman organisms (Brown, 2016; Ledford, 2015). Thorny 
issues around acceptable uses of the technology in humans will depend on 
more than scientific considerations, and may increasingly involve weighing 
factors beyond individual-level risks and benefits (NRC, 1996).

Layered on the scientific and ethical issues associated with human 
genome editing is the question of how to govern its application so as to 
facilitate its appropriate use and avoid its misuse. Determining the limits 
of the technologies’ uses and the regulatory mechanisms needed to enforce 
these limits will vary according to each nation’s cultural, political, and 
legal context. But whether and how best to move human genome edit-
ing forward has implications for transnational scientific cooperation that 
require ongoing public discussion and input into policy making. There is 
ample precedent for scientists and other stakeholders to engage in just such 
activities, and this report is intended to build on points raised by a number 
of international conventions and declarations, such as the Oviedo Conven-
tion (1997), the International Declaration on Human Genetic Data (2003), 
and the Universal Declaration on Bioethics and Human Rights (2005) 
(Andorno, 2005a,b; UNESCO, 2004a, 2005).

STUDY APPROACH

To address its complex task (see Box 1-1), the committee included 
members with expertise in basic and clinical research, in the development of 
human genetic therapies, and in U.S. and international legal and regulatory 
frameworks. It included biologists, bioethicists, and social scientists, and 
incorporated perspectives from potentially affected patient and stakeholder 
communities. Because the ethical and social issues posed by human genome 
editing transcend national boundaries, the committee included not only 
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U.S. members but also those who are citizens of or are currently working 
in Canada, China, Egypt, France, Germany, Israel, Italy, Spain, and the 
United Kingdom. Brief biographies of the committee members are found 
in Appendix D. 

This study was informed not only by the International Summit de-
scribed earlier, which immediately preceded the committee’s first meeting, 
but also by review of the salient literature, additional meetings, and speak-
ers who generously shared their knowledge with the committee. Further 
information on the process by which the committee conducted this study 
is provided in Appendix C. 

In evaluating the implications of new genome-editing tools, the com-
mittee also reviewed scientific progress, ethical debates, and regulatory 
structures related to the use in humans of medical developments such as 
assisted reproductive technologies, stem cell therapies, gene transfer, and 
mitochondrial replacement techniques. These developments interface with 
those of genome editing because editing of stem cells has potential clinical 
applications for treating or preventing disease, and reproductive technolo-
gies would have to be used in combination with genome editing for any 
heritable application of the latter technologies. As these other technolo-
gies have advanced, legal and regulatory frameworks and ethical norms 
of conduct have been developed to provide guidance on their appropriate 
 human uses and oversight (Health Canada, 2016; HFEA, 2014; IOM, 
2005; NASEM, 2016e; NRC and IOM, 2007, 2008; Nuffield Council, 
2016a; Präg and Mills, 2015; Qiao and Feng, 2014). The reports cited 
here helped provide a basis for the committee’s assessment of the use of 
genome-editing tools in humans and are referenced in subsequent chapters 
where relevant.

ORGANIZATION OF THE REPORT

The report begins by reviewing international norms that are embodied 
in the set of overarching principles adopted by the committee for gover-
nance of human genome editing (Chapter 2). The chapter continues with 
an overview of the U.S. regulation of research and clinical application of 
genome editing, drawing comparisons where appropriate to other national 
systems of oversight.

With this grounding in principles and regulation, Chapters 3-6 delve 
into human genome-editing technology and the scientific issues, regulatory 
context, and ethical implications of four specific applications. Laboratory 
research conducted in somatic cells and nonheritable laboratory research in 
human germ cells, gametes, or early-stage embryos is covered in Chapter 3. 
Chapter 4 examines the uses of genome editing for somatic interventions 
focused on therapy, including fetal therapy. Chapter 5 addresses the use 

Human Genome Editing: Science, Ethics, and Governance

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/24623


INTRODUCTION 27

of genome-editing technology in germline cells for potential research and 
clinical therapeutic applications in human patients. Chapter 6 considers the 
potential use of human genome editing to enhance human functions rather 
than to treat or prevent disease or disability. 

The subsequent chapter (Chapter 7) turns from analysis of these cat-
egories of application to the role of public input in determining how 
genome-editing technology should be governed in the future, both in the 
United States and in other countries. The chapter considers public engage-
ment for different categories of genome-editing applications and explores 
strengths and limitations of potential models for undertaking such public 
engagement.

Finally, Chapter 8 returns to the set of overarching principles and the 
responsibilities that flow from them in the context of human genome edit-
ing. The chapter pulls together the report’s conclusions and recommenda-
tions in light of these fundamental concepts. 
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Oversight of Human Genome 
Editing and Overarching 

Principles for Governance1

versight of human genome editing fits within the overarching 
framework of oversight of gene therapy. That framework is 
embedded within the larger context of international conven-
tions and norms for protection of human rights and, more 
specifically, for research involving human subjects and clini-
cal care. From these international instruments, one can derive 

principles for governance of genome editing that have general application 
within the United States and across the globe, and are reflected in the spe-
cific statutory and regulatory rules that are adopted by various nations. 

This chapter begins by describing the overarching principles for human 
genome editing adopted by the committee for this study, which are in-
formed by those international instruments and national rules, and which in 
turn inform the conclusions and recommendations presented in this report. 
It then provides an in-depth look at U.S. governance of gene transfer re-
search and therapy, and a brief review of alternative governance approaches 
used in other countries (some of which are explored in greater depth in Ap-
pendix B). Conclusions regarding the adequacy of U.S. oversight systems to 
deal with the specific technical and ethical issues raised by genome editing 
appear in Chapters 3 through 6.

1 Portions of this chapter were adapted and updated from the Institute of Medicine (IOM, 
2014) and the National Academies of Sciences, Engineering, and Medicine (NASEM, 2016e). 
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PRINCIPLES FOR GOVERNANCE OF HUMAN GENOME EDITING

Louis Pasteur once said: “La science n’a pas de patrie, parce que le 
savoir est le patrimoine de l’humanité” (Science has no homeland, because 
knowledge is the heritage of humanity). But while science is global, it pro-
ceeds within a variety of political systems and cultural norms. It is impor-
tant to identify principles that can transcend these differences and divisions 
while accommodating cultural diversity. This is no easy task. Achieving 
consensus around overarching ethical principles to undergird specific rec-
ommendations for action can be difficult, whether because no one theory of 
ethics has been accepted by philosophers and theologians or because no one 
algorithm for deriving principles from those theories has been found. Utili-
tarians may agree on the need to evaluate overall beneficial consequences, 
but may disagree on whether to evaluate the consequences of a rule or of a 
specific act. Deontologists not only will struggle to derive a defensible list 
of fundamental rules of behavior, but also will be confronted with specific 
cases in which adherence leads to results that are intuitively unacceptable 
or even destructive. Other theories suffer from similar complications.

Bioethics, as a form of applied ethics, has suffered from all these com-
plexities. It has also been dogged by long-standing debates about whether 
the best approach is high theory, from which all principles and specific ac-
tions flow, or anti-theory, in which deductive reasoning from specific cases 
leads to generalizable principles. And when bioethics is incorporated into 
public policy making, as opposed to individual clinical ethics analyses, it 
is necessary to incorporate a wider range of concerns about multicultural 
civil society, theories of democracy, and just distribution of burdens and 
benefits.2

Regardless of whether reasoning begins with theories grounded in utili-
tarian consequentialism or deontology or virtue ethics, there has emerged 
over time what some deem “reflective equilibrium.” This concept encom-
passes the use of both inductive and deductive reasoning, incorporating 
both theory and case-based casuistry, and accepting the need for reasoning 
that is understandable to the public, regardless of individual spiritual or re-
ligious orientation (Arras, 2016). It has helped shape influential statements 
and guidance documents across the globe. 

The Universal Declaration of Human Rights (UN, 1948), adopted 
shortly after World War II, became the foundational document for many 
of the more particularized declarations, conventions, and treaties that fol-
lowed. In its preamble, it states that “recognition of the inherent dignity 
and of the equal and inalienable rights of all members of the human family 
is the foundation of freedom, justice and peace in the world,” and its very 

2 Further discussion of these issues can be found in Arras (2016).
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first provision reads, “All human beings are born free and equal in dignity 
and rights” (Article 1). Other international documents build on this core 
principle. The Convention on Rights of the Child, for example, calls for 
providing conditions for optimal development, such as health care and sani-
tation (UNICEF, 1990). And the Convention on the Rights of Persons with 
Disabilities emphasizes “respect for inherent dignity”(Article 3(1)), “respect 
for difference and acceptance of persons with disabilities as part of human 
diversity and humanity” (Article 3(4)), and “respect for the evolving capaci-
ties of children with disabilities and respect for the right of children with 
disabilities to preserve their identities” (Article 3(8)) (UN, 2006). Not every 
convention is legally binding in whole or in part on every country, but even 
where not incorporated into domestic statutes or applied in domestic court 
cases, the principles underlying these conventions have become important 
elements of global norms and aspirations.

Other international activities are focused more closely on biomedical 
research. The Council for International Organizations of Medical Sciences 
(CIOMS) is an international, nongovernmental, nonprofit entity, established 
in 1949 jointly by the World Health Organization (WHO) and the United 
Nations Educational, Scientific and Cultural Organization (UNESCO), 
whose members include nearly 50 organizations—professional societies, 
national academies, research councils—from across the globe. Among other 
things, it issues international guidelines for health research3 based on such 
guidance documents as the World Medical Association’s Declaration of Hel-
sinki (WMA, 2013) and UNESCO’s (2005) Universal Declaration on Bio-
ethics and Human Rights. The 2016 version of the guidelines (van Delden 
and van der Graaf, 2016) stresses “the need for research having scientific 
and social value, by providing special guidelines for health-related research 
in low-resource settings, by detailing the provisions for involving vulner-
able groups in research and for describing under what conditions biological 
samples and health-related data can be used for research” (CIOMS, 2017, 
Summary). Of particular relevance to genome-editing policy questions are 
Guideline 1, emphasizing the need to generate knowledge to protect and 
promote health, and its relationship to Guidelines 2, 3, and 4, which focus 
on fairness in the balance and distribution of risks and benefits to individu-
als and groups (including distribution among populations of high- and low-
resource countries). Also of particular relevance is Guideline 7 on public 
engagement, needed not only to develop and legitimize good policy but also 
to help translate research into clinical benefit.

In the United States, the landmark 1979 Belmont Report of the Na-
tional Commission for the Protection of Human Subjects in Biomedical and 
Behavioral Research (HHS, 1979) focused on avoiding infliction of harm, 

3See  http://www.cioms.ch (accessed January 5, 2017). 
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accepting a duty of beneficence, and maintaining a commitment to justice. 
These pillars of research ethics have been interpreted, expanded, deepened, 
and applied over the years and incorporated into the U.S. system for gov-
erning research with human participants (21 CFR Part 50 and 45 CFR 
Part 46). In practice, they have resulted in a focus on ensuring a reason-
able balance between risk and hoped-for benefits, to the individual and to 
society, and on ensuring that both risks and benefits are equitably shared. 
These principles also have come to incorporate particular attention to the 
need for respect for individual autonomy in the form of generally requir-
ing informed and voluntary participation, and the need to provide special 
protection against coercion or abuse of those who are vulnerable because 
of incapacity or circumstances. 

Because both the science and the applications of human genome editing 
will transcend national boundaries, the core principles for governance of 
these technologies detailed below build on the foundations of these interna-
tional and national norms. Some of these principles are generally relevant 
to biomedical research and care, while others are of particular importance 
in the context of an emerging technology, but all are foundational for the 
governance of human genome editing. 

In this context, the committee focused on principles that are aimed 
at protecting and promoting the health and well-being of individuals; ap-
proaching novel technologies with careful attention to constantly evolving 
information; respecting individual rights; guarding against unwanted soci-
etal effects; and equitably distributing information, burdens, and benefits. 
Differences in social and legal culture inevitably will lead to different 
domestic policies governing specific applications of genome editing. None-
theless, some principles can be shared across national borders. Thus, while 
the overarching principles presented here are aimed primarily at the U.S. 
government, they and the responsibilities that underlie them are universal 
in nature. The principles are listed in Box 2-1 and elaborated below.

1.  Promoting well-being: The principle of promoting well-being sup-
ports providing benefit and preventing harm to those affected, often 
referred to in the bioethics literature as the principles of beneficence 
and nonmaleficence.

Responsibilities that flow from adherence to this principle include (1) 
pursuing applications of human genome editing that promote the health 
and well-being of individuals, such as treating or preventing disease, while 
minimizing risk to individuals in early applications with a high degree of 
uncertainty; and (2) ensuring a reasonable balance of risk and benefit for 
any application of human genome editing. 
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2.  Transparency: The principle of transparency requires openness and 
sharing of information in ways that are accessible and understand-
able to stakeholders.

Responsibilities that flow from adherence to this principle include (1) 
a commitment to disclosure of information to the fullest extent possible 
and in a timely manner, and (2) meaningful public input into the policy-
making process related to human genome editing, as well as other novel 
and disruptive technologies. 

3.  Due care: The principle of due care for patients enrolled in re-
search studies or receiving clinical care requires proceeding carefully 
and deliberately, and only when supported by sufficient and robust 
evidence.

Responsibilities that flow from adherence to this principle include pro-
ceeding cautiously and incrementally, under appropriate supervision and in 
ways that allow for frequent reassessment in light of future advances and 
cultural opinions.

4.  Responsible science: The principle of responsible science underpins 
adherence to the highest standards of research, from bench to bed-
side, in accordance with international and professional norms.

Responsibilities that flow from adherence to this principle include a 
commitment to (1) high-quality experimental design and analysis, (2) ap-

BOX 2-1 
Overarching Principles for Research on and 
Clinical Applications of Human Gene Editing

Genome editing holds great promise for deepening understanding of biology 
and for preventing, ameliorating, or eliminating many human diseases and condi-
tions. Along with this promise comes the need for responsible and ethically ap-
propriate approaches to research and clinical use. The following general principles 
are essential foundations for those approaches:

1. Promoting well-being
2. Transparency
3. Due care
4. Responsible science
5. Respect for persons
6. Fairness 
7. Transnational cooperation
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propriate review and evaluation of protocols and resulting data, (3) trans-
parency, and (4) correction of false or misleading data or analysis.

5.  Respect for persons: The principle of respect for persons requires 
recognition of the personal dignity of all individuals, acknowledg-
ment of the centrality of personal choice, and respect for individual 
decisions. All people have equal moral value, regardless of their 
genetic qualities.

Responsibilities that flow from adherence to this principle include (1) 
a commitment to the equal value of all individuals, (2) respect for and 
promotion of individual decision making, (3) a commitment to preventing 
recurrence of the abusive forms of eugenics practiced in the past, and (4) a 
commitment to destigmatizing disability.

6.  Fairness: The principle of fairness requires that like cases be treated 
alike, and that risks and benefits be equitably distributed (distribu-
tive justice).

Responsibilities that flow from adherence to this principle include (1) 
equitable distribution of the burdens and benefits of research and (2) broad 
and equitable access to the benefits of resulting clinical applications of hu-
man genome editing. 

7.  Transnational cooperation: The principle of transnational coopera-
tion supports a commitment to collaborative approaches to research 
and governance while respecting different cultural contexts.

Responsibilities that flow from adherence to this principle include 
(1) respect for differing national policies, (2) coordination of regulatory 
standards and procedures whenever possible, and (3) transnational col-
laboration and data sharing among different scientific communities and 
responsible regulatory authorities.

In U.S. regulation, these principles underlie the insistence on voluntary, 
informed consent from competent persons; special protections for those 
lacking competence; a reasonable balance between the risks of harm and 
potential benefits; attention to minimizing risks whenever possible; and 
equitable selection of research participants.

REGULATION OF GENE THERAPY IN THE UNITED STATES

Both somatic and germline human genome editing would be regulated 
in the United States within the framework for gene-transfer research and, 
once approved, for gene therapy, which applies to work with human tissues 
and cells from the early stages of laboratory research through preclinical 
testing, human clinical trials, approval for introduction into medical ther-
apy, and postapproval surveillance. At the national level, regulation may 
be mandatory in all cases—for example, when the work is to be submitted 
to the U.S. Food and Drug Administration (FDA) for approval—or it may 
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be mandatory only for those who are using federal funds. Oversight also 
can proceed according to voluntary self-regulation pursuant to professional 
guidelines. In addition to national rules, individual states have at times is-
sued rules on specific topics, such as embryo research, or attached restric-
tions to the use of state funds, such as for embryonic stem cell work. As 
a result, unlike some jurisdictions, such as the United Kingdom, in which 
work with embryos generally falls under a single statutory framework or 
regulatory body, the United States has individual rules related to stage of 
work and source of funding that overlap and interact in a manner that, in 
the end, provides fairly comprehensive coverage.

In general, laboratory work is subject to local oversight by institutional 
biosafety committees (IBCs), whose focus is on safety, and in many cases 
to federal oversight for quality assurance under the Clinical Laboratory 
Improvement Amendments as well.4 In some cases, laboratory work using 
cells from identifiable living donors also is subject to review by institutional 
review boards (IRBs), whose focus is on protecting donors from the effects 
of being identified and on ensuring appropriate informed consent. Labora-
tory work using human embryos does not fall within IRB jurisdiction unless 
the progenitor-donors are identifiable, but this work may be overseen by 
voluntary oversight bodies, such as embryonic stem cell research oversight 
committees (ESCROs) created pursuant to NAS/IOM recommendations 
(IOM, 2005) or the embryo research oversight committees (EMROs) re-
cently proposed by the International Society for Stem Cell Research (ISSCR, 
2016a). Preclinical animal work is subject to regulation and oversight 
by institutional animal care and use committees pursuant to the Animal 
Welfare Act. Clinical trials may be the subject of discussion and advisory 
protocol review by the National Institutes of Health (NIH) Recombinant 
DNA Advisory Committee (RAC), but will nonetheless require approval by 
an IRB and permission from the FDA. 

Human genome-editing technologies are considered to be gene thera-
pies with regard to FDA oversight, and the agency regulates human ge-
nome editing under the existing framework for biological products, which 
includes gene therapy products. The FDA has authorized a number of gene 
therapy trials but has not yet approved a gene therapy for market. If one 
is approved, it will still be subject to the FDA’s ongoing monitoring and, if 
necessary, restrictions on its use. This FDA oversight entails review under 
rules governing biologics and, in many cases, under rules governing drugs. 

Once gene therapies have been introduced into clinical care, not only 
will the FDA maintain surveillance to detect safety concerns, but also for-
mal studies of the labeled uses may be conducted to take a fresh look at 

4 See https://www.cms.gov/Regulations-and-Guidance/Legislation/CLIA/index.html?redirect=/ 
clia (accessed January 5, 2017).
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the safety and efficacy of the therapy. Postmarket use may also encompass 
uses that go beyond the indications for which a therapy was approved. 
Formal studies of an approved biologic for a use other than specified in 
the labeling would generally not be considered “off-label” use and would 
require FDA oversight. But outside of a study, off-label use in clinical care 
is entirely legal and has become a common practice among physicians with 
respect to drugs, and might be available for a gene-transfer product using 
genome editing once it is approved. Physicians use their own expertise and 
sources of information, as well as the advice of professional societies. They 
are regulated at the state level by their licensing and disciplinary bodies, 
may be limited by availability of patients’ insurance coverage for novel in-
terventions, and are constrained by the prospect of tort liability for medical 
malpractice should they be deemed negligent or reckless. 

Table 2-1 provides a summary of the major steps in the anticipated 
regulatory pathway for the development of a new medical product created 

TABLE 2-1 Summary of U.S. Regulatory Pathway for a Medical Product 
Created Using Genome Editing

Step

Primary Regulatory 
Authorities  
(U.S. System) Examples of Considerations

Laboratory research 
in cells and tissues 
(nonembryonic), 
including human induced 
pluripotent stem cells 
(iPSCs)

•  Institutional biosafety 
committee

•  Institutional review board 
(certain uses of human 
tissue)

•  National Institutes of 
Health (NIH)-funded 
researchers must comply 
with NIH Guidelines for 
Human Stem Cell Research 
(certain uses of iPSC lines 
are prohibited)

•  NIH-funded researchers 
must comply with NIH 
Guidelines for Human 
Stem Cell Research (only 
human embryonic stem cell 
[hESC] lines approved by 
NIH may be used; certain 
uses of hESC lines are 
prohibited)

Laboratory worker safety
Tissue donor safety, privacy, 
and rights (human cells and 
tissue); adequacy of consent 
process
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Step

Primary Regulatory 
Authorities  
(U.S. System) Examples of Considerations

Laboratory research in 
human embryonic stem 
cells or embryos

•  Institutional embryonic 
stem cell research oversight 
committees (ESCROs) or 
embryo research oversight 
(EMRO) committees 
(voluntary but widespread)

•  Prohibition on use of 
federal funds for research 
in which human embryos 
are created for research 
purposes, destroyed, or 
subject to a certain level of 
risk of harm 

Additional state laws as 
applicable

Special ethical concerns 
and regulations (federal 
and state) associated with 
research using human 
embryo and hESC lines 

Preclinical animal studies •  U.S. Department of 
Agriculture

•  Public Health Service 
Policy on Humane Care 
and Use of Laboratory 
Animals

•  Institutional animal care 
and use committee

Humane care, study design, 
and pain minimization

Clinical trials 
(Investigational New 
Drug [IND] application)

•  Institutional review board
•  Institutional biosafety 

committee
•  NIH Recombinant DNA 

Advisory Committee 
(RAC) (advisory)

•  U.S. Food and Drug 
Administration (FDA), 
Office of Tissues and 
Advanced Therapies, 
Center for Biologics 
Evaluation and Research 
(CBER)

Balance of anticipated risks 
and benefits to human 
subjects 
Appropriate protocol design 
and informed consent

New medical product 
application (Biologic 
Licensing Application)

•  FDA CBER Evaluation of safety and 
efficacy data

Licensed medical product 
(postmarket measures)

•  FDA CBER Long-term patient safety

TABLE 2-1 Continued
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using genome editing. The individual steps and considerations listed in this 
table are discussed in greater detail in the remainder of the chapter. 

Oversight of Laboratory-Based Research

Rules governing research with human cells and tissues, including so-
matic cells, gametes, embryos, and fetal tissue tend to focus on several 
key issues. For most cells and tissues, an initial question is whether the 
donor can receive any kind of payment, in cash or kind. This has been a 
particularly sensitive issue with respect to gametes used in research, with 
debate being focused less on the ethics of research using gametes and more 
on the ethics of how they are obtained and whether it involves anything 
that resembles undue inducement. For embryos and fetal tissue, rules are 
influenced by broader legal regimes governing human reproduction and 
products of conception, to the extent such regimes exist in a given country. 
And for all tissues, attention is given to whether the tissue is obtained with 
required permissions from the donor and whether its use poses any risk 
to the donor’s privacy. These rules can change, of course, when tissue is 
obtained from cadavers rather than live donors.

In the United States, human tissue is donated for research in various 
ways. Rules governing that donation depend on several factors, the most 
important of which are whether the tissue is left over from a clinical pro-
cedure or is being obtained through a new intervention specifically for re-
search, and whether the resulting tissue specimen has information attached 
to it that makes the donor’s identity readily ascertainable. When tissue is 
collected through a physical intervention (such as a blood draw) specifically 
for research, the donor is a human subject, and an IRB oversees the recruit-
ment of donors, the procedures used for collection, and the information 
provided to obtain consent.5 However, as discussed below, merely giving 
consent to use of already excised tissue does not render the donor a human 
subject, unless the tissue has information that makes the donor’s identity 
readily ascertainable. 

Once the tissue has been obtained, it is available for laboratory research, 
subject to the usual rules for oversight of recombinant DNA research by 
IBCs. This pattern of regulation is the same regardless of whether genome 
editing will be carried out on the tissues.

5 Donating embryos or fetal tissue remaining after miscarriage or abortion does not render 
the donor a human subject unless identifying information about the donor is retained and 
insufficiently obscured. 
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Recombinant DNA Research and Institutional Biosafety Committees

Research with human tissues and cells that takes place entirely within 
a laboratory and does not involve either preclinical testing on nonhuman 
animals or clinical testing on humans is subject to regulations and require-
ments, many focused primarily on ensuring the safety of the laboratory 
environment for workers. For experiments subject to the NIH Guidelines 
for Research Involving Recombinant or Synthetic Nucleic Acid Molecules 
(NIH Guidelines), there is a requirement that the research be reviewed and 
approved by an IBC. The NIH Guidelines are applicable to all research that 
is conducted at or sponsored by an institution that receives NIH funding for 
such research; however, many institutions follow requirements of the NIH 
Guidelines even when they are not required. IBCs review nearly all forms 
of research utilizing recombinant (or synthetic) nucleic acid molecules at 
the local institutional level (e.g., university or research center). The IBCs 
ensure research is conducted in conformity with the biosafety provisions 
of the NIH Guidelines and assess the research for potential risks to human 
health and the environment. This biosafety review is accomplished by as-
sessing the appropriate physical and biological containment for the research 
and ensuring the researchers are adequately trained to conduct the work 
they are proposing safely.

An IBC is required to have at least five members with expertise in 
recombinant or synthetic nucleic acid molecule technology, at least two 
of whom are independent of the institution at which the research is being 
conducted. The NIH Guidelines encourage institutions to open IBC meet-
ings to the public when possible and when consistent with the protection of 
privacy and proprietary interests (NIH, 2013c). The NIH Guidelines also 
require institutions to make IBC meeting minutes available to the public 
upon request.

Human Tissue Use and Institutional Review Boards

Laboratory-based research using human tissue may also trigger certain 
human subjects protections, even though all the work is done in vitro. Two 
situations trigger this additional level of regulation. 

First, as noted above, if the tissue is being collected from a living indi-
vidual, specifically for research, this interaction generally will be subject to 
oversight by an IRB. Although IRBs are designed primarily to protect the 
rights and welfare of research subjects in clinical investigations, the act of 
collecting tissue for research is considered to render the donor a research 
subject, even if subsequent work with the tissue will yield no information 
that could be traced to or in any way affect the donor. 
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The second situation may occur when tissue is collected without in-
teraction with the person from whom it is derived, such as when surgical 
tissue that would otherwise be discarded is collected for use in research. If 
the tissue is sufficiently anonymized, the use of the tissue in research will 
not trigger IRB review. But if the donor’s identity can be readily ascertained, 
the donor is considered a research subject, and IRB review is triggered un-
less the work is eligible for exemption or waiver of some or all elements of 
informed consent.

The rules will change with respect to research using stored human 
specimens upon the effective date of the January 2017 revisions to the 
“Common Rule” that sets out the framework and requirements for human 
subjects research that is funded by most federal agencies and departments 
or is otherwise subject to its jurisdiction.6 Effective as of January 2018, the 
revised rule covering use of identifiable tissue

Allows the use of broad consent (i.e., seeking prospective consent to 
unspecified future research) from a subject for storage, maintenance, and 
secondary research use of identifiable private information and identifi-
able biospecimens. Broad consent will be an optional alternative that an 
investigator may choose instead of, for example, conducting the research 
on nonidentified information and nonidentified biospecimens, having an 
institutional review board (IRB) waive the requirement for informed con-
sent, or obtaining consent for a specific study.

Establishes new exempt categories of research based on their risk profile. 
Under some of the new categories, exempt research would be required to 
undergo limited IRB review to ensure that there are adequate privacy safe-
guards for identifiable private information and identifiable biospecimens.7

6 The FDA has its own set of regulations governing human subjects research, which can 
differ in some details (e.g., regarding waivers of consent in minimal-risk research). Those 
regulations can be found at 21 Code of Federal Regulations (CFR) Part 50. The Common 
Rule applies to research funded by the following departments and agencies: Agency for In-
ternational Development, Environmental Protection Agency, National Aeronautics and Space 
Administration, National Science Foundation (NSF), Social Security Administration, U.S. 
Department of Agriculture, U.S. Department of Commerce, U.S. Department of Defense, U.S. 
Department of Education, U.S. Department of Energy (DOE), U.S. Department of Health and 
Human Services (HHS), U.S. Department of Homeland Security, U.S. Department of Housing 
and Urban Development, U.S. Department of Labor, U.S. Department of Transportation, and 
U.S. Department of Veterans Affairs. Historically, genetics research funding has come from 
NSF, DOE, and HHS, in particular (Rine and Fagen, 2015). The Common Rule also applies 
to research conducted at institutions that have voluntarily extended the rule’s application to 
research funded by sources other than those listed above. 

7 Federal Policy for the Protection of Human Subjects; Final Rule Federal Register, Vol. 82, 
no. 12 (January 19, 2017), 7149-7274.
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The rules governing use of anonymous, de-identified, or coded materials8 
will allow for even broader use. Research will be exempted from all or most 
IRB oversight if it is for secondary research use9 of identifiable private informa-
tion and identifiable biospecimens for which consent is not required, and when

•  The identifiable private information or identifiable biospecimens are 
publicly available;

•  The information is recorded by the investigator in such a way that the 
identity of subjects cannot readily be ascertained, and the investigator 
does not contact subjects or try to re-identify subjects;

•  The secondary research activity is regulated under HIPAA [Health 
Insurance Portability and Accountability Act] or

•  The secondary research activity is conducted by or on behalf of a 
federal entity and involves the use of federally generated nonresearch 
information provided that the original collection was subject to specific 
federal privacy protections and continues to be protected.

With IRB review comes a set of protections focused on ensuring that 
the risks (physical, psychological, and socioeconomic) and possible benefits 
to the research subject and society are in reasonable balance. Furthermore, 
except when eligible for waiver, informed and voluntary consent is required 
from the research subject (in the present context, the person whose tissue is 
being used) or from a legally authorized representative.

Additional Rules Governing Laboratory Research 
on Human Gametes and Embryos

Basic science research on genome editing may entail experimentation 
on human gametes and embryos, with no intention of performing intrauter-
ine transfer to establish a pregnancy in a woman (see Chapter 3). Indeed, 
such in vitro research on embryos has already proceeded in China (using 
nonviable embryos) and has been approved (with viable embryos) by the 

8 Anonymous tissue is collected and stored without any personal identifiers at any time; 
de-identified tissue has earlier identifiers removed; and coded tissue has identifiers that are 
obscured by virtue of coding. Where the investigators lack easy access to a key with which to 
break the code, the tissue will no longer have a personal identity that is “readily ascertainable.”

9 “By “secondary research,” this exemption is referring to reusing identifiable information 
and identifiable biospecimens that are collected for some other “primary” or “initial” activity. 
The information or biospecimens covered by this exemption would generally be found by the 
investigator in some type of records (in the case of information) or some type of tissue reposi-
tory (such as a hospital’s department for storing clinical pathology specimens). Federal Policy 
for the Protection of Human Subjects; Final Rule Federal Register, Vol. 82, no. 12 (January 
19, 2017), 7149-7274 at 7191.
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relevant regulatory bodies in Sweden and the United Kingdom. Work also 
is proceeding on understanding human germ cell development, research in 
which genome editing is one of many tools that can be used to explore the 
roles of specific genes (Irie et al., 2015).

This laboratory research might take a number of forms, each raising 
slightly different ethical and legal issues. First, it might involve editing so-
matic tissue in such a way that gametes would or might also be affected. 
Second, it might involve editing an existing gamete or gamete progenitor, 
such as a spermatogonial stem cell, in vitro or in vivo. Third, it might 
involve editing an egg in the process of fertilization (e.g., during intracyto-
plasmic sperm injection), or editing an already fertilized egg (zygote) or 
embryo.

As long as the work on gametes and embryos remains preclinical—that 
is, there is no transfer for gestation—the regulatory oversight and limits 
in the United States derive from state embryo research laws or limitations 
imposed by federal or other funders. Should there be a clinical trial involv-
ing efforts to gestate the edited reproductive materials, the research would 
come under FDA jurisdiction, and approval of an Investigational New Drug 
(IND) application would be required prior to beginning each such trial (see 
Chapter 5 for discussion of such potential future applications). 

In the United States, the public policy issues surrounding laboratory 
research with human embryos were debated extensively by the 1994 NIH 
Human Embryo Research Panel, which was convened to provide recom-
mendations to the Advisory Committee to the NIH Director. Its conclusions 
reflect the view that embryos should be regarded as different from ordinary 
human tissue but nonetheless be used for some areas of research if in the 
service of important scientific knowledge that cannot be obtained with less 
controversial methods. In addition, the panel’s report called for the use of 
human embryos at the earliest stages and in the smallest numbers consis-
tent with needs of the research. Except in very limited circumstances, the 
panel called for use of only those embryos that, although originally created 
in the course of a reproductive effort, now would otherwise be discarded. 
Donation to research would require the informed consent of those who 
had created the embryos for reproductive purposes (NIH, 1994). While 
technically the panel’s report addressed conditions for federal funding of 
research that uses human embryos (which was subsequently prohibited by 
congressional action10), its recommendations came to be recognized within 

10 The Dickey-Wicker Amendment prohibits the use of most federal funds for research that 
involves creating or destroying embryos, and for research that puts embryos at risk of injury 
or destruction except when necessary to increase their chance for healthy development. The 
amendment has been attached to the annual appropriations bills for the Departments of 
Health and Human Services, Labor, and Education since 1996.
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the scientific community as a more general evaluation of the ethics and ac-
ceptability of such research.

Regulatory protections for human research subjects do not apply to 
the ex vivo embryo.11 Nonetheless, many (if not most) institutions hous-
ing embryonic stem cell research have put voluntary oversight measures in 
place (Devereaux and Kalichman, 2013), and the International Society for 
Stem Cell Research recently adopted guidelines calling for expanding these 
oversight committees to almost all research involving human embryos, 
regardless of whether stem cells will be derived and regardless of funding 
source (ISSCR, 2016b).

Some preclinical research on germline genome editing would likely 
take advantage of embryos left over from reproductive attempts using in 
vitro fertilization (IVF). Although no official numbers are available, a con-
servative estimate indicates that more than one million embryos, most of 
them produced but ultimately not used for IVF, remain in storage across 
the United States (Lomax and Trounson, 2013), with many more being 
stored around the world. As noted earlier, U.S. federal funding for research 
on embryos generally is prohibited. The work can, however, be supported 
with funds from individual states and private sources, often with policies 
similar to those proposed by the 1994 embryo research panel. California, 
for example, has been funding embryo research and embryonic stem cell 
research for a decade using funds from a state bond issued during the years 
when federal funding was limited to a small number of older embryonic 
stem cell lines. Connecticut, Maryland, New Jersey, and New York also 
created funds for research that could not be federally funded (NIH, 2016c).

Genome-editing research that generates human gametes from pluripo-
tent stem cells would not be governed by the laws or funding policies 
governing embryo research unless a fertilized egg would be made in order 
to test the gametes. A single-cell fertilized egg is treated as if it were an em-
bryo for most relevant state and federal laws, and restrictions on the work 
or on the funding would apply. In addition, such a step would constitute 
making an embryo solely for research purposes (i.e., without any intent to 
gestate the embryo and bring a fetus to term), and this has remained the 
most controversial form of embryo research in the United States. Some of 
those opposed to making embryos in research argue that fertilization brings 
a new, morally significant human being into existence, and that making 
embryos for research purposes is inherently disrespectful of human life and 
potentially open to significant abuses (NIH, 1994, p. 42). In some cases, 
this reasoning is extended to encompass totipotent cells made with somatic 
cell nuclear transfer (“cloning”). Even those who do not accord full moral 

11 Other rules, particularly state laws governing research using embryos, may apply (see 
Chapter 5).

Human Genome Editing: Science, Ethics, and Governance

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/24623


44 HUMAN GENOME EDITING

status to an embryo might be wary of creating embryos for research (Green, 
1994; The Washington Post, 1994). 

On the other hand, the panel concluded that making embryos is jus-
tified when “the research by its very nature cannot otherwise be validly 
conducted” or when it is necessary for a study that is “potentially of out-
standing scientific and therapeutic value” (NIH, 1994, p. 45). This would 
appear to include research on in vitro-derived gametes and on techniques 
for avoiding mitochondrial disease, neither of which were on the immediate 
horizon for human application at the time of the embryo research panel’s 
report. The genome-editing research necessary to test edited gametes would 
seem to fall within this exception, as would the introduction of genome-
editing components along with sperm during IVF procedures such as intra-
cytoplasmic sperm injection. Among those countries that permit research on 
human embryos, rules differ on whether this exception also would permit 
making embryos specifically for research (UNESCO, 2004b). 

Oversight in Other Nations for Research Using Human Embryos

As noted earlier, in the United States, a handful of states have laws 
governing or forbidding research using human embryos (NCSL, 2016). At 
the federal level, there is no prohibition on such research, although there 
are limits on the use of federal funds to perform the research. 

By contrast, much of what is permitted in the United States would be 
more tightly regulated in the United Kingdom, where research on human 
gametes and embryos is subject to review by the Human Fertilisation and 
Embryology Authority, and a license is required for each specific set of ex-
periments. (See Chapter 5 for discussion of clinical use of germline editing.) 
In other countries, such as Chile,12 Germany (DRZE, 2016), Italy (Boggio, 
2005), Lithuania,13 and Slovakia,14 the research would not be legal under 
any regulatory regime.

This variation in governance approaches reflects the fact that research 
with gametes, and in particular with embryos, has been controversial in 
many countries. Views on the legal and moral status of the human embryo 
range from treating it the same as any other human tissue, to considering 

12 Chile, Congreso Nacional, Sobre la investigacion cientifica en el ser humano, su genoma, 
y prohibe la clonacion humana, September 22, 2006, no. 20.120, art. 1, Witherspoon Council 
staff translation, http://www.leychile.cl/Navegar?idNorma=253478 (accessed April 25, 2017) 
(Spanish).

13 Lithuania, Seimas, Law on Ethics of Biomedical Research, no. VIII-1679, May 11, 2000, 
last amended June 26, 2014, no. XII-981, art. 3, § 2, http://e-seimas.lrs.lt/rs/legalact/TAD/
d7231dc0489411e4ba2fc5e712e90cd4 (accessed April 25, 2017).

14 Slovakia, Health Care Act No. 277/1994, art. 42, 3(c), as quoted in UNESCO (2004b); 
Slovakia, Slovak Penal Code, art. 246a added in 2003, as quoted in UNESCO (2004b, p. 14).
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it a tissue deserving of some extra degree of respect, to viewing it as tissue 
that should be accorded the same respect or even the same legal rights as 
a live-born child. These views vary both among and within countries and 
reflect both religious and secular influences. The result has been public poli-
cies ranging from permissive, to regulated, to prohibitionist.

While genome editing is a powerful new technology for making genetic 
modifications in cells, its use in the context of research on human embryos 
raises issues essentially the same as those discussed in the past: the moral 
status of the embryo, the acceptability of making embryos for research or 
using embryos that would otherwise be discarded, and the legal or vol-
untary limits that apply to the use of embryos in research (CIRM, 2015; 
ISSCR, 2016b; NIH, 1994, 2015b). This report does not address those 
ethical arguments, and accepts as given the current legal and regulatory 
policies that apply in each country. If any of those general policies were to 
change in the future, genome-editing research would be affected as well.

Research Using Nonhuman Animals

The 1966 Animal Welfare Act (7 U.S.C. § 2131), the federal law cov-
ering the use of animals in research, regulates testing and maintenance of 
a number of species, although notably not some of those which are most 
commonly used, such as rats and mice. It is enforced by the U.S. Depart-
ment of Agriculture’s (USDA’s) Animal and Plant Health Inspection Service, 
and at the local level requires that research institutions establish an institu-
tional animal care and use committee “to oversee and evaluate all aspects 
of the institution’s animal care and use program,” such as ensuring that the 
standards for physical containment and pain minimization are met. 

If genome-editing research at any point were to require the creation 
of chimeric organisms, funding from NIH would come with rules limiting 
certain combinations (NIH, 2015a). NIH has recently requested public 
comment on proposed changes to provisions relevant to chimeras in its 
guidelines for human stem cell research, including work that involves chi-
meras (NIH, 2016b).

Clinical Trials of Human Genome Editing—The Role of IRBs

Clinical genome-editing trials—that is, studies involving human 
subjects—cannot commence without permission from the FDA, the details 
of which are discussed below. Along with FDA review, three other bodies—
IRBs, IBCs, and the RAC—have clinical trial oversight responsibilities for 
genome editing. 

IRB review and approval focuses on the risks and benefits of a clinical 
study and on the manner in which people are recruited for the study. It is 
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required for any research involving human subjects that is supported by 
the U.S. Department of Health and Human Services (HHS) or regulated 
by the FDA. It is also required for research conducted or supported by 
any of the other federal agencies subscribing to the Common Rule, for 
research on products regulated by the FDA, and for research conducted by 
investigators at any institution that has voluntarily extended these protec-
tions to research that is otherwise not subject to these rules. The Common 
Rule addresses research with living individuals, and some federal funding 
agencies have adopted additional rules specifically with respect to research 
with fetuses. Research on embryos, as noted earlier, is regulated separately 
by some states and through federal funding restrictions.

IRBs have the authority to approve or deny approval for research pro-
tocols, human subject recruitment plans, and informed consent documents. 
They also may require modifications to a protocol as a condition of ap-
proval. IRBs also oversee amendments to ongoing studies and can suspend 
studies proving to be problematic—for example, due to the rate or severity 
of adverse events. In this task, IRBs may be assisted by data and safety 
monitoring boards, designed to track interim data while a study is ongoing. 
They provide additional expert and independent review to help ensure that 
a study continues to meet the standard for a reasonable balance of risks 
and potential benefits and that the information provided during initial re-
cruitment of subjects remains a fair reflection of their risks and benefits as 
additional information is obtained during the study. 

Federal regulations do not specify whether an IRB must hold open 
meetings or make its minutes and other documents available to the public; 
these are matters for individual institutional policies or state law. But an 
IRB, in addition to including experts with appropriate technical training, 
must include at least one member whose primary concern is in a nonsci-
entific area and one lay member who is not otherwise affiliated with the 
institution. In addition, an IRB has the discretion to invite individuals with 
competence in special areas to assist in the review of complex issues. 

Federal regulations require an IRB to determine that risks to research 
subjects are minimized and are reasonable in relation to the potential 
benefits to the subjects and the importance of the knowledge that may be 
expected to result from the research. They are also required to ensure that 
selection of subjects is equitable and that subjects are freely volunteering for 
the research with sufficient information. In pediatric protocols, risk toler-
ance is lower. If benefit to the child is possible, the research may proceed 
with the consent of one parent and risk tolerance will be geared to the po-
tential benefits. But if the research offers no prospect of medical benefit, the 
child may not be exposed to more than a “minor increment over minimal 
risk” absent special intervention by the secretary of HHS. 

When research is done on fetuses, certain federal funders insist on 
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special provisions related to the degree of risk that is permitted and to how 
(and from whom) consent must be sought (Subpart B 45 CFR 46); while 
not required, these same provisions may be adopted by investigators who 
use other funds. These provisions state that risk to the fetus is tolerated 
when it has been minimized to the extent possible and when it is balanced 
by the prospect of direct benefit for the pregnant woman or the fetus. If 
there is no such prospect of benefit, the risk to the fetus may not be greater 
than minimal, and the purpose of the research must be the development 
of important biomedical knowledge that cannot be obtained by any other 
means. Consent by the pregnant woman is sufficient when the research 
holds the prospect of benefit to her as well as the fetus. If the research holds 
the prospect of benefit only to the fetus and not to the pregnant woman 
herself, then paternal consent is also required, if feasible.

Requiring voluntary and informed consent is one of the key protections 
for human subjects. The elements, as listed in HHS regulations, include 
among other items

• an explanation of the purposes of the research, the procedures that 
will be used, and whether any procedures are experimental;

• a description of any reasonably foreseeable risks or benefits to the 
subject or to others; 

• a disclosure of appropriate alternative procedures;
• a statement describing the extent, if any, to which confidentiality will 

be maintained;
• for research involving more than minimal risk, an explanation as to 

whether any compensation and medical treatments are available in 
case of injury; and

• a statement that participation is voluntary, refusal to participate will 
involve no penalty, and that the subject may discontinue participa-
tion at any time.15

First-in-human trials make compliance with these provisions difficult, 
given that by definition, it is very difficult to assess the degree of uncertainty 
that pertains when research is moving from preclinical models to human 
interventions. Nonetheless, such trials must take place, and IRBs work to 
ensure that subjects not only understand what is known from preclinical 
work but also appreciate the existence of knowledge gaps that will affect 
the extent to which the outcome of the trials can be predicted.

The federal rules include a provision stating that an “IRB should not 
consider possible long-range effects of applying knowledge gained in the 

15 Federal Policy for the Protection of Human Subjects; Final Rule Federal Register, Vol. 82, 
no. 12 (January 19, 2017), 7149-7274 at 7266.

Human Genome Editing: Science, Ethics, and Governance

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/24623


48 HUMAN GENOME EDITING

research (for example, the possible effects of the research on public policy) 
as among those research risks that fall within the purview of its responsibil-
ity” (21 CFR 56.111(a)(2)). This provision therefore excludes from IRBs 
the power to withhold approval of a study solely because the knowledge it 
produces or the policies it affects may be socially controversial or because 
of fears that the study will represent the beginning of a slippery slope to 
future applications that are controversial. The provision does, however, 
allow IRBs to withhold approval of a study because it may cause physical, 
psychological, or emotional harm to the subjects.

Clinical Trials of Human Genome Editing:  
The Role of the Recombinant DNA Advisory Committee

The late 1960s and early 1970s saw the rapid progression of the con-
cepts and technology that led to the first intentional creation of recombi-
nant DNA molecules (Berg and Mertz, 2010). The RAC was established by 
then–NIH Director Donald Frederickson in 1974 in response to scientific, 
public, and political concerns about the potential use and misuse of recom-
binant DNA technologies, as well as the associated known and unknown 
risks. The proposed RAC membership included requirements designed 
to ensure broader public perspective, such as a diverse membership that 
included scientists, clinicians, ethicists, biosafety experts, theologians, and 
public representatives, among others. Over time, the RAC’s membership 
and responsibilities have evolved in response to scientific developments and 
shifting public concerns.

Early actions by the RAC included requiring that every research in-
stitution create a biohazard review committee (later renamed an IBC) to 
review risks and certify the presence of adequate safety measures. The ma-
jor initial task of the RAC was the drafting of guidelines for recombinant 
DNA research discussed that, while lacking the legal force of regulations, 
have had an enormous influence on practices for preventing the unintended 
release of or human exposure to genetically modified organisms and mate-
rial (Rainsbury, 2000). The NIH Guidelines are a term and condition of 
NIH funding, and are applicable to all recombinant DNA research that is 
conducted or sponsored by a public or private institution that receives NIH 
funding for any such research (NIH, 2013a). Many other U.S. government 
agencies and private institutions require that their funded research be con-
ducted in accordance with the NIH Guidelines (Corrigan-Curay, 2013).

Initially, the RAC reviewed and approved all proposals for gene-transfer 
research protocols to be performed at institutions receiving NIH funds for 
recombinant DNA research and advised the NIH director on the issuing 
of official approvals, as technically, official approvals came from the NIH 
director, based on the RAC’s decision (Freidmann et al., 2001). Over time, 
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the interplay between RAC review and FDA review has evolved. The RAC’s 
initial focus on safety broadened over time to include providing a venue 
for discussion of social and ethical issues. And in the mid-1990s, the FDA 
assumed sole authority to approve gene transfer research protocols, with 
some protocols selected for in-depth review and public discussion after an 
initial review by RAC members. Provision was also made for a compassion-
ate use exemption process (Rainsbury, 2000; Wolf et al., 2009). 

Appendix M of the NIH Guidelines is a “Points to Consider” document 
that details the requirements for human gene-transfer protocol submission 
and reporting and review by the RAC (NIH, 2013c). The NIH Guidelines 
state that “NIH will not at present entertain proposals for germline altera-
tion” (p. 100). With regard to in utero gene transfer, the NIH Guidelines 
state that NIH may be willing to consider such research, but only after sig-
nificant additional preclinical and clinical studies satisfy criteria developed 
at a RAC conference. In April 2015, the NIH director issued a statement 
that “NIH will not fund any use of gene editing technologies in human 
embryos” (Collins, 2015).

Within the entire system of oversight for gene-transfer research, the 
RAC provides a forum for the in-depth review and public discussion of a 
protocol. The IRBs convene in private, although, as noted earlier, they do 
include nonscientists as members. The public nature of the RAC is due to its 
status as a public advisory committee under the Federal Advisory Commit-
tee Act (FACA) of 1972. To comply with FACA regulations, the RAC must 
hold open meetings, giving advance notice of the time and place; provide 
minutes; and allow for public participation (Steinbrook, 2004). 

The RAC also sponsors public symposia on important scientific and 
policy issues related to recombinant DNA research (Friedmann et al., 2001), 
providing a public forum for scientific, clinical, ethics, and safety experts 
along with the public to discuss emerging issues in the field of gene transfer. 
Along with the RAC’s protocol review and mechanisms for informing in-
stitutional oversight bodies, this transparent system is intended to optimize 
the conduct of individual research protocols and to advance gene-transfer 
research generally (O’Reilly et al., 2012). In this way, the RAC serves as 
an important channel for scientific debate, informing institution-level over-
sight, increasing transparency, and promoting public trust and confidence 
in the field of gene transfer.

In April 2016, amendments to the NIH Guidelines (NIH, 2016a) 
went into effect. Under the revised guidelines, which reflected many of the 
recommendations of an earlier National Academies study (IOM, 2014), 
individual human gene-transfer trials are limited to cases in which NIH 
concurs with a request from an oversight body (such as an IRB or an IBC) 
that has determined that a protocol would significantly benefit from RAC 
review and has met one or more of the following criteria:
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•  The protocol uses a new vector, genetic material, or delivery method-
ology that represents a first-in-human experience, thus presenting an 
unknown risk.

•  The protocol relies on preclinical safety data that were obtained using 
a new preclinical model system of unknown and unconfirmed value.

•  The proposed vector, gene construct, or method of delivery is associ-
ated with possible toxicities that are not widely known and that may 
render it difficult for oversight bodies involved to evaluate the protocol 
rigorously. (IOM, 2014, p. 4)

Human gene-transfer protocols may also be reviewed by the RAC if 
the NIH director determines that the research presents significant scientific, 
societal, or ethical concerns. The RAC has reviewed several protocols in-
volving the three major genome-editing technologies, and certain human 
genome-editing protocols, at this early stage of development, would be 
expected to meet these criteria.

Public Engagement Under the Auspices of the 
Recombinant DNA Advisory Committee

Public review of protocols for gene-transfer research is intended (1) 
to disseminate information so that other scientists can incorporate new 
scientific findings and ethical considerations into their research, and (2) to 
enhance public awareness of and build public trust in such research, allow-
ing for a public voice in the review of the research (Scharschmidt and Lo, 
2006). According to NIH’s Office of Science Policy (OSP), protocol review 
by the RAC serves many functions (Corrigan-Curay, 2013), including

• optimizing clinical trial design and increasing safety for research 
subjects, and in some instances strengthening biosafety protections 
necessary for researchers, health care workers, and close contacts of 
research subjects;

• improving the efficiency of gene therapy research by allowing scien-
tists to build on a common foundation of new knowledge emanating 
from a timely, transparent analytic process; and

• informing the deliberations of the FDA, the NIH Office of Human 
Research Protections (OHRP), IRBs, IBCs, and other oversight bod-
ies whose approval is necessary for gene therapy research projects 
to be undertaken.

The current process aims to be highly transparent. The OSP website 
provides information about protocols and the public discussions at the 
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RAC meetings, and the protocols themselves are made available to mem-
bers of the public upon request (OBA, 2013). All correspondence between 
the RAC and investigators also is part of the public record for the protocol 
and is available to the investigators, sponsor(s), IRB(s), IBC(s), the FDA, 
and OHRP (NIH, 2013a). For protocols selected for in-depth review and 
public discussion, the protocol registration process is defined as complete 
when, following the review, the investigator receives a letter based on the 
recommendations discussed at the RAC meeting. The letter is also sent to 
the relevant IRB(s) and IBC(s) (NIH, 2013b). Minutes and webcasts of the 
RAC meetings are made available on the RAC’s public website. Neither in-
vestigators nor IRBs or IBCs are required to follow any of the RAC’s recom-
mendations. Rather, a protocol’s approval comes from a collection of other 
regulatory bodies. A protocol must be approved by the relevant IBC(s) and 
IRB(s) before research participants can be enrolled in a clinical trial. These 
bodies often rely on the RAC’s recommendations in making their decisions, 
but the RAC’s approval per se is not required for the research to move for-
ward (Wolf et al., 2009). The FDA, the agency responsible for regulatory 
approval, also takes into account the views of the RAC when reviewing 
IND applications (Takefman, 2013).

U.S. Food and Drug Administration Review of 
Investigational New Drug Applications

Regardless of the funding source, the FDA is the agency ultimately 
responsible for the regulation and approval of genome-editing products. 
Most of these products will be viewed as biologic drugs rather than devices. 
Thus, before being used in human trials, they will need to have FDA review 
and approval of their IND application. INDs for gene therapy are regulated 
by the Office of Tissues and Advanced Therapies (previously the Office of 
Cellular, Tissue and Gene Therapies) within the Center for Biologics Evalu-
ation and Research (CBER). The review follows a regulatory framework in 
which the FDA and the sponsor interact throughout the product’s life cycle, 
from pre-IND to postmarketing surveillance. 

CBER regulates a range of biologics, including human gene therapy 
products, and certain devices related to gene transfer. The FDA defines gene 
therapy products as products that “mediat[e] their effects by transcription 
and/or translation of transferred genetic material and/or by integrating into 
the host genome . . . and [that] are administered as nucleic acids, viruses, 
or genetically engineered microorganisms” (FDA, 2006, p. 4). The general 
types of gene therapy products reviewed by the FDA to date, pursuant to its 
authority under the Federal Food, Drug, and Cosmetic Act (Public Law 75-
717) and the Public Health Service Act (Public Law 78-410) as amended, 
are nonviral vectors (plasmids), replication-deficient viral vectors (e.g., 
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adenovirus, adeno-associated virus), replication-competent oncolytic vec-
tors (e.g., measles, reovirus), replication-deficient retroviral and lentiviral 
vectors, cytolytic herpes viral vectors, genetically modified microorganisms 
(e.g., Listeria, Salmonella, E. coli), and ex vivo genetically modified cells. 

The FDA also maintains a federal advisory committee—the Cellular, 
Tissue and Gene Therapies Advisory Committee—that reviews and evalu-
ates available data related to the safety, effectiveness, and appropriate use 
of human cells, human tissues, gene-transfer therapies, and xenotransplan-
tation products that are intended for transplantation, implantation, infu-
sion, and transfer in the treatment and prevention of a broad spectrum of 
human diseases and in the reconstruction, repair, or replacement of tissues 
for various conditions.16

The FDA process applies to all gene-therapy clinical research, regard-
less of funding source. During the FDA’s review of INDs and its subsequent 
review of major steps in the research process (e.g., movement from phase 
I to phase II studies), any RAC preliminary scientific and ethical review of 
human gene transfer, as well as its public discussion of novel applications, is 
taken into account (Takefman, 2013). Unlike RAC review, the FDA’s review 
process for granting an IND to begin a gene-therapy clinical trial is closed 
to the public. To go on the market, products must have received approval 
of their Biologic Licensing Application (BLA) (21 CFR 600-680), which 
focuses on manufacturing information, labeling, and preclinical and clinical 
studies. The process for approving the BLA may include some public par-
ticipation. Many first-in-class products are taken to an advisory committee, 
which typically includes members with medical and scientific expertise, as 
well as ethicists, industry representatives, and patient representatives. These 
meetings often represent the FDA’s first public discussion of a new medical 
product, providing access to information for patients, physicians, and other 
stakeholders who observe the meeting, and to those who use the meeting 
transcripts made available on the agency website. Meetings are publicly 
announced in advance, and include public comment periods. 

The FDA offers assistance to the research community in the form of 
“Points to Consider” documents that present the current thinking of FDA/
CBER staff about important issues in gene transfer and gene therapy (FDA, 
1991). These documents are intended to guide investigators in understand-
ing FDA perspectives and requirements for development and testing as they 
prepare their IND applications. In 2015 the FDA released “Considerations 
for the Design of Early-Phase Clinical Trials of Cellular and Gene Therapy 
Products” (FDA, 2015b).

To ensure that all regulatory requirements are met, the FDA encour-
ages a “pre-IND” meeting between investigators and agency officials early 

16 51 Federal Register 23309 (1986).
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in the protocol development process at which specific questions related to 
the planned clinical trial design are discussed. The meeting also provides an 
opportunity for the discussion of various scientific and regulatory aspects 
of the medical product as they relate to safety and/or potential clinical hold 
issues,17 such as plans for studying the gene-transfer product in pediatric 
populations (FDA, 2001). For the meeting, the investigator must submit an 
information package that describes the structure of the gene-transfer prod-
uct, its proposed clinical indication, dosage, and administration; provides 
preclinical and clinical study descriptions and a data summary; includes 
chemistry, manufacturing, and controls (CMC) information; and specifies 
objectives expected from the meeting (FDA, 2000).

For certain types of protocols—including those involving gene-transfer 
products—it is sometimes necessary to discuss special issues regarding re-
combinant DNA proteins from cell-line sources, such as the adequacy of 
characterization of cells, potential contamination of cell lines, removal or 
inactivation of adventitious agents, or potential antigenicity of the product 
(FDA, 2015b). An investigator is expected to consider and address FDA 
guidance resulting from the pre-IND meeting before submitting an applica-
tion for an IND. 

As a general rule, when reviewing IND submissions, the FDA balances 
potential benefits and risks to participants in the clinical trials (Au et al., 
2012; Takefman and Bryan, 2012). Once the investigator has submitted 
the IND, the FDA has 30 days either to allow it to proceed or to put it on 
clinical hold while more data are obtained from the sponsor. The applica-
tion includes details on product manufacturing, safety and quality testing, 
and purity and potency, as well as preclinical, pharmacological, and toxico-
logical testing. Safety testing required specifically of gene-therapy products 
includes (1) potential adverse immune responses to the ex vivo transduced 
cells, the vector, or the transgene; (2) vector and transgene toxicities, includ-
ing distribution of the vector to germ cells in testicular and ovarian tissues; 
and (3) potential risks of the delivery procedure (FDA, 2012b).

The clinical protocol section of the application includes information 
about phase I, II, and/or III studies, including starting dose, dose escalation, 
route of administration, dosing schedules, definition of patient population 
(detailed entry and exclusion criteria), and safety monitoring plans. It also 
includes information regarding study design, including description of clini-
cal procedures, laboratory tests, or other measures to be used to monitor 
the effects of the product. Because vectors and transgenes of gene-therapy 

17 A clinical hold is an order to delay a proposed clinical investigation or suspend an ongoing 
investigation. Conditions for issuing a clinical hold include unreasonable risk to research sub-
jects or discovery of information that undermines confidence in the investigators or the study 
protocol (Clinical Holds and Requests for Modification, 21 CFR, Sec. 312.42 [April 1, 2016]). 
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products may persist for the lifetime of the research subject, the FDA has 
issued guidance on observation of subjects for delayed adverse events (FDA, 
2006).

Federal regulations require that information about many clinical trials 
be posted at ClinicalTrials.gov, the government’s database for information 
about a large proportion of clinical trials, or a similar site. This applies to 
many clinical trials of drug products (including biological products) and de-
vice products that are regulated by the FDA. Effective as of January 2017, 
there is an expanded registry with additional results data to help patients 
find trials.18 The goals are to enhance trial design, to prevent duplication 
of unsuccessful trials, to improve the evidence base and efficiency of drug 
and device development, and to build public trust. 

In accordance with statutory mandates, however, there is little or no 
transparency in FDA reviews during the IND stage, including whether the 
agency is considering an IND for a specific product. But once the FDA has 
approved a license for a product, it may post the clinical, pharmacological, 
and other technical reviews of the product on its website (see, for example, 
information for Ducord, an umbilical cord–derived, stem cell product for 
use in certain transplantation procedures, as reported by Zhu and Rees 
[2012]). Although proprietary information is redacted from these posted 
reviews, the clinical reviews provide considerable information about the 
trials.19 They may summarize early-stage discussions about trial design and 
assessments of whether sponsors conformed to certain ethical and good 
trial practice standards. When necessary, the FDA can engage its Cellular, 
Tissue and Gene Therapies Advisory Committee to receive public input on 
a pressing issue of broad applicability.

The FDA’s Sentinel Initiative—launched in 2008 to establish a national 
risk identification and analysis system using electronic health care data to 
monitor the safety of drugs, biologics, and devices after they have reached 
the market—complements the Adverse Event Reporting System. Through 
Sentinel, the FDA can access information from electronic health records, 
insurance claims data and registries, and other sources using a process that 
also maintains patient privacy. CBER has launched several projects within 
Sentinel aimed at improving postlicensure safety surveillance of vaccines 
and other biologics. In addition to monitoring, other postmarket quality 
control measures include registries, special patient information pamphlets, 
and requirements for formal phase IV studies. The European Union has its 

18 81 Federal Register 64981-65157.
19 Section 916 of the Food and Drug Administration Amendments Act (2007) requires posting 

of certain information about a BLA approval on the FDA website. See SOPP8401.7 Action Pack-
age for Posting, http://www.fda.gov/BiologicsBloodVaccines/GuidanceComplianceRegulatory 
Information/ProceduresSOPPs/ucm211616.htm (accessed February 2, 2017).
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own tools for postmarket monitoring and control, different in detail but 
similar in purpose (Borg et al., 2011).

Once the FDA has approved a drug, it may be prescribed for uses that 
differ from those for which it was approved and labeled. As noted earlier, 
such off-label prescribing is a legal and common practice of health care 
providers when they deem it medically appropriate. This may mean use of 
the product for a different medical condition from that for which it was ap-
proved (e.g., approved for one kind of cancer and used for another), or its 
administration at different doses, in different forms, or to different catego-
ries of patients. Off-label prescribing allows for physician discretion and the 
efficient use of information following a drug’s initial approval, while still 
maintaining postmarket surveillance for safety. In the United States, some 
areas of medicine, such as pediatrics (AAP, 2014) and cancer care (Ameri-
can Cancer Society, 2015), are known to have a high rate of off-label use. 

There are a number of mechanisms by which products may follow an 
accelerated regulatory pathway, including Fast Track, Breakthrough Ther-
apy, Accelerated Approval, and Priority Review (FDA, 2015a). The means 
used to accelerate the review range from earlier, more frequent, and more 
intensive consultations with FDA staff; to easing rules for the submission 
of materials; to changing the endpoints required in the study; to conducting 
the review before that of other products for which the applications were 
submitted earlier.

This provision for accelerated review was expanded to include regen-
erative medicine and other cell therapy products in the 21st Century Cures 
Act,20 signed into law in December 2016. The act allows for approval of a 
“regenerative-medicine therapy” based on surrogate endpoints reasonably 
expected to predict clinical outcomes and on evidence provided by a wider 
range of sources, including those outside the realm of controlled clinical tri-
als. Postapproval measures can still include requirements for further trials, 
as well as surveillance, patient information brochures, registries, and other 
risk mitigation measures. This process resembles to some extent the “con-
ditional approval” mechanism adopted in Japan for regenerative-medicine 
products, although it lacks any trigger that automatically withdraws ap-
proval if postmarket risk mitigation and clinical trial commitments are not 
fulfilled.

The therapies being developed with human genome editing were not 
excluded from this new expanded category, and some might be eligible 
for a variety of accelerating mechanisms if they meet the definition of 

20 21st Century Cures Act, Public Law No. 114-255, HR 34, 114th Cong. (2015-2016) 
(https://www.congress.gov/bill/114th-congress/house-bill/34/text?format=txt). See also http://
www.fda.gov/BiologicsBloodVaccines/CellularGeneTherapyProducts/ucm537670.htm (accessed 
January 30, 2017). 
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“regenerative-medicine therapy” (which “includes cell therapy, therapeutic 
tissue engineering products, human cell and tissue products”), as well as 
the criterion of having the potential to fulfill an unmet need for a “serious 
or life-threatening disease or condition.” Since passage of the new law, the 
FDA has been working on implementing these provisions and consider-
ing a number of issues, including the scope of the products that meet the 
definition of regenerative-medicine therapy as specified in the legislation. 
As written, though, the criterion of fulfilling an unmet need for a seri-
ous or life-threatening disease would seem to exclude intended uses for 
enhancement.21 

The Interplay Between the FDA and the NIH RAC

Concern about the conduct of gene-transfer trials reached a new level 
of intensity after the 1999 death of Jesse Gelsinger, a participant in one 
such trial (Shalala, 2000; Steinbrook, 2002). In response, NIH took steps 
to coordinate reporting of adverse events and expand public access to in-
formation regarding human gene transfer trials, for example, through the 
creation of the Genetic Modification Clinical Research Information System 
(GeMCRIS) (NIH, 2004). This database, which became operational in 
2004, includes summary information on human gene-transfer trials regis-
tered with NIH (2004). Included in the GeMCRIS summaries is informa-
tion about the medical conditions under study, institutions where trials 
are being conducted, investigators carrying out these trials, gene products 
being used, and routes of gene product delivery, as well as summaries of 
study protocols. 

Differences remain between the RAC’s and the FDA’s approach to 
oversight of gene-transfer research. The FDA, as the sole federal regulatory 
agency for biomedical products in the United States, focuses on safety and 
efficacy when evaluating gene-transfer products, from the first time they are 
used in humans through their commercial distribution (Kessler et al., 1993) 
and over the lifetime of their use. FDA regulation includes many steps that, 
by statutory provision, are confidential because of the presence of proprie-
tary information (Wolf et al., 2009). In contrast, the RAC is able to address 
broader scientific, social, and ethical issues raised by gene-transfer and gene 
therapy research, and—unlike IRBs—the RAC is permitted to address these 
broader issues in its review of individual protocols as well (NIH, 2016b, 
Sec. IV-C-2-e). In addition, RAC review is conducted publicly by experts 
who are not employed by the government (Wolf et al., 2009).

21 21st Century Cures Act, Public Law No. 114-255, HR 34, 114th Cong. (2015-2016) 
(https://www.congress.gov/bill/114th-congress/house-bill/34/text?format=txt [accessed Janu-
ary 30, 2017]).
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To encourage communication between the agencies, the RAC charter 
calls for a member of CBER to be one of the nonvoting federal representa-
tives to the RAC (NIH, 2011). NIH and the FDA also have harmonized 
reporting of adverse events.

GOVERNANCE IN OTHER NATIONS

As noted by former FDA Commissioner Robert Califf, “[s]cientific ad-
vances do not adhere to national boundaries and therefore it is critical that 
we understand the evolving views of our international counterparts.” To 
that end, the FDA actively participates in the International Pharmaceutical 
Regulators’ Forum and its Gene Therapy working group for the purpose 
of exchanging technical information and identifying areas for regulatory 
coordination (Califf and Nalubola, 2017).

The regulatory pathways for gene therapy in other jurisdictions are 
similar to those in the United States in important ways (see Appendix B), 
particularly with respect to the centrality of premarket risk and benefit 
assessment. For example, gene therapy in South Korea has a pathway 
very similar to that in the United States except that it includes a system of 
conditional approval that allows for use with less robust evidentiary bases. 
The United Kingdom has rigorous premarket risk and benefit review, as in 
the United States, but singles out therapies involving gametes or embryos 
for more intensive regulation (see Box 2-2). The European Union has addi-
tional layers of quality control for “advanced therapy medicinal products,” 
which would include some gene therapy products, although as in the United 
States, off-label use would be permissible (George, 2011). Japan uses a sys-
tem for gene therapy products that resembles the U.S. device regulations, 
in which new products are sorted prospectively by level of anticipated risk 
and regulated accordingly. Singapore also has adopted a risk-based ap-
proach, with such criteria as whether the manipulation is substantial or 
minimal; whether the intended use is homologous or nonhomologous;22 
and whether it will be combined with a drug, a device, or another biologic. 
These criteria resemble many of those used by American authorities in de-
termining whether tissues should be subject to rules governing transplant 
medicine or rules governing the marketing of cell-therapy products (Charo, 
2016b). Box 2-2 illustrates the differences between the United States and 
other regulatory regimes by describing the example of the United Kingdom.

22 The FDA defines homologous use as the repair, reconstruction, replacement, or supple-
mentation of a recipient’s cells or tissues with a human cell, tissue, or cellular or tissue-based 
product (HCT/P) that performs the same basic function or functions in the recipient as in the 
donor (21 CFR 1271.3(c)), including when such cells or tissues are for autologous use.
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BOX 2-2 
Example of an Alternative Governance Regime

The United Kingdom serves as an example of an alternative governance re-
gime for gene therapy. For somatic gene therapy, its approach is not unlike that 
in the United States, but it has more centralized and intensive regulatory control 
over therapies that involve gametes and embryos.

For somatic gene therapy, the United Kingdom’s biotechnology advisory sys-
tem involves interplay between the Gene Therapy Advisory Committee and the 
Health and Safety Executive Scientific Advisory Committee on Genetically Modi-
fied Organisms (Contained Use). The U.K. Clinical Trials Regulations require that 
before clinical trials of gene therapy are conducted, approval must be obtained 
from the Medicines and Healthcare Products Regulatory Agency. Approval from 
the Gene Therapy Advisory Committee is also required, and additional laws and 
regulations govern quality control at facilities producing the cell-based therapy 
products (Bamford et al., 2005). Public input is sought by these regulatory agen-
cies and by professional societies. For example, each year the British Society for 
Gene and Cell Therapy runs a Public Engagement Day to bring students at all lev-
els, patients, caregivers, and scientists together for discussion and debate. Once 
available clinically, gene therapies may be used off-label, as in the United States.

With respect to the possibility of germline editing, the United Kingdom has a 
more focused and vertically integrated regulatory regime, with tighter controls over 
whether and when a procedure can be carried out and by which professionals 
and clinics. Unlike the U.S. system, which has a formal “investigational” phase of 
defined uses for a therapy followed by an approval for commercial marketing (i.e., 
clinical use in the market), and which then allows professionals wide latitude in 
how to use the therapy, the U.K. system foregoes these separate categories and 
limits physician discretion in the area of therapies using embryos or gametes. It 
is a rigorous system of oversight that can track the fate of every embryo used for 
research or treatment. 

To implement this system, the United Kingdom created the Human Fertilisa-
tion and Embryology Authority (HFEA), an independent regulator of treatments 
using eggs and sperm and of treatments or research involving human embryos. 
It develops standards, and then issues licenses to specific clinics to proceed 
with specific interventions. To be licensed, clinics must meet safety and quality 
assurance standards, offer counseling to patients, monitor birth outcomes and 
the well-being of children conceived through the new technologies, and generally 
provide personnel and systems that allow for ongoing compliance monitoring. In 
addition to the clinic/research center (with named individuals involved), HFEA 
issues licenses for the specific project or treatment. The latter can be on a broad 
basis for common, well-established procedures or specific to each individual case. 
For preimplantation genetic diagnosis, for example, licenses were originally for 
specific diseases. With experience, this constraint was relaxed. Centers can now 
obtain licenses for a range of genetic diseases, but these still must be on the 
HFEA’s approved list, so off-label use is not allowed for applications involving 
gametes and embryos.
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CONCLUSIONS AND RECOMMENDATION

Genome editing holds great promise for preventing, ameliorating, or 
eliminating many human diseases and conditions. Along with this promise, 
however, comes the need for ethically responsible research and clinical use. 

The existing U.S. regulatory structures discussed in this chapter provide 
a starting framework for governance of laboratory research, preclinical 
testing, clinical trials, and potential medical uses involving human genome 
editing in the United States, as well as for an understanding of differences 
between the U.S. system and the regulatory infrastructures of other nations. 

There is considerable similarity in the structures for product regulation 
among different jurisdictions, with an emphasis on premarket balancing of 
risk and benefit. Some differences exist in the availability of conditional ap-
proval or other accelerated approval mechanisms for cell-therapy products, 
as well as in the management of embryos and gametes. In clinical care, off-
label use is commonly permitted, again with the notable exception of the 
more comprehensive controls on therapies involving embryos and gametes 
in the United Kingdom. 

Overall, while capable of improvement, the structure of the U.S. regula-
tory system is adequate for overseeing human genome-editing research and 
product approval. Specific areas in which additional effort might be made 
are identified in Chapters 3-7. 

RECOMMENDATION 2-1. The following principles should un-
dergird the oversight systems, the research on, and the clinical uses 
of human genome editing: 
 1. Promoting well-being
 2. Transparency
 3. Due care
 4. Responsible science
 5. Respect for persons
 6. Fairness
 7. Transnational cooperation
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he recent remarkable advances in methods for editing the 
DNA of genes and genomes have engendered much excite-
ment and activity and had a major impact on many areas 
of both basic and applied research. It has been known for 
60 years that all life on Earth is encoded in the sequence of 
DNA, which is inherited in each succeeding generation, but 

accelerating advances have greatly enhanced understanding of and the abil-
ity to manipulate DNA. 

This chapter reviews the various types of and purposes for basic labora-
tory research involving human genome editing. It begins by describing the 
basic tools of genome editing and the rapid advances in genome-editing 
technology. The chapter then details how genome editing can be used in 
basic laboratory research aimed at advancing understanding of human cells 
and tissues; of human stem cells, diseases, and regenerative medicine; and 
of mammalian reproduction and development. Ethical and regulatory issues 
entailed in this research are then summarized. Throughout the chapter, key 
terms and concepts germane to basic research involving genome editing are 
defined; Box 3-1 defines the most foundational of these terms.

THE BASIC TOOLS OF GENOME EDITING

All living organisms, from bacteria to plants to humans, use similar 
mechanisms to encode and express genes, although the sizes of their ge-
nomes and their numbers of genes differ greatly. Hence, understanding of 

3
Basic Research Using 

Genome Editing

T
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any form of life is immensely informative with respect to understanding 
all other forms, and provides insights and applications that obtain across 
species—a fact that has been particularly invaluable in the development of 
methods for editing genes and genomes. 

The earliest studies in molecular biology were on bacteria and their vi-
ruses. Their relative simplicity and ease of analysis were key in establishing 
the basis of the genetic code and the expression of genes. Parallel research 
on more complex organisms built on the advances in these studies of bac-
teria, and by the mid-1960s, it was clear that bacteria, plants, and animals 
shared many fundamental molecular mechanisms. Key discoveries in bac-
teria uncovered some of their mechanisms for protection against viruses, 
including so-called restriction endonucleases, proteins bacteria use to cleave 

BOX 3-1 
Foundational Terms

The following terms are foundational to understanding any research involving 
DNA.

DNA is a long polymer of similar repeating units of four types (A,T,C,G), 
where the letters denote distinct units called nucleotide bases. The bases pair 
specifically with each other (A with T and C with G) to form the well-known double 
helix of DNA with its two complementary strands. Segments of DNA sequence 
encode genes that can be copied (transcribed) from the DNA into a second 
type of nucleotide polymer called RNA. Some of these RNAs act by pairing with 
other RNAs to affect their functions, while others contribute to structures neces-
sary for cellular activities, including the copying of some of the RNA molecules to 
encode proteins. Proteins are polymers of a different type of unit, called amino 
acids, of 20 different types; hence the copying of RNA to form proteins is known 
as translation since the copying is into a different “language”—“written” in amino 
acids rather than nucleotides. These protein polymers fold into complex three-
dimensional shapes that form the building blocks of the cells that make up the 
human body and perform the myriad functions of living organisms. The combi-
nation of transcription from DNA to RNA and translation of RNA to protein is 
known as gene expression, and is tightly regulated so that genes are expressed 
at the appropriate times and places and in the correct amounts. Thus, the func-
tions of individual cells are dependent on the genes they express. The complete 
set of genes in an organism is called its genome. Most human cells contain two 
complete copies of the human genome, each comprising 3 billion base pairs and 
encoding approximately 20,000 genes encoding proteins, plus the regulatory ele-
ments that control their expression. One can think of the genome as the “code” or 
“software” and RNA and proteins and the structures they form as the “hardware” 
of cells and living organisms.
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the DNA of infecting viruses and “restrict” their growth. This discovery 
allowed scientists to cut DNA in predictable and reproducible ways and to 
reassemble the cut pieces into recombinant DNA. 

By the mid-1970s, it was evident that recombinant DNA offered a 
powerful means of combining DNA in productive ways, with promising 
applications in biotechnology. However, this potential also raised questions 
about whether the application of these novel methods might entail some 
risk. In light of those concerns, a group of scientists and others convened 
a meeting at Asilomar in 1975 to consider what precautions might be 
needed to oversee this new technology and established a set of guidelines 
to regulate the containment and conduct of the research. The descendants 
of those guidelines still regulate recombinant DNA research to this day, 
some of them incorporated into official regulatory systems. In practice, the 
most extreme concerns did not eventuate. Today, the use of recombinant 
DNA methods is widespread worldwide and has yielded enormous benefits 
to humankind in terms of scientific understanding and medical advances, 
including many valuable drugs and treatments, and the biotechnology in-
dustry is now a thriving part of the world economy. 

Among methods developed through the use of recombinant DNA 
technology is the ability to introduce DNA into cells where it can be 
expressed—a so-called transgene. This method is widely used in funda-
mental laboratory research (see Appendix A for more detail). When such 
exogenous DNA is introduced into a cell, it can insert into the DNA of 
the cell’s genome largely at random and, depending on how and where it 
is inserted, can be expressed as RNA and protein, although this overall 
process is not very efficient. A key advance was the development of tech-
niques for generating molecular tools that could be used to cut the DNA 
of genes and genomes in specific places to allow targeted alterations in the 
DNA sequence. It was found that double-strand breaks (DSBs) could be 
deliberately generated by nucleases that cut DNA at defined sites (hom-
ing nucleases, sometimes also called meganucleases, originally discovered 
in yeast) (Choulika et al., 1995; Roux et al., 1994a,b). In the succeeding 
20 years, based on these groundbreaking discoveries, several additional 
types of nucleases that can be targeted to specific sites were developed and 
adapted for use in targeted DNA cleavage (Carroll, 2014).

Such double-strand breaks also occur naturally during DNA replica-
tion or through radiation or chemical damage, and cells have evolved 
mechanisms for repairing them by rejoining the ends (a process known as 
nonhomologous end joining [NHEJ]). However, this rejoining often is not 
perfect, and small insertions and deletions can be introduced during the 
repair. Such insertions and deletions (indels) can disrupt the sequence of 
the DNA and often inactivate the gene that was cut. This targeted cleavage 
and inaccurate repair through NHEJ provide a means of inactivating genes 
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or gene-regulatory elements. Although the resulting indels are usually one 
or a few nucleotides long, in some cases they can consist of thousands of 
base pairs. Genome editing through NHEJ can also be harnessed to create 
defined chromosomal deletions or chromosomal translocations by simul-
taneously creating two double-strand breaks at different sites, followed by 
rejoining at those two sites. These sites can be either on the same chromo-
some (producing a deletion) or on different chromosomes (producing a 
translocation). 

More precise editing can be achieved if, during the breakage-repair 
process in the cell, an extra piece of DNA is provided that shares sequence 
(i.e., is homologous) with the cleaved DNA. Such homologous repair also 
is used by normal cellular repair mechanisms. These mechanisms can be 
exploited to make precise changes. If homologous DNA slightly different 
in sequence from the cleaved sequence is introduced into the cell, that dif-
ference can be inserted into the sequence of the gene or genome, a process 
termed homology-directed repair (HDR). HDR can also be used to insert a 
novel sequence (e.g., one or more genes) of variable length at a precise ge-
nomic location. In contrast to NHEJ, HDR-mediated genome editing allows 
scientists to predict both where the edit will occur and the size and sequence 
of the resulting change. Thus, HDR-mediated editing is very much like 
editing a document because precise changes in the characters can be made. 

Two types of targeted nucleases that have been widely developed for 
use in editing genes and genomes are zinc finger nucleases (ZFNs) and 
transcription activator-like effector nucleases (TALENs). Both rely on pro-
teins whose normal function is to bind to specific relatively short DNA 
sequences. Zinc fingers are segments of proteins used by multicellular or-
ganisms to control the expression of their genes by binding to DNA (they 
also typically bind zinc as part of their structure; hence their name). They 
can be engineered by molecular biologists to recognize different short DNA 
sequences and can be joined to nucleases that cleave DNA. Thus, the zinc 
fingers target specific sequences in genes and genomes, and the attached 
nucleases cleave the DNA to generate a double-strand break by cleaving 
both strands of the DNA. ZFNs have been developed for gene editing and 
are in clinical trials—for example, in attempts to confer resistance to the 
HIV virus in AIDS patients (Tebas et al., 2014). TALENs work similarly 
to ZFNs, also using DNA recognition proteins (transcription activator-like 
effectors or TALEs) originally identified in bacteria that infect plants. The 
DNA recognition sequences of TALE proteins are made of repeating units, 
each of which recognizes a single base pair in the DNA. TALEs are simpler 
and easier to engineer than are zinc fingers and can similarly be joined to 
DNA-cleaving nucleases to yield TALENs. The preclinical application of 
TALENs to engineer lymphocytes for the treatment of acute lymphoblastic 
leukemia was recently reported (Poirot et al., 2015). 
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Thus, these tools are already well-established approaches to the use of 
genome editing for applications in gene therapy, and many of the associated 
safety and regulatory issues have already been addressed (see Chapter 4). 
However, the protein engineering required to design site-specific versions 
of TALENs and, even more so, of ZFNs, remains technically challenging, 
time-consuming, and expensive. 

The past 5 years have seen the development of a completely novel 
system, known as CRISPR/Cas9 (CRISPR stands for clustered regularly 
interspaced short palindromic repeats) (Doudna and Charpentier, 2014; 
Hsu et al., 2014). Short RNA sequences modeled on the CRISPR system, 
when paired with Cas9 (CRISPR associated protein 9, an RNA-targeted 
nuclease), or alternatively with other similar nucleases, can readily be pro-
grammed to edit specific segments of DNA. The CRISPR/Cas9 system is 
simpler, faster, and cheaper relative to earlier methods and can be highly 
efficient. CRISPR/Cas9, like TALEs, was originally discovered in bacteria, 
where it functions as part of an immunity system to protect bacteria from 
invading viruses (Barrangou and Dudley, 2016; Doudna and Charpentier, 
2014). The key distinguishing feature of CRISPR/Cas9 is that it uses RNA 
sequences instead of protein segments to recognize specific sequences in the 
DNA by complementary base pairing. 

As first reengineered in 2012 (Jinek et al., 2012), the bacterial nucle-
ase Cas9 binds a single RNA sequence known as a guide RNA tailored to 
recognize any sequence of choice. This two-component system can bind to 
the chosen site in DNA via the guide RNA and cleave the DNA using the 
Cas9 nuclease. Since it is simple to synthesize RNA of any desired sequence, 
generation of CRISPR/Cas9 targeting nucleases is straightforward—the 
system is readily programmed to target any sequence in any genome. Pro-
grams exist for choosing suitable guide RNAs, and while not all guides 
work equally well, testing a number of guides to find effective ones is not 
difficult or expensive. This ease of design, together with the remarkable 
specificity and efficiency of CRISPR/Cas9 has revolutionized the field of 
genome editing and has major implications for advances in fundamental 
research, as well as in such applications as biotechnology, agriculture, insect 
control, and gene therapy.

Figure 3-1 provides a summary of the ZFN, TALEN, and CRISPR 
methods of genome editing. As mentioned, these genome-editing methods 
are being widely applied across a broad range of biological sciences, from 
fundamental laboratory research on cells and laboratory animals; to ap-
plications in agriculture involving improvements in crop plants and farm 
animals; to applications in human health, both at the research level and, 
increasingly, in clinical applications. Agricultural applications have been 
addressed in other studies by the U.S. National Academies of Sciences, 
Engineering, and Medicine (see Chapter 1) and potential clinical applica-
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FIGURE 3-1 Methods of genome editing. 
Top: Zinc finger nucleases (ZFNs): The colored modules represent the Zn fingers, 
each engineered to recognize three adjacent base pairs in the DNA; these modules 
are coupled to a dimer of the FokI nuclease that makes a double-stranded cut in 
the DNA.
Middle: Transcription activator-like effector nucleases (TALENs). The colored mod-
ules each recognize a single base pair in the DNA; these modules are coupled to a 
dimer of the FokI nuclease that makes a double-stranded cut in the DNA.
Bottom: CRISPR/Cas9. Two components derived from the clustered regularly in-
terspaced short palindromic repeat (CRISPR) region are needed. A nuclease such 
as Cas9 (blue) is targeted to a specific site on the DNA by the guide RNA (purple), 
which binds a 20-base sequence in the genome adjacent to a short protospacer adja-
cent motif (PAM) sequence (yellow) and targets a double-stranded cut in the DNA.
NOTE: In all three cases, the DNA cut can be repaired by nonhomologous end 
joining of the ends or by repair directed by a stretch of homologous DNA (green), 
producing alterations in the genome of the target organism, which can be from any 
species. (For more detail, see Appendix A.)
SOURCES: Top and middle (Beumer and Carroll, 2014); bottom (Charpentier and 
Doudna, 2013).
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tions are the subject of subsequent chapters of this report. The focus in this 
chapter is on basic laboratory research using genome editing. 

This research addresses fundamental questions concerning the use 
and optimization of genome-editing methods both in cultured cells and 
in experimental multicellular organisms (e.g., mice, flies, plants). Such 
basic discovery research is essential for improving any future applications 
of genome editing. Applications of genome editing in laboratory research 
also have added powerful new tools that are contributing greatly to un-
derstanding of basic cellular functions, metabolic processes, immunity 
and resistance to pathological infections, and diseases such as cancer and 
cardiovascular disease. These laboratory studies are overseen by standard 
laboratory safety mechanisms. In addition to these applications, this chap-
ter reviews the potential for using similar approaches in basic research 
on human germline cells, not for the purposes of procreation but solely 
for laboratory research. This work will provide valuable insights into the 
processes of early human development and reproductive success, and could 
lead to clinical benefits, directly as a result of work with human embryos 
and germline cells or through improvements in the derivation and mainte-
nance of stem cells in vitro. 

RAPID ADVANCES IN GENOME-EDITING TECHNOLOGY

The development of CRISPR/Cas9 has revolutionized the science of 
gene and genome editing, and the basic science is advancing extremely rap-
idly, with additional CRISPR-based systems being developed and deployed 
for multiple different purposes. Different species of bacteria use somewhat 
different CRISPR systems, and although the CRISPR/Cas9 system is cur-
rently the most widely used because of its simplicity, alternative systems 
being developed will provide increased flexibility in methodology (Wright 
et al., 2016; Zetsche et al., 2015). 

Among the issues that need to be addressed going forward are the 
specificity and efficiency of the DNA cleavage mediated by CRISPR-guided 
nucleases. While the roughly 20-base sequence recognized by the guide 
RNA provides a great deal of specificity (an exact match should occur by 
chance in approximately 1 × 1012 base pairs—1 in a trillion—the equivalent 
of several hundred mammalian genomes), there is some small potential for 
so-called off-target events, in which the nucleases make cuts in unintended 
places, especially if the guide RNA binds to DNA sequences that are slightly 
different from the intended target. Some early experiments suggested that 
off-target events might occur at a significant rate, but as the methods have 
been improved and as their application has increasingly been in normal cells 
rather than cultured cell lines, the frequency of off-target cleavages appears 
to be very low. Advances have been achieved in the specificity of Cas9 
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 cleavage (Kleinstiver et al., 2016; Slaymaker et al., 2016), and methods 
have been developed for monitoring the frequency of off-target cleavage. 
(See Appendix A for more detail.)

Another significant advance has occurred in the development of meth-
ods for modifying the CRISPR/Cas9 system so that DNA cleavage is 
avoided. For example, the nuclease function of Cas9 can be inactivated so 
that a complex of guide RNA and such a “dead” Cas9 (dCas9) will target 
a specific site via the guide RNA but will not cleave the DNA (Qi et al., 
2013). By coupling other proteins with different activities to the dCas9, 
however, different sorts of modifications can be made to the DNA or its 
associated proteins. Thus, it is possible to design variants of CRISPR/Cas9, 
ZFN, or TALE that will turn on or turn off adjacent genes, make single-
base changes, or modify the chromatin proteins that associate with DNA 
in chromosomes and thus modify the epigenetic regulation of genes (Ding 
et al., 2016; Gaj et al., 2016; Konerman et al., 2015; Sander and Joung, 
2014). All of these noncleaving variants fail to cleave DNA, thus reduc-
ing the potential for deleterious off-target events, and many other modi-
fications are being introduced to enhance specificity and reduce off-target 
events (see Appendix A for further detail). Most recently, CRISPR/C2c2, 
a programmable RNA-guided, RNA-cleaving nuclease, has been described 
(Abudayyeh et al., 2016; East-Seletsky et al., 2016) that could be used to 
knock down specific RNA copies of genes without affecting the gene itself. 
This development raises the future possibility of nonheritable or reversible 
editing.

As can be seen from this brief survey, the rapidly developing versatil-
ity of these RNA-guided genome-editing systems is opening up numerous 
means of manipulating the expression and function of genes. A recent 
report of methods for inducibly knocking down or knocking out genes in 
a multiplex fashion in many cell types, including human pluripotent stem 
cells, as well as in mice (Bertero et al., 2016) further expands the potential 
of these methods. These and other advances have rapidly rendered these 
methods basic tools of molecular biology worldwide, adding to the exist-
ing toolkit assembled over the past 40 years. These methods are now being 
applied to study with unprecedented ease the functions of genes in cells 
and in experimental animals, such as yeast, fish, mice, and many others, to 
enhance understanding of life. They also are being used to investigate the 
derivation and differentiation of stem cells, providing fundamental insights 
relevant to regenerative medicine, and to develop culture models of human 
disease both to advance understanding of disease processes and to enable 
testing of drugs on human cells ex vivo. 
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BASIC LABORATORY RESEARCH TO ADVANCE 
UNDERSTANDING OF HUMAN CELLS AND TISSUES

Basic biomedical research aimed at discovering more about the mecha-
nisms and capabilities of genome editing offers significant opportunities to 
advance human medicine. Genome-editing research conducted on human 
cells, tissues, embryos, and gametes in the laboratory offers important 
avenues for learning more about human gene functions, genomic rear-
rangements, DNA-repair mechanisms, early human development, the links 
between genes and disease, and the progression of cancer and other diseases 
that have a strong genetic basis. Manipulation of genes and gene expression 
by genome editing allows one to understand the functions of genes in the 
behavior of human cells, including why they malfunction in disease. For 
example, editing of cultured human cells to model the changes that arise 
in cancer or in genetically inherited diseases provides culture models of 
those diseases with which to understand the molecular basis of the result-
ing defects. Such laboratory studies also allow the development of means 
of combating those defects, such as the testing of potential drugs in cell 
culture. All of those approaches are much easier now than they were just 
a few years ago. 

Certain cells derived from an early embryo, after fertilization but prior 
to the developmental stage at which it would implant in a woman’s uterus, 
are referred to as embryonic stem (ES) cells. These ES cells have scientific 
advantages because they can reproduce in cell culture and have the potential 
to form all the different body cell types while lacking the potential them-
selves to develop into a fetus. It is now also possible to create stem cells by 
manipulating adult somatic cells to convert them to a state in which they, 
too, have the ability to form multiple cell types, reducing the need to take 
stem cells from an early embryo. These are referred to as induced pluripo-
tent stem (iPS) cells. Such pluripotent stem cells can be cultured in vitro and 
induced to develop into many different cell types, such as neurons, muscle 
or skin cells, and many others. Advances over the past several decades in 
understanding stem cells and how they can be used form the foundation for 
the field of regenerative medicine, which seeks to repair or replace damaged 
cells within human tissues or to generate new tissues after disease or injury. 
Although these are increasingly areas of clinical practice, and the applica-
tion of genetically altered cells in humans is not covered in this chapter 
(see Chapter 4), there are nevertheless a number of important reasons why 
scientists aim to undertake basic investigations in human and animal stem 
cells in the laboratory.

Genome-editing methods have been extremely useful in generating 
a variety of genetic modifications in human ES and iPS cells. Before the 
advent of efficient genome-editing tools, these cells had proven resistant to 
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genetic modification with the standard tools of homologous recombination 
that had been used effectively in mouse ES cells. Using those tools in human 
cells resulted in very low frequencies of targeted recombination. Improve-
ments in efficiency resulting from the use of CRISPR/Cas9 have enabled 
rapid generation of tagged reporter cell lines, making it possible to follow 
differentiation pathways, look for interacting proteins, sort appropriate 
cell types, and investigate the functions of individual genes and pathways 
in cells, among many other applications (Hockemeyer and Jaenisch, 2016). 
For example, the ability to make precisely targeted mutations or corrections 
in specific genes has made possible the generation of human ES lines with 
different specific disease alleles on the same genetic background (Halevy et 
al., 2016) for use in research on the consequences of such disease genes. 
Conversely, genome editing also allows the targeted correction of disease 
mutations in patient-specific iPS cell lines to generate genetically matched 
control lines. Such modified stem cell lines are used primarily to conduct ex-
perimental and preclinical studies, to investigate specific disease processes, 
and to test drugs that could be used to treat such diseases. In the future, 
such edited stem cell lines could be used for various forms of somatic cell–
based therapies (see Chapter 4).

BASIC LABORATORY RESEARCH TO ADVANCE UNDERSTANDING 
OF MAMMALIAN REPRODUCTION AND DEVELOPMENT

Germline cells are cells with the capacity to be involved in forming a 
new individual and to have their genetic material passed on to a new gen-
eration. They include precursor cells that form eggs and sperm, as well as 
the eggs and sperm cells themselves. When fertilization occurs to create an 
embryo, the earliest stages of this embryo, referred to as the zygote (fertil-
ized egg) and blastocyst, have the potential to divide and form all the cells 
that will make up the future individual, including somatic (body) cells and 
new germ cells. As the embryo continues to develop, its cells differentiate 
into specific cell types that become increasingly restricted in their functions 
(e.g., to form specialized cells such as those in the nervous system, skin, 
or gut). 

During reproduction and development, genetic changes made directly 
in gametes (egg and sperm), in egg or sperm precursor cells, or in very early 
embryos would be propagated throughout the future cells of an organism 
and may therefore be heritable by subsequent generations. As emphasized 
above, this chapter focuses exclusively on the use of genome-editing tech-
nologies in the laboratory, and not on clinical applications in humans or 
in embryos for the purposes of implantation to initiate pregnancy. Nev-
ertheless, it is important to understand which cell types are involved in 
human development and their functions, because this information informs 
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researchers’ decisions about how to study particular scientific questions and 
informs ethical, regulatory, and social discussions around when and why it 
may be useful to use human cells, including embryos, in basic laboratory 
research.

Genome Editing of Germline Stem Cells and Progenitor Cells

It is already possible in mice to genetically modify the genome in a 
fertilized egg (the zygote), in individual cells of the early embryo, in pluripo-
tent ES cells, or in spermatogonial stem cells, just as in somatic cells. In all 
these cases, the effects of the genetic modifications can be studied directly in 
the embryo or in cells in culture. There are a number of ways to undertake 
these genetic manipulations and a number of cell types in which they can 
be conducted. The cell types below are all considered part of the germline 
or have the capacity to contribute to the germline: 

• embryonic stem cells derived from normal early embryos (blastocyst 
stages)

• cells from early embryos produced after somatic cell nuclear transfer 
(SCNT)1 

• iPS cells obtained by reprogramming somatic cells into an ES cell-
like state

In mice, these cell types can all be manipulated experimentally through 
genome editing. Stem cells of the types listed above can contribute to the 
germline in vivo after they are introduced into mouse embryos at the 
morula or blastocyst stage. This process generally creates an embryo that 
is a chimera, in which some cells are derived from the stem cells intro-
duced into the embryo, and some are formed from the initial embryonic 
cells. Mouse or rat spermatogonial stem cells can be cultured and their 
genomes edited, and the cells can then be introduced into recipient mouse 
or rat testes, where they can give rise to sperm able to fertilize oocytes, at 
least in vitro (see Appendix A and Chapman et al., 2015). In all of these 
cases, when the resultant embryos are transferred back into the uterus to 
complete pregnancy, it is possible to establish lines of mice carrying the ge-
netic alterations. These approaches provide unprecedented opportunities to 
explore the functions of all the genes in the genome and to develop rodent 
models of human diseases. Proof-of-principle experiments also have been 

1 SCNT is a technique in which the original nucleus of an egg cell is removed and replaced 
with a “donor” nucleus taken from another cell (e.g., from a somatic cell that has undergone 
genome editing). This is the technique that was used to create Dolly, the first cloned mammal 
obtained from an adult cell. 
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reported in which disease-related genetic mutations have been corrected in 
mouse zygotes (Long et al., 2014; Wu et al., 2013), embryonic stem cells, 
or spermatogonial stem cells (Wu et al., 2015) and then transmitted though 
the germline to produce genetically corrected mice.

The application of genome-editing technologies to the equivalent hu-
man cell types holds considerable potential value for fundamental research 
without any intent to use such manipulated cells for human reproductive 
purposes. Improved knowledge of how an early human embryo develops 
also is valuable in its own right, and because such knowledge can help 
answer questions about humans’ own early development, as well as facili-
tate understanding and potential prevention or treatment of a wide range 
of clinical problems. A number of these applications are described below.

Improvements in Assisted Reproductive Technology

The success of human reproductive technologies and preimplantation 
genetic diagnosis (PGD) of inherited diseases has been, and continues to 
be, dependent on in vitro fertilization (IVF) and on culturing of human em-
bryos from the zygote to the blastocyst stage. However, tools for ensuring 
that an individual embryo in culture is normal and capable of completing 
pregnancy remain limited. Most embryo research has been conducted on 
mouse embryos, which are similar to human embryos in certain respects but 
significantly different in others (see Box 3-2). Even the conditions in which 
human embryos are kept in culture are based largely on those established 
for mouse embryos. High rates of aneuploidy2 are found in cultured human 
embryos relative to other species. This aneuploidy is often mosaic—that is, 
it varies among cells in the embryo (Taylor et al., 2014)—but how it arises 
and how it relates to in vitro culture conditions are not well understood. 
There is also concern that epigenetic3 abnormalities might occur in human 
embryos in vitro (Lazaraviciute et al., 2014), which might compromise 
development or health, even later in life. Research on early-stage human 
embryos in culture should enable scientists to better understand the cellular 
and molecular pathways that control early human embryo development and 
the conditions under which human embryos in culture can develop success-
fully. This knowledge could in turn help improve IVF outcomes.

All of the differences between humans and mice discussed above mean 
that it is not possible to accurately infer developmental events in human 
embryos from studying mice. This limitation has practical consequences for 

2 Having a chromosome number that is not an exact multiple of the usual haploid number.
3 The term “epigenome” refers to a set of chemical modifications to the DNA of the genome 

and to proteins and RNAs that bind to DNA in the chromosomes to affect whether and how 
genes are expressed.
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the development of improved IVF technologies, as well as for the ability 
to derive the best pluripotent or other stem cells for modeling of human 
disease and for future regenerative therapies. Thus, there is considerable 
interest in experimental investigation of preimplantation human develop-
ment in culture, in jurisdictions where such research on human embryos is 
permitted. The goals of this work are to understand the fundamental events 
of fertilization, activation of the embryonic genome, cell lineage develop-
ment, epigenetic events such as X-inactivation, and others, and how these 
events compare and contrast with what is understood from studying mice. 

Similar research also could provide insights into the reasons for the 
high rates of early pregnancy loss in natural human pregnancies (10 to 
45 percent, depending on the age of the mother), as well as the causes of 
infertility. Better understanding of sperm development would be crucial in 
addressing issues of male infertility. Pluripotent stem cells arise from the 
early embryo, and these cells can generate ES cells in culture. Better under-
standing of human embryonic development would provide insights into the 
origins and regulation of pluripotency and how to translate that knowledge 
into improved stem cells for regenerative medicine. The potential benefits of 
such research are not limited to embryonic stem cells. Cell types that give 
rise to the yolk sac and the placenta also are determined in the early embryo 
prior to implantation. The yolk sac and placenta establish the crucial links 
with the mother during pregnancy and provide nutrients and other factors 
that enable the embryo to survive. Defects in these tissues can compromise a 
pregnancy, leading to miscarriage, premature birth, or postnatal abnormali-
ties. Better understanding of how the yolk sac and placenta originate would 
help in improving techniques for overcoming infertility and preventing early 
miscarriage, as well as understanding and preventing congenital malforma-
tions. These extraembryonic cell types also provide cues that pattern the 
early postimplantation embryo, although almost nothing is known about 
these processes in humans. These possibilities and others discussed in this 
chapter are summarized in Table 3-1. 

Understanding of Human Development

Genome editing by CRISPR/Cas9 and similar techniques has a key 
place in the tool set needed to undertake such experiments. CRISPR/Cas9-
guided activation or inactivation of specific target pathways could be used 
to understand overall gene regulation in development. Indeed, as the ef-
ficiency of CRISPR/Cas9 continues to increase, it should be possible to use 
genome editing to knock out4 genes in zygotes and study the effects directly 

4 A gene is said to be “knocked out” when it is inactivated because the original DNA se-
quence has either been replaced or disrupted.

Human Genome Editing: Science, Ethics, and Governance

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/24623


74 HUMAN GENOME EDITING

BOX 3-2 
Differences Between Mouse and Human Development

In the past few years, considerable progress has been made in understand-
ing the events that allow the zygote to develop into the blastocyst, the earliest 
stage of embryonic development in which different cell types are formed. Much 
of this research has been conducted on mouse embryos. However, it is clear that 
a number of important differences exist between the development of mouse and 
rodent embryos and those of humans and most other mammals (see the figure 
below). Significant research remains necessary to understand what these differ-
ences are, how they arise, and why they are significant. Genome editing in hu-
man cells and early embryos in the laboratory provides an important tool to help 
address these questions.

A mouse blastocyst takes 3-4 days to develop, whereas a human blastocyst 
takes 5-6 days. The blastocyst has about 100 cells, is about 1/10th of a millime-
ter in diameter, and contains only three cell types; there is an outer layer called 
trophectoderm that encloses an inner cell mass consisting of primitive endoderm 
and epiblast cells. Mice, humans, and all mammalian embryos spend their first 
few days of development making mainly the cell types needed to survive in the 
uterus, the placenta, and the yolk sac, which are derived from trophectoderm and 
primitive endoderm, respectively (Cockburn and Rossant, 2010). The epiblast 
cells are the pluripotent cells that give rise to the entire embryo, including its germ 
cells (Gardner and Rossant, 1979).

In addition to the differences summarized in the figure above, there are clearly 
other differences in the control of development of the early embryos of the two 
species. In a mouse embryo, the signaling pathways and downstream gene regu-
latory pathways that drive the formation of the three cell types of the blastocyst are 
fairly well understood (Frum and Ralston, 2015). Each cell is restricted to one of 
these three fates by the blastocyst stage. Information from the molecular analysis 
of events in the early mouse embryo has helped in understanding the underlying 
principles of the establishment of cellular pluripotency. Together with knowledge 
gained from studying embryonic stem (ES) cells, this information aided in the mo-
mentous development of induced pluripotent stem (iPS) cells in which adult cells 
are reprogrammed to pluripotency using factors known to be expressed in the 
early embryo (Takahashi and Yamanaka, 2006; Takahashi et al., 2007). The abil-
ity to create iPS cells represents an example in which basic laboratory research 
contributed to critical advances in a field—in this case regenerative medicine. 
Scientists can use these cells to generate cells to study or treat disease, greatly 
reducing the need to use cells derived from embryos. Because iPS cells can be 
created from a person’s own cells, they also minimize the immune rejection that 
can occur if cells arising from one individual are used in another.

In contrast to understanding of mouse development, much less is known about 
the cellular and molecular events of blastocyst formation in human embryos. 
Some experiments on the timing of cell-lineage restriction have been performed, 
but not with as much precision as in mice because of the restricted number of 
embryos that are available for research. Compounding the challenges of studying 
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Comparison of blastocyst and early postimplantation development between mouse and 
human. Whereas the blastocysts of the two species (left-hand figures) look very similar, later 
stages at the time of implantation (right-hand figures) show significant differences, particularly 
in the extraembryonic tissues. 

(A) The trophectoderm of a mouse blastocyst after implantation undergoes a proliferative 
phase stimulated by FGF4 signals from the epiblast (EPI, blue) to form the extraembryonic 
ectoderm (green) and ectoplacental cone (light green). There is only limited invasion of the 
maternal uterus by mouse trophoblast cells until much later in placental development. PE = 
primitive endoderm; TE = trophectoderm.

(B) The trophectoderm of the human blastocyst does not stay in close contact with the 
epiblast after implantation but invades into the endometrium, where it will later form the cho-
rionic villi. 

SOURCE: Rossant, 2015.

continued
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development in human embryos has been the absence of appropriate methods. 
The development of genome-editing tools can help address this gap. 

The early postimplantation stages of mouse and human development differ 
morphologically and perhaps in other ways not currently understood. Current 
data suggest that cell-lineage restriction occurs later in a human embryo than in 
a mouse embryo, probably not until after the blastocyst is fully developed. New 
technologies for analyzing gene expression in small amounts of tissue, and even 
from single cells, are helping scientists gain insights into the molecular pathways 
controlling lineage development. Single-cell RNA sequencing, a method for look-
ing at genome-wide gene expression in single cells, has been applied to early 
human embryos (Blakeley et al., 2015; Petropoulos et al., 2016). From these data 
it is already apparent that there are both similarities and significant differences 
between humans and mice in the developmental profiles of gene expression, 
including in some of the key genetic drivers known for mouse preimplantation 
development. It is possible to speculate about which of these genes are required 
to drive human preimplantation development, but it is not yet known how critical 
they are. Genome-editing methods such as CRISPR/Cas9 will allow determination 
of the roles of those genes expressed specifically during human preimplantation 
development.

Differences between mouse and human blastocyst formation also are thought 
to underlie the significant differences in the properties of ES cells derived from 
these two species (Rossant, 2015). Although both mouse and human ES cells 
are derived from the pluripotent cells of the blastocyst and share expression of 
some key pluripotency genes, they have many different properties, including 

BOX 3-2 Continued 

in genetically altered embryos. None of these experiments would involve 
human pregnancies, so none could result in heritable germline modifica-
tions. They would all be in vitro experiments, with results being analyzed 
primarily at the blastocyst stage in the first 1-6 days of development. 

In some cases, there could be interest in exploring the effects of alter-
ing specific genes at the next stages of human development, notably the 
early stages after the embryo would implant in a uterus. At present, culture 
of human embryos up to the stage just prior to germ-layer formation (at 
14 days after fertilization or the formation of the “primitive streak”) is 
permitted in many countries. Improved culture systems that allow human 
embryos to develop in culture during the implantation period are being 
developed. Recent results suggest that these systems could be used to study 
the elaboration of extraembryonic structures and of the epiblast into an 
“embryonic disc”—processes that occur in humans in ways not found in 
mice (Deglincerti et al., 2016; Shahbazi et al., 2016). These improved cell 
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their dependence on different growth factors for their self-renewal. Many of the 
properties of human ES cells are more similar to those of epiblast cells found in 
early postimplantation stages of mouse development, leading to the question of 
whether human embryos actually go through the same so-called naïve state of 
pluripotency observed in mouse blastocysts and ES cells (Huang et al., 2014; 
Pera, 2014). 

In addition to ES cells obtained from the pluripotent cell lineage in the blas-
tocyst, it is possible in mice to derive stem cells corresponding to progenitors of 
both trophectoderm and extraembryonic endoderm, termed TS and XEN cells, 
respectively (Rossant, 2015). These stem cell types are valuable for understand-
ing molecular mechanisms of differentiation, as well as the properties of these 
cell lineages, which are relevant to placental and yolk sac biology in health and 
disease. However, attempts to derive equivalent extraembryonic stem cell types 
from human blastocysts have not yet been successful (Hayakawa et al., 2014). 
Such cell lines would be of great value, especially given the considerable evolu-
tionary divergence seen in placental types among mammals. This divergence in-
cludes substantial differences in the types of cells making up the human placenta 
compared with mice and other mammals. For example, syncytiotrophoblast cells 
that invade and directly interact with the endometrium (the cells lining the uterus/
womb) are present in the placenta of great apes and may even have unique prop-
erties in humans. As a result, it is not possible to rely on knowledge gained from 
studying mouse cells to understand normal development of the human placenta. 
Similarly, it is not possible to understand pathologies in which the placenta or pla-
cental interaction with the mother fails, which can cause miscarriage, or the pla-
centa invades too vigorously into the uterus, which can lead to choriocarcinoma.

culture systems, combined with better ways of analyzing gene function us-
ing genome editing, can be expected to lead to better understanding of the 
fundamental processes of early human development. Already at least two 
research groups (in the United Kingdom and Sweden) have received regula-
tory permission to carry out CRISPR/Cas9 experiments on human embryos, 
aimed at addressing these kinds of fundamental biological questions. 

Knowledge gained from such studies is expected to inform and im-
prove IVF procedures and embryo implantation rates and reduce rates of 
miscarriage. Conversely, the same studies may lead to novel methods of 
contraception. Such research also should lead to better ways of establish-
ing and maintaining stem cells from these early embryonic stages, which 
could facilitate efforts to derive cell types for studies and treatments of 
disease and traumatic injury. Knowledge gained from these laboratory 
studies using genome-editing methods in early human embryos should also 
provide information about the suitability of these methods for any eventual 
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TABLE 3-1 Reasons for Laboratory Studies of Human Embryos

In Vitro Studies Clinical Outcomes

Studies of fertilization in vitro Improvements in in vitro fertilization (IVF) 
and preimplantation genetic diagnosis (PGD)
Possible improvements in contraception

Improved culture of early human embryos Improvements in IVF and PGD
Insights into reasons for miscarriages and 
congenital malformations

Development of extraembryonic tissues 
(yolk sac and placenta)

Insights into reasons for failures in 
implantation and for miscarriages

Isolation and in vitro differentiation of 
pluripotent stem cells

In vitro models for human diseases for 
experimental testing of drugs and other 
therapies
Improved cells for somatic gene/cell therapies 
and for regenerative medicine

Investigations of sperm and oocyte 
development

Possible novel approaches to infertility

potential clinical use. That is, basic research can be expected to inform an 
understanding of the feasibility of making heritable, and preferably non-
mosaic, changes in the genome (see Chapter 5). Because human embryos 
that can be used in research are a valuable and relatively scarce resource, 
it will be important to ensure that the most efficient methods are used for 
these laboratory studies of their basic biology. Thus, it is likely that in the 
course of this research, various technical issues associated with improving 
the use of genome-editing methods in human embryos will be addressed. 
Relevant questions include

• the type and form of genome-editing components to be introduced;
• whether to use Cas9 or an alternative nuclease;
• what method to use to introduce the genome-editing components—for 

example, as DNA, mRNA, protein, or ribonucleoprotein complex; 
• whether to use single guide RNAs, pairs, or multiple guide RNAs as 

part of the editing machinery;
• the size of the DNA template and whether such a template is required;
• the optimal timing for genome editing, that is, whether information 

can be obtained by using two-cell embryos, whether it is necessary to 
use one-cell embryos, or whether it is best to introduce the reagents 
along with the sperm during in vitro fertilization;
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• whether mosaicism can be tolerated, keeping in mind that it may 
be an advantage for certain experiments, as when cell fate is to be 
followed, but may need to be avoided in other cases, such as when 
investigating a gene whose product is a secreted protein; and 

• how to test and improve modified versions of nucleases such as Cas9 
or inhibitors of certain repair mechanisms (e.g., an effective inhibi-
tor of nonhomologous end joining may be needed if the experiment 
demands homology-directed repair [Howden et al., 2016]). 

Understanding of Gametogenesis and Infertility

In mice, the generation of spermatogonial stem cell (SSC) lines from 
the adult testes has provided a rich source of cells with which to study 
the process of spermatogenesis in vitro and in vivo, after regrafting to the 
testes. It is possible to alter these cells genetically and study the impact of 
the changes on the process of spermatogenesis itself or, in mice, the impact 
on the offspring. It is also possible to correct genetic mutations in the stem 
cells in vitro using CRISPR/Cas9. Proof of principle for such an approach 
has been published (Wu et al., 2015). This work used CRISPR/Cas9 editing 
in mouse SSCs to correct a gene mutation that causes cataracts in mice. The 
edited SSCs were transferred back to mouse testes, and round spermatids 
were collected for intracytoplasmic sperm injection (ICSI), a form of IVF, 
to create embryos. Resulting offspring were correctly edited at 100 percent 
efficiency. Similar experiments have been conducted using SSCs from other 
species, including macaques (Hermann et al., 2012). Stable human SSC 
lines have not yet been reported, but would clearly be an important tool for 
understanding male infertility and for exploring such issues as the higher 
rate of mutations associated with age. This is an active area of research 
because it may enable restoration of fertility in male cancer patients after 
radiation or chemotherapy. The ability to grow and manipulate human 
SSCs would, however, raise the possibility of generating human germline 
alterations if the cells were grafted back to the testes or used in IVF.

Related issues arise from experiments in which both oocytes and sperm 
progenitors have been generated from mouse ES cells. ES-derived oocytes 
can be fertilized by normal sperm, and ES-derived spermatids can fertil-
ize eggs by ICSI (Hayashi et al., 2012; Hikabe et al., 2016; Saitou and 
Miyauchi, 2016; Zhou et al., 2016). Human gametes have not yet been 
generated successfully from pluripotent stem cells, although two recent 
papers report the generation of early germ cell progenitors from human 
ES cells (Irie et al., 2015; Sasaki et al., 2015). Through the use of genome-
editing methods, this work also highlighted significant differences between 
mice and humans in the genes involved in specification of primordial germ 
cells. There is evidence as well that knowledge gained from studying later 
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stages of spermatogenesis in mice may not always be applicable to the 
same process in humans. These findings reflect the role of research on hu-
man cells in answering questions about human biology. If human haploid 
gametes could be generated from human pluripotent cells, as they can be 
in mice, it would open up new avenues for understanding gametogenesis 
and the causes of infertility. It would also open up possibilities for using 
heritable genome modifications to address health problems that originate 
from genetic causes.

ETHICAL AND REGULATORY ISSUES IN BASIC RESEARCH

As described in more detail in Chapter 2, basic science research per-
formed in the laboratory on somatic cells will be subject to regulation 
focused on safety for laboratory workers and the environment, including 
special review by institutional biosafety committees for work involving 
recombinant DNA. Few new ethical issues are raised, although if the cells 
and tissues come from identifiable living individuals, donor consent and 
privacy will be a concern, and in most cases the protocols will be subject 
to at least some review by institutional review boards.

Research with embryos is more controversial. As noted earlier, research 
using viable embryos is illegal in a small number of U.S. states (NCSL, 
2016), and while permitted in most states, research that exposes embryos 
to risk generally may not be funded by the U.S. Department of Health and 
Human Services (HHS); this is due to the Dickey-Wicker Amendment,5 
which has been adopted repeatedly since the 1990s as part of the HHS 
appropriations process, including in the bills introduced for 2017 funding 
(see Chapter 2).6 It states

(a) None of the funds made available in this Act may be used for—

(1) the creation of a human embryo or embryos for research purposes; or

(2) research in which a human embryo or embryos are destroyed, dis-
carded, or knowingly subjected to risk of injury or death greater than that 
allowed for research on fetuses in utero under 45 CFR 46.204(b) and sec-
tion 498(b) of the Public Health Service Act (42 U.S.C. 289g(b)).

(b) For purposes of this section, the term “human embryo or embryos” 
includes any organism, not protected as a human subject under 45 CFR 46 
as of the date of the enactment of this Act, that is derived by fertilization, 
parthenogenesis, cloning, or any other means from one or more human 
gametes or human diploid cells. 

5 Public Law No. 114-113, Division H, Title V, § 508.
6 § 508(a) in both S. 3040 and H.R. 5926.
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The effect of this combination of state and federal law is to make embryo 
research legal in most of the United States but generally not eligible for 
HHS funding. 

Additional, extralegal oversight of laboratory research using human 
embryos comes from the stem cell research oversight committees that were 
widely adopted pursuant to recommendations of the National Academies 
regarding embryonic stem cell research (IOM, 2005; NRC and IOM, 2010). 
Recently, the International Society for Stem Cell Research, whose member-
ship includes investigators from around the world as well as the United 
States, adopted guidelines calling for the transformation of these volun-
tary stem cell research oversight committees into human embryo research 
oversight (EMRO) committees that would oversee “all research that (a) 
involves preimplantation stages of human development, human embryos, 
or embryo-derived cells or (b) entails the production of human gametes in 
vitro when such gametes are tested by fertilization or used for the creation 
of embryos” (ISSCR, 2016a, p. 5). The review would include details of 
the proposal and the credentials of the researchers under the auspices of 
these independent, multidisciplinary committees of scientists, ethicists, and 
members of the public. The proposed committees would assess research 
goals “within an ethical framework to ensure that research proceeds in a 
transparent and responsible manner. The project proposal should include 
a discussion of alternative methods and provide a rationale for employing 
the requested human materials, including justification for the numbers of 
preimplantation embryos to be used, the proposed methodology, and for 
performing the experiments in a human rather than animal model system” 
(ISSCR, 2016a, p. 6). 

CONCLUSIONS AND RECOMMENDATION

Laboratory research involving human genome editing—that is, research 
that does not involve contact with patients—follows regulatory pathways 
that are the same as those for other basic laboratory in vitro research with 
human tissues, and raises issues already managed under existing ethical 
norms and regulatory regimes. This includes not only work with somatic 
cells, but also the donation and use of human gametes and embryos for 
research purposes, where this research is permitted. While there are those 
who disagree with the policies embodied in some of those rules, the rules 
continue to be in effect. Important scientific and clinical issues relevant to 
human fertility and reproduction require continued laboratory research on 
human gametes and their progenitors, human embryos, and pluripotent 
stem cells. This research is necessary for medical and scientific purposes 
that are not directed at heritable genome editing, though it will also pro-
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vide valuable information and techniques that could be applied if heritable 
genome editing were to be attempted in the future.

RECOMMENDATION 3-1. Existing regulatory infrastructure and 
processes for reviewing and evaluating basic laboratory genome-
editing research with human cells and tissues should be used to 
evaluate future basic laboratory research on human genome editing. 
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he use of human genome editing to make edits in somatic 
cells for purposes of treating genetically inherited diseases 
is already in clinical trials. Somatic cells contribute to the 
various tissues of the body but not to the germline, meaning 
that, in contrast with heritable germline editing (discussed 
in Chapter 5), the effects of changes made to somatic cells 

are limited to the treated individual and would not be inherited by future 
generations. The idea of making genetic changes to somatic cells, referred 
to as gene therapy, is not new,1 and considerable progress has been made 
over the past several decades toward clinical applications of gene therapy to 
treat disease (Cox et al., 2015; Naldini, 2015). Hundreds of early-stage and 
a small number of late-stage trials are under way (Mullin, 2016), although 
only two gene therapies have been approved as of late 2016 (Reeves, 2016). 
Existing technical approaches to gene therapy are based on the results of 
extensive laboratory research on individual cells and on nonhuman organ-
isms, establishing the means to add, delete, or modify genes in living cells or 
organisms. Prospects for future applications of gene therapy have recently 
been greatly enhanced by improvements in genome-editing methods, par-
ticularly the development of nuclease-based editing tools (see Chapter 3). 

This chapter begins by providing background information on human 
somatic cell genome editing, including definitions of key terms. It then sum-
marizes the advantages of genome editing over traditional gene therapy and 

1 Gene therapy denotes the replacement of faulty genes or the addition of new genes to cure 
or improve the ability to fight disease.
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earlier approaches, and briefly reviews the repair methods—homologous 
and nonhomologous—used for nuclease-based genome editing. Next is a 
discussion of potential human applications of somatic cell genome editing. 
Scientific and technical considerations and ethical and regulatory issues are 
then examined in turn. The chapter ends with conclusions and recommen-
dations. Additional scientific and technical detail on methods for genome 
editing are provided in Appendix A.

BACKGROUND

Genes, Genomes, and Genetic Variants

All humans contain two sets of genes inherited from their parents; each 
of these sets of genes is called a genome and is packaged into 23 chromo-
somes. The haploid (single) human genome is around 3 billion (3 × 109) 
base pairs long, and the two inherited genomes in each somatic cell (dip-
loid) encode the information required for the assembly and functioning of 
a person’s cells and body throughout life. Although people speak of the 
human genome, each genome differs from any other at many positions 
(around 1 in 1,000 base pairs, or about 3 million positions), and these 
genetic differences contribute to what makes individual humans unique 
(The 1000 Genomes Project Consortium, 2015). Many of these variations 
probably have little or no effect, but some affect the expression and/or 
functions of genes. Within the human genome lie approximately 20,000 
genes that encode proteins, the molecules that actually build human cells 
and bodies, plus many other DNA elements that control when, where, and 
how much each gene is expressed (Ezkurdia et al., 2014). Some variants in 
genes can change the properties of the proteins they encode, while other 
genomic variants can affect the expression of genes. Such variants influ-
ence the color of hair or eyes, blood type, height, weight, and many other 
individual features, although most human traits are affected by interactions 
among multiple genes. Furthermore, other influences, such as diet, exercise, 
education, and environment, have major impacts by interacting with a 
person’s genetic makeup. 

Many of the variations in genomic sequences arise from alterations in 
the sequences of base pairs that arise during replication (copying) of the 
DNA during cell division (one can think of them as typographical changes). 
These alterations occur continually at a certain rate, and although cells have 
mechanisms for proofreading and correcting (editing) such changes, some 
escape the proofreading process and persist. Furthermore, the frequency 
of DNA alterations can be increased by radiation (e.g., by ultraviolet rays 
in sunlight or by cosmic or X-rays) or by environmental chemicals (e.g., 
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cigarette smoke and other carcinogens). As mentioned, many of these vari-
ants have little or no effect, but others have positive or deleterious effects. 
This process of variation in human genomes has been going on since before 
humans evolved as a separate species and continues to this day. Evolution 
relies on this continual generation of variants—those that are advantageous 
are selected for, whereas those that are deleterious are selected against. 
Whether a particular variant is advantageous or deleterious, however, can 
vary with the context and may be a consideration in deciding whether to 
edit variants for clinical benefit. 

Genetically Inherited Diseases

One primary impetus for interest in possible clinical applications of 
the recent advances in genome editing is the possibility that they provide 
new avenues for treating and preventing human disease. One such pos-
sible use is in the treatment of genetically inherited diseases, thousands of 
which are known.2 Certain deleterious variants can be inherited from one 
or both parents, while others can arise de novo in the embryo rather than 
being inherited from either parent. The pattern of inheritance varies with 
the nature of the variant. If a variation that causes loss of function in a 
gene is inherited from one parent, it often has no evident effect, because the 
unaltered variant inherited from the other parent is sufficient to provide the 
function needed. Geneticists refer to this mode of inheritance as recessive. 
Recessive gene variants usually (but not always) have little or no effect in 
the so-called heterozygous state, when two different variants are present in 
the fertilized egg (zygote) and in the subsequent child and adult. That is, 
a person generally will not have the disease caused by a recessive deleteri-
ous gene variant unless that variant is inherited from both parents. If both 
parents are heterozygous, each having one copy of a deleterious variant, 
each of their children will have a 25 percent chance of inheriting two cop-
ies of that variant—the so-called homozygous state. In that case, there is 
no functional variant available, and the consequence may be a genetically 
inherited disease. Many examples of this phenomenon exist (e.g., certain 
forms of severe combined immunodeficiencies, such as bubble boy disease, 
as well as sickle-cell anemia and Tay-Sachs disease).

Other variants may actually produce medical problems even when pres-
ent in a single copy despite the presence of a functional gene variant. Such 
variants, called dominant, produce deleterious effects even in the heterozy-
gous state. A clear example is Huntington’s disease, in which a single copy 
of a dominant disease-causing variant produces late-onset disease. 

2 OMIM, https://www.omim.org (accessed January 10, 2017); Genetic Alliance, http://www.
diseaseinfosearch.org (accessed January 25, 2017).
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Some inherited diseases, such as certain forms of hemophilia, which 
affect blood clotting, involve genes that are present on the X chromosome 
(so-called X-linked). Because men have only one X chromosome, whereas 
women have two, a single abnormal X-linked hemophilia gene in a man 
will lead to the disease being manifest, whereas women with just one del-
eterious variant will be carriers of the altered gene, usually without having 
bleeding symptoms (so called silent carriers). 

Adding to the complexity of understanding genetic disorders is the 
observation, noted above, that some variants may be either deleterious or 
advantageous depending on the context. Probably the best known example 
is sickle-cell disease, which is caused by a variation in one of the genes 
encoding hemoglobin, the protein that carries oxygen in red blood cells. If 
the sickle hemoglobin variant is inherited from both parents (homozygous), 
it causes the hemoglobin protein to aggregate under certain conditions, 
leading to deformation of the red blood cells into a sickled shape that in-
terferes with blood circulation, causing multiple difficulties and much pain 
and impairment of normal tissue functions. Heterozygous individuals (het-
erozygotes) who inherit just one sickle gene variant have few if any signs 
of disease and are known as carriers since they carry the sickle-cell variant 
and can pass it on to their children. It turns out that heterozygosity for this 
variant makes carriers somewhat resistant to malaria parasites that infect 
their red blood cells. That is, the sickle-cell variant provides a significant 
survival advantage in areas where malaria is present, and for that reason 
has been selected for and is relatively prevalent in such areas such as Africa, 
India, and the Mediterranean, where carriers are more common than in 
other areas. There are other examples of such balanced selection based on 
heterozygous advantage, balanced against the disadvantage of inheriting 
two disease-associated variants.

Finally, it is important to note that most human diseases are thought 
to be affected by genetic variants in multiple genes, with each variant hav-
ing only a minor effect on disease progression. Thus, while the prospect 
of human genome editing to treat genetically inherited diseases has great 
appeal in some cases—for example, those in which a single gene can be 
clearly identified as causal—that is not true of the majority of common 
human diseases. 

ADVANTAGES OF GENOME EDITING OVER TRADITIONAL 
GENE THERAPY AND EARLIER APPROACHES

Gene therapy is the introduction of exogenous genes into cells with 
the goal of ameliorating a disease condition. This is most efficiently done 
using viral vectors that take advantage of a virus’s natural ability to enter 
cells. The viral vectors are used to introduce a functional transgene and 
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compensate the malfunction of an inherited mutant gene (gene replace-
ment) or to instruct a novel function in the modified cells (gene addition). 
The vectors also include exogenous transcriptional regulatory sequences 
(promoter) to drive transgene expression. Because viral vectors have a 
limited cargo capacity, both the transgene and the promoter have to be 
modified from the natural version present in the genome and may thus 
fail to properly recapitulate physiological expression patterns. According 
to the choice of vector and type of target cells, the genetic modification 
may be transient, long-lasting, or permanent. Permanent modification is 
achieved using lentiviral or gamma-retroviral vectors that physically in-
sert into the genome of the infected cells (integration). However, because 
insertion is semi-random, it may affect the function and expression of 
genes at or nearby the insertion site, thus representing a potential risk 
(insertional mutagenesis). Currently, tremendous progress is being made 
in gene therapy because of improved viral vectors, particularly lentiviral 
and recombinant adeno-associated viruses (rAAV), and these strategies are 
being intensively investigated in the clinic. However, despite the fact that 
remarkable benefits are being reported in most treated patients (Naldini, 
2015), more flexible and precise genetic modifications, such as those made 
possible by targeted genome editing, are needed to further improve the 
safety of gene therapy and broaden its application to the treatment of 
more diseases and conditions.

Until the past decade, attempts to use genome modification in the 
treatment of genetically inherited disease, also called gene targeting, were 
made by introducing a DNA template carrying the desired sequence into a 
cell population in culture, and then either allowing insertion at a random 
location or relying on rare homologous recombination events to incorpo-
rate that template sequence at an intended location in the genome. The 
DNA template generally was introduced into the cell using such systems 
as recombinant plasmids (small circular pieces of DNA) or viral vectors, 
which take advantage of a virus’s natural ability to enter cells. The rare cells 
that acquired the desired sequence then had to be genetically selected and 
clonally expanded. Despite the limitations of this approach, the importance 
of gene targeting as an experimental tool is reflected in the broad use of 
homologous recombination to modify yeast, vertebrate cell lines, or even 
mice to genetically dissect a wide range of biological processes (Mak, 2007; 
Orr-Weaver et al., 1981).

The frequency of successful gene targeting using these older strategies 
ranged from 10–6 (1 in 1 million cells) for plasmid DNA to 10–2-10–3 (1 in 
100 to 1 in 1,000 cells) using viral vectors (such as rAAV). When scientists 
modify DNA with a nuclease that makes a double-strand break (DSB) at 
a desired location in the genome, however, the frequency of successful ge-
nome editing increases dramatically (Carroll, 2014; Jasin, 1996). Nuclease-
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based systems that make targeted genetic alterations are at the root of the 
genome-editing technologies discussed in this report. With nuclease-based 
editing systems, it is now possible to cut and, consequently, modify up to 
100 percent of the desired target sequence in the genome, either by small 
insertions or deletions introduced by the nonhomologous end-joining DSB 
repair, or by relying on homologous recombination to introduce a new 
sequence at the target site, albeit with a somewhat lower efficiency. These 
dramatic improvements in efficiency have enabled scientists and clinicians 
to consider using genome editing for a greatly expanded range of applica-
tions, including application to the treatment of diseases.

Flexibility

Nuclease-based genome editing encompasses various methods for alter-
ing the DNA sequence of a cell. This editing can achieve several types of 
results, depending on where in the DNA the edits are made and for what 
purpose. Changes that can be made with genome editing include

•	 targeted disruption (inactivation) of the coding sequence of a gene 
(gene disruption);

•	 precise substitution of one or more nucleotides (e.g., in situ conver-
sion of a genetic variant to wild type or to another allelic variant); 

•	 targeted insertion of a transgene into a predetermined site for pro-
tein-coding genes; 

•	 targeted alterations made to non–protein coding genetic elements 
that regulate gene expression levels (e.g., promoters, enhancers, and 
other types of regulatory elements);3 and 

•	 creation of large deletions at chosen genome locations. 

Safety and Effectiveness

Nuclease-based genome editing may abrogate the risk of insertional 
mutagenesis inherently associated with prior gene-replacement vectors that 
integrate quasi-randomly throughout the genome, although late-generation 
integrating vectors used today may mitigate this risk. In addition, in situ 
gene correction of inherited mutations using genome editing reconstitutes 
both the function and the physiological control of expression of the mutant 
gene. This provides a safer and more effective correction strategy than gene 

3 Small insertions or deletions can be created to inactivate an element; larger defined dele-
tions can be created to remove entire elements; specific nucleotide substitutions can be made 
in the element; or new genetic elements can be inserted into precise locations in the genome.
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replacement, in which expression of the therapeutic transgene is driven by 
a reconstituted artificial promoter. Such randomly inserted transgenes may 
fail to reproduce the physiological expression pattern faithfully, and they 
can be strongly influenced by the insertion site, giving rise to substantial 
variegation of expression among a population of transduced cells. Indeed, 
one of the first potential applications of ex vivo genome editing may well be 
stem cell–mediated correction of primary immunodeficiencies—an improve-
ment over prior transgenic approaches in which ectopic or constitutive ex-
pression of the therapeutic gene posed a risk of cancerous transformation or 
malfunction. If on-target editing frequencies of clinically relevant cell types 
are high enough to be therapeutically useful, genome editing may eventually 
outperform gene replacement (traditional gene therapy) in terms of safety, 
provided that off-target changes do not pose similar risks by modifying 
genes associated with cancer.

Another potential broad application of genome editing is precisely tar-
geted integration of a gene expression cassette into a so-called safe genomic 
harbor, chosen because it is conducive to robust transgene expression and 
allows a safe insertion that does not have a detrimental effect on adjacent 
genes. This approach may ensure predictable and robust expression of a 
therapeutic gene without the risk of oncogenesis caused by inadvertent in-
sertional activation of an oncogene. Targeted integration into a safe harbor 
and in situ correction of mutations are both potentially widely applicable 
to stem cell–based therapies as long as the targeted cells are amenable to 
extensive in vitro culture selection and expansion prior to clinical use. 
One can envisage increasing application of these types of genome editing 
as the ability to grow and differentiate different types of cells in culture 
improves, particularly in conjunction with differentiation from pluripotent 
cells (Hockemeyer and Jaenisch, 2016).

Gene Disruption

A unique application of genome editing relative to standard gene ther-
apy strategies is targeted gene disruption. Indeed, clinical testing of gene 
disruption using zinc finger nucleases (ZFNs) is already under way, with 
some indication of benefit for T-cells (Tebas et al., 2014), and this approach 
has recently been extended to hematopoietic stem cells (HSCs). These trials 
aim to disrupt expression of a cytokine receptor, C-C chemokine receptor 
type 5 (CCR5), which also functions as a coreceptor for HIV infection 
and is not essential for T-cell function, thus making the T-cells of an HIV-
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infected individual resistant to viral infection.4 Gene disruption could, in 
principle, also be used to eliminate a dominant disease-causing gene variant.

Accessibility

Multiple nuclease platforms have been developed or improved in the 
past 5-10 years, making it likely that additional such platforms will be de-
veloped in the near future. The CRISPR/Cas9 nuclease platform, developed 
just since 2012, has generated significant optimism among research, clinical, 
and patient communities and has democratized genome editing, making it 
usable by many more laboratories. As a result, CRISPR/Cas9 has raised 
awareness of genome editing as a therapeutic tool and motivated consider-
ation of the ethical and regulatory issues associated with its use (Baltimore 
et al., 2015; Corrigan-Curay et al., 2015; Kohn et al., 2016). These issues 
are not new, however, nor are they specific to the CRISPR-Cas9 system; 
many of them have already been confronted and addressed in the context 
of earlier gene therapy and genome-editing applications. 

HOMOLOGOUS AND NONHOMOLOGOUS REPAIR METHODS 
USED FOR NUCLEASE-BASED GENOME EDITING

Nuclease-based genome editing relies on the design of an artificial 
enzyme—a nuclease—to bind a specific target sequence in the genome 
where it creates either a DNA double-strand break or a DNA single-strand 
cut known as a “nick.” The cell usually repairs the break through one of 
two major mechanisms: (1) nonhomologous end joining (NHEJ), which 
frequently inactivates the gene or genetic element during the repair process; 
or (2) homology-based mechanisms, generically described as homology 
directed repair (HDR). (See also Chapter 3.)

Genome editing by NHEJ creates an insertion or deletion (“indel”) at 
the break site that alters the sequence of the edited gene. Importantly, while 
genome editing by NHEJ is precisely located by where the DNA break or 
nick is produced, it is not possible to predict the size or sequence of the 
resulting change in a single cell or the variability of the changes (indels) 
among a group of cells. 

In genome editing by HDR, a DNA template is used either to create one 
or more nucleotide changes, perhaps to match a known human reference 
sequence, or to insert a novel sequence (e.g., one or more genes) at a precise 

4 There are six clinical trials involving the use of ZFNs to disrupt expression of CCR5. Three 
of these trials have been completed, one is ongoing, and two are currently recruiting par-
ticipants. For more information, see https://www.clinicaltrials.gov/ct2/show/NCT02500849? 
term=zinc+finger+nuclease+CCR5&rank=1 (accessed January 10, 2017).
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genomic location. In contrast to NHEJ, HDR-mediated genome editing 
allows scientists to predict both where the edit will occur and the size and 
sequence of the resulting change. Thus, HDR-mediated editing is analogous 
to editing a document because it enables precise changes in DNA sequence.

POTENTIAL HUMAN APPLICATIONS OF 
SOMATIC CELL GENOME EDITING

Genome-editing applications can be categorized based on several gen-
eral features: 

•	 Which cells or tissue(s) are modified—in particular, whether the 
modification is made in somatic cells or tissues, which do not con-
tribute to future generations; in a germ cell or germ cell progenitor, 
which can result in heritable changes passed to future children; or 
in a zygote, in which case both somatic and germ cells would be 
modified. (The focus here is on somatic editing; germline editing is 
discussed in Chapter 5).

•	 Where the editing takes place—in the test tube, followed by return 
of the cells or tissues to the individual (ex vivo), or directly in the 
person’s body (in vivo).

•	 The specific goal(s) of the modification—for example, to treat or 
prevent disease or to introduce additional or new traits. These goals 
may be achieved by modifying a pathogenic DNA variant to a 
known nonpathogenic variant present in human reference sequences, 
or by modifying a gene to a sequence other than one that is a known 
existing human sequence.

•	 The precise nature of the modification—simple modification of a 
disease-causing mutation or risk-associated allelic variant, or more 
a complex change, such as disruption or ectopic/overexpression of 
an endogenous gene or addition of a novel function that augments a 
biological response or establishes resistance to a disease or pathogen. 

The intent of each of these modifications could be to treat or prevent 
a disease but could also be to modify (or, in principle, even create novel) 
phenotypic traits in the treated cells or tissues. It is important to note, for 
example, that one can use genome editing to achieve enhancement of a cel-
lular property (e.g., secreting supranormal amounts of protein or resisting 
a viral infection) with the intent of curing a disease. Such cellular enhance-
ment with intent to modify disease course needs to be distinguished from 
the concept of enhancement aimed at creating a desired or novel organismal 
feature in humans (a topic discussed in detail in Chapter 6). 

Table 4-1 provides examples of the types of human diseases that might 

Human Genome Editing: Science, Ethics, and Governance

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/24623


92 

T
A

B
L

E
 4

-1
 E

xa
m

pl
es

 o
f 

Po
te

nt
ia

l 
T

he
ra

pe
ut

ic
 A

pp
lic

at
io

ns
 o

f 
So

m
at

ic
 C

el
l 

G
en

om
e 

E
di

ti
ng

*

D
is

ea
se

In
he

ri
ta

nc
e/

T
ra

ns
m

is
si

on
 

Pa
tt

er
n

E
x 

vi
vo

 o
r 

In
 v

iv
o

N
H

E
J 

or
 H

D
R

 
M

ed
ia

te
d 

E
di

ti
ng

St
ag

e 
of

D
ev

el
op

m
en

t
G

en
er

al
 S

tr
at

eg
y

Si
ck

le
-C

el
l 

D
is

ea
se

A
ut

os
om

al
 r

ec
es

si
ve

E
x 

vi
vo

 (
H

SP
C

)
H

D
R

C
lin

ic
al

 d
ev

el
op

m
en

t
E

di
t 

to
 n

on
-d

is
ea

se
-

ca
us

in
g 

va
ri

an
t

Si
ck

le
-C

el
l 

D
is

ea
se

/β
-T

ha
la

ss
em

ia
A

ut
os

om
al

 r
ec

es
si

ve
E

x 
vi

vo
 (

H
SP

C
)

N
H

E
J

Pr
ec

lin
ic

al
In

du
ct

io
n 

of
 f

et
al

 
he

m
og

lo
bi

n

Se
ve

re
 C

om
bi

ne
d 

Im
m

un
od

efi
ci

en
cy

 
X

-l
in

ke
d 

(S
C

ID
-X

1)

X
-l

in
ke

d 
re

ce
ss

iv
e

E
x 

vi
vo

 (
H

SP
C

)
H

D
R

C
lin

ic
al

 d
ev

el
op

m
en

t
K

no
ck

-i
n 

of
 f

ul
l 

or
 

pa
rt

ia
l 

co
m

pl
em

en
ta

ry
 

D
N

A
 (

cD
N

A
) 

to
 

co
rr

ec
t 

do
w

ns
tr

ea
m

 
di

se
as

e-
ca

us
in

g 
va

ri
an

ts

X
-L

in
ke

d 
H

yp
er

 I
gM

 
Sy

nd
ro

m
e

X
-l

in
ke

d 
re

ce
ss

iv
e

E
x 

vi
vo

 
(T

-c
el

ls
)

H
D

R
Pr

ec
lin

ic
al

–c
lin

ic
al

 
de

ve
lo

pm
en

t
K

no
ck

-i
n 

of
 f

ul
l 

cD
N

A
 

to
 c

or
re

ct
 d

ow
ns

tr
ea

m
 

di
se

as
e-

ca
us

in
g 

va
ri

an
ts

H
em

op
hi

lia
 B

X
-l

in
ke

d 
re

ce
ss

iv
e

In
 v

iv
o 

(l
iv

er
)

H
D

R
C

lin
ic

al
 t

ri
al

*
E

xp
re

ss
 c

lo
tt

in
g 

fa
ct

or
 

fr
om

 a
 s

tr
on

g 
pr

om
ot

er

C
ys

ti
c 

Fi
br

os
is

A
ut

os
om

al
 r

ec
es

si
ve

In
 v

iv
o 

(l
un

g)
H

D
R

D
is

co
ve

ry
E

di
t 

to
 n

on
-d

is
ea

se
-

ca
us

in
g 

va
ri

an
t

H
IV

V
ir

al
 i

nf
ec

ti
on

E
x 

vi
vo

(T
-c

el
ls

 a
nd

 H
SP

C
)

N
H

E
J

C
lin

ic
al

 t
ri

al
E

ng
in

ee
r 

re
si

st
an

ce
 t

o 
H

IV

H
IV

V
ir

al
 i

nf
ec

ti
on

E
x 

vi
vo

H
D

R
D

is
co

ve
ry

E
ng

in
ee

r 
co

ns
ti

tu
ti

ve
 

se
cr

et
io

n 
of

 a
nt

i-
H

IV
 

fa
ct

or
s

C
an

ce
r 

Im
m

un
ot

he
ra

py
N

R
E

x 
vi

vo
 

(T
-c

el
ls

)
N

H
E

J 
or

 H
D

R
C

on
ce

pt
ua

l 
th

ro
ug

h 
cl

in
ic

al
 t

ri
al

E
ng

in
ee

r 
m

or
e 

po
te

nt
 

ca
nc

er
-s

pe
ci

fic
 T

-c
el

ls
 

by
 g

en
om

e 
ed

it
in

g

D
uc

he
nn

e’
s 

M
us

cu
la

r 
D

ys
tr

op
hy

 (
D

M
D

)
X

-l
in

ke
d 

re
ce

ss
iv

e
In

 v
iv

o
N

H
E

J
Pr

ec
lin

ic
al

D
el

et
io

n 
of

 p
at

ho
lo

gi
c 

va
ri

an
t 

to
 c

on
ve

rt
 

D
uc

he
nn

e 
m

us
cu

la
r 

dy
st

ro
ph

y 
(D

M
D

) 
to

 m
ild

er
 B

ec
ke

r’
s 

m
us

cu
la

r 
dy

st
ro

ph
y

H
un

ti
ng

to
n’

s 
D

is
ea

se
A

ut
os

om
al

 
do

m
in

an
t

In
 v

iv
o

N
H

E
J

D
is

co
ve

ry
D

el
et

e 
di

se
as

e-
ca

us
in

g 
ex

pa
nd

ed
 t

ri
pl

et
 r

ep
ea

t

N
eu

ro
de

ge
ne

ra
ti

ve
 

D
is

ea
se

s
V

ar
io

us
E

x 
vi

vo
 

or
 

in
 v

iv
o

H
D

R
C

on
ce

pt
ua

l
E

ng
in

ee
r 

ce
lls

 t
o 

se
cr

et
e 

ne
ur

op
ro

te
ct

iv
e 

fa
ct

or
s

*C
ur

re
nt

 i
nf

or
m

at
io

n 
on

 c
lin

ic
al

 t
ri

al
s 

is
 a

va
ila

bl
e 

at
 C

lin
ic

al
T

ri
al

s.
go

v.
N

O
T

E
: 

H
D

R
 =

 h
om

ol
og

y-
di

re
ct

ed
 r

ep
ai

r;
 H

SP
C

 =
 h

em
at

op
oi

et
ic

 (
bl

oo
d)

 s
te

m
 a

nd
 p

ro
ge

ni
to

r 
ce

lls
; 

N
H

E
J 

= 
no

nh
om

ol
og

ou
s 

en
d 

jo
in

in
g;

 N
R

 =
 

no
t 

re
le

va
nt

 (
th

e 
ed

it
s 

ar
e 

to
 l

ym
ph

oc
yt

es
 d

es
ig

ne
d 

to
 k

ill
 t

he
 c

an
ce

r)
.

Human Genome Editing: Science, Ethics, and Governance

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/24623


 93

T
A

B
L

E
 4

-1
 E

xa
m

pl
es

 o
f 

Po
te

nt
ia

l 
T

he
ra

pe
ut

ic
 A

pp
lic

at
io

ns
 o

f 
So

m
at

ic
 C

el
l 

G
en

om
e 

E
di

ti
ng

*

D
is

ea
se

In
he

ri
ta

nc
e/

T
ra

ns
m

is
si

on
 

Pa
tt

er
n

E
x 

vi
vo

 o
r 

In
 v

iv
o

N
H

E
J 

or
 H

D
R

 
M

ed
ia

te
d 

E
di

ti
ng

St
ag

e 
of

D
ev

el
op

m
en

t
G

en
er

al
 S

tr
at

eg
y

Si
ck

le
-C

el
l 

D
is

ea
se

A
ut

os
om

al
 r

ec
es

si
ve

E
x 

vi
vo

 (
H

SP
C

)
H

D
R

C
lin

ic
al

 d
ev

el
op

m
en

t
E

di
t 

to
 n

on
-d

is
ea

se
-

ca
us

in
g 

va
ri

an
t

Si
ck

le
-C

el
l 

D
is

ea
se

/β
-T

ha
la

ss
em

ia
A

ut
os

om
al

 r
ec

es
si

ve
E

x 
vi

vo
 (

H
SP

C
)

N
H

E
J

Pr
ec

lin
ic

al
In

du
ct

io
n 

of
 f

et
al

 
he

m
og

lo
bi

n

Se
ve

re
 C

om
bi

ne
d 

Im
m

un
od

efi
ci

en
cy

 
X

-l
in

ke
d 

(S
C

ID
-X

1)

X
-l

in
ke

d 
re

ce
ss

iv
e

E
x 

vi
vo

 (
H

SP
C

)
H

D
R

C
lin

ic
al

 d
ev

el
op

m
en

t
K

no
ck

-i
n 

of
 f

ul
l 

or
 

pa
rt

ia
l 

co
m

pl
em

en
ta

ry
 

D
N

A
 (

cD
N

A
) 

to
 

co
rr

ec
t 

do
w

ns
tr

ea
m

 
di

se
as

e-
ca

us
in

g 
va

ri
an

ts

X
-L

in
ke

d 
H

yp
er

 I
gM

 
Sy

nd
ro

m
e

X
-l

in
ke

d 
re

ce
ss

iv
e

E
x 

vi
vo

 
(T

-c
el

ls
)

H
D

R
Pr

ec
lin

ic
al

–c
lin

ic
al

 
de

ve
lo

pm
en

t
K

no
ck

-i
n 

of
 f

ul
l 

cD
N

A
 

to
 c

or
re

ct
 d

ow
ns

tr
ea

m
 

di
se

as
e-

ca
us

in
g 

va
ri

an
ts

H
em

op
hi

lia
 B

X
-l

in
ke

d 
re

ce
ss

iv
e

In
 v

iv
o 

(l
iv

er
)

H
D

R
C

lin
ic

al
 t

ri
al

*
E

xp
re

ss
 c

lo
tt

in
g 

fa
ct

or
 

fr
om

 a
 s

tr
on

g 
pr

om
ot

er

C
ys

ti
c 

Fi
br

os
is

A
ut

os
om

al
 r

ec
es

si
ve

In
 v

iv
o 

(l
un

g)
H

D
R

D
is

co
ve

ry
E

di
t 

to
 n

on
-d

is
ea

se
-

ca
us

in
g 

va
ri

an
t

H
IV

V
ir

al
 i

nf
ec

ti
on

E
x 

vi
vo

(T
-c

el
ls

 a
nd

 H
SP

C
)

N
H

E
J

C
lin

ic
al

 t
ri

al
E

ng
in

ee
r 

re
si

st
an

ce
 t

o 
H

IV

H
IV

V
ir

al
 i

nf
ec

ti
on

E
x 

vi
vo

H
D

R
D

is
co

ve
ry

E
ng

in
ee

r 
co

ns
ti

tu
ti

ve
 

se
cr

et
io

n 
of

 a
nt

i-
H

IV
 

fa
ct

or
s

C
an

ce
r 

Im
m

un
ot

he
ra

py
N

R
E

x 
vi

vo
 

(T
-c

el
ls

)
N

H
E

J 
or

 H
D

R
C

on
ce

pt
ua

l 
th

ro
ug

h 
cl

in
ic

al
 t

ri
al

E
ng

in
ee

r 
m

or
e 

po
te

nt
 

ca
nc

er
-s

pe
ci

fic
 T

-c
el

ls
 

by
 g

en
om

e 
ed

it
in

g

D
uc

he
nn

e’
s 

M
us

cu
la

r 
D

ys
tr

op
hy

 (
D

M
D

)
X

-l
in

ke
d 

re
ce

ss
iv

e
In

 v
iv

o
N

H
E

J
Pr

ec
lin

ic
al

D
el

et
io

n 
of

 p
at

ho
lo

gi
c 

va
ri

an
t 

to
 c

on
ve

rt
 

D
uc

he
nn

e 
m

us
cu

la
r 

dy
st

ro
ph

y 
(D

M
D

) 
to

 m
ild

er
 B

ec
ke

r’
s 

m
us

cu
la

r 
dy

st
ro

ph
y

H
un

ti
ng

to
n’

s 
D

is
ea

se
A

ut
os

om
al

 
do

m
in

an
t

In
 v

iv
o

N
H

E
J

D
is

co
ve

ry
D

el
et

e 
di

se
as

e-
ca

us
in

g 
ex

pa
nd

ed
 t

ri
pl

et
 r

ep
ea

t

N
eu

ro
de

ge
ne

ra
ti

ve
 

D
is

ea
se

s
V

ar
io

us
E

x 
vi

vo
 

or
 

in
 v

iv
o

H
D

R
C

on
ce

pt
ua

l
E

ng
in

ee
r 

ce
lls

 t
o 

se
cr

et
e 

ne
ur

op
ro

te
ct

iv
e 

fa
ct

or
s

*C
ur

re
nt

 i
nf

or
m

at
io

n 
on

 c
lin

ic
al

 t
ri

al
s 

is
 a

va
ila

bl
e 

at
 C

lin
ic

al
T

ri
al

s.
go

v.
N

O
T

E
: 

H
D

R
 =

 h
om

ol
og

y-
di

re
ct

ed
 r

ep
ai

r;
 H

SP
C

 =
 h

em
at

op
oi

et
ic

 (
bl

oo
d)

 s
te

m
 a

nd
 p

ro
ge

ni
to

r 
ce

lls
; 

N
H

E
J 

= 
no

nh
om

ol
og

ou
s 

en
d 

jo
in

in
g;

 N
R

 =
 

no
t 

re
le

va
nt

 (
th

e 
ed

it
s 

ar
e 

to
 l

ym
ph

oc
yt

es
 d

es
ig

ne
d 

to
 k

ill
 t

he
 c

an
ce

r)
.

Human Genome Editing: Science, Ethics, and Governance

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/24623


94 HUMAN GENOME EDITING

be treated using somatic cell genome editing. Even though this list is not 
comprehensive, it highlights the broad range of potential applications.

Clear examples of how genome editing might be applied to cure disease 
are to use homologous recombination to change the variant that causes 
sickle-cell disease back to the sequence that encodes wild-type β hemoglo-
bin (Dever et al., 2016; DeWitt et al., 2016) or correct the deficits in severe 
combined immune deficiencies (Booth et al., 2016). A more subtle use of 
genome editing to correct a disease-causing variant is to insert the wild-type 
DNA copy of the mRNA (complementary or cDNA) into an endogenous 
locus to correct downstream mutations (Genovese et al., 2014; Hubbard et 
al., 2016; Porteus, 2016). Concerning the liver as a target organ, it has been 
shown that targeted insertion of a clotting factor transgene downstream of 
the promoter of the albumin gene in a fraction of hepatocytes may rescue 
the hemophilia bleeding phenotype in mouse models (Anguela et al., 2013; 
Sharma et al., 2015). 

Several potential applications of genome editing entail causing gene 
disruption, provided that the delivery of the nuclease does not lead to 
loss of the treated cells because of toxicity or immune rejection. Among 
these applications are the disruption of dominant mutations and expanded 
triplet repeats in some neurodegenerative diseases, such as Huntington’s 
disease (Malkki, 2016), and the reconstitution of a functional dystrophin in 
Duchenne’s muscular dystrophy by deletion or forced skipping of the exon 
carrying the disease-causing mutation (Long et al., 2016; Nelson et al., 
2016; Tabebordbar et al., 2016). Other examples include disruption of an 
endogenous gene repressor to rescue expression of a fetal gene compensat-
ing for a defective adult form, as is currently being attempted by disrupt-
ing expression of BCL11A in the erythroid lineage; to rescue fetal globin 
expression to compensate for the lack of expression of adult β globin in 
thalassemia major; or to counteract the sickling β globin mutant in sickle-
cell anemia (Hoban et al., 2016). In T-cell immunotherapy, a promising 
application of genome editing is single or multiplex disruption of genes that 
may antagonize, counteract, or inhibit the activity of exogenous cell-surface 
receptors introduced into T-cells to direct them against tumor-associated 
antigens (Qasim et al., 2017). These strategies can strongly potentiate 
current cell-based immunotherapy strategies, possibly overcoming current 
barriers that limit efficacy in most solid tumors.

SCIENTIFIC AND TECHNICAL CONSIDERATIONS 
ASSOCIATED WITH THE DESIGN AND APPLICATION 

OF GENOME-EDITING STRATEGIES

All types of genome editing involve consideration of certain parameters 
that together determine the efficacy and potential toxicity of a genome-
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editing tool. These scientific and technical considerations inform how and 
why a particular approach is chosen to meet a research or therapeutic 
goal; they also impact the nature of the data that will be available for the 
regulatory evaluations that will be required for potential preclinical testing, 
clinical trials, review, and ongoing oversight of these methods.

Choice of Engineered Nuclease Platform

The choice of nuclease includes the platform type, which can be based 
on protein-DNA recognition (e.g., meganucleases, ZFNs, or transcription 
activator-like effector nucleases [TALENs]) or on nucleic acid base-pairing 
recognition (e.g., CRISPR/Cas9), and the design and generation of the 
components that target the intended genomic sequence. When developing 
protein-based DNA-binding domains that are made using zinc fingers and 
TAL effectors, extensive engineering and improvement are possible for each 
specific sequence-binding domain, such that it is difficult to make a general 
prediction on the performance and specificity of the overall platform. That 
is, for ZFNs and TALENs, optimization of performance (activity and speci-
ficity) often requires work for each nuclease that may or may not translate 
to another nuclease.

In contrast, when RNA-based nucleases such as Cas9 are developed, 
general improvements are made to the platform itself and should trans-
late to each specific target sequence. Because the only major difference 
among CRISPR-Cas9 systems is the targeting guide RNA, optimization 
of one Cas9 nuclease often will generalize to improved performance of 
other nucleases. This fact has implications for the ease or speed with 
which  genome-editing systems designed for one clinical application could 
be adapted to target others.

Delivery Strategy: Ex Vivo and In Vivo Genome Editing

Genome editing can be carried out ex vivo or in vivo. In ex vivo edit-
ing, it is possible to conduct a number of checks on the edited cells before 
they are administered to a patient because the cells are first manipulated in 
the laboratory. Ex vivo editing, which occurs outside the body, is suitable 
only for certain cell types, however. By contrast, in vivo editing allows other 
types of cells and tissues to be edited, but poses additional safety and tech-
nical challenges because it involves administering the genome-editing tool 
directly into a patient’s body fluids (e.g., blood), body cavities, or organs 
in order to modify targeted cells in situ. 

Ex vivo genome editing can be performed by isolating and manipulat-
ing a population of the intended target cells outside the body and then 
transplanting those cells into an individual. The source of cells can be 
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autologous or allogeneic: autologous cells are derived from the same 
individual, while allogeneic cells are derived from an immunologically 
matched donor. Whether the cells are sourced from the same patient or 
a matched donor, the administered cells often have stem cell–like proper-
ties, which may allow their self-renewal and long-term maintenance in 
vivo, as well as repopulation of the treated tissue with their genetically 
modified progeny. In some approaches, the cells can be treated in culture to 
induce commitment or differentiation toward a desired cell type or lineage 
before being administered to the patient. Otherwise, the edited cells can be 
differentiated somatic cells, such as short-lived or long-lived immune ef-
fector cells that are expanded and genetically modified ex vivo to enhance 
their activity against a tumor or infectious agent. Several somatic cell 
types have been isolated, genetically modified, and transplanted, including 
blood-forming hematopoietic (blood) stem and progenitor cells, fibroblasts, 
keratinocytes (skin stem cells), neural stem cells, and mesenchymal stromal/
stem cells. This list likely will grow as scientific knowledge and techniques 
improve. An expanded repertoire of cell types has the potential to increase 
the range of possible ex vivo genome-editing applications.

In in vivo genome editing, the editing machinery that needs to be 
delivered to the cells includes the nuclease that cuts the DNA and, in the 
case of CRISPR/Cas9, the guide RNA that targets the editing to a specific 
genomic location. If HDR is intended, a homologous template is also 
required. Targets of in vivo genome editing may include long-lived tissue-
specific cells, such as muscle fibers, liver hepatocytes, neurons of the central 
nervous system, or photoreceptors in the retina, but may also include rare, 
tissue-specific stem cells and other types of cells that cannot easily be har-
vested and transplanted. Relative to ex vivo approaches, however, in vivo 
approaches pose greater challenges with respect to efficient delivery of the 
genome-editing machinery to the right cells in the body, ensuring that the 
correct location in the genome has been successfully edited, and minimizing 
errors resulting from off-target editing. 

Additional Considerations

A number of additional scientific and technical considerations related 
to both ex vivo and in vivo genome editing inform the development of hu-
man genome-editing systems. 

Ability to Isolate the Relevant Cell Types

To carry out ex vivo genome editing, it is necessary first to isolate the 
relevant cell types from an appropriate tissue source or to generate them 
from pluripotent stem cells, and then to grow and modify them ex vivo and 
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finally administer them to the patient so that they can engraft and/or deliver 
the intended biological activity. There are several advantages to the ex vivo 
strategy: only the intended cells are exposed to the editing reagents, there 
is a wide choice of delivery platforms that can best be fitted to each cell 
type and application, and it is possible to characterize and even purify and 
expand the edited cells before administration. Currently this process has 
been established for only a few cell types, including cells that will eventually 
give rise to skin, bone, muscle, blood, and neurons. The range of possible 
ex vivo genome-editing applications will expand with the development of 
scientific knowledge about how to isolate additional primary cell types and 
derive other cell types from pluripotent cells, grow the cells ex vivo, and 
ultimately transplant them back into patients successfully and safely.

Ex vivo genome-editing strategies have a number of expected limita-
tions, which are common to all attempts at culturing cells ex vivo. These 
limitations include the need for prolonged culture and expansion from 
a few cells or even a single founder cell, both of which entail the risk of 
accumulating mutations, as well as incurring replicative exhaustion. This 
issue is particularly relevant for genome editing because inducing double 
stranded breaks in DNA, as is required to initiate the process, may itself 
trigger such cellular responses as apoptosis (cell death), differentiation 
(changing cell type), cell senescence (aging), and replicative arrest (cells stop 
dividing). All of these cellular responses are detrimental to cell expansion 
and maintenance of pluripotency. 

These limitations represent significant hurdles to ex vivo genome edit-
ing because most therapeutic applications require substantial numbers of 
cells for infusion. Overcoming these hurdles will require better ways to 
culture cells, better understanding of the safety risks associated with ge-
nomic accrual of random mutations in these settings, and reliable assays 
for assessing such events. Additional hurdles are the ability to fully control 
the commitment and differentiation of cells in culture and their purifica-
tion from the source pluripotent cells. This is an important consideration 
because administration of immature cells may be associated with a risk of 
tumorigenesis or failure to integrate functionally within the tissue. Despite 
these limitations, ex vivo genome editing has the advantage that cells with 
the desired alteration can be selected and the accuracy of the alterations 
validated before transplantation to the patient.

Ability to Control Biodistribution of the Genome-Editing Tool

Additional considerations for in vivo genome editing are linked to 
the choice of the delivery platform for the editing machinery because this 
choice impacts the extent, time course, and in vivo biodistribution of the 
genome-editing tool. This consideration has major implications for poten-
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tial efficacy, acute and long-term toxicity, and immunogenicity and even the 
risk of unintentional editing of germ cells. Efficient editing of the intended 
genomic site usually requires a high level of intracellular nuclease expres-
sion, even though this often can be for only a short time to prevent excess 
toxicity and off-target activity. Whereas short-term, high expression of the 
genome-editing nuclease can be obtained relatively easily for cells cultured 
in vitro, it is more challenging in vivo. Finally, in an in vivo setting there 
could be unintentional (inadvertent) modification of the germ cells or pri-
mordial germ cells; therefore, preclinical development of in vivo editing 
should address the risk of modification of germ cells resulting in heritable 
changes that could be passed on to future generations and minimize this 
potential risk in humans enrolled in clinical trials.

In general, the risk of germline transmission associated with the admin-
istration of ex vivo genome-edited cells is likely to be low if one can show 
that the editing reagents do not remain associated with the treated cells and 
are not shed in active form at the time of administration. In these condi-
tions, nonclinical studies of germline transmission may not be necessary. 
On the other hand, in vivo administration of editing reagents would require 
assessment of their potential biodistribution to the gonads and activity on 
germ cell genomes. These parameters will be strongly influenced by the de-
livery platforms used and the timing and route of delivery. When viral vec-
tors are used to deliver the nuclease, the preclinical studies might take into 
consideration accumulating knowledge from animal and human studies 
concerning the potential of these vectors to reach germline cells. Preclinical 
studies in animal models such as nonhuman primates could be designed to 
monitor both the biodistribution of the vector/vehicle as well as the activity 
of the nuclease in cells from off-target tissues, including the gonads. 

A suggested approach to studying the potential of germline transmis-
sion in such nonclinical models would be to follow a decision tree, in 
which a positive finding triggers the next level of investigation. One could 
first investigate the presence of the reagent and/or genomic signs (indels) 
of its activity in the gonads; next identify their actual occurrence in germ 
cells isolated from the positive gonads; and then determine the transient 
or sustained occurrence of this finding and, eventually, the transmission 
of the genetic modification to the viable progeny of the treated animals. 
Molecular assays could be designed to track the occurrence of indels at the 
intended or surrogate nuclease target sites, provided that such sites exist in 
the genome of the species used for the study with sufficient affinity for the 
nuclease to support the sensitivity of the assay. Many limitations exist when 
conducting such studies in surrogate animal species, as already discovered 
for several gene therapy products, including the low sensitivity of the avail-
able assays, species-specific differences in vehicle biodistribution and access 
to the gonadal cells, and the general difficulties of testing transmission to 
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the female versus male germline. Because of these limitations, regardless 
of the outcome of nonclinical biodistribution data, contraceptive measures 
are usually recommended (if meaningful or applicable) for patients under-
going in vivo gene therapy in clinical trials, at least for the expected time 
of clearance of the administered vector/vehicle from the body fluids, and 
usually extended to encompass at least one cycle of spermatogenesis (ap-
proximately 64-74 days in men). Testing of semen can be done at various 
points during this time interval; if samples are positive, the testing should 
continue, and the respective regulatory authorities should be notified. On 
the other hand, there are currently no noninvasive means of monitoring 
women for germline transmission.

Ability to Limit Immune Response to Delivery 
Vectors or Genome-Editing Proteins

In vivo delivery of proteins and nucleic acids is currently done with 
either of two types of platforms. The first is based on chemical conjugates 
(lipo- and/or glyco-complexes) that provide short-lived but relatively inef-
ficient expression across multiple different tissue types, although advances 
have been achieved in targeting specific cell types, such as liver (Yin et al., 
2014). This approach can expose therapeutically irrelevant cell types in the 
patient to the potential toxicity of the nuclease. The second type of platform 
relies on viral vectors that can provide robust and tissue-specific expression, 
but they also are frequently long-lived and more likely to provoke an im-
mune response. Self-complementary rAAV8 vectors (scAAV), for example, 
have been shown to mediate continued expression of the engineered nucle-
ase. Sustained nuclease expression increases the risk of DNA damage and 
genotoxicity, with subsequent potential risk of widespread (albeit possibly 
slow) cell death or malignant transformation of the patient’s cells. More-
over, all current formulations of editing machinery contain elements that 
are derived from proteins of common microbial pathogens, which could 
trigger primary or secondary immune responses in treated individuals. As 
has been well documented in viral gene therapy studies, immune recogni-
tion of viral vector proteins may lead to rapid and complete clearance of 
cells that have received the editing machinery, which eliminates the benefit 
of the treatment. The risk of clearance of the edited cells is exacerbated by 
preexisting immunity and by the extent and duration of expression of the 
antigen. 

Ability to Make Genome Edits in Nondividing Cells

Another major hurdle for both ex vivo and in vivo editing is that targeted 
insertion of a DNA sequence into postmitotic cells, such as neurons, is not 
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feasible because of their low or absent homologous recombination activity. 
In contrast, NHEJ, which is active in nondividing cells, has been harnessed 
mainly for the generation of indels to inactivate a gene. However, NHEJ 
can, with modifications to the methods, be used to generate site-specific gene 
insertions (e.g., Maresca et al., 2013; Suzuki et al., 2016). Most recently, 
it was reported that one of these methods, homology-independent targeted 
gene integration, or HITI, allows targeted knock-in of DNA sequences in 
dividing cells (e.g., stem cells) and most importantly, in nondividing cells 
(e.g., neurons) both in vitro and in vivo (Suzuki et al., 2016).

In vivo genome editing is a highly sought-after application that has 
been shown to be feasible and potentially therapeutic in some mouse mod-
els. Substantial challenges to its translation to the clinic remain, however, at 
least in the current modalities of administration. Also considering the well-
known difficulties of predicting immune response in animal models, stable 
expression of nucleases, despite being apparently well tolerated in some 
animal models, may not be the preferred route to clinical development.

Assessment of the Activity and Specificity of Genome Editing

Each targeting nuclease can be characterized by the efficiency and 
specificity of DNA cleavage. Efficiency can be relatively easily measured 
(by sequencing the targeted site). Specificity reflects on-target versus off-
target site activity, which also can be measured by various assays, each with 
advantages and disadvantages (see Appendix A for details). While whole-
genome sequencing could be the gold standard for analyzing single cells or 
clones, the depth of this sequencing is not sufficient to assess the off-target 
spectrum in populations of cells. 

Comparing Off-Target Editing Rate with the Natural 
Mutation Rate of the Human Genome

It is important to note that accurate assessment of the  specificity 
of a  genome-editing approach requires that mutations created by the 
 genome-editing process be distinguished from those that occur sponta-
neously throughout a life span. The natural error frequency of normal 
genome replication varies among sites in the genome but is approximately 
10–10 per base per round of DNA replication. Because each human cell 
contains approximately 6 billion DNA base pairs, even the naturally low 
error rate means that DNA replication can be expected to generate, on 
average, approximately one or a few de novo mutations in each round of 
cellular replication. Thus, as cells proliferate, they naturally accumulate 
mutations at this rate. In addition to this background mutation frequency, 
a significant amount of DNA damage results from normal environmental 
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exposures such as radiation, oxidative stress, and DNA-damaging agents 
in the environment. A direct comparison between the mutation frequency 
generated by a genome-editing nuclease and the spontaneous mutation fre-
quency has not yet been conducted, but results from this type of analysis are 
likely to depend on the specific nuclease in question and on which cell type 
is examined. The error rate of nuclease technologies continues to improve 
and may at some point, if it is not already, be less than the spontaneous 
mutation frequency. 

Measuring Efficiency and Specificity for Each Delivery Platform

For genome-editing applications, the system (nuclease and targeting 
sequences) must be delivered inside cells. Because the choice of delivery 
platform determines the extent, level, and time course of expression of the 
genome-editing machinery, it affects the efficiency and specificity displayed 
in a given set of experimental conditions and furthermore determines the 
toxicity and immunogenicity profile. In addition, several intrinsic features 
of the chosen delivery platform (DNA, RNA, or protein; delivery mecha-
nism) also influence its potential toxicity (see Table A-1 in Appendix A). 
These effects usually are due to normal innate target-cell responses to 
exogenous molecules, and they often are stronger for DNA—especially 
DNA plasmids—than for RNA or proteins. The innate responses to viruses 
may vary with virus and cell type: usually they are very low for AAV or 
lentivirus in human somatic cells (Kajaste-Rudnitski and Naldini, 2015), 
with the exception of some immune cell types, such as dendritic cells and 
macrophages, which have a large complement of built-in viral sensors and 
may trigger interferon and inflammatory responses (Rossetti et al., 2012). 
The purity and composition of reagents (plasmid versus linearized DNA, 
mutant bases in RNA, high performance liquid chromatography [HPLC] 
purification of components) also can play a significant role. 

Finally, the frequency with which the intended target sequence and re-
lated sequences occur in the genome and the local chromatin environment 
at the target site also can influence the efficiency and specificity of a genome 
editing approach. All the factors mentioned above are likely to vary accord-
ing to the treated cell type and modality (ex vivo versus in vivo). Moreover, 
the ratio of on- to off-target activity also is affected by the intrinsic biology 
of the targeted cell type, including differences in cell-cycle status, DNA-
damage responses, and repair capability. 

Preclinical Studies to Assess Efficiency and Specificity

In the development of human genome-editing applications, preclinical 
studies are undertaken to establish the activity and specificity of each editing 
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nuclease system. The design of these preclinical studies is influenced by the 
choice of target cells and experimental conditions, and the results should 
be viewed as providing relative rather than absolute values. An additional 
caveat is that most of these preclinical studies measure nuclease activity and 
specificity over a large population of cells, among which nuclease expres-
sion will vary. Because the ratio of on- to off-target activity also varies with 
nuclease expression level, the cells with higher nuclease expression may 
have a less favorable ratio since the on-target activity will saturate, while 
activity at off-target sites becomes more evident. On the other hand, cells 
with lower expression may exhibit a more favorable ratio because activity 
is evident mainly at the intended target site. This consideration suggests that 
the dose dependence of on- and off-target rates be considered as part of the 
process of validating a genome-editing approach. 

Assessment of nuclease specificity will continue to evolve as scientific 
knowledge and techniques improve. From an operational standpoint as of 
this writing (late 2016), however, the following represents a reasonable ap-
proach to conducting this assessment:

•	 Use both bioinformatics and unbiased screens to identify potential 
off-target sites (see Appendix A). 

•	 Use deep sequencing of both cell lines and the primary target cell 
type to determine the frequency of indels at both on- and off-target 
sites (validation).

•	 Evaluate validated off-target sites for potential biological effects, and 
eliminate nucleases that generate off-target activity at sites that could 
be predicted to have biologic effects. It should be noted that most 
off-target sites identified to date lie in non-protein-coding regions of 
the genome, making their functional importance difficult to assess.

•	 Use assays that measure gross chromosomal integrity, such as karyo-
typing, single-nucleotide polymorphism (SNP) arrays, and transloca-
tion assays. These assays are limited in being relatively insensitive.

•	 Use diverse functional assays of the target cells of interest to measure 
the risk of clonal dominance and to assess the actual feasibility, ef-
ficiency, and toxicity of the genome-editing manufacturing process.

It is important to note that to develop a genome-editing approach for 
clinical use, it may not be necessary or feasible to conduct comprehen-
sive efficiency and specificity studies performed at high-enough sensitivity 
to capture all possible off-target edits. Ongoing work in standard gene 
therapy, for example, has indicated that uncontrolled lentiviral insertions, 
which cause even more disruptive changes than nonhomologous repair of 
a double-strand break, may be relatively safe and well tolerated in several 
types of cells and tissues. This is true even when large numbers of insertions 
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(up to 108 or 109 per patient) are introduced. A further consideration is 
that the off-target activity is dependent on the sequence. Much of the early 
preclinical testing aimed at establishing targeting efficacy and specificity 
has been carried out in nonhuman organisms, especially mice. However, 
the genomes of humans and mice are sufficiently divergent that assessment 
of the specificity of engineered nucleases in the genomes of mice or other 
rodents may have somewhat limited predictive power for the same genome-
editing approach in humans.

Summary

In summary, genome editing is already being incorporated into 
somatic gene therapy approaches, and such applications are likely to 
increase. Genome-editing strategies are in competition with other thera-
peutic approaches, including small molecule therapies; biologics; and 
most notably other gene therapy approaches, such as lentiviral vectors 
and rAAV vectors used for gene replacement. In the end, therefore, each 
strategy will need to be evaluated against the others in terms of efficacy, 
risk, cost, and feasibility.

ETHICAL AND REGULATORY ISSUES POSED 
BY SOMATIC CELL GENOME EDITING

In most respects, somatic cell genome editing will be developed with the 
benefit of gene therapy’s robust base of technical knowledge, and within the 
existing system of regulatory oversight and ethical norms that have facili-
tated the current research and clinical development of somatic cell and gene 
therapy around the world, including the Australia, China, Europe, Japan, 
and the United States (see Chapter 2). These regulatory systems include a 
wide range of preclinical models and study designs to support the clinical 
development of therapies based on edited cells, as well as a roadmap for 
first-in-human clinical testing and eventual marketing.

Regulatory Oversight in the United States

As described in Chapter 2, clinical testing of somatic cell genome edit-
ing could not begin in the United States without the Food and Drug Ad-
ministration’s (FDA’s) first having approved an Investigational New Drug 
(IND) application, and the clinical protocol would require institutional 
review board (IRB) approval and ongoing review (FDA, 1993). In addi-
tion, review by the National Institutes of Health’s (NIH’s) Recombinant 
DNA Advisory Committee (RAC) informs the deliberations of the FDA 
and IRBs and provides a venue for public discussion. Other countries have 
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similar pathways, as described in Chapter 2, albeit with some variations in 
the stage of research at which a cell-based therapeutic can be marketed and 
the terms under which it can be withdrawn. 

The question of approval for clinical use hinges largely on identifying 
when benefits may be expected to outweigh risks when a therapy is used as 
labeled and as intended (Califf, 2017). Clinical trial data are increasingly 
reviewed within a structured framework that identifies need, alternatives, 
areas of uncertainty, and avenues for risk management.5 According to for-
mer FDA Commissioner Robert Califf,

FDA product review teams must weigh scientific and clinical evidence and 
consider conflicting stakeholder and societal perspectives about the value 
of benefits and the tolerability of risks. They must consider the existence 
and effectiveness of alternative treatments, disease severity, risk tolerance 
of affected patients, and potential for additional insight from postmarket 
data. Such decisions require seeking the appropriate balance between 
high-quality evidence and early access, between benefit and risk, between 
protecting the US public and encouraging innovation that may improve 
health outcomes. (Califf, 2017)

Approval of a gene therapy may depend upon how carefully risks and 
benefits can be monitored once it enters clinical use. On this topic, the FDA 
has issued an influential (though nonbinding) guidance for gene therapy tri-
als that would have relevance to genome-editing trials as well (FDA, 2006). 
Long-term follow-up is not always required, for example, when preclini-
cal data on factors such as vector sequence, integration, and potential for 
latency demonstrate that long-term risks are very low. But when long-term 
risks are present, “a gene therapy clinical trial must provide for long-term 
follow-up observations in order to mitigate those risks” (FDA, 2006, p. 1). 
Without such a plan for long-term follow-up observations, the risks would 
be unreasonable and (presumably) the trial not approvable. Where merited, 
the guidance suggests a 15-year period of posttrial contact, observation, 
and physical exams (though this can be shortened based on such factors as 
vector persistence, or when subjects are predicted to have only short-term 
survival). Prior to enrolling, subjects must give voluntary, informed consent 
to long-term follow-up, and while they may withdraw at any time, it is 
hoped that they will comply.

Once approved by the FDA for particular populations and indications, 
gene-based therapies would be subject to postmarket monitoring and ad-
verse event reporting, and special warnings added. The products would be 

5 Structured Approach to Benefit-Risk Assessment in Drug Regulatory Decision-Making, 
PDUFA V Plan (FY 2013-2017). Draft of February 2013. http://www.fda.gov/downloads/
ForIndustry/UserFees/PrescriptionDrugUserFee/UCM329758.pdf (accessed January 30, 2017).

Human Genome Editing: Science, Ethics, and Governance

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/24623


SOMATIC GENOME EDITING 105

withdrawn completely if shown to be unsafe or ineffective. In addition, 
postmarket risk evaluation and mitigation strategies (REMSs), such as 
requiring physicians to have special proficiency or requiring patients to be 
entered into a registry, could be required if significant safety concerns would 
preclude approval absent these extra controls. 

Off-label use of cells subjected to genome editing would be legal in 
the United States, in Europe, and in other countries, and is probably to be 
expected with respect to patient populations (e.g., if approved for adults, 
use might well be extended off-label to pediatric populations) or for vary-
ing degrees of severity of the disease indication.6 The prospect of off-label 
use has led to speculation about uncontrolled expansion of the technology 
into uses that are unsafe, unwise, unnecessary, or unfair. And it is true that 
off-label use, while an important aspect of innovative medicine, can at 
times lead to uses that lack a rigorous evidentiary basis. But the specificity 
of these edited cells may limit the range of off-label uses for unrelated indi-
cations more than is the case with many drugs.7 While one might imagine 
a cell therapy based on genome editing for muscular dystrophy being of 
possible interest to those with healthy muscle tissue who wish to become 
even stronger, other examples are more difficult to envision, at least for the 
near future. This point is of particular relevance to concerns about uses 
that go beyond restoration or maintenance of ordinary health (discussed in 
Chapter 6) because the specificity of edited cells makes such applications 
less likely at this time.

Several technical challenges faced in moving somatic genome editing 
toward clinical testing have already been met by conventional somatic gene 
therapy. Concerning ex vivo strategies, they are based on modifying human 
cell types and thus can be tested only in in vitro culture models or upon 
xenotransplant of the modified cells into immunocompromised mice. These 
studies interrogate cell viability, biodistribution, and biological function in 
vivo, including self-renewal, multipotency, and clonogenicity, all crucial 
features of stem cells. In vivo strategies may require preclinical testing of 
toxicity and biodistribution in nonhuman primates, including evidence that 
unintentional modification of the germline does not occur. Indeed, the field 
of gene therapy has determined that in vivo approaches that would lead to 
unintentional modification of the germline should not be permitted. Note, 
however, that most assays of germline transmission have low sensitivity, and 
thus a certain degree of uncertainty may have to be managed in considering 
clinical development and regulation.

6 The FDA recently held a public hearing to discuss its regulations and policies on manu-
facturer communications about unapproved or off-label uses of medical products, including 
cell-based therapies (FDA, 2016a). 

7 Communication, FDA, December 15, 2016.
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Several guidance documents have been published by regulatory authori-
ties in the United States and Europe and by the International Conference 
on Harmonisation (ICH) to illustrate the general principles for investigat-
ing and addressing the risks for inadvertent germline integration of gene 
therapy products in nonclinical studies, and to provide considerations for 
minimizing this potential risk in humans enrolled in clinical trials (EMA, 
2006; FDA, 2012a; ICH, 2006). Such guidelines could be suitably adapted 
to the design of preclinical studies of somatic genome-editing strategies.

In an effort to speed the development of regenerative medicine, a new 
public–private partnership has been launched. The International Standards 
Coordinating Body was established

to advance process, measurement, and analytical techniques to support 
the global availability of cell, gene, tissue-engineered, and regenerative 
medicine products, and cell-based drug discovery products. Creating stan-
dards creates a more uniform compliance environment and addresses and 
assists in future efforts for harmonization internationally of the regulatory 
framework for submissions across the globe.8

 
The sectors of activity include genetic modification of cells, with specific 
mention of standards for measuring off-target events in genome editing 
(Werner and Plant, 2016). 

Regulating Somatic Genome Editing by Approach and Indication

An ethical and regulatory assessment of future somatic genome-editing 
applications may depend on both the technical approach to the editing 
and the intended indication. Like traditional gene therapy, somatic genome 
editing could be used to revert an underlying genetic mutation to a variant 
not associated with disease, which would result in a fraction of the targeted 
cells regaining normal function. Somatic genome editing also could be used 
to engineer a cell so that its phenotype differed from that of a normal cell 
and was better able to resist or prevent disease. For example, a cell could 
be changed so that it made above-normal amounts of a protein, or so that 
it was resistant to a viral infection. Both ex vivo and in vivo approaches to 
genome editing could be applied to treat or prevent a disease. In addition, 
genome editing could be used to alter a trait not associated with disease 
(see Chapter 6). 

Regardless of the final framework used to assess human somatic cell 
genome-editing applications, it is vital that the regulatory oversight mecha-
nisms have sufficient legal authority and enforcement capability to identify 

8 See http://www.regenmedscb.org (accessed January 10, 2017).
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and block unauthorized applications. To date, the existing structures have 
been successful in preventing unauthorized applications of gene therapy, 
and the current framework provides guidance on key elements. Although 
human genome editing may be somewhat more difficult to control than 
traditional gene therapy because technical advances have made the editing 
steps easier to perform, the cellular manipulations and delivery of edited 
cells to the patient continue to demand high-quality laboratory and medical 
facilities, which generally will ensure that regulatory oversight is in place. 

Preventing Premature or Unproven Uses of Genome Editing

The issue of unregulated therapy has been particularly problematic in 
the field of stem cell/regenerative medicine, with rogue entities around the 
world making scientifically unfounded claims about stem cell therapies and 
profiting from desperate patients (Enserink, 2016; FDA, 2016b; Turner 
and Knoepfler, 2016). In part this is due to some of the past unduly opti-
mistic statements about the near-term prospects of regenerative medicine, 
in part to the presence of unregulated jurisdictions, and in part to some 
resistance—at least in the United States—to the regulatory authority of the 
government. In the United States, federal courts have confirmed the FDA’s 
jurisdiction over the use of manipulated cells, but this is still the subject 
of some confusion.9 Edited cells—particularly those taken from a patient 
and then returned to that patient—may engender the same confusion about 
whether this is a regulated product or merely the practice of medicine, and 
the regulatory authority needs to be made clear from the outset. Overall, 
then, regulatory bodies need the legal authority, leadership commitment, 
and political support to apply their legal powers to halt the marketing of 
therapies that use human genome-editing products that have not undergone 
regulatory review and approval (Charo, 2016a). With regard to stem cell 
therapies, there has been considerable concern about the absence of vigor-
ous use of enforcement powers by the FDA (Turner and Knoepfler, 2016), 
although Italy’s experience with closing down one clinic has illustrated the 
level of legal and political power needed to do this (Margottini, 2014).

Special Considerations Associated with Genome Editing in Fetuses

In certain situations, either the most effective or the only approach 
would be to attempt to edit the somatic cells of a fetus prior to delivery. 
Diseases for which these special circumstances might apply include those 
that are multisystemic or have an extremely early onset that would make 
postnatal intervention too late to benefit the child or are extremely chal-

9 U.S. v. Regenerative Sciences, 741 F. 3d 1314 (D.C. Cir 2014).
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lenging from a technical standpoint. In addition, because of the tremendous 
developmental plasticity of the fetus, fetal editing might be more effective 
than postnatal editing in certain circumstances. An example would be at-
tempting to revert a disease-causing variant that affects every neuron in 
the brain. 

In a more general sense, the therapeutic editing process could be car-
ried out ex vivo in a scenario in which cells could be harvested from the 
fetus, edited outside the body, and then transplanted back into the fetus. 
Currently, established methods for isolating and transplanting autologous 
fetal cells are available for a limited number of cell types, but the range of 
cell types is likely to increase in the future. 

Therapeutic editing in fetuses also could be performed in vivo, in which 
case the editing machinery would be delivered to the fetus to modify cells in 
situ. As noted above, the in situ correction of a disease-causing variant early 
in development has the potential to be more effective than postnatal in vivo 
editing, when many organ systems are more fully developed. In utero stem 
cell therapy has been tried (with limited success) (Couzin-Frankel, 2016; 
Waddington et al., 2005), so the general concept of in utero therapy with 
emerging areas of medicine has already undergone some ethical analysis. 
And an International Fetal Transplantation and Immunology Society has 
been formed, which holds annual meetings to review prospects and progress 
for fetal gene therapy.10

Although fetal genome editing has potential advantages, at least two 
special ethical issues would need to be addressed: special rules for consent 
(see Chapter 2) and the increased risk of causing heritable changes to the 
germline by causing modification of germ cells or germ cell progenitor/
stem cells. 

With regard to consent, key issues have been addressed by existing 
oversight mechanisms, fetal surgery has already been used in clinical care, 
and in utero fetal gene therapy is attracting increasing interest (McClain 
and Flake, 2016; Waddington et al., 2005). The risk/benefit calculation 
is shifted relative to a postnatal or adult intervention, with the degree of 
risk to which a fetus can be subjected being strictly limited when there is 
no prospect of medical benefit to the future child. When such benefit is 
possible, however, the more usual standards for risk/benefit balance apply. 
Decisions about fetal surgery have been made with the understanding that 
the pregnant woman has the ethical and legal authority to give informed 
consent. In the United States, as in other countries, maternal consent is re-
quired (Alghrani and Brazier, 2011; O’Connor, 2012), and when research 
is aimed at maternal health as well, maternal consent alone is sufficient.11 

10 See http://www.fetaltherapies.org (accessed January 30, 2017).
11 Research Involving Pregnant Women or Fetuses, 45 CFR, Sec. 46.204.
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In the United States, however, NIH-funded research is subject to special 
regulations set forth at 45 CFR Part 46, Subpart B, and paternal consent (if 
available) also is required if the research holds the prospect of benefit solely 
to the fetus. Even when not funded by NIH, many studies in the United 
States employ these same rules.

A second issue is the challenge of assessing whether unintended germ-
line editing has occurred if in vivo somatic editing is attempted in a 
fetus. A key feature of germline cell development is that the primordial 
cells that will give rise to germ cells are sequestered from somatic cells 
at key developmental points. Before this sequestration of germline and 
somatic cells occurs or has been finalized in early development, germline 
cells might be edited as efficiently as would be the desired somatic cell 
targets. As a result, there could be a higher risk of unintentional edits to 
germline cells early in fetal development compared with performing the 
same intervention later in fetal development. It might be possible only to 
assess postnatally whether editing of germ cells or germ cell progenitors 
had occurred, at which time it would be too late to change the outcome. 

CONCLUSIONS AND RECOMMENDATIONS

In general, there is substantial public support for the use of gene 
therapy (and by extension, gene therapy that uses genome editing) for the 
treatment and prevention of disease and disability (Robillard et al., 2014). 
Human genome editing in somatic cells holds great promise for treating or 
preventing many diseases and for improving the safety, effectiveness, and 
efficiency of existing gene therapy techniques now in use or in clinical trials. 
While genome-editing techniques continue to be optimized, however, they 
are best suited only to treatment or prevention of disease and disability and 
not to other less pressing purposes.

The ethical norms and regulatory regimes already developed for gene 
therapy can be applied for these applications. Regulatory assessments as-
sociated with clinical trials of somatic cell genome editing will be similar to 
those associated with other medical therapies, encompassing minimization 
of risk, analysis of whether risks to participants are reasonable in light of 
potential benefits, and determining whether participants are recruited and 
enrolled with appropriate voluntary and informed consent. Regulatory 
oversight also will need to include legal authority and enforcement capacity 
to prevent unauthorized or premature applications of genome editing, and 
regulatory authorities will need to continually update their knowledge of 
specific technical aspects of the technologies being applied. At a minimum, 
their assessments will need to consider not only the technical context of the 
genome-editing system but also the proposed clinical application so that 
anticipated risks and benefits can be weighed. Because off-target events 
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will vary with the platform technology, cell type, target genome sequence, 
and other factors, no single standard for somatic genome-editing specificity 
(e.g., acceptable off-target event rate) can be set at this time.

RECOMMENDATION 4-1. Existing regulatory infrastructure and 
processes for reviewing and evaluating somatic gene therapy to 
treat or prevent disease and disability should be used to evaluate 
somatic gene therapy that uses genome editing.

RECOMMENDATION 4-2. At this time, regulatory authorities 
should authorize clinical trials or approve cell therapies only for 
indications related to the treatment or prevention of disease or 
disability. 

RECOMMENDATION 4-3. Oversight authorities should evaluate 
the safety and efficacy of proposed human somatic cell genome-
editing applications in the context of the risks and benefits of 
intended use, recognizing that off-target events may vary with the 
platform technology, cell type, target genomic location, and other 
factors.

RECOMMENDATION 4-4. Transparent and inclusive public 
policy debates should precede any consideration of whether to au-
thorize clinical trials of somatic cell genome editing for indications 
that go beyond treatment or prevention of disease or disability. 
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or prospective parents known to be at risk of passing on a 
serious genetic disease to their children, heritable genome 
editing1 may offer a potential means of having genetically 
related children who are not affected by that disease—a 
desire shared by many such parents (e.g., Chan et al., 2016; 
Quinn et al., 2010). Thousands of genetically inherited dis-

eases are caused by mutations in single genes.2 While individually, many of 
these genetically inherited diseases are rare, collectively they affect a sizable 
fraction of the population (about 5-7 percent). The emotional, financial, 
and other burdens on individual families that result from transmission of 
such serious genetic disease can be considerable, and for some families 
could potentially be alleviated by heritable editing. Recent advances in the 
development of genome-editing techniques have made it realistic to con-
template the eventual feasibility of applying these techniques to the human 
germline. As discussed elsewhere in this report, improvements in genome- 
editing techniques are driving increases in the efficiency and accuracy of 
genome editing while also decreasing the risk of off-target events. Because 

1 “Germline editing” refers to all manipulations of germline cells (primordial germ cells 
[PGCs], gamete progenitors, gametes, zygotes, and embryos) (see Chapter 3). “Heritable ge-
nome editing,” a form of germline editing that includes transfer of edited material for gestation 
with the intent to generate a new human being possessing the potential to transmit the “edit” 
to future generations, is discussed in this chapter. The distinction turns on intent rather than 
on the technological intervention, which is highly similar in both cases.

2 See https://www.omim.org (accessed January 3, 2017) and http://www.diseaseinfosearch.
org (accessed January 4, 2017).
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germline genome edits would be heritable, however, their effects could be 
multigenerational. As a result, both the potential benefits and the potential 
harms could be multiplied. In addition, the notion of intentional germline 
genetic alteration has occasioned significant debate about the wisdom and 
appropriateness of this form of human intervention and speculation about 
possible cultural effects of the technology. As discussed below, these include 
concerns about diminishing the dignity of humans and respect for their va-
riety, failing to appreciate the importance of the natural world, and a lack 
of humility about our wisdom and powers of control when altering that 
world or the people within it (Skerrett, 2015). 

A similar debate is already under way regarding a related set of 
techniques—mitochondrial replacement—in which genetic disease carried 
by mitochondrial DNA is avoided by using healthy mitochondria from 
a donor. Because mitochondria in the egg are passed down maternally 

BOX 5-1 
Mitochondrial Replacement Techniques

A technique for mitochondrial replacement already has engendered fresh 
discussion of heritable genetic modification. All people have DNA in the nuclei of 
their cells that encodes most of their traits, but also a very small amount of DNA 
in the mitochondria in their cells. A variety of diseases are caused when mutated 
mitochondria are passed from parent to child through the mother’s egg. Replacing 
these defective mitochondria with normal mitochondria from another woman’s egg 
would allow for conception of children with vastly reduced risk of inherited disease 
while satisfying prospective parents’ desire for genetically related offspring. Sons 
could not pass along the donated mitochondria to their own future children, but 
daughters could, through their now-modified eggs, thus rendering this a potentially 
heritable form of germline alteration.

A 2016 National Academies committee recommended pursuing a cautious, 
incremental approach to mitochondrial replacement, with trials limited to situa-
tions involving a known risk of passing along serious disease (NASEM, 2016e). 
It also recommended initially limiting the techniques’ use to male embryos, so 
that any effects of the donation would be experienced only by the first genera-
tion of children. With additional research and evidence of safety, the committee 
concluded, mitochondrial replacement could be expanded to a heritable form that 
would include female embryos. The United Kingdom’s Human Fertilisation and 
Embryology Authority has also reviewed the mitochondrial replacement proce-
dures and concluded that they are robust enough to proceed with either male or 
female embryos, although to date the procedures have been approved but not 
yet performed.
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through the generations, the effect of these techniques is to make a heritable 
genetic change, albeit one that does not change the DNA in the nucleus. 
Mitochondrial replacement has been used in Mexico (Hamzelou, 2016) and 
Ukraine (Coghlan, 2016) and has been authorized although not yet used in 
the United Kingdom (HFEA, 2016a,b). A recent National Academies study 
led to the recommendation that mitochondrial replacement be permitted to 
proceed to clinical trials in the United States provided it is subject to strict 
criteria and oversight (NASEM, 2016e) (see Box 5-1). In early 2017, there 
were reports of a child born after use of the technique in the Ukraine, in 
this case for an infertility-related condition that would not have met the 
criteria laid out by either the Human Fertilisation and Embryology Author-
ity (HFEA) or the National Academies report (Coghlan, 2017).

This chapter begins by reviewing potential applications of and alterna-
tives to heritable genome editing. It then describes in turn scientific and 
technical issues, ethical and social issues, and potential risks associated with 
these applications. The chapter then turns to the regulation of heritable ge-
nome editing. The final section presents conclusions and a recommendation.

POTENTIAL APPLICATIONS AND ALTERNATIVES

Preventing Transmission of Inherited Genetic Disease

Opinions differ as to whether heritable genome editing should be used 
to prevent the transmission of inherited genetic diseases. Heritable genome 
editing is not the only way to accomplish this goal. Other options include 
deciding not to have children; adopting a baby; or using donated embryos, 
eggs, or sperm. These options, however, do not allow both parents to have 
a genetic connection to their children, which is of great importance to 
many people. Alternatively, in vitro fertilization (IVF) with preimplantation 
genetic diagnosis (PGD) of the embryos can be used to identify affected 
embryos so that parents can choose to implant only those embryos that are 
free of the diagnosed mutation. This option is not without potential risks 
and costs, however, and it also involves discarding affected embryos, which 
some find unacceptable. One can also avoid transmitting genetic mutations 
to the next generation by using prenatal genetic diagnosis of the fetus fol-
lowed by selective abortion of affected fetuses. But as with PGD, some 
people find it unacceptable to terminate an ongoing pregnancy regardless 
of the predicted health of the future child. 

In these situations, for those who are aware they are at risk of passing 
on such a mutation, the use of heritable genome editing offers a potential 
avenue to having genetically related children who are free of the mutation 
of concern. This form of editing could be done either in gametes (eggs, 
sperm), in gamete precursors, or in early embryos, but it is important to 
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note that IVF procedures would be required to generate embryos for subse-
quent genomic modification. In most cases, PGD could be used to identify 
unaffected embryos to implant.

However, there are some situations where all or a majority of embryos 
will be affected, rendering PGD difficult or impossible. For example, domi-
nant late-onset genetic diseases, such as Huntington’s disease, can occur at 
high enough frequency in some isolated populations that one parent will 
be homozygous for the mutation. In such situations, all embryos would 
carry the dominant disease-causing allele that would cause the disease in 
the children, so PGD is not useful. In other populations, the frequency 
of particular disease-causing mutations may be high enough that there is 
a significant chance that both prospective parents will be carriers of mu-
tations in the same gene. Examples include the tumor suppressor genes 
BRCA1 and BRCA2, which increase the risk of breast and ovarian cancer 
even when inherited in a single copy (because of loss of the unaffected copy 
of the gene) and Tay-Sachs disease and other early-onset lysosomal stor-
age diseases that are caused by the inheritance of two copies of recessive 
mutations. In these situations, only one in four embryos would be free of 
a disease-causing mutation. Those unaffected embryos could be identified 
by PGD, but the number of embryos potentially available for implantation 
would be significantly reduced. There are also examples of diseases that 
are caused by pairing of two different mutations in a given gene, known as 
“co-dominance,” and combinations of specific alleles of two or more genes, 
in which PGD becomes more difficult. 

As the survival of people with severe recessive diseases like cystic 
fibrosis, sickle-cell anemia, thalassemia, and lysosomal storage diseases 
improves with advances in medical treatments, the possibility cannot be 
dismissed that there will be an increase in the number of situations in which 
both prospective parents are homozygous for a mutation. The societal and 
medical pressures faced by these people often bring them together in social 
groups where they are more likely to interact and develop close relation-
ships. Similar associations can develop among patients with autosomal 
dominant genetic diseases that allow development to reproductive age (e.g., 
achondroplasia, osteogenesis imperfecta), again increasing the likelihood of 
transmitting disease alleles. As our ability to treat children and adults with 
serious genetic diseases improves through both conventional and somatic 
genome-editing therapies, there may be a growing need to address concerns 
potential parents might have about passing along these diseases to their 
children. Such situations may well increase interest among carriers and af-
fected individuals in using genome-editing techniques to avoid passing on 
deleterious genes to their children and subsequent generations.

There can be an additional problem in the case of mutations that 
compromise fertility, which is the case for women who carry mutations—
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such as Fragile X, BRCA-1 (de la Noval, 2016; Oktay et al., 2015), and 
others—that cause the loss of oocytes during development or postnatally. 
Beyond inherited mutations, external factors like cancer treatments and en-
vironmental chemicals can also reduce ovarian reserve in women who wish 
to avoid transmission of a genetic disease. In these cases, women have fewer 
embryos available to screen from each cycle of superovulation, and the 
chance of establishing a pregnancy with an unaffected embryo (via IVF and 
PGD) is lower than it is for women without these mutations. As a result, 
affected women might require multiple superovulation cycles, with their 
attendant risks, discomforts, and costs, to identify an unaffected embryo.

In all of these situations, if it were safe and efficient to use heritable 
genome editing (e.g., in gamete progenitors) to correct the mutation, this 
alternative might be preferred by prospective parents who otherwise would 
be considering PGD. The number of people in situations like those outlined 
above might be small, but the concerns of people facing these difficult 
choices are real.

Treating Diseases That Affect Multiple Tissues

Some genetically inherited diseases affect specific cell types or tissues, 
such as particular types of blood cells. These diseases can be treated by 
somatic genome editing, and indeed, some of these treatments are already 
being used (see Chapter 4). However, somatic genome editing is less well 
suited to treating other genetic diseases that affect multiple tissues because 
it may be unable to target all aspects of the disease or may have difficulty 
reaching a sufficient number of cells in the affected tissues to ameliorate 
symptoms. Examples of conditions for which somatic genome editing is 
already being investigated but may not be fully effective include cystic 
fibrosis, which affects multiple epithelial tissues (tissues of the lungs, gut, 
and other organs), and muscular dystrophies, which can affect multiple 
muscle types, including heart muscle, as well as other tissues, such as brain. 
Couples with such diseases who want to have genetically related children 
might be future candidates for heritable genome editing because editing the 
defective gene in the germline could have therapeutic benefit in all tissues. 

Duchenne muscular dystrophy (DMD) is an instructive example of the 
challenges faced by the application of germline genome editing. DMD is an 
X-linked disease that affects about 1 in 3,600 male births. Symptoms begin 
to appear within the first few years after birth and progressively worsen. 
The average life expectancy for a person with DMD is about 25 years. 
DMD is caused by mutations in one of the largest genes in the genome, 
dystrophin, which contains multiple repeating similar segments. Both the 
size of the dystrophin gene and its repeats predispose it to mutation, making 
this genetic disease relatively common. Somatic genome-editing approaches 
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are already being developed to remove the deleterious alterations in the 
dystrophin gene in muscle precursors. Such somatic genome-editing ap-
proaches will ameliorate the condition but are not expected to correct the 
symptoms in all tissues.

Once those somatic editing approaches have been tested clinically, one 
might imagine trying to use germline editing to correct the defect in all tis-
sues. However, women who know they are carriers for a DMD mutation 
could use PGD to avoid having an affected child. Furthermore, one-third of 
DMD cases are due to de novo mutations, which would not be recognized 
until after birth and thus are not amenable to germline genome editing. So-
matic editing approaches currently appear to be more useful than germline 
editing for this disease. However, the pace of advances in genome-editing 
methods and stem cell biology may alter that situation.

SCIENTIFIC AND TECHNICAL ISSUES

Practically speaking, considerable technical difficulties remain to be 
overcome in applying genome editing to zygotes and early embryos. Al-
though the efficiency and accuracy of targeting can be extremely high, and 
there are sound reasons for believing that off-target effects can be greatly 
reduced (see Chapter 3 and Appendix A), there still would be a need to 
ensure that only embryos with correctly targeted alleles would be returned 
to the uterus to complete pregnancy. 

Mosaicism

If genome editing were performed in a zygote (fertilized egg) or an early 
embryo, there would be a significant chance that some of the cells in the 
resulting early embryo would not have the desired (or even any) edits. This 
situation is called “mosaicism,” and it presents a significant challenge to the 
application of heritable genome editing in zygotes or embryos. Screening of 
an edited embryo by PGD to test for mosaicism would not ensure correct 
editing of the implanted embryo because a single cell may not reflect the 
genotype of the other cells of the embryo, and removal of multiple cells for 
testing would destroy the embryo. 

The impact of mosaicism depends to some extent on the gene being 
targeted. Mosaicism is a serious problem if the gene of interest encodes a 
required cellular function, but if the gene encodes a secreted factor (e.g., 
growth hormone or erythropoietin), or leads to the secretion of a required 
molecule (such as a blood clotting factor), then correcting the gene in only 
a subset of cells may be sufficient. Furthermore, because the germline in 
the resulting child may also be mosaic, editing only a subset of cells may 
not solve the problem for succeeding generations. But it may offer a better 
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chance of finding a disease-free embryo after PGD, or allow culture and 
selection of edited spermatogonial stem cells (see section on potential alter-
native routes to heritable edits below), thereby enabling those children to 
have unaffected offspring. Overall, the issue of mosaicism would currently 
present a serious impediment to the clinical application of heritable genome 
editing in zygotes or early embryos, although recent progress suggests that 
this impediment may eventually become surmountable (Hashimoto et al., 
2016).

Potential Alternative Routes to Heritable Edits

Editing the embryo genome is not the only potential way to achieve 
heritable genome modification. Approaches that directly modify the ge-
nomes of the gametes (eggs and sperm) or their precursors before fertiliza-
tion could overcome problems of mosaicism and would potentially allow 
preselection of appropriately targeted gametes before in vitro fertilization. 

There are a number of potential routes to gamete genome editing, some 
of which are already in use in mice and others of which remain to be fully 
developed. For example, spermatogonial stem cells (which will give rise to 
sperm) could be isolated by biopsy from testes, edited in culture, tested for 
correct gene editing, and then reimplanted into the testes. Alternatively, 
generating sperm or oocyte progenitors via induced pluripotent stem (iPS) 
cells would allow genome editing to occur in the stem cell population. Cor-
rectly targeted clones could be identified and used to generate spermatids or 
perhaps sperm, either in vitro or in vivo, and used to fertilize donor eggs. 
Significant progress on such technologies is being made in mice and other 
mammals, including nonhuman primates (Hermann et al., 2012; Hikabe et 
al., 2016; Shetty et al., 2013; Zhou et al., 2016). A future in which this kind 
of approach could be extended to ensure precise and effective correction of 
a disease-causing variant in gametes is not unrealistic (see further discussion 
in Chapter 3 and Appendix A). The future prospects for heritable genome 
editing in humans will change dramatically if genome editing in progenitors 
of human eggs and sperm becomes a reality.

Effect on the Human Gene Pool

Another consideration is that some genes that cause serious genetic 
diseases, like sickle-cell anemia, have been subject to positive selection 
to maintain the disease-causing allele in the population because it pro-
duces some protection against infectious disease when present in one copy 
(heterozygous) (see Chapter 4). The same might be true for some other 
disease-causing variants, and there is some evidence suggesting that might 
be the case for cystic fibrosis, although this has not yet been established 
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(Poolman and Galvani, 2007). Such examples have led some to question 
whether heritable genome editing to remove disease-causing variant genes 
might significantly alter the human gene pool. As discussed earlier, the 
numbers of cases of human germline editing to treat disease, if it were to be 
approved, would be very small, and there is little chance of any significant 
effects on the gene pool in the foreseeable future. It has also been proposed 
that any heritable genome editing should be restricted to making changes 
that occur naturally in the human population (i.e., converting deleterious 
disease-causing variant [mutant] alleles to a common nonpathogenic DNA 
sequence) to minimize the risk of unexpected effects of the modification 
in generations to come (see also Chapter 6 for discussion of genome edit-
ing for enhancement purposes). Changing a disease-causing mutation to a 
known existing nonpathogenic sequence would be the case in any currently 
envisioned therapeutic applications, and thus the effect of any such heri-
table genome-editing changes for therapeutic purposes is expected to have 
minimal effect on the human gene pool.

Ability to Select Appropriate Gene Targets

Finally, the issue arises of whether current knowledge of human genes, 
genomes, and genetic variation and the interactions between genes and 
the environment is sufficient to enable heritable genome editing to be 
performed safely. While current knowledge is arguably sufficient for some 
genes, in many cases it is not. There is uncertainty, for example, about why 
the APOE4 allele, which clearly correlates with increased risk of Alzheim-
er’s disease, is present in the human gene pool at such a high frequency. 
One theory is that it may confer an advantage in other respects, similar to 
the heterozygous advantage of sickle-cell mutations that confer protection 
against malaria (see Chapter 4). A gene such as APOE4 would not be a 
good candidate for heritable genome editing because it may confer some 
protection against liver damage by hepatitis C infection (Kuhlman et al., 
2010; Wozniak et al., 2002), and also the fact that its deleterious effects 
are not fully penetrant. Knowledge of genome–environment interactions 
will improve over time as large-scale projects linking genomic sequences 
with details of health, environment, and lifestyle are carried out—such as 
the 100,000 Genomes Project in the United Kingdom and the Precision 
Medicine Initiative in the United States. As understanding of the genome 
progresses and genome-editing/stem cell technologies improve, future pos-
sibilities for editing the heritable germline to improve human health and 
well-being will need to be the subject of ongoing, careful consideration. 
Each potential target gene would need to be evaluated carefully on both 
scientific and ethical grounds, and only well-understood genes would be 
suitable candidates for heritable genome editing.
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ETHICS AND REGULATION OF EDITING THE GERMLINE 
TO CORRECT DISEASE-CAUSING TRAITS

Nearly half a century ago, Bernard Davis published an essay that pre-
sciently outlined discussions still under way today about the promise, the 
risks, and the roadmaps for genetic research, including research on mak-
ing heritable changes in the germline (Davis, 1970). He began his article 
with a call “to assess objectively the prospects for modifying the pattern of 
genes of a human being by various means” (p. 1279) and continued with 
a caution: that one must keep in mind that “the most interesting human 
traits—relating to intelligence, temperament, and physical structure—are 
highly polygenic” (p. 1280) and therefore depend upon large numbers of 
genes interacting in complex ways with the environment. This is still true, 
but more is being learned every year about the genetic regulatory circuits 
that control complex traits, and there is an ongoing need to consider the 
potential benefits and risks of heritable genome editing. 

Balancing Individual-Level Benefits and Societal-Level Risks

One of the challenging characteristics of debates concerning heritable 
genome editing is that they require balancing possible benefits that accrue 
primarily to individuals (such as prospective parents and children) against 
not only risks to the individuals, but also against possible harms at a social 
and cultural level. This is a complicated ethical analysis, in no small part 
because the individual benefits and risks are more immediate and concrete, 
whereas concerns about social and cultural effects are necessarily more dif-
fuse. In addition, although examination of past technological innovations 
can help in making predictions about social and cultural changes, these pre-
dictions remain necessarily speculative because any such changes resulting 
from a new technology take time to develop. Thus, the ethical debates be-
come difficult because the arguments can fail to engage each other directly. 

In the United States, appropriate consideration of social and cultural 
concerns is usually resolved within the context of civil rights jurisprudence 
and legal decisions, which compare the burdens on individual liberties or 
the discriminatory impact of those burdens to whether there is a rational 
or compelling need for these particular state restrictions. In these cases, the 
outcomes are often determined less by the substantive arguments for and 
against the technology or an individual’s choice and more by the level of 
justification required to uphold the restrictions. When ordinary liberties are 
restricted, a mere rational basis for the governmental restrictions will be 
upheld by the courts. If the liberties involved are fundamental, such as those 
specifically identified in the Bill of Rights or otherwise deemed fundamental 
by the courts, then a much more compelling and well-crafted justification 
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for the restrictions is required. The contours of the latter category can be 
uncertain, however, because of enduring debates surrounding the methodol-
ogy and legitimacy of judicial determinations that some rights are funda-
mental despite their absence from the Bill of Rights. Procreative rights fall 
within this disputed area, making it more difficult to predict which level 
of justification will be needed should there be a challenge to government 
restrictions on one or more aspects of procreative activities (Murray and 
Luker, 2015).

Parental Benefits

The possible benefits of heritable genome editing accrue most immedi-
ately to individuals: the prospective parents who want to have an unaffected 
genetically related child (and that child) but fear passing along a disease. 
The desire for genetic relation is evidenced by the fact that many prospec-
tive parents, faced with the choice between foregoing genetically related 
children or risking the birth of a child with a genetic illness, will choose 
to risk having an affected child (Decruyenaere et al., 2007; Dudding et al., 
2000; Krukenberg et al., 2013). If an edit is made in a gene that is well un-
derstood and the change is a conversion to a known, common, nonpatho-
logical sequence, heritable genome editing may represent an option that 
is at times more effective or acceptable than PGD. It would offer benefits 
to the parents and allow for the birth of a child who would enjoy better 
health. In the case of some disorders that are lethal at a young age, it would 
allow for the birth of a child with the prospect of a more ordinary lifespan.

Access to heritable genome editing would be consistent with the broad-
est legal and cultural interpretations of parental autonomy rights in the 
United States. The desire to have genetically related children may arise from 
a variety of factors, ranging from a wish to see one’s self or one’s ances-
tors reflected in the appearance of the children to a belief in the need for a 
biological linkage in order to satisfy a sense of lineage, continuity, or even 
some form of immortality (Rulli, 2014). Precluding access to this technol-
ogy could be regarded as limiting parental autonomy, depending upon the 
country and the culture. Indeed, some people feel they have a religious or 
historical mandate to have genetically related children. There are others 
who do not share this view of parental autonomy, and see germline editing 
as a step toward seeing children as constructed products and an increasing 
intolerance of their inevitable imperfections and failures to live up to pa-
rental expectations (Sandel, 2004). And some would argue that satisfying 
the desire for genetically related children is not an unalloyed benefit, as it 
can be seen as reifying what some view as outdated notions of kinship and 
family precisely at a time when adoption, same-sex marriage, donor gam-
etes, surrogacy, and stepparenting are being normalized (Franklin, 2013). 
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In the United States, procreative liberty is grounded in legal cases that 
relate to the right to have children at the time one wishes, and with con-
siderable latitude in rearing practices.3 Relevant cases focus on a right to 
rear children and shape their characters largely to fit parental preferences, 
the right not to have the state involuntarily sterilize persons, the right to 
use contraception to avoid conceiving, the right to control one’s body even 
if it entails terminating a previable pregnancy, and the right to preserve 
one’s health even if it entails terminating a viable pregnancy. In a related 
case concerning statutory interpretation of the Americans with Disabilities 
Act, the U.S. Supreme Court acknowledged that procreation is a major life 
activity.4 The broad view of these cases would include methods of achiev-
ing pregnancy and a right to use the same technologies to reduce the risk 
of disease and disability in those children. 

However, the constitutional law cases in the United States do not di-
rectly address a right to destroy an ex utero embryo, nor do they address 
PGD or the legality of IVF. The expansive view above remains untested with 
respect to how broadly it construes procreative liberty, and related cases on 
parental rights and reproduction do not clearly support this interpretation 
(Nelson, 2013). Procreative liberty—like all liberties—can be viewed either 
as a negative right that protects parties from governmental prohibitions or 
as a positive right that obligates government to facilitate choices or pro-
vide services. In the United States, a negative-right analysis of procreation 
protects parents from government prohibitions on key aspects of reproduc-
tive choice (such as use of contraceptives) and parental discretion (such as 
choice of language of educational instruction). But reasonable regulation 
of a technology for the protection of the health and well-being of those af-
fected is entirely permissible, even when claims of constitutional rights can 
be made. And the concept of procreative liberty has never been extended 
to a positive right to demand that government fund or even approve new 
reproductive technologies. 

Potential Risks

Balanced against the possible benefits of heritable genome editing are a 
variety of potential risks. As discussed earlier in the chapter, genome-editing 
technologies in their current state still face technical challenges that would 
need to be overcome before they could be applied to editing the human 

3 Meyer v. Nebraska, 262 U.S. 390 (1923); Pierce v. Society of Sisters, 268 U.S. 510 (1925); 
Farrington v. Tokushige, 273 U.S. 284 (1927); Prince v. Massachusetts, 321 U.S. 158 (1944); 
Wisconsin v. Yoder, 406 U.S. 205 (1972).

4 Bragdon v. Abbott, 524 U.S. 624 (1998).
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germline, necessitating caution and careful review of any proposals to pro-
ceed to clinical trials. 

Unintended Consequences

One concern is that human intervention may have unintended con-
sequences. In the case of heritable genome editing, this concern has two 
distinct components. The first is the possibility of off-target effects of the 
editing process, as in the case of somatic genome editing. As discussed else-
where in this report (in detail in Appendix A but also in other chapters), this 
technical question is receiving a great deal of scientific attention. Although 
improvements in genome-editing technology are reducing the incidence of 
off-target events, and methods for assessing their rate, some approaches 
already approved for somatic therapies, are being developed, they have not 
yet reached the point at which clinical trials of heritable genome editing 
could be authorized. Before any such clinical trials are approved, it will be 
necessary to demonstrate that the editing procedures will not lead to any 
significant increase in unintended variants. The required level of such vari-
ants will be necessarily lower than for somatic genome editing, but given 
that heritable genome editing may not go forward for some time, the tech-
nology for minimizing and assessing off-target events will undoubtedly have 
improved significantly. In addition, experience with somatic genome editing 
will have refined understanding of what might be considered acceptable or 
unacceptable rates of unintended variants.

Whatever standards are developed for somatic applications, there will 
be less tolerance for off-target effects in germline applications. By definition, 
those affected by the edits (future offspring) did not make the decision to 
be subjects of research or attempts at therapy, and adverse effects might be 
multiplied by reverberation across generations. Both factors lead to a more 
conservative approach to the risk/benefit balance.

A second concern is that the intended genome edits themselves might 
have unintended consequences, even in the absence of off-target effects. In 
the case of heritable genome editing to convert a well-understood disease-
causing variant gene to a widely occurring nonpathological variant, the 
editing change would be to a version of the gene that is known not to have 
deleterious consequences. These variants are broadly present in the popu-
lation already, so the chances that the edit would have some  unexpected 
 effects are small. On the other hand, the question of unintended conse-
quences of a targeted edit would arise in the context of edits performed 
to make a change to a DNA sequence that is not already prevalent in the 
population, as would be the case for some so-called enhancements. In germ-
line editing, the concern is magnified because the alteration could affect 
descendants, as discussed further in Chapter 6. 
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Long-Term Follow-Up

As with any new procedure, carefully monitored clinical trial protocols 
would be required for heritable genome editing, with attention to monitor-
ing off-target events as well as the efficiency and correctness of the specific 
edit. Unlike conventional clinical trials, heritable genome-editing trials 
would likely require long-term prospective follow-up studies across subse-
quent generations. This follow-up would entail study of the future children 
affected by the intervention, none of whom would have been party to the 
initial decision to participate in a research trial. Data of this type would be 
important for determining whether the techniques had achieved their goals 
(Friedmann et al., 2015). Even those who have volunteered to be research 
subjects cannot be compelled to participate in long-term follow-up. None-
theless, encouragement is permitted. Experience from xenotransplantation 
and some drug and device trials shows that this encouragement can be 
successful. And despite the particular challenge of studying offspring rather 
than those who consented to the research, experience with other reproduc-
tive technologies suggests that follow-up can be carried out in numbers 
sufficient to permit conclusions about many possible long-term effects (Lu 
et al., 2013). 

Societal Effects

Some have argued that germline editing can be justified on grounds that 
go beyond mere parental choice. There is a line of thought that germline 
modification could be used to create a level playing field for those whose 
traits now put their children and descendants at a disadvantage (Buchanan 
et al., 2001). Others see a public health benefit in access to heritable genome 
editing because it might somewhat reduce the prevalence of many devastat-
ing diseases, such as Tay-Sachs and Huntington’s disease. That said, it is 
important to note that the history of abusive and coercive eugenics (dis-
cussed in the section on human dignity and the fear of eugenics below) is 
intertwined with previous, undoubtedly well-intentioned public health and 
hygiene movements, which is one reason why discussions of public health 
benefits often engender some skepticism and unease.

Some contemporary transhumanists point out that the human body 
is flawed in that it easily becomes diseased, requires a great deal of sleep, 
has various cognitive limitations, and eventually dies. They suggest that it 
would make sense to improve the human species by making it more resis-
tant to disease, more moral, and more intelligent (Hughes, 2004). Some, 
such as philosopher John Harris, say that in certain cases there is a moral 
obligation to enhance ourselves genetically (Harris, 2007). But these are 
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arguments about enhancement, not the restoration or maintenance of or-
dinary health. That topic is addressed in more detail in Chapter 6.

A “Natural” Human Genome and the Appropriate 
Degree of Human Intervention

Among the social and cultural arguments against heritable genome 
editing are positions that support a preference for a “natural” genome. 
Although there is wide acceptance of human intervention in agriculture 
and medicine, some hold the view that the human genome is different 
and should be free of intentional manipulation because of some aspect of 
its naturalness, whether defined as “normal,” “real,” or otherwise deter-
mined largely by forces other than human intervention (Nuffield Council, 
2015), and some aspect of its “humanness” (Machalek, 2009; Pollard, 
2016). However, the human genome is not entirely “human,” as it includes 
Neanderthal and Denisovan DNA (Fu et al., 2015; Pollard, 2016; Vernot 
et al., 2016). Nor does it exist in any single, static state. As reviewed in 
Chapter 4, each time a cell divides, numerous changes in the DNA sequence 
occur, and environmental insults such as radiation and chemicals (both 
natural and synthetic) also produce sequence changes. Moreover, meiosis 
combined with fertilization creates in each individual a novel assortment of 
gene variants. The result is significant variation in genomic DNA sequence 
among individuals (Kasowski et al., 2010; Zheng et al., 2010) and even 
within the cells of a single individual. Every human (other than mono-
zygotic twins) begins with a unique genome—actually two genomes that 
subsequently diversify as cells divide, each of which is “natural.” There is 
no single human genome shared by all of humanity.

The concern then devolves to the view that the human genome should 
be treated with a sense of humility and that humanity should recognize the 
limits of wisdom and science, and even that human intervention is more 
dangerous or more unpredictable than natural processes. This concern 
often is expressed by the term “playing God,” which captures the notion 
that humans lack a god-like omniscience that would be required to make 
any changes in the genome safely (and to predict that such changes would 
actually serve the intended purpose). Even those approaching the issue 
from a nontheological point of view may use the term to represent a more 
general notion about appropriate limits of intentional human control of 
the environment or of the human genome (President’s Commission, 1983).

To some extent, this argument implicitly accepts the thesis that the 
forces of nature and evolution are a better—or at least less problematic—
source of genome alteration than human intervention. However, the natural 
variations in human genomes arise by chance and are selected for or against 
during evolution by founder effects and according to selection pressures 
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such as climate, nutrition, and infectious disease, some of which may no 
longer be relevant in the modern world. Accordingly, while it is important 
to recognize the limits of human understanding and proceed with all due 
care, this does not necessarily mean that society should forswear any hu-
man intervention at all.

Overall, from a scientific viewpoint, some conclusions about likely 
benefits and risks of heritable genome editing can be supported with a fair 
degree of certainty, while others remain uncertain and in need of further 
investigation and societal debate, calling for humility with respect to those 
conclusions. Assessing the probabilities of efficacy and risk is the focus of 
clinical trials, which can be viewed as a manifestation of the recognition of 
the limits of human knowledge. 

Beyond the scientific assessment of risks and uncertainties, the ques-
tion of the proper extent of human intervention in nature has long been 
discussed in spiritual and religious terms. In the contemporary West, where 
Christian traditions have had the most influence on what is today a more 
religiously diverse and often secular culture, these ideas are expressed in the 
debate about which tasks in improving or stewarding nature are the domain 
or obligation of humans and which are to be left to God (Cole-Turner, 
1993; Vatican, 2015). This thinking reflects beliefs that are present across 
a variety of traditions and many centuries, including St. Francis’ Canticle 
of Creation and the belief systems among some Native American nations. 

In the Jewish tradition, on the other hand, there is an explicit obliga-
tion to build and develop the world in any way that is beneficial to people, 
and such improvements are viewed as a positive collaboration between 
God and humans, not as an interference with creation (Steinberg, 2006). 
Similarly, many Muslims and Buddhists view genetic engineering as just 
one of many welcome interventions to reduce suffering from disease (HDC, 
2016; Inhorn, 2012; Pfleiderer et al., 2010). The question will always be 
how much human-directed intervention in nature and in humans themselves 
is appropriate or even permissible. This is a spiritual and practical ques-
tion asked by both religious and nonreligious people, although somewhat 
more often by the former (Akin et al., 2017). Even among the religious, 
adherents of different faiths will have varying degrees of interest or concern 
(Evans, 2010). 

Human Dignity and the Fear of Eugenics

International covenants, treaties, and national constitutions, includ-
ing European treaties focused on banning germline modification, typically 
invoke the concept of dignity (Hennette-Vauchez, 2011). While this term 
has many meanings, it is most often invoked in the debate about heritable 
genome editing to affirm that humans have value simply by virtue of being 
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human and not because of their capacities, and thus cannot be treated as 
instruments of another’s will (Andorno, 2005a; Sulmasy, 2008). Emmanuel 
Kant viewed human agency and free will as essential aspects of human 
dignity. The term also can signal a special regard for humans as opposed 
to other species, an appreciation of the intellectual capacities of humans, 
and a commitment to promoting autonomy and human flourishing. Since 
rights and other individualistic arguments cannot easily be used to address 
concerns about future generations or humanity, “dignity” has been invoked 
to “provide an ultimate theoretical reason to prevent a misuse of emerg-
ing biotechnological powers” (Andorno, 2005b, p. 74). Even if limited 
to preventing serious disease or disability, the prospect of using heritable 
genome editing triggers concern that purely voluntary, individual decisions 
can collectively change social norms regarding the acceptance of less serious 
disabilities (Sandel, 2004). 

The disability rights community is not monolithic, and its attitudes 
toward genetic technologies such as prenatal screening can vary from sup-
portive to skeptical (Chen and Schiffman, 2000; Saxton, 2000). There has 
been a long and ongoing debate among different parts of the disability com-
munity with regard to the use of screening technologies. These tensions are 
real, continuing, and unlikely to be resolved entirely. Still, disability activists 
have been among the most visible critics of using technology to screen for 
or determine the genetic qualities of children. Jackie Leach Scully writes 
of a fear that voluntary prenatal diagnostic techniques, which would also 
apply to genome editing, set us on a “slippery slope” (a concept discussed 
further below) toward intolerance of disability and even the risk of a return 
to the coercive practices of the past (Scully, 2009). 

Others write that a policy of prevention by genetic screening (and by 
extension genome editing) “appears to reflect the judgment that lives with 
disabilities are so burdensome to the disabled child, her family, and society 
that their avoidance is a health care priority—a judgment that exaggerates 
and misattributes many or most of the difficulties associated with disabil-
ity” (Wasserman and Asch, 2006, p. 54). The same observation has been 
made concerning the differing perceptions of disabled persons and medical 
professionals about the degree of distress caused by a particular condition 
(Longmore, 1995). Studies suggest that “many members of the health pro-
fessions view childhood disability as predominantly negative for children 
and their families, in contrast to what research on the life satisfaction of 
people with disabilities and their families has actually shown” (Parens and 
Asch, 2000, p. 20).

Indeed, there is concern that the availability of the technology might ac-
tually lead to a judgment that parents who forego heritable genome editing 
are negligent, a theory seriously discussed (although ultimately abandoned) 
with respect to genetic screening when it became a common practice (Malek 
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and Daar, 2012; Sayres and Magnus, 2012; Wasserman and Asch, 2012). 
Others have cited fears that hard-won successes at developing laws and 
policies that make the world accessible to those with disabilities will lose 
support when the number of persons directly affected declines.

One can argue that these concerns reflect a false dichotomy, and that 
unconditional love for a disabled child once born and respect for all people 
who are born with or who develop disabilities are not incompatible with 
intervening to avert disease and disability prior to birth or conception. And 
the decades that saw the explosion of prenatal diagnosis (accompanied by 
selective abortion of affected fetuses) and preimplantation diagnostics (ac-
companied by selective implantation of nonaffected embryos) are the same 
as those in which public attitudes toward disability became far more accept-
ing (Hernandez et al., 2004; Makas, 1988; Steinbach et al., 2016). It would 
appear that “encouraging attempts to reduce the incidence of a genetic dis-
ease is compatible with continuing respect for those born with the disease 
and providing support for their distinctive needs” (Kitcher, 1997, p. 85).

The disability community is characterized by a long and ongoing ten-
sion with regard to the use of screening technologies. The literature appears 
to support openly acknowledging that this tension is real, continuing, and 
unlikely to be resolved entirely, and that any step toward the use of genome 
editing to eliminate disabilities must be carried out with care and open 
discussion (Kitcher, 1997). The committee supports this call for continued 
public deliberation (see Chapter 7). 

Public policy has shifted toward eliminating discrimination in employ-
ment or public services, and public investment in changing the social, physi-
cal, and employment environment to achieve this goal has increased, with 
measures ranging from accessible buildings to sign language presentations 
to aural signals for street crossings. The range of measures remains insuf-
ficient, however, and one cannot know whether this shift in attitude would 
have been even more dramatic if genetic screening and abortion laws had 
not made it easier to reduce the prevalence of birth defects. Nonetheless, 
this progress does to some extent address the concern that reducing the 
prevalence of disabilities will necessarily decrease empathy, acceptance, or 
integration of those who have them.

Economic and Social Justice

Recognizing that heritable genome-editing technology is unlikely to be 
used widely in the near future and that drastic transformation of the spe-
cies or immediate changes in cultural norms are unlikely, some social justice 
arguments focus on the effects of the technology’s being accessible only to 
a few rather than to too many. In this framing, the technology is another 
example of a society’s allocating considerable resources to developing a 
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technology that will benefit only a relatively few wealthy people when this 
money could be used to relieve the suffering of millions of poor people 
through already existing technologies (Cahill, 2008). One counterargument 
is that the research phase may include those less well-off, or that even if 
treatments for rare but compelling diseases often start with the wealthy, 
they eventually become more affordable and available for the poor. More-
over, the research that will make heritable genome editing possible will 
likely provide insights that will lead to health care interventions for other 
disorders as well. More to the point, perhaps, is the reality that—at least 
in the United States—health care budgets are not set globally, and therefore 
the decision to refrain from spending in one area will not necessarily result 
in the funds being redirected to another area of need.

Another concern is that if heritable genome editing were to become 
prevalent among those who are wealthier or better insured, it could change 
the prevalence of avoidable diseases between advantaged and disadvan-
taged populations and could permanently establish what Harris (2007) calls 
“parallel populations.” While great inequality already exists, the argument 
continues, heritable genome editing would make a culturally determined 
inequality into one that is biological. While such a phenomenon already 
exists in the form of durable effects of better nutrition and use of vaccines 
among the advantaged populations of the world, some critics are concerned 
about adding yet another, more durable form of superior access to better 
health (Center for Genetics and Society, 2015). These concerns apply to a 
range of health advances, and are not limited to genome editing.

The Slippery Slope

Many scholars who support (or at least are not opposed to) germline 
modifications align the possible uses of genome editing along a contin-
uum of acceptability. This continuum almost always starts with converting 
single-gene disorders to a common, nondeleterious sequence at the most-
acceptable end, and moves toward enhancements that are unrelated to 
disease on the least-acceptable end. The slippery slope claim is that taking 
the first step with single-gene disorders is likely to lead, in some number of 
years, to the conduct of nondisease enhancements that many would rather 
see prohibited. As one group involved with somatic modification wrote in 
the journal Nature, “many oppose germline modification on the grounds 
that permitting even unambiguously therapeutic interventions could start 
us down a path towards non-therapeutic genetic enhancement” (Lanphier 
et al., 2015, p. 411).

The slippery slope arguments of most critics do not claim inevitability 
but are instead probabilistic. They are based on what could be described 
as predictive sociology about how societies actually function and rejec-
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tion of the notion that placing barriers and speed bumps on the slippery 
slope will be a sufficient deterrent to less desirable uses (Volokh, 2003). 
Many scientific advances in the past—ranging from reconstructive surgery 
(which has led to plastic surgery for aesthetics) to prenatal screening for 
lethal disorders (which has led to screening of carriers for disease genes and 
preimplantation screening for nonlethal, even late-onset disorders)—have 
raised similar concerns about a slippery slope toward less compelling or 
even antisocial uses.

An opponent of editing the germline would not necessarily oppose on 
principle replacing a disease gene variant with a corresponding, common, 
nondisease variant, as such a change would give offspring no social advan-
tage and is the type of instrumental action directed at future children that 
is currently part of modern medicine. Many opponents, however, do not 
believe genome editing would stop there and observe that a number of so-
cial processes make the slope more slippery. Parts of the medical profession 
might become invested in providing the service or patient groups in seeking 
the service, creating powerful interest groups favoring its maintenance or 
even expansion. IVF, for example, was originally developed to circumvent 
fallopian tube blockage. It soon was extended, however, to circumventing 
naturally age-related decline in fertility and even postmenopausal infertil-
ity, and later became an enabling technology for PGD. Likewise, PGD was 
originally designed to select against embryos with serious deleterious muta-
tions but later was expanded to conditions that not all agree are diseases or 
disabilities, as well as to sex selection. 

On the other hand, slippery slope arguments have their critics, who 
point to their inherent uncertainty and the fact that many such claims do 
not come to pass. Indeed, despite predictions to the contrary, neither IVF 
nor PGD has come to be used for convenience or for selection of trivial 
traits. Even artificial insemination, which offers an inexpensive way to 
“optimize” the male genetic contribution, has not become a widespread 
practice except when the male partner is absent, infertile, or at risk of pass-
ing on a seriously deleterious mutation. Furthermore, among those women 
who already needed to use donor gametes, almost none took advantage of 
the opportunity to obtain semen from the so-called Nobel Prize sperm bank 
(Plotz, 2006), although there has been evidence of a stronger tendency to 
“optimize” when it comes to egg donation (Klitzman, 2016). Those who 
reject slippery slope arguments often are less concerned than proponents 
about situations that might be viewed as the bottom of the slope.

Many of the attempts to introduce speed bumps or friction on the 
slippery slope in the evolution of genetic modification of humans have fo-
cused on the easily grasped linguistic/cognitive difference between a body/
individual and offspring/society, thereby establishing the distinction be-
tween editing of somatic and germline cells. Critics would claim that the 
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current debate about crossing the cognitive barrier (i.e., crossing the germ-
line) is proof of the existence of a slippery slope. 

Overall, slippery slope arguments do not depend on universal con-
demnation of the initial, most compelling applications of heritable genome 
editing. But while many think that regulation could establish effective 
speed bumps, proponents of slippery slope arguments raise the question of 
whether and how society can develop regulations that are sufficiently robust 
to quell the fear of a progressive move toward less compelling and more 
controversial applications. Indeed, they would say that regulations would 
do little to stop the progression down a slippery slope because regulations 
are based on cultural views, and it is precisely the underlying change in 
cultural views that is the slippery slope. 

REGULATION

Regulation in the United States

In the United States, heritable genome editing would be subject to a 
complex landscape of state and federal laws and regulations (see Chapter 2). 
The legality of research, and perhaps even clinical application, would vary 
from state to state as a result of differing laws on fetal and embryo research. 
Federal funding for the research would likely be unavailable because of cur-
rent legislative restrictions on funding research involving human embryos. 
Should heritable genome editing move into clinical investigations, the U.S. 
Food and Drug Administration (FDA) would have regulatory jurisdiction. 
The altered cells—whether gametes or the embryo—would need to be im-
planted for gestation, and this transfer would trigger the same FDA jurisdic-
tion as that used by the agency in 2001 (FDA, 2009) when it determined 
that reproductive cloning could not proceed without authorization. This 
jurisdiction derives from the agency’s power to regulate tissue transplanta-
tion. While IVF and even PGD were developed before the FDA policy in this 
area was fully developed and therefore have not been regulated as closely 
as more recent products, genome editing would fall squarely within FDA 
jurisdiction. 

A careful stepwise process (outlined in more detail in Chapter 2) 
would include consideration by the National Institutes of Health’s (NIH’s) 
Recombinant DNA Advisory Committee (RAC) (with public comment 
and transparent review), local institutional review board (IRB) and local 
institutional biosafety committee (IBC) review, and FDA review before 
any decision about whether to permit clinical trials could be made. If 
heritable genome editing succeeded in research trials and was approved 
for marketing, there would also be mechanisms for oversight in the post-
approval context. 
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Because heritable genome editing would involve the use of other as-
sisted reproductive technologies, oversight of its use would likely involve 
the same statutes and regulations that apply to IVF and PGD. Some of these 
regulations focus on donor material safety, transparency, and reporting re-
quirements, as is the case with IVF, or on quality control of the laboratories 
(though not necessarily the actual diagnostics) used for PGD. Heritable 
genome editing would be performed in conjunction with IVF and PGD, and 
thus could involve statutes and regulations that apply to those technologies. 
For example, IVF itself is subject to rules that require registration of facili-
ties, screening of donor gametes for communicable diseases, and compli-
ance with good tissue-handling standards (FDA, 2001). Programs using IVF 
also must report pregnancy success rates to the Centers for Disease Control 
and Prevention (CDC).5 

Following the publication of the National Academies report on mito-
chondrial replacement techniques, which can result in heritable changes 
in small amounts of mitochondrial (i.e., nonnuclear) DNA present in the 
egg, and the publication of genome-editing research in China using non-
viable human embryos, NIH made a statement to the effect that it would 
not fund research involving genome editing of human embryos.6 Francis 
Collins,  Director of NIH, stated that NIH “will not fund any use of gene-
editing technologies in human embryos” (Collins, 2015). He noted that 
the “concept of altering the human germline in embryos for clinical pur-
poses has been debated over many years from many different perspectives, 
and has been viewed almost universally as a line that should not be crossed” 
(Collins, 2015). But this research is already something NIH could not 
fund because of legal obstacles created by the Dickey-Wicker Amendment 
(forbidding U.S. Department of Health and Human Services [HHS] fund-
ing of such work) and the RAC policy of declining to review such work in 
accordance with the requirement for NIH-funded projects (see Chapter 2). 

The NIH statement also highlighted the requirement for FDA approval 
of an Investigational New Drug (IND) application for any clinical trials 
involving transfer and gestation of an edited embryo. The FDA had never 
received or approved a proposal to modify the germline, but apparently 
alarmed by the direction of research, the U.S. Congress held hearings in 

5 Assisted Reproductive Technology Programs, 42 U.S.C. § 263a-1 (current through Public 
Law 114-38).

6 The NIH statement can be accessed at https://www.nih.gov/about-nih/who-we-are/nih-
director/statements/statement-nih-funding-research-using-gene-editing-technologies-human-
embryos (accessed January 30, 2017).
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June 2015 on “The Science and Ethics of Engineered Human DNA.”7 
These hearings were followed by the omnibus spending bill provision, dis-
cussed in Chapter 2, that prevents the FDA from using any of its resources 
to even consider an application to proceed with clinical trials involving 
germline modification.8 This limitation will last at least through the end of 
April 2017. Beyond that date, the prohibition may be extended or deleted, 
depending on the details of the next budget exercise. If the prohibition is 
lifted, the FDA will once again be permitted to entertain requests to initi-
ate clinical trials in this area, although the restrictions on the use of federal 
funds for such research will remain.

Statements and Views from Other Bodies

Heritable genetic engineering has been the subject of public and aca-
demic discussion for decades. Salient instruments that have legal effect 
include the European Oviedo convention, which allows genetic engineering 
only for preventive, diagnostic, or therapeutic purposes and only when it is 
not aimed at changing the genetic makeup of a person’s descendants, thus 
precluding heritable genome editing. Although signed by 35 nations, this 
convention is binding only on those 29 that ratified it (6 nations did not 
ratify it in full), and even then requires implementation through domestic 
legislation (COE, 2016). 

More recently, as discussed in Chapter 1, the organizers of the De-
cember 2015 International Summit convened by the science and medicine 
academies of the United States, the United Kingdom, and China called for 
a pause of some undefined duration in any attempt at heritable genome 
editing. Their statement read: 

It would be irresponsible to proceed with any clinical use of germline edit-
ing unless and until 

 (i) the relevant safety and efficacy issues have been resolved, based on 
appropriate understanding and balancing of risks, potential benefits, and 
alternatives, and 
 (ii) there is broad societal consensus about the appropriateness of the 
proposed application. Moreover, any clinical use should proceed only 
under appropriate regulatory oversight. 

7 “The Science and Ethics of Engineered Human DNA.” Hearing before the Subcommittee 
on Research and Technology, of the House Committee on Science, Space and Technology, 
June 16, 2015. https://science.house.gov/legislation/hearings/subcommittee-research-and-
technology-hearing-science-and-ethics-genetically (accessed January 30, 2017).

8 Consolidated Appropriations Act of 2016, HR 2029, 114 Cong., 1st sess. (January 6, 
2015) (https://www.congress.gov/114/bills/hr2029/BILLS-114hr2029enr.pdf [accessed Janu-
ary 4, 2017]).
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At present, these criteria have not been met for any proposed clinical use: 
the safety issues have not yet been adequately explored; the cases of most 
compelling benefit are limited; and many nations have legislative or regu-
latory bans on germline modification. However, as scientific knowledge 
advances and societal views evolve, the clinical use of germline editing 
should be revisited on a regular basis. (NASEM, 2016d, p. 7)

Similarly, in its 2016 professional guidelines for regenerative medicine 
research, the International Society for Stem Cell Research included the fol-
lowing statement: “Until further clarity emerges on both scientific and ethi-
cal fronts, the ISSCR holds that any attempt to modify the nuclear genome 
of human embryos for the purpose of human reproduction is premature and 
should be prohibited at this time” (ISSCR, 2016a, p. 8).

In 2015, a self-organized group of multinational experts called the 
Hinxton Group published a statement exploring the possibility that herita-
ble genome editing might be acceptable, albeit with many caveats (Hinxton 
Group, 2015, p. 3). According to that statement, “[p]rior to any movement 
toward human reproductive applications, a number of crucial scientific 
challenges and questions must be addressed.” The statement proceeds to list 
a number of technical questions related to safety and efficacy and stresses 
the need to explore cultural attitudes and whether and how legal limits 
might be placed on particular uses. 

The French National Academy also appears to have taken the posi-
tion that while heritable genome editing is unacceptable now, one can 
contemplate a time when it might be permitted, stating that “this research, 
including that on germline cells and human embryos, should be carried out 
provided that it is scientifically and medically justified” (ANM, 2016, p. 2). 

These statements all recognize that issues of safety and efficacy associ-
ated with heritable genome editing are far from resolved and that attempts 
to apply this form of genome editing should not be made at this time. They 
all note, however, that the science is continuing to progress rapidly, and 
they avoid calling for permanent prohibitions. Indeed, the Hinxton Group 
recommends that “a detailed but flexible roadmap [be] produced to guide 
the development of standards for safety and efficacy” (Hinxton Group, 
2015, p. 3).

CONCLUSIONS AND RECOMMENDATION

In some situations, heritable genome editing would provide the only 
or the most acceptable option for parents who desire to have genetically 
related children while minimizing the risk of serious disease or disability 
in a prospective child. Yet while relief from inherited diseases could accrue 
from its use, there is significant public discomfort about heritable genome 
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editing, particularly for less serious conditions and for situations in which 
alternatives exist. These concerns range from a view that it is inappropriate 
for humans to intervene in their own evolution to anxiety about unintended 
consequences for the individuals affected and for society as a whole. 

More research is needed before any germline intervention could meet 
the risk/benefit standard for authorizing clinical trials. But as the technical 
hurdles facing genome editing of progenitors of eggs and sperm are over-
come, editing to prevent transmission of genetically inherited diseases may 
become a realistic possibility. 

The primary U.S. entity with authority for the regulation of heritable 
genome editing—the FDA—does incorporate value judgments about risks 
and benefits in its decision making. A robust public discussion about the 
values to be placed on the benefits and risks of heritable genome editing is 
needed now so that these values can be incorporated as appropriate into 
the risk/benefit assessments that will precede any decision about whether 
to authorize clinical trials. But the FDA does not have a statutory mandate 
to consider public views on the intrinsic morality of a technology when 
deciding whether to authorize clinical trials. That level of discussion takes 
place at the RAC, in legislatures, and at other venues for public engagement 
(see Chapter 7).

Heritable genome-editing trials must be approached with caution, but 
caution does not mean they must be prohibited. If the technical challenges 
were overcome and potential benefits were reasonable in light of the risks, 
clinical trials could be initiated if limited to the most compelling circum-
stances, if subject to a comprehensive oversight framework that would pro-
tect the research subjects and their descendants, and if sufficient safeguards 
were in place to protect against inappropriate expansion to uses that are 
less compelling or less well understood.

RECOMMENDATION 5-1. Clinical trials using heritable genome 
editing should be permitted only within a robust and effective regu-
latory framework that encompasses
	 •	 the absence of reasonable alternatives;
	 •	 restriction to preventing a serious disease or condition;
	 •	 	restriction to editing genes that have been convincingly dem-

onstrated to cause or to strongly predispose to that disease 
or condition;

	 •	 	restriction to converting such genes to versions that are 
prevalent in the population and are known to be associated 
with ordinary health with little or no evidence of adverse 
effects; 

	 •	 	the availability of credible preclinical and/or clinical data on 
risks and potential health benefits of the procedures;
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	 •	 	ongoing, rigorous oversight during clinical trials of the ef-
fects of the procedure on the health and safety of the re-
search participants;

	 •	 	comprehensive plans for long-term, multigenerational follow-
up that still respect personal autonomy;

	 •	 	maximum transparency consistent with patient privacy;
	 •	 	continued reassessment of both health and societal benefits 

and risks, with broad ongoing participation and input by the 
public; and

	 •	 	reliable oversight mechanisms to prevent extension to uses 
other than preventing a serious disease or condition.

Given how long modifying the germline has been at the center of de-
bates about moral boundaries, as well as the pluralism of values in society, 
it would be surprising if everyone were to agree with this recommenda-
tion. Even for those who do agree, it would be surprising if they all shared 
identical reasoning for doing so. For some, the debate is about respecting 
parental desires for genetically related children. For others, it is primarily 
about allowing children to be born as healthy as possible. But as noted ear-
lier in this chapter, some do not view heritable genome editing as a benefit 
to the resulting child, who otherwise might never have been conceived at 
all. And for others, the desire of parents who carry genetic disease to have 
a genetically related child through this technology, instead of having a ge-
netically unrelated child, is not sufficient to outweigh the social concerns 
that have been raised. There are also those who think the final criterion 
of Recommendation 5-1 cannot be met, and that once germline modifica-
tion had begun, the regulatory mechanisms instituted could not limit the 
technology to the uses identified in the recommendation. If it is indeed not 
possible to satisfy the criteria in the recommendation, the committee’s view 
is that heritable genome editing would not be permissible. The committee 
calls for continued public engagement and input (see Chapter 7) while the 
basic science evolves and regulatory safeguards are developed to satisfy the 
criteria set forth here.

Heritable genome editing raises concerns about premature or unproven 
uses of the technology, and it is possible that the criteria outlined here for 
responsible oversight would be achievable in some but not all jurisdic-
tions. This possibility raises the concern that “regulatory havens” could 
emerge that would tempt providers or consumers to travel to jurisdictions 
with more lenient or nonexistent regulations to access the restricted pro-
cedures (Charo, 2016a). The result could be a “race to the bottom” that 
would encourage laxer standards in nations seeking revenues from medical 
tourism, as has happened with both stem cell therapy and mitochondrial 
replacement techniques (Abbott et al., 2010; Charo, 2016b; Turner and 
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Knoepfler, 2016; Zhang et al., 2016). The phenomenon of medical tourism, 
which encompasses the search for faster and cheaper therapeutic options, as 
well as newer or less regulated interventions, will be impossible to control 
completely if the technical capabilities exist in more permissive jurisdictions 
(Cohen, 2015; Lyon, 2017). Thus, it is important to highlight the need for 
comprehensive regulation. 

As of late 2015, the United States was unable to consider whether to 
begin heritable genome-editing trials, regardless of whether the criteria laid 
out above could be met. As noted above, a provision (in effect until at least 
April 2017) included in a congressional budget bill9 contains the following 
language:

None of the funds made available by this Act may be used to notify a 
sponsor or otherwise acknowledge receipt of a submission for an exemp-
tion for investigational use of a drug or biological product under section 
505(i) of the Federal Food, Drug, and Cosmetic Act (21 U.S.C. 355(i)) or 
section 351(a)(3) of the Public Health Service Act (42 U.S.C. 262(a)(3)) 
in research in which a human embryo is intentionally created or modified 
to include a heritable genetic modification. Any such submission shall be 
deemed to have not been received by the Secretary, and the exemption may 
not go into effect. 

The current effect of this provision is to make it impossible for U.S. au-
thorities to review proposals for clinical trials of heritable genome editing, 
and therefore to drive development of this technology to other jurisdictions, 
some regulated and others not.

9 Consolidated Appropriations Act of 2016, HR 2029, 114 Cong., 1st sess. (January 6, 
2015) (https://www.congress.gov/114/bills/hr2029/BILLS-114hr2029enr.pdf [accessed Janu-
ary 4, 2017]).
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6
Enhancement

omatic gene and cell therapies are widely seen as morally 
acceptable. Indeed, bone marrow transplantation, in which 
cells of differing genetic composition are introduced into 
 patients, has been used for decades, and the use of gene 
therapy to treat children with severe combined immune defi-
ciency, so-called bubble boy disease, is now a part of medical 

treatment (De Ravin et al., 2016). Beyond issues of safety, efficacy, and in-
formed consent, there has been no concern about the legitimacy of  somatic 
cell and gene therapies among those who generally endorse modern medi-
cine. Genome editing is playing an increasing part in somatic gene therapy 
to treat and prevent disease (see Chapter 4). Recent advances, however, 
have increased the possibility that genome editing could also be used for 
purposes that go beyond the kinds of gene therapy and other medical 
inter ventions discussed above. Thus, the question has been raised anew as 
to whether enhancement should be regulated or prohibited, and whether 
there are important differences depending on whether the enhancements 
are somatic or heritable.

This chapter explores the possible applications of genome editing to 
achieve what is commonly described as “enhancement,” a term that itself 
is problematic; it implies a change from—indeed an improvement upon—an 
existing condition. Enhancements may range from the mundane, such as 
cosmetic changes in hair color; to the more physically interventionist, such 
as elective cosmetic surgery; to the more dangerous and problematic, such 
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as the use of some steroids and other drugs among athletes in competitive 
settings.

Enhancement is commonly understood to refer to changes that alter 
what is “normal,” whether for humans as a whole or for a particular indi-
vidual prior to enhancement. The question of what is meant by normal then 
arises. Is it average? Is it whatever nature has prescribed? Is it whatever luck 
has wrought? Given the wide range of capabilities exhibited by humans 
for any particular trait, there is little basis for deeming any one condition 
normal or any meaningful value in determining an average. Nonetheless, 
there have been some attempts to describe the range of conditions that, 
given the right environment, are consistent with an ability to appreciate life 
and participate in the world. 

This chapter begins by reviewing several key issues in genome edit-
ing for enhancement. It then addresses in turn somatic (nonheritable) and 
germline (heritable) genome editing for enhancement purposes. The chapter 
ends with conclusions and recommendations.

HUMAN GENETIC VARIATION AND DEFINING 
“NORMAL” AND “NATURAL”

Before beginning to discuss so-called enhancement, it is important 
to explore how terminology related to human gene therapy and genome 
editing has the potential to bias judgments unconsciously. Many diseases 
are associated with DNA variants, and the common term used to describe 
a variant—“mutation”—has therefore taken on a negative connotation 
in common parlance. A distinction often is made between “normal” and 
“ mutant” or “disease (causing)” genes, with the latter being viewed nega-
tively. The term “normal” also is applied to phenotype, or the individual 
traits that result from interaction between the genotype and the environ-
ment. Here it is important to note that the “normal” distribution of any 
given trait (e.g., height, weight, strength, aural or visual acuity) covers a 
wide spectrum and can be affected by many factors, including but by no 
means limited to gene variants, which often interact both with each other 
and with environmental factors. Hence, the term “normal” denotes a range 
or spectrum, not some ideal state. 

The word “natural” has similarly taken on a positive connotation re-
flecting a common view that nature produces things that are healthier and 
generally better than anything artificial—this despite evidence demonstrat-
ing that “natural” things can be either safe or intrinsically dangerous. In 
the present context, genetic variants that exist in nature may either sup-
port health or cause disease, and the human population contains multiple 
variants of most genes (see Chapter 4). Thus, there is no single “normal” 
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human genome sequence; rather, there are multiple variant human genomic 
sequences (IGSR, 2016), all of which occur in the worldwide human gene 
pool and, in that sense, are “natural,” and all of which can be either ad-
vantageous or disadvantageous. 

At any given position in the genome, some variants are more common 
than others. Some are beneficial and some detrimental, their effects at times 
depending on such factors as whether a person has one copy (heterozygos-
ity) or two copies (homozygosity) of the variant, or whether the gene is 
sex chromosome–linked (hemizygous for a gene on the Y chromosome and 
either heterozygous or homozygous on the X chromosome). Another factor 
may be the particular environment in which a person lives. A well-known 
example is the case of sickle-cell anemia. Hemoglobin is the protein that 
carries oxygen in red blood cells. The most widespread variant encodes a 
fully functional protein, whereas the sickle-cell variant can cause the pro-
tein to aggregate and distort the red cells into a sickle shape if both copies 
of the gene are this variant (the homozygous state), which in turn causes 
the symptoms of sickle-cell disease. As noted in Chapter 5, however, being 
heterozygous for this variant confers some resistance to malaria, and for 
this reason, the sickle-cell variant has been maintained by natural selec-
tion in populations from malaria-prone areas (e.g., Africa, India, and the 
Mediterranean), the disadvantages of sickle-cell disease at the population 
level being balanced against the population-level advantages of resistance 
to malaria. So in this case, which natural variant is advantageous depends 
on the environment.

In this report, the committee uses the term “variant” and eschews to the 
extent possible the use of “mutant” or “normal” in referring to gene vari-
ants. There is, however, a distinction worth keeping in mind. Many variants 
are “natural,” and changing a gene variant that is associated with disease, 
such as the sickle-cell variant of hemoglobin, to a variant that is prevalent 
in the population (i.e., “natural”) but not disease-causing can be viewed as 
a therapeutic or preventive change. It is also possible, however, to envision 
the possibility of changing a gene to a variant form that does not exist (or 
is rare) in the human gene pool but has some property that could be viewed 
as an “enhancement” since it is predicted to have a beneficial effect. Such a 
change is a more radical step than that of replacing a disease-causing vari-
ant with a common human variant known not to cause disease. 

UNDERSTANDING PUBLIC ATTITUDES 
TOWARD ENHANCEMENT

Personal improvements take many forms. They can require significant 
personal effort, as in taking piano lessons, or they can be largely indepen-
dent of personal effort, as in wearing teeth-straightening braces. They can 
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be temporary, as in benefiting from the caffeine in morning coffee, or long-
lasting, as in immunization against disease. They can be easily reversible, 
as in hair coloring, or reversible only with difficulty, as in cosmetic surgery. 
And they can be provided in connection with a corrective intervention, as in 
removing cataracts and inserting lenses that provide greater acuity than the 
person ever had naturally. All of these factors influence how improvements 
are evaluated in terms of fairness and public acceptability.

Although surveys indicate significant support for gene therapy and 
genetic engineering to improve the health of both existing individuals and 
unborn children (see Table 6-1), the possibility of “enhancement” in new 
and potentially more wide-ranging ways can engender anxiety as well as 

TABLE 6-1 Summary of Public Attitudes Toward Aspects of Gene 
Therapy or Genome Editing as Revealed by a Selection of Surveys 

Question Poll (Year)
Percent 
Affirmative

Attitudes about gene therapy and gene 
editing in adults and children
To improve health of the person being 
treated

Approve of genetic engineering to cure a 
disease

Times-CNN-Yankelovich 
(1993)

79

If it is possible to cure people with fatal 
diseases by altering their genes, do you 
feel those people ought to be allowed 
to do this?

Troika-Lifetime-PSRA 
(1991)

65

Approve of scientists changing the 
makeup of human cells to cure a 
usually fatal genetic disease

March of Dimes-Harris 
(1992)
OTA-Harris (1986)

87

83
Approve of scientists changing the 

makeup of human cells to reduce the 
risk of developing a fatal disease later 
in life

March of Dimes-Harris 
(1992)
OTA-Harris (1986)

78

77

Government funding and regulation of gene 
therapy

Federal government should fund scientific 
research on developing new gene 
therapy treatments

STAT-HSPH-SSRS (2016) 64

FDA should approve gene therapy 
treatments for use in the United States

STAT-HSPH-SSRS (2016) 59
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Question Poll (Year)
Percent 
Affirmative

To improve health inherited by the child
Approve of parents being offered a way 

to change their own genes to prevent 
their children from having a genetic 
disease

Hopkins-PSRA (2002) 59

Approve of scientists changing the 
makeup of human cells to stop 
children from inheriting a usually fatal 
genetic disease

March of Dimes-Harris 
(1992)
OTA-Harris (1986)

84

84

Approve of scientists changing the 
makeup of human cells to stop 
children from inheriting a nonfatal 
birth defect

March of Dimes-Harris 
(1992)
OTA-Harris (1986)

66

77

If you had a child with a usually fatal 
genetic disease, willing to have child 
undergo therapy to have those genes 
corrected

March of Dimes-Harris 
(1992)
OTA-Harris (1986)

88

86

To improve intelligence, physical traits, or 
appearance

Approve of genetic engineering to 
improve a person’s intelligence

Times-CNN-Yankelovich 
(1993)

34

Approve of scientists changing the 
makeup of human cells to improve the 
intelligence level that children would 
inherit

March of Dimes-Harris 
(1992)
OTA-Harris (1986)

42

44

Approve of genetic engineering 
to improve a person’s physical 
appearance

Times-CNN-Yankelovich 
(1993)

25

Approve of scientists changing the 
makeup of human cells to improve the 
physical characteristics that children 
would inherit

March of Dimes-Harris 
(1992)
OTA-Harris (1986)

43

44

Approve of parents being offered a 
way to change their own genes to 
have children who would be smarter, 
stronger, or better looking

Hopkins-PSRA (2002) 20

Approve if scientists offered parents a 
way to change their genes in order to 
have smarter or better-looking children

Family Circle-PSRA (1994) 10

TABLE 6-1 Continued

continued

Human Genome Editing: Science, Ethics, and Governance

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/24623


142 HUMAN GENOME EDITING

Question Poll (Year)
Percent 
Affirmative

Attitudes about changing human genomes 
before birth
To improve future health

Changing the genes of unborn babies to 
reduce their risk of developing certain 
serious diseases should be legal

STAT-HSPH-SSRS (2016) 26

Changing a baby’s genetic characteristics 
to reduce the risk of serious diseases 
is an appropriate use of medical 
advances

Pew (2014)
VCU (2003)

46
41

If future science developed the ability 
to change a child’s inherited 
characteristics by changing the child’s 
genetic structure in the womb and 
you were making the decision, would 
consider doing so to improve his/her 
general physical health

ABC (1990) 49

To improve intelligence, physical traits, or 
appearance

Changing the genes of unborn babies to 
improve their intelligence or physical 
characteristics should be legal

STAT-HSPH-SSRS (2016) 11

Changing a baby’s genetic characteristics 
to make the baby more intelligent is an 
appropriate use of medical advances

Pew (2014) 15

If future science developed the ability 
to change a child’s inherited 
characteristics by changing the child’s 
genetic structure in the womb and 
you were making the decision, would 
consider doing so to improve his/her 
intelligence

ABC (1990) 28

If future science developed the ability 
to change a child’s inherited 
characteristics by changing the child’s 
genetic structure in the womb and 
you were making the decision, would 
consider doing so to improve his/her 
body characteristics such as height and 
weight

ABC (1990) 13

TABLE 6-1 Continued
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Question Poll (Year)
Percent 
Affirmative

If future science developed the ability 
to change a child’s inherited 
characteristics by changing the 
child’s genetic structure in the womb 
and you were making the decision, 
would consider doing so to improve 
his/her hair or eye color or facial 
characteristics

ABC (1990)  8

Government funding of research
Federal government should fund scientific 

research on changing the genes of 
unborn babies to reduce their risk of 
developing certain diseases

STAT-HSPH-SSRS (2016) 44

Federal government should fund 
scientific research on changing the 
genes of unborn babies that aims to 
improve their characteristics, such as 
intelligence, or physical traits, such as 
athletic ability or appearance

STAT-HSPH-SSRS (2016) 14

NOTES: Emphasis added. ABC = American Broadcasting Company; CNN = Cable News 
Network; FDA = U.S. Food and Drug Administration; HSPS = Harvard T.H. Chan School of 
Public Health; OTA = Office of Technology Assessment; PSRA = Princeton Survey Research 
Associates; VCU = Virginia Commonwealth University.
SOURCE: Blendon et al., 2016. 

TABLE 6-1 Continued

enthusiasm. In 2016, a Pew study of surveys of more than 4,000 individu-
als revealed that anxiety outpaced enthusiasm not only for enhancement 
through somatic genome editing, but also for mechanical and transplant-
related enhancement (Pew Research Center, 2016). A single study is not 
definitive, and public opinion on novel interventions in some other contro-
versial areas (such as in vitro fertilization) has become more favorable over 
time and with evidence of successes. But the Pew study and many others 
suggest that policy in this area needs to be developed with full attention to 
public attitudes and understandings.

Sometimes, the lines between therapy, prevention, and enhancement 
are blurred, and even the definition of a “disease” that is to be cured or 
prevented can be open to debate. For this reason, the distinctions between 
preventing or treating disease and disability (i.e., “therapy”) and the notion 
of “enhancement” may not fully capture either public attitudes or public 
policy options. To the extent that there is any public disquiet about the use 
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of gene therapy for disease prevention as opposed to treatment, it appears 
to be linked to more generalized concerns about “meddling with nature” or 
“crossing a line we should not cross” (Macer et al., 1995) (see Chapter 5). 
This is even more true for interventions that appear unrelated to either 
disease treatment or prevention. As noted above, Americans appear to be 
largely unenthusiastic about the idea of “enhancement” (Blendon et al., 
2016; Pew Research Center, 2016; see Table 6-1). 

It is possible that this lack of enthusiasm is due in part to hesitation 
concerning innovation, which has been shown to be a common phenome-
non throughout history, ranging from things now considered quite ordinary, 
such as coffee and refrigeration, to things still hotly debated, such as trans-
genic crops (Juma, 2016). Resistance or skepticism may be an outgrowth of 
concerns about the degree to which an innovation affects cultural identity 
or may distort socioeconomic patterns in a fashion that is harmful to at 
least some part of the population. If and when these concerns are either 
addressed through remedial measures or shown to be unwarranted, inno-
vations that are needed or perceived as desirable become widely accepted. 

What is unclear is whether genome editing for enhancement would 
follow such a pattern or would be such a disruptive application of a new 
technology that the resistance would persist over time, or whether new 
concerns will arise as the technology progressed and new applications 
emerges. “Status quo bias” is a phenomenon in which the preference for 
what is familiar can affect the way people form judgments about the merits 
of an innovation. The predisposition toward the status quo may arise from 
concerns about transition costs (i.e., how people adapt to the circumstances 
arising from an innovation), about risk (with innovations assumed to have 
risks that are less amenable to measurement relative to the status quo), 
about deviation from what is natural (people holding the unwarranted 
belief that the past processes of natural evolution have optimized humans 
for the current environment), and about effects on individuals (concern 
that technology will diminish the quality of relationships between people). 

A means of testing for whether status quo bias is affecting the evalu-
ation of new technology has been suggested. In this “reversal test,” one 
asks, for example, whether those who think people should not have more 
influence over their traits would also think it would be good if people had 
less influence (Bostrom and Ord, 2006). The test is intended to distinguish 
concerns about an innovation itself from concerns about any move away 
from the status quo. It can be useful when juxtaposed with arguments 
about a “slippery slope” (see Chapter 5) because it helps distinguish con-
cerns about the technology as it is used today from concerns about future 
unwanted extensions of the technology. 
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DRAWING LINES: THERAPY VERSUS ENHANCEMENT

Given the wide range of other interventions people undergo to alter 
their bodies and their personal circumstances, any discussion of so-called 
enhancement must begin with a working definition. Enhancement has been 
variously defined as “boosting our capabilities beyond the species-typical 
level or statistically normal range of functioning,” (Daniels, 2000 in NSF, 
2010, p. 3) “a nontherapeutic intervention intended to improve or extend 
a human trait,” (NSF, 2010) or “improvements in the capacities of exist-
ing individuals or future generations” (NSF, 2010; President’s Council on 
Bioethics, 2002, p. 1). One definition focuses on interventions that improve 
bodily condition or function beyond what is needed to restore or sustain 
health (Parens, 1998). This is a definition that addresses intent as much 
as the technical intervention, as most interventions can be used either to 
“enhance” or to restore. For example, under this definition, improving 
musculature for patients with muscular dystrophy would be restorative, 
whereas doing so for individuals with no known pathology and average 
capability would be considered enhancement. Recognizing the importance 
of intent as an aspect of “enhancement” is helpful, as most biomedical 
interventions will be subject (in the United States) to regulation by the U.S. 
Food and Drug Administration (FDA), whose statutory authority explicitly 
links the initial risk-benefit balance needed for approval to the “intended” 
use of the product, even though postapproval uses can range beyond that 
original intended purpose. 

Another definitional matter concerns the meaning of “therapy.” It is 
understood to encompass treatment of a disease (the definition of which 
is itself subject to debate, as discussed in the section on fairness and en-
hancement below). But prevention of disease also often is viewed as being 
encompassed by therapy. To reduce the risk of breast cancer in a person 
of average health and with nondeleterious variants, for example, is not to 
cure a disease or even to prevent one that is likely to occur, but this boosted 
resistance is often viewed as therapeutic prevention, akin to immunization 
against infectious diseases. A similar point pertains with respect to reducing 
cholesterol in persons at no more than average risk for heart disease; this is 
already a widespread practice in American society, and statins and aspirin 
are widely used to enhance resistance to heart disease pharmacologically 
even for those not at high risk. Genome edits for such purposes could be 
similarly health-promoting.

Box 6-1 summarizes key efforts to delineate the distinctions between 
therapy and enhancement.
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BOX 6-1 
Making Distinctions

In the 1970s, certain central distinctions were drawn (Juengst, 1997; Walters 
and Palmer, 1997). First, the distinction between somatic and germline genome 
modifications was established: somatic enhancements affect only a single indi-
vidual, but heritable enhancements can be passed down through the generations. 
Discussions of heritable enhancements included concerns about possible effects 
on the gene pool and fears of a return to some form of eugenics. Second, a 
distinction was drawn between treating or preventing disease (therapy) and en-
hancement. Discussions of enhancement focused on issues such as safety and 
(especially in competitive environments such as sports) unfair advantage, with the 
definition of “unfair” highly dependent on context.

Available technology and the desire of prominent scientists to mitigate social 
concerns surrounding genetics—particularly after the Asilomar conference orga-
nized by scientists in 1975 to discuss the risks and benefits of recombinant DNA 
techniques—pushed the debate even further in the direction of the distinction be-
tween “medicine” or “therapy” and “enhancement.” It is important to note, as well, 
that somatic therapy to treat very severe diseases was all that any responsible 
scientist could imagine actually doing with the technology of the time. An influential 
schematic developed in the early 1970s (depicted in the table below) defined cells 
1 and 2 as “medicine” and as the “treatment of hereditary diseases,” respectively 
(Anderson and Kulhavy, 1972, p. 109), as opposed to enhancements (somatic or 
heritable, respectively) in cells 3 and 4.

TABLE Schematic for Therapy Versus Enhancement
Purpose Somatic Germline
Therapeutic Treatment 
of Disease

Somatic Therapy  
(Cell 1)

Germline Therapy 
(Cell 2)

Enhancement of 
Capabilities

Somatic Enhancement 
(Cell 3)

Germline Enhancement 
(Cell 4)

By the mid-1980s, scientists and bioethicists had begun to call for the morally 
relevant line to be between disease and enhancement rather than somatic and 
germline. John Fletcher, then head of bioethics at the National Institutes of Health 
(NIH), wrote that “the most relevant moral distinction is between uses that may 
relieve real suffering and those that alter characteristics that have little or  nothing 
to do with disease” (Fletcher, 1985, p. 303). Gene therapy pioneer Theodore 
Friedmann wrote that “the need for efficient disease control or the need to prevent 
damage early in development or in inaccessible cells may eventually justify germ 
line therapy” (Friedmann, 1989, p. 1280). In 1991, as the first three somatic gene 
therapy trials were under way, the chair of the Human Gene Therapy Subcommit-
tee of NIH’s Recombinant DNA Advisory Committee (RAC) called for “a detailed 
public discussion of the ethical issues surrounding germline genetic intervention 
in humans” (Walters, 1991, p. 118). Disease correction was defined as returning 
to “normal functioning,” but to go beyond that was labeled “eugenics.”
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Somatic (Nonheritable) Genome Editing, Fairness, and Enhancement

With these distinctions in mind, there appears to be broad interna-
tional consensus, derived from decades of research and clinical trials for 
gene therapy, that a somatic intervention undertaken to modify a person’s 
genetic makeup for purposes of treating disease is not only permissible but 
encouraged, provided it proves to be safe and effective. 

Before the modern tools needed to modify DNA were developed, 
government-supported research was focused on developing solid-organ 
transplantation to replace damaged or diseased organs and on bone mar-
row transplantation and reconstitution to cure leukemia and other life-
threatening disorders, even though these treatments required substituting 
donor DNA for the patient’s DNA in the solid-organ or blood-forming 
cells. Those cases fell clearly under what is typically considered medical 
care. Government-supported research also has been conducted in many 
countries to advance the fields of gene therapy and regenerative medicine 
and, more recently, human genome editing to modify the DNA in the blood-
forming cells of patients with sickle-cell disease and other blood disorders 
and some forms of cancer. These precedents, and many others like them, 
have built robust scientific, regulatory, and ethical oversight structures (see 
Chapter 4). 

As noted above, many discussions of the ethics of enhancement have 
been based on contrasting the concepts of “therapy” and “enhancement.” 
However, given the evolution of the role of the physician over the past 
several decades from a healer of the sick to a promoter of health through 
preventive measures, the therapy–enhancement duality needs to be modi-
fied to accommodate a wide range of preventive interventions, such as 
vaccines, that are neither therapy nor enhancement but blend into each at 
the edges. For example, while genome editing to lower the cholesterol level 
of a patient with severe coronary artery disease would likely be viewed as 
a therapy, and genome editing of a sibling of the patient with high choles-
terol who also had other risk factors for coronary artery disease might be 
viewed as a preventive measure, genome editing to lower the cholesterol 
of a healthy 21-year-old child of the patient to reduce disease risk below 
what is average or “normal” in the general population might be viewed as 
approaching the line between prevention and enhancement. Interventions 
thus can be viewed as falling on a therapy–prevention–enhancement spec-
trum, although the boundaries between the three categories are still open to 
debate and will likely vary with the specifics of the intervention. 

With the growth in understanding of the human genome and of which 
sequence variants are associated with which conditions, the number of traits 
that could be addressed by genome editing continues to grow. This growing 
potential again raises the question of what it means to be “normal” and 
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whether deviations from “normality” are really a disease. Everyone would 
agree that the manifestation of Tay-Sachs disease is not normal and consti-
tutes a disease, but opinions differ as to whether genetically caused deaf-
ness should be considered a disease. It is not normal in the sense of being 
typical or being consistent with the range of capabilities typically associated 
with the human species, but it can also be associated with membership in a 
community of persons sharing this characteristic, many of whom reject the 
notion that deaf people need to be “cured” or otherwise treated to eliminate 
or circumvent their lack of hearing. 

Commentators have noted that the concept of disease is not always ob-
jective, but rather can be the result of social agreement influenced by power 
and prejudice. In the 1950s, for example, homosexuality was considered 
a disease, and even today it is occasionally the subject of “therapeutic” 
interventions aimed at “curing” it. In the 1930s, “criminality” was consid-
ered a genetic disorder. Some disability activists began to question whether 
such traits as dwarfism or deafness should be considered diseases instead of 
variants that enrich human diversity. It is a question that led to discussions 
about where the line is drawn between normal and pathological, as well as 
questions about who gets to draw these lines, what authority they have to 
draw them, which social dimensions are included or excluded, and what 
provision is made to contest the decisions.

The discovery of variants that simply increase the odds of developing 
a disease and others that are associated with diseases whose onset is in 
later life also has blurred the previously bright line demarcating “disease.” 
Early ethical debate built on language used by the pioneers in human genet-
ics, who referred to “inborn errors,” noting that most traits targeted for 
modification were called “errors,” as in mistakes from what was supposed 
to be. The greatest challenge for the normality standard came from some 
researchers considering what might best be called enhancements for the 
purpose of relieving disease. This enhancement would not correct errors, 
but rather instill traits that some lucky minority of humans already have, 
such as by enhancing immune function or adding cellular receptors to cap-
ture cholesterol (Juengst, 1997; Parens, 1998; Walters and Palmer, 1997). 
Such alterations could be viewed as enhancements or as leveling the playing 
field for those not fortunate enough to have these traits at birth, and they 
also complicate the distinction between therapy and enhancement unless 
one includes prevention as an intermediate concept. 

Evolution of the Unfair Social Advantage Demarcation

While both the somatic/germline and disease/enhancement distinctions 
have been useful, they (like most categories) are imperfect. Some commen-
tators have focused instead on the effect of an intervention and whether 
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that effect is “fair.” Changes not made by personal effort (such as exercise 
or music practice) but by external forces (such as hair coloring and cosmetic 
surgery) are understood to have the capacity to generate a social advantage, 
but it is an advantage within the realm of species-typical attributes. For 
some, such changes are made purely for pleasure; for others they represent 
an effort to “normalize” or “even the odds” with those who have the most 
favored appearances. Externally induced changes that offer more signifi-
cant or unusual advantages, such as those providing greater muscle mass 
or more acute vision or obviating the need for sleep, raise questions about 
the authenticity of the resulting capacity and whether the individual newly 
endowed with these capabilities is somehow diminished by having failed 
to earn them. Yet people are born with unearned varying capacities, some 
markedly superior to the norm, which raises the question of whether and 
when an advantage becomes “unfair.” 

This is a difficult question to answer precisely because of the highly 
uneven distribution of abilities in the human population. Unless one as-
signs great importance to fate, it is difficult to tease out enhancements that 
allow individuals to fairly match the capacities of others from those that 
are “unnatural,” “abnormal,” or “excessive.” Furthermore, any attempt 
to relate enhancement to what is “normal” or “average” risks categoriz-
ing efforts to combat widespread “normal” but undesirable aspects of life 
(e.g., age-related declining eyesight, hearing, and mobility) as a form of 
“enhancement,” with all the pejorative connotations implied by the word. 

Society already condones such efforts for many conditions (cataract 
surgery, hip replacement) using methods other than genome editing. Some 
respond to inequality in access by favoring interventions that provide more 
care to more people, and eschew research investment in and insurance 
coverage for high-cost innovations. This may be a response to economic 
conditions or a philosophical view of infirmity as a natural part of life, not 
necessarily in need of every possible measure for treatment and prevention. 

Other societies have responded to inequalities that arise from differen-
tial access to medical innovations by trying to increase access and insurance 
coverage, rather than by restricting research or the marketing of new prod-
ucts or technologies. Unpacking such differences requires distinguishing 
between restrictions on the research itself and decisions about insurance to 
cover treatments, a topic that in turn requires inquiry into whether insur-
ance is primarily a public good or a privately purchased service.

Even for societies that tend toward expanding access to respond to 
inequality, a core concern for some is that enhancements are yet another 
benefit that would accrue primarily to the individual, without benefit to the 
population as a whole. John Rawls’ influential theory of justice emphasizes 
the idea of equality. He observes that the luck with which someone is born 
healthy, talented, or in favored social circumstances is neither earned nor 
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deserved. From this he concludes not that all people must be equalized in 
outcomes but that further distribution of social goods should be designed 
to account for this initial inequality. This notion leads to so-called equality-
based reciprocity, such that inequalities should be tolerated only when they 
somehow accrue to the population’s general advantage, in particular to the 
advantage of those least well-off (Rawls, 1999). 

Some might conclude, therefore, that a problematic enhancement is 
one that confers a social advantage beyond that which an individual pos-
sesses by fate or through personal effort, and that does not benefit the rest 
of society in any way or undermines the implicit goals of a competition. 
Using equality of opportunity and societally useful inequality as guides 
may help distinguish those forms of enhancement that might generally be 
tolerated (assuming the risks are proportional to the benefits) from those 
that would be more controversial. Of course, somatic or germline genome 
editing for enhancement is very unlikely to be the most profound source of 
inequality in any setting. But those most uncomfortable with using genome 
editing for enhancement will likely still be concerned regardless of the size 
of its contribution.

Looking across these themes, one might conclude that enhancement per 
se is not the focus of concern, but rather the underlying intent and subse-
quent effect. One response to this concern is to focus on the technologies 
and applications and to restrict those most likely to be used to unacceptably 
exacerbate inequalities. A different response is to insist that communities 
and governments work to make advantageous enhancements available 
more generally and focus on reducing undesirable inequalities. Within this 
range of responses lies the choice of governance policy.

Governance of Nonheritable Somatic Editing 
for Enhancement of the Individual

The governance and ethics of human enhancement have long been the 
subject of policy reports. Most recently, the U.S. Presidential Commission 
for the Study of Bioethical Issues focused on human enhancement related 
to the use of drugs that affect neurological function (Bioethics Commission, 
2015), and the European Excellence in Processing Open Cultural Heritage 
(EPOCH) project summarized the prevailing modes of governance and the 
roles of academics and bioethicists in these debates, as well as areas of miss-
ing evidence needed to identify real possibilities (European Commission, 
2012). Earlier efforts include a 2009 report by the U.S. National Science 
Foundation (NSF) (2010) and a 2003 report by the U.S. President’s Coun-
cil on Bioethics (2003). In the United Kingdom, the Academy of Medical 
Sciences, British Academy, Royal Academy of Engineering, and The Royal 
Society came together in 2012 for a policy-focused workshop on emerging 
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technological enhancements that could affect the workplace (AMS et al., 
2012). And the French National Advisory Committee on Ethics and the Life 
Sciences and the Singapore National Bioethics Commission both produced 
reports in 2013 focused specifically on neuroenhancement (NCECHLS, 
2013) and neuroscience research (BAC Singapore, 2013). All of these re-
ports reflect broad input from the medical, bioethical, and academic com-
munities and provide a rich source of information on the concerns that 
have been raised about enhancements, as well as the profound challenges 
entailed in clearly delineating the differences among therapy, prevention, 
and enhancement.

In the United States, governance of enhancement applications of ge-
nome editing would fall, as with other gene therapy, to the FDA, the 
Recombinant DNA Advisory Committee (RAC), institutional biosafety 
committees (IBCs), and institutional review boards (IRBs), and the legis-
lature (see Chapter 2). The RAC could provide a venue for discussion of 
somatic enhancement proposals.1 IRBs and the FDA would look at whether 
the benefits the enhancement might provide to the individual, to science, 
and to society are reasonable in light of the risks to the individual, to public 
health, and to environmental safety. But concerns about culture or societal 
morals, while important, are generally not within an IRB’s remit; the regu-
lations state that an IRB “should not consider possible long-range effects 
of applying knowledge gained in the research (for example, the possible 
effects of the research on public policy) as among those research risks that 
fall within the purview of its responsibility” (45 CFR Sec. 46.111(a)(2)). 

Thus, if a protocol holds the potential for great benefit to individuals, 
and those individuals are willing to accept greater risk, the regulator and 
IRB might agree that the standard of the possible benefits being reason-
able in relation to the risks had been met. If the regulator and IRB decide, 
however, that there are no real benefits of an enhancement—either to the 
individual or to science—then even a minimal risk is unjustified. As human 
genome editing improves technologically, there is every reason to believe 
that the health and safety risks to individuals will diminish. If these risks 
become de minimis, one might assume that the potential benefits required 
to justify the risks also will decline. Thus, as the technology improves, its 
application could extend from serious illnesses, to less serious illnesses, to 
prevention, and in the long term to enhancement, however defined. 

In the United States, it is also important to keep in mind that once a 
medical product has been approved for a particular purpose and popula-
tion, the sponsor is limited to marketing it for these “labeled” indications, 
but individual physicians are free to use their own judgment and prescribe 

1 At the moment, the RAC is not accepting germline editing protocols for review (see Chap-
ters 2 and 5).
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the product for other uses and other populations2 (see Chapter 4). This 
“off-label” use complicates the question of governance in the United States 
and in other jurisdictions with similar rules, such as the European Union, 
because it makes it more difficult to restrict the use of new medical prod-
ucts to those situations that have the best risk/benefit ratios and the general 
support of the public. 

With regard to enhancements, this regulatory scheme has raised con-
cern that some products will be approved for treatment or prevention of 
disease but then be used off-label for riskier or less well-justified uses. As 
noted in Chapter 4, however, the specificity of these edited cells will limit 
the range of off-label uses for unrelated indications far more than is the case 
with many drugs. While one might imagine a genome-edited cell therapy 
for muscular dystrophy being of interest to those with healthy muscle tis-
sue who wish to become even stronger, other examples are more difficult 
to envision. The specificity of edited cells will make such applications less 
likely for the foreseeable future.

In addition, the FDA has some authority to restrict off-label uses—for 
example, through requirements for special patient testing or adverse event 
reporting—and the U.S. Congress can pass legislation to specifically pro-
hibit certain uses, as has been the case for human growth hormone (see 
Box 6-2). Other jurisdictions have similar powers and choices. Nonetheless, 
attention to the possible range of off-label uses is necessary, and the need 
for some control over off-label use can be anticipated.

In conjunction with formal regulatory processes, a number of other 
aspects of governance will affect whether and how genome editing is used 
for enhancement. These include professional guidelines, which influence 
physician behavior directly and set standards against which that behavior 
is judged in cases of possible malpractice (Campbell and Glass, 2000; 
Mello, 2001). Insurers that offer malpractice coverage also can influence 
the willingness of physicians to offer certain services (Kessler, 2011). In 
another capacity, insurers play a role by choosing to cover the cost of us-
ing approved technologies based in part on the purpose for which they are 
going to be used and whether the use is necessary or elective. 

2 59 Federal Register 59, 820, 59, 821 (November 18, 1994). “Once a [drug] product has 
been approved for marketing, a physician may prescribe it for uses or in treatment regimens 
of patient populations that are not included in approved labeling.” The notice goes on to 
state that “unapproved” or, more precisely, “unlabeled” uses may be appropriate and rational 
in certain circumstances, and may in fact reflect approaches to drug therapy that have been 
extensively reported in medical literature.
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HERITABLE GENOME EDITING AND ENHANCEMENT

As noted in Chapter 5, germline genome editing presents the prospect 
of inducing heritable changes that could affect multiple generations, not just 
the child who developed from a genome-edited embryo or gametes. In the 
context of the discussions around enhancement, this prospect may deepen 
some of the disquiet concerning those applications that are most distant 
from disease treatment, disease prevention, and correction of significant 
physical or social disadvantages relative to the norm. This disquiet is in-
fluenced not only by the concerns outlined above with respect to somatic 
genome editing but also by the long and troubling history of eugenics, a 
history that included coercive measures and even genocide. This history is 
replete with dogma that creates hierarchies of human quality based on race, 
religion, national origin, and economic status, and it demonstrates how 
scientific concepts, such as natural selection, and public welfare measures, 
such as public hygiene, can be subverted for purposes of cruel and destruc-
tive social policies. These considerations lead to the question of whether 
“enhancement” applications of heritable germline editing should be pro-
hibited entirely or significantly restricted in ways measurably different from 
those for purely nonheritable somatic editing.

Eugenics

The term “eugenics” was first used in the late 19th century to define 
the goal of improving the human species by giving “the more suitable 
races or strains of blood a better chance of prevailing speedily over the less 
suitable” (Kevles, 1985, p. xiii). The general idea was to create schemes 
for encouraging people with “good” bloodlines to have more children 
and those with “bad” bloodlines to have fewer or no children in order to 
improve the human species. Given their extremely limited understanding 
of what traits were truly heritable, eugenicists in various societies applied 
their social biases in ways now deemed unacceptable. In Britain, eugenicists 
assumed that the “good” traits were those found among the upper classes. 
They inferred that the fine qualities of the aristocracy were heritable, so 
the poor should simply produce fewer children. In the United States, the 
original eugenic impulse involved race or ethnicity. One eugenic goal was to 
keep races with “bad” traits from immigrating to America. The peak effort 
in meeting this goal was the 1924 Immigration Control Act, which limited 
immigrants from Eastern and Southern Europe. It was signed by President 
Coolidge, who had earlier claimed that “America must be kept American” 
because “biological laws show that Nordics deteriorate when mixed with 
other races” (Kevles, 1985, p. 97).
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By the 1920s, countries increasingly looked at people’s individual quali-
ties independent of their race and class, trying to identify those with sup-
posedly genetic traits such as “feeblemindedness” and “criminality” and 
discouraging them from reproducing. These eugenics programs were not 
necessarily voluntary, and many felons and women were forcibly sterilized. 
Most famously, Justice Oliver Wendell Holmes of the U.S. Supreme Court 
wrote the opinion that allowed the sterilization of Carrie Buck, a “feeble-
minded” woman, concluding that sterilization was justified because “[i]t is 
better for all the world, if instead of waiting to execute degenerate offspring 
for crime, or to let them starve for their imbecility, society can prevent 
those who are manifestly unfit from continuing their kind. The principle 
that sustains compulsory vaccination is broad enough to cover cutting the 
Fallopian tubes. Three generations of imbeciles are enough.”3 Eugenics 
programs were part of progressive social reforms and were thought to uplift 
the population by improving genetic qualities (Lombardo, 2008). 

The logic of eugenics was taken to its extreme conclusion in Nazi 
Germany, where those perceived to have genetically derived limitations 
were first sterilized and in later years killed. The logic of eugenic purity 
was a part of the Holocaust, which resulted in the deaths of millions of 
people portrayed as genetic inferiors, primarily Jews, Roma, and those 
with disabilities. According to historian Daniel Kevles, after revelation of 
the Holocaust, people realized that “a river of blood would eventually run 
from the German sterilization law of 1933 to Auschwitz and Buchenwald” 
(Kevles, 1985, p. 118).

Reform Eugenics

Revelation of the Holocaust was not the end of eugenics, only the end 
of race-based, coercive, state-mandated eugenics. Many scientists had al-
ready rejected the mainstream eugenic view, with Hermann Muller writing 
in 1935 that eugenics had become “hopelessly perverted” into a pseudo-
scientific facade for “advocates of race and class prejudice, defenders of 
vested interests of church and state, Fascists, Hitlerites, and reactionaries 
generally” (Kevles, 1985, p. 164). Muller and other prominent scientists, 
such as Julian Huxley, would create a “reform” eugenics that sought to 
stop the reproduction of people with genetic disease and encourage more 
reproduction by people with “superior” genes—from whatever race and 
class. People would be encouraged to change their reproductive practices 
voluntarily for the good of the species. Most notably for future debates, 
these thinkers wanted humanity to seize control of its own evolution and 
improve the species in various ways, such as by making humans more intel-
ligent. The ethical debate of the 1950s through the early 1970s was quite 

3 Buck v. Bell, 274 U.S. 200 (1927).

Human Genome Editing: Science, Ethics, and Governance

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/24623


ENHANCEMENT 155

broad, often focused on what the goals for genetic modification as a species 
should be. In a theme that would recur from this era forward, some critics 
of reform eugenics averred that humans should be satisfied with the way 
they are. In general, the ethical debate was about the genetic goals of the 
species—or whether to have such goals at all (Evans, 2002).

In 1953, Crick and Watson described the structural basis of how DNA 
duplicates itself (Watson and Crick, 1953), leading to understanding of how 
the DNA of genes encodes information. This discovery changed the ethical 
debate concerning eugenics as people realized that if genes were actually 
chemicals whose structure could be characterized, society no longer would 
have to rely on “who mates with whom”; rather, people could be chemi-
cally modified to have “more” of the “good” genes. Robert Sinsheimer, a 
prominent scientist of the time, was typical in his response, writing in 1969 
that “the old eugenics would have required a continual selection for breed-
ing of the fit, and a culling of the unfit. The new eugenics would permit in 
principle the conversion of all of the unfit to the highest genetic level . . . for 
we should have the potential to create new genes and new qualities yet un-
dreamed in the human species” (Sinsheimer, 1969, p. 13). Theologian Paul 
Ramsey wrote in 1970 that such proposals would make “man” “his own 
self-creator” and lead to a new theology of science (Ramsey, 1970, p. 144). 

Whether to improve the species and, if so, in what way was the core of 
the ethical debate until the early 1970s. A discussion then—one continuing 
today among some transhumanists—is whether human evolution should 
be left to processes of natural selection, which are random and occur 
very slowly. For example, Corneliu Giurgea, the Romanian chemist who 
synthesized Piracetam in 1964 and showed that it might act in cognitive 
enhancement, said, “Man is not going to wait passively for millions of 
years before evolution offers him a better brain” (Giurgea, 1981). Indeed, 
with the specter of climate change on earth and the imagined coloniza-
tion of Mars, some transhumanists today discuss whether humans need to 
intervene in their own evolution to cope with the future they are creating 
(Bostrom, 2005; Rosen, 2014). But in the 1970s, the evident complexity 
of making changes, let alone determining which changes are desirable, led 
many to rethink what prominent biologist Bernard Davis would dub “Pro-
methean predictions of unlimited control.” He reminded readers of facts 
now considered obvious, such as that most “enhanced characteristics” are 
polygenic and thus difficult or impossible to modify (Davis, 1970, p. 1279). 

Technological limits of that era also helped shape the debate. It was 
impossible to imagine somatic enhancements when somatic therapy was 
not yet successful, so any claim of a somatic enhancement would have been 
considered too risky, with very little benefit. Similarly, if early attempts 
at modifying somatic cells through viral vectors were successful in only a 
small number of the cells, how could sperm, eggs, or zygotes be changed? 
But where enhancement and heritable change came together, even though 
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not yet technically feasible, public concern was greatest. And the goal of 
the eugenicists—to make the species better—was placed in this category, 
thus comingling the rejection of eugenics with the possibilities for germline 
editing.

Slippery Slope Concerns about Germline Enhancement 

Opponents of germline enhancement from the reform eugenics era 
forward were concerned largely with long-term cultural or social changes 
that could occur as the result of a sociological slippery slope process (see 
also Chapter 5). That is, would somatic therapy eventually lead to efforts 
to enhance the species through germline engineering, a process that might 
evolve as skill and familiarity with somatic therapy made it easier to imag-
ine other applications as helpful and safe? These opponents were willing to 
endorse somatic therapy because they thought the somatic/germline distinc-
tion was culturally strong, and the public would make a clear distinction 
between modifying individuals and modifying their offspring (Burgess and 
Prentice, 2016).

This sort of slippery slope argument emerged in 1981 after a U.S. Su-
preme Court decision that allowed the patenting of genetically engineered life 
forms (Evans, 2002). Concerns were raised about “the fundamental nature 
of human life and the dignity and worth of the individual human being” 
(President’s Commission, 1982, p. 95). The presidential bioethics commis-
sion of that era wrote a report entitled Splicing Life, in which it reformu-
lated the ethical debate so that the report would be “meaningful to public 
policy consideration” (President’s Commission, 1982, p. 20). To make ethical 
claims legally actionable meant moving away from arguments about future 
cultural harms or claims that it is not the role of humanity to modify itself. 
Consequences needed to be more concrete and near term, not speculative. In 
the report, the commission stated that it “could find no ground for conclud-
ing that any current or planned forms of genetic engineering, whether using 
human or nonhuman material, are intrinsically wrong or irreligious per se” 
(President’s Commission, 1982, p. 77). The report established a framework 
of risks and benefits and the rights of individuals that would serve as a 
framework for government regulation of this new science, such as through 
the human gene therapy subcommittee of the RAC. It was an approach not 
particularly amenable to consideration of broader and longer-term social 
effects, for instance slippery slopes, because of its focus on more immediate 
effects on identifiable persons.

The pre-1980s ethics debate returned in 2001 with the appointment 
of a federal bioethics commission by President George W. Bush. This com-
mission claimed that it “eschewed a thin utilitarian calculus of costs and 
benefits, or a narrow analysis based only on individual ‘rights.’” Instead, it 
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claimed to ground its reflections “on the broader plane of human procre-
ation and human healing, with their deeper meanings” (President’s Council 
on Bioethics, 2002, p. 10). Most notably, the commission was concerned 
about the promotion of inequality and about parents having the ultimate 
power over their children (President’s Council on Bioethics, 2003, p. 44). 
The report did not have a strong impact on policy regarding human genetic 
modification, but made clear that some in U.S. society viewed germline 
genetic modification through this particular ethical lens.

The concern of the Bush-era commission that germline enhancement 
might encourage people to view children as something to be designed and 
manipulated has long been a concern of some social scientists and human-
ists. Political theorist Michael Sandel wrote that “to appreciate children 
as gifts is to accept them as they come, not as objects of our design or 
products of our will or instruments of our ambition. Parental love is not 
contingent on the talents and attributes a child happens to have” (Sandel, 
2013, p. 349). One implication is that potential parents should refrain 
from making modifications that would directly benefit their future child, 
not necessarily because doing so would cause them to see their own child 
differently, but because it might in a tiny, indirect yet cumulative way pro-
mote a culture that would come to see all children differently. Yet critics 
of this view would argue that the harm is speculative, and that this level of 
freedom in the relationship of the individual to society is well within the 
range of what is allowed in liberal democratic societies. 

Another concern that has been raised revolves around whether parents 
might become increasingly viewed as responsible for the qualities of their 
offspring. According to Sandel, “we attribute less to chance and more to 
choice. Parents become responsible for choosing, or failing to choose, the 
right traits for their children” (Sandel, 2004, p. 60). 

A similar idea is expressed in the more religious language of making 
versus begetting. Theologian Gilbert Meilaender describes designing the 
genetic qualities of one’s children as akin to “making” them, whereas 
nondesign is “begetting” them. More important, and like Sandel, he states 
that “what we beget is like ourselves. What we make is not; it is the prod-
uct of our free decision, and its destiny is ours to determine” (Meilaender, 
1997, p. 42). By this view, begetting (i.e., nondesign) is critical to human 
dignity and human rights because “we are equal to each other, whatever 
our distinctions in excellence of various sorts, precisely because none of 
us is the ‘maker’ of another one of us” (Meilaender, 2008, p. 264). These 
concerns about objectification might possibly apply to germline conversion 
to genes associated with ordinary health, but would more likely be raised 
by enhancements, health-related or beyond.

There are other views, of course. One might say that making choices 
about our genetic future—whether or not they increase the perception that 
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humans are more like objects—is precisely human. As Joseph Fletcher, one 
of the founders of bioethics, wrote in 1971: “Man is a maker and a selecter 
and a designer, and the more rationally contrived and deliberate anything 
is, the more human it is. . . . [T]he real difference is between accidental 
or random reproduction and rationally willed or chosen reproduction” 
(Fletcher, 1971, pp. 780-781). 

Others have argued that parental discretion allows for a wide range 
of practices, provided they are not significantly harmful to the physical or 
psychological development of a child (Robertson, 2008). As discussed in 
Chapter 5, this view requires a pure reproductive rights framework that 
must be stretched to its limits to include the right to enhance or dimin-
ish traits (Robertson, 2004). It is a vision of parental liberty that already 
encompasses a wide range of enhancements of infants and children, in-
cluding such biomedical measures as cosmetic surgeries, the use of growth 
hormone for short stature of unknown cause (see Box 6-2), and the use of 
some performance-enhancing drugs. By extension, it could be argued that 
this liberty encompasses germline enhancements with similar risk/benefit 
balances. Here again, though, there is very little reason to think that in 
the United States, the constitutional cases on parenting would prevent the 
government from banning germline genome editing if it had a rational basis 
for doing so.

Academic transhumanism has emerged as a contributor to these de-
bates. Transhumanists argue not only for the ethical legitimacy of some 
forms of enhancement-oriented germline editing, but perhaps even for 
parental responsibility and an ethical obligation to take advantage of such 
enhancement possibilities for the benefit of one’s children (Persson and 
Savelescu, 2012). One philosopher has argued that humans are obligated 
to make the best possible decisions for those who cannot decide for them-
selves, and this would include future children and their descendants (Harris, 
2007). These are arguments about moral obligations, however, as nothing 
in U.S. statutes or judicial decisions (or those of other countries) imposes 
them as a matter of law.

Overall, two distinct approaches to evaluating the ethics of germline 
enhancement have emerged over the past half century. In one, the focus 
is more societal and philosophical. It encompasses not only the concerns 
raised about germline editing in general, as described in Chapter 5, but 
also concerns about altering how children are viewed and about creating or 
increasing social inequities in a multigenerational fashion as a result of the 
heritability of the enhancement. Even where the benefits of an individual 
enhancement might be regarded as justification for an individual interven-
tion, these analyses often feature a concern about the slippery slope and an 
echo of eugenics movements of the past. 

In another approach, the disease/enhancement distinction remains 
largely useful, as it tracks well to the evaluation of individual risks and 
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benefits. This evaluation is the focus of the regulatory bodies, such as the 
FDA, that review new medical products for approval and the research over-
sight bodies that oversee protection of clinical trial participants and others 
who might be put at physical risk by the trials. When diseases are cured or 
prevented, the benefit of trials is seen as greater relative to when functional 
traits are improved beyond what is necessary for a typical life. In turn, 
this gradation of benefits is balanced against health risks for offspring and 
future generations, including the potential for disease prevention. 

Given that human germline genome editing has not yet been tested clin-
ically for therapeutic or preventive purposes, it appears clear that germline 
genome editing for purposes of enhancement—that is, not clearly intended 
to cure or combat disease and disability—is very unlikely at this time to 
meet the standard of possible benefit and tolerable risk as required to initi-
ate clinical trials. Even as risks recede with greater experience and informa-
tion, truly discretionary and elective germline edits would be unlikely to 
have benefits outweighing even minor health risks. 

CONCLUSIONS AND RECOMMENDATIONS

Significant scientific progress will be necessary before any genome-
editing intervention for indications other than the treatment or prevention 
of disease or disability can satisfy the risk/benefit standards for initiating a 
clinical trial. This conclusion holds for both somatic and heritable germline 
interventions. There is significant public discomfort with the use of genome 
editing for so-called enhancement of human traits and capacities beyond 
those typical of adequate health. Therefore, a robust public discussion is 
needed concerning the values to be placed upon the individual and societal 
benefits and risks of genome editing for purposes other than treatment or 
prevention of disease or disability. These discussions would include consid-
eration of the potential for introducing or exacerbating societal inequities, 
so that these values can be incorporated as appropriate into the risk/ben-
efit assessments that will precede any decision about whether to authorize 
clinical trials. 

 
RECOMMENDATION 6-1. Regulatory agencies should not at 
this time authorize clinical trials of somatic or germline genome 
editing for purposes other than treatment or prevention of disease 
or disability. 

RECOMMENDATION 6-2. Government bodies should encour-
age public discussion and policy debate regarding governance of 
somatic human genome editing for purposes other than treatment 
or prevention of disease or disability.
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BOX 6-2 
Human Growth Hormone

The experience with human growth hormone (hGH) illustrates the difficulty of 
finding clear boundaries between therapy and prevention, and between treatment 
and enhancement. It is also a lesson in how a sudden change in the ease or 
availability of a technology or intervention can make those boundaries—previously 
of little importance—suddenly become the subject of professional norms, public 
opinion, and legal controls.

hGH was a scarce commodity for many years, and its use was limited largely 
to “treatment” for those who lacked normal levels of the hormone (Ayyar, 2011). 
With the development of synthetic hGH in 1985, the newly increased supply of af-
fordable hGH triggered a lively debate about whether there ought to be constraints 
on its use. For example, hGH could now be given to children or adults in good 
health but with unexplained short stature, ranging from <1st percentile of height 
for their age to being only slightly shorter than their peers. Some others sought 
hGH despite being of normal height and growth rate, with an interest in attaining 
above-average height or strength. Whether or not administration of hGH in these 
and many other cases reflected a favorable risk/benefit ratio; whether it quali-
fied as treatment, prevention, or enhancement; and which of those uses might 
be appropriate required careful scientific and ethical investigation. The fact that 
the hormone would be administered to children too young to make decisions for 
themselves added to the complexity of the conversation. 

The risks and possible benefits of hGH administration were uncertain in the 
1980s and 1990s, and the drug was approved only for severe cases of growth 
hormone deficiency in children. But over time growth hormone therapy was shown 
to be reasonably safe and effective for patients who had low levels of the hor-
mone in their blood or who experienced severely stunted growth despite normal 
levels of the hormone; studies showed it bringing children up to the 10th to 25th 
percentile, depending on dosage and timing of treatment (Allen and Cuttler, 2013; 
Maiorana and Cianfarani, 2009). But the treatment is not entirely risk free; children 
can experience relatively minor or moderate adverse events, such as respiratory 
congestion and headache (Bell et al., 2010; Cohen et al., 2002; Kemp et al., 2005; 
Lindgren and Ritzen, 1999; Willemsen et al., 2007). In addition, long-term risks 
have had considerably less study, and there is some evidence to suggest that 
children who receive hGH may have a slightly increased risk of stroke as adults 
(Ichord, 2014). 

The U.S. Food and Drug Administration (FDA) approved hGH for use in chil-
dren and adults for a limited and narrowly defined list of indications, including chil-
dren with growth disorders (e.g., chronic renal insufficiency, Turner’s syndrome, 
Prader-Willi syndrome, Noonan syndrome) or severe unexplained short stature. 
For adults with severe growth hormone deficiency, treatment can result in modest 
gains in body composition, exercise capacity, and skeletal integrity (Molitch et al., 
2011). They, as well as adults with AIDS-associated wasting syndrome or short 
bowel syndrome, also qualified for treatment (Ayyar, 2011; Cook and Rose, 2012; 
Cuttler and Silvers, 2010). 
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Despite the absence of evidence that hGH supplementation increases muscle 
strength or aerobic exercise capacity in healthy individuals (Liu et al., 2007), some 
healthy adults have been drawn to hGH in hopes it would serve as a performance-
enhancing drug or would slow the normal aging process. But these uses have 
been linked to a high risk of serious adverse effects, including diabetes, cancer, 
hypertension, muscle pain, joint pain, swelling and inflammation of soft tissue, 
carpal tunnel syndrome, and enlarged breast tissue in men (Liu et al., 2008; Perls 
and Handelsman, 2015). Additionally, there is some evidence that people with 
genetic resistance to growth hormone enjoy longer life spans, suggesting that 
giving hGH to otherwise normally aging adults might actually shorten their lives 
(Suh et al., 2008). Despite these dangers, hGH was used by some athletes and 
aging adults (DEA, 2013).

The FDA is responsible for regulation of prescription drugs, and federal law 
prohibits sponsors from advertising and marketing drugs for uses that go beyond 
their approved indications. But physicians are generally free to prescribe drugs 
for other indications not evaluated by the FDA (known as “off-label” prescrip-
tion), based on their own professional judgment and expertise. This is a common 
phenomenon with widely acknowledged benefits in cases of evolving information 
and physician experience, but the slippery slope trend toward off-label so-called 
enhancement uses of hGH led Congress to take the unusual step of enacting 
legislative restrictions. According to the Crime Control Act of 1990,* the distribution 
of hGH for nonapproved indications, such as for antiaging, age-related condi-
tions, or enhancement of athletic performance, is a felony punishable by fines 
and imprisonment. Both the FDA and the Drug Enforcement Agency interpret this 
amendment to the Federal Food, Drug, and Cosmetic Act strictly to mean that 
off-label prescription of hGH is now illegal (Cronin, 2008; FDA, 2012a).

*U.S. Code Title 21 § 333(e) Prohibited distribution of human growth hormone
 (1) Except as provided in paragraph (2), whoever knowingly distributes, or possesses 
with intent to distribute, human growth hormone for any use in humans other than the 
treatment of a disease or other recognized medical condition, where such use has been 
authorized by the Secretary of Health and Human Services under section 355 of this title 
and pursuant to the order of a physician, is guilty of an offense punishable by not more 
than 5 years in prison, such fines as are authorized by title 18, or both.
 (2) Whoever commits any offense set forth in paragraph (1) and such offense involves an 
individual under 18 years of age is punishable by not more than 10 years imprisonment, 
such fines as are authorized by title 18, or both.
 (3) Any conviction for a violation of paragraphs (1) and (2) of this subsection shall be 
considered a felony violation of the Controlled Substances Act [21 U.S.C. 801 et seq.] for 
the purposes of forfeiture under section 413 of such Act [21 U.S.C. 853].
 (4) As used in this subsection the term “human growth hormone” means somatrem, so-
matropin, or an analogue of either of them.
 (5) The Drug Enforcement Administration is authorized to investigate offenses punishable 
by this subsection.
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he emergence of CRISPR/Cas9 as a research tool in the area 
of human genome editing has lent new urgency to calls for 
a broad public dialogue about these technologies and their 
applications. These calls have come from ethicists and social 
scientists (e.g., Jasanoff et al., 2015), as well as biomedical 
scientists (Bosley et al., 2015; Doudna, 2015) and multiple 

think tanks, bioethics groups, and scientific/professional societies, such as 
The Hinxton Group (Chan et al., 2015), the Nuffield Council (2016b), and 
the Center for Genetics and Society (2015). 

The idea itself is not new. At the Asilomar Conference in February 
1975, an international group of scientists discussed the use of recombinant 
DNA and decided strict controls should be placed on its use (Berg et al., 
1975). The concerns expressed by that group are reflected in a report to the 
U.S. Senate Committee on Human Resources Subcommittee on Health and 
Scientific Research.That report argued that it was “increasingly important 
to society that the serious problems which arise at the interface between 
science and society be carefully identified, and that mechanisms and models 
be devised, for the solution of these problems” (Powledge and Dach, 1977, 
p. 1). 

These early efforts have evolved into a “growing political commitment 
at the highest levels to giving citizens more of a voice in the decisions that 
affect their lives, and to engaging citizens in making government more 
responsive and accountable” (Cornwall, 2008, p. 11). In a 2000 report, 
the U.K. House of Lords recommended that dialogue with the public be a 
mandatory and integral part of policy processes, including the use of public 
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meetings as a tool for formal citizen engagement (U.K. House of Lords, 
2000). Likewise, the 2003 U.S. Nanotechnology Research and Develop-
ment Act mandated “convening of regular and ongoing public discussions, 
through mechanisms such as citizens’ panels, consensus conferences, and 
educational events.”1

These efforts have been motivated in part by the desire to anticipate the 
reactions of members of the public to potentially controversial technologies 
and to “avoid unjustifiably inhibiting innovation, stigmatizing new tech-
nologies, or creating trade barriers” (Holdren et al., 2011, p. 1). Research 
also has shown that engaging meaningfully with decision makers and public 
stakeholders “in processes . . . that incorporate diverse perspectives trans-
parently” can increase public perceptions of the legitimacy of regulatory 
or policy decisions surrounding emerging technologies (Posner et al., 2016, 
p. 1760). These findings echo the conclusion of a 2008 National Research 
Council (NRC) consensus report that public participation in (environmen-
tal) assessment and decision making has the potential to improve not only 
perceptions of legitimacy but also the quality of decisions (Holdren et al., 
2011, p. 1; NRC, 2008).

One could argue, for example, that a lack of meaningful engagement 
with different publics when genetically modified organisms (GMOs) were 
first introduced did irreparable damage to the emerging scientific field of 
genetic engineering. Public debates about harmful effects of Bt corn on the 
larvae of monarch butterflies, for instance, led to “a nearly 10% drop in 
the value of Monsanto stock, possible trade restrictions by Japan, freezes on 
the approval process for Bt-transgenic corn by the European Commission 
(Brussels), and calls for a moratorium on further planting of Bt-corn in the 
United States” (Shelton and Roush, 1999, p. 832). These debates have also 
slowed or halted the development and introduction of biofortification of 
some foods, such as golden rice, which has the potential to reduce disease 
caused by a vitamin A deficiency. The World Health Organization estimates 
that 250 million people suffer from vitamin A deficiency (nearly half of 
them children in the developing world), which is a leading cause of child-
hood blindness, affecting one-quarter to a half million children worldwide 
(Achenbach, 2016). A 2016 report from the National Academies argues 
that increasing micronutrients at appropriate levels in both conventional 
and genetically engineered crops “could have favorable effects on the health 
of millions of people” (NASEM, 2016c, p. 228).

Some scholars have argued that human genome editing has raised, 
and will continue to raise, ethical, regulatory, and sociopolitical questions 
that go well beyond discussions of technical risks and benefits identified by 

1 21st Century Nanotechnology Research and Development Act, Public Law 108-153 (De-
cember 3, 2003).
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biologists (Jasanoff et al., 2015) or even philosophical and sociopolitical 
concerns raised by social scientists and ethicists (Sarewitz, 2015). These 
scholars argue that the risks and benefits associated with human genome 
editing should not be defined solely by the scientific community, and that a 
comprehensive understanding of risks and benefits will require broad public 
debates that are highly inclusive with respect to the range of voices and how 
relevant concepts are defined. This argument suggests, as genome-editing 
technologies and applications develop, the need for ongoing public discus-
sion about how regulatory bodies should draw distinctions between such 
concepts as therapy and enhancement or disability and disease.

There is considerable variation among countries, and even over time 
in the same country, with respect to the role of public opinion, world view, 
and religious affiliation in the formation of public policy. In theocracies, 
public policy concerning embryo research, germline genome editing, and 
even somatic therapy may be shaped by explicit reference to religious doc-
trine. Even in formally secular countries, religious belief may strongly influ-
ence individual morality, which in turn is expressed in personal opinions 
and political preferences. Other countries may have constitutional require-
ments for various degrees of separation between government programs or 
policies and religious institutions. For this reason, public engagement is 
part of public policy formation in a variety of ways across the globe (Pew 
Research Center, 2008). 

In the United States, regulatory agencies such as the U.S. Food and 
Drug Administration (FDA) have statutory authority to permit or prohibit 
the marketing of medical products based on technical considerations of risk 
and benefit. There is no authority to refuse approval for a particular prod-
uct that is intended for (or might be used for) a purpose that many view as 
immoral. If such a prohibition were to be enacted, it would emerge from 
the legislature, subject to limitation where the prohibition would abridge 
constitutionally protected rights. In matters such as these, public input is 
an important component of sound decision making.

This chapter begins by delineating the broad concepts encompassed 
by public engagement. It then reviews in turn U.S. and international pub-
lic engagement practices. The chapter turns next to lessons learned from 
past public engagement efforts. The final section presents conclusions and 
recommendations.

PUBLIC ENGAGEMENT: BROAD CONCEPTS

The broad concepts that guide public engagement have been outlined 
by Alan Leshner, CEO Emeritus of the American Association for the Ad-
vancement of Science:
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We need to engage the public in a more open and honest bidirectional 
dialogue about science and technology and their products, including not 
only their benefits but also their limits, perils, and pitfalls. We need to 
respect the public’s perspective and concerns even when we do not fully 
share them, and we need to develop a partnership that can respond to 
them. (Leshner, 2003, p. 977)

In the same vein, an editorial in Nature called on scientists to participate in 
these public discussions and bring their expertise to the wider conversation, 
even when “such public discussions may take many researchers outside 
their comfort zone” (Nature, 2017, p. 5).

In practice, public engagement takes many different forms, and it is 
beyond the scope of this report to discuss the advantages and disadvantages 
of different modalities (NRC, 2008; Rowe and Frewer, 2005; Scheufele, 
2011). Nonetheless, it is possible to articulate at least three broad prin-
ciples of engagement that can be applied to guide any effort to broaden the 
discourse on human genome editing to include the maximum number of 
relevant viewpoints and stakeholders.

The first principle of public engagement relates to quality of outcomes. 
Previous National Academies reports have identified a host of factors that 
contribute to high-quality regulatory or policy decisions informed by en-
gagement efforts (NASEM, 2016a; NRC, 1996, 2008). Four such factors 
are particularly noteworthy for engagement efforts surrounding human 
genome editing. First is considering and weighing systematically the wid-
est possible range of effects, as well as the uncertainties surrounding them. 
This includes consideration of risks and benefits that go beyond technical, 
medical, or scientific questions and encompass the “perspectives and knowl-
edge of [all] interested and affected parties” (NRC, 1996, p. 3). Second is 
identifying the full range of potential policy or regulatory options. Third is 
having quality public engagement mechanisms that “deal with both facts 
and values and in particular with how anticipated changes in the world will 
affect the things people value” (NRC, 2008, p. 235). And finally, members 
of the lay public are able to ask questions and suggest solutions that may 
not have been imagined by regulators or experts. 

A second principle of public engagement is the legitimacy of outcomes. 
Legitimacy tends to be connected to a number of related factors. First, 
processes for public engagement are transparent and perceived by all par-
ticipants as fair and competent (Hadden, 1995). Second, echoing some of 
the considerations outlined earlier, public engagement identifies the values, 
interests, and concerns of all interested or potentially affected parties. 
Finally, engagement is pursued in a manner consistent with relevant laws 
and regulations.
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These first two engagement principles, however, need to be balanced 
with a third—administrative efficiency. “The goal of full participation 
needs to be considered in light of the need for administrative efficiency 
to ensure that decisions are made in a timely manner” (NASEM, 2016c, 
p. 56), while also guarding against the risk that well-resourced or well-
organized constituencies will dominate the public discourse and drown out 
other voices.

Based on these broad principles, public engagement efforts typically 
are built around one or more of the following processes (Rowe and Frewer, 
2005):

•	 Communication/information—ensuring that decision-relevant infor-
mation (including ethical, regulatory, and political considerations) 
effectively reaches maximum cross sections of society. In other 
words, public engagement efforts—regardless of format—need to 
focus not only on easy-to-reach audiences (e.g., more educated seg-
ments of the population) or highly invested groups (e.g., patient 
advocacy groups, religious communities, groups concerned with 
women’s rights/gender issues, environmental activists).

•	 Consultation—conveying decision-relevant information from the 
maximum number of relevant and affected public(s) to the sponsors 
of the initiative (e.g., regulatory agencies, policy makers at the fed-
eral and potentially even state levels). The process of structuring and 
soliciting this consultation typically is initiated by the sponsor. One 
possibility for more efficient consultation is to interact with interest 
and advocacy groups. These groups can be a vehicle for reaching 
large numbers of people who share a position or goal, although with 
the caveat that these groups vary widely in how democratically they 
arrive at their positions or how accurately they reflect the range of 
views of their members (Seifter, 2015).

•	 Participation—exchanging all decision-relevant information and 
value considerations among the maximum number of relevant 
public(s) and policy actors. Dialogue and negotiation transform 
opinions and increase information and awareness among both spon-
sors and public participants. Many examples of participatory ac-
tivities are based at least partially on formal deliberations among 
(policy) decision makers and members of the public, along the lines 
of Danish consensus conferences (discussed further below) that pro-
vide formal input into policy-making processes (Danish Board of 
Technology, 2006, 2010a,b).
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Regardless of the process, the purpose of engagement efforts is not to 
create or increase public acceptance of emerging technologies. In this sense, 
public engagement is a direct response to what is known as the “knowledge 
deficit model” (Brossard and Lewenstein, 2009)—the notion that it is pos-
sible (or desirable) to increase public acceptance of new technologies by 
closing knowledge deficits and building relevant scientific literacy among 
nonexpert audiences. Public engagement models deviate from knowledge 
deficit models in two ways. First, they acknowledge that very limited em-
pirical data support the assumption that more informed citizens will be 
more accepting of emerging technologies (Scheufele, 2013). Second, such 
models abandon the notions (1) that building public support for science 
is, in all cases, desirable; and (2) that public debate or even controversy 
is always undesirable. Instead, public engagement is designed to facilitate 
“the sharing and exchange of knowledge, perspectives, and preferences 
between or among groups who often have differences in expertise, power, 
and values” (NASEM, 2016b, p. 22). As a result, it “gives all stakeholders 
opportunities to discuss the potential risks, benefits, and consequences of 
a technology before it is developed or deployed; can motivate attention to 
issues important to the public good; and ideally encourages civic participa-
tion and expression of views by all the diverse groups that are concerned 
with an issue” (NASEM, 2016a, pp. 1-7).

Empirical evidence also is limited on how effective different models of 
public engagement are in achieving these goals, and the existing literature 
draws mainly on examples of engagement activities from the local and re-
gional levels. As a result, it is difficult either to point to specific structures 
or processes for effective engagement that are applicable across contexts or 
to predict how they can be tailored to fit the wide diversity of participants, 
regulatory questions, and topics (NASEM, 2016a). 

U.S. PRACTICES

Across different issues, countries, and jurisdictions, efforts to trans-
late the principles discussed above into practice have varied widely. In 
the United States, the Obama administration codified the idea of public 
engagement under the label responsible development: “Innovation with 
respect to emerging technologies—such as nanotechnology, synthetic bi-
ology, and genetic engineering, among others—requires not only coor-
dinated research and development but also appropriate and balanced 
oversight” (Holdren et al., 2011, p. 1). In practice, this concept involves 
communication and consultation, as described in the previous section, as 
two key processes:
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•	 Communication: “The Federal Government should actively com-
municate information to the public regarding the potential benefits 
and risks associated with new technologies” (Holdren et al., 2011, 
p. 2).

•	 Consultation: “To the extent feasible and subject to valid constraints 
(involving, for example, national security and confidential business 
information), relevant information should be developed with ample 
opportunities for stakeholder involvement and public participation. 
[This is] important for promoting accountability, for improving deci-
sions, for increasing trust, and for ensuring that officials have access 
to widely dispersed information” (Holdren et al., 2011, p. 2).

In the United States, Congress enacts laws governing science, health 
care, and the like, all of which are influenced by democratic processes that 
bring public opinion and constituent interests to the attention of elected 
officials. Specialized agencies generally are empowered to implement law 
(subject in most cases to overall policy direction from the executive branch) 
through the use of regulations that are developed with public input. 

The nature and extent of this public engagement vary to some degree 
with the overseeing agency, but all agencies are governed by a set of legal 
rules that have been outlined in the Administrative Procedures Act and 
subsequently interpreted by the courts. The engagement techniques include 
advance notice of proposed rulemaking, an opportunity to comment, and 
a requirement that the agency explain its rationale for a rule and why it 
adopted or rejected comments. These formal rulemaking processes include 
relatively straightforward rules regarding public engagement. Often in the 
case of a highly complex or rapidly evolving area (such as biotechnology 
or life sciences), subregulatory, legally nonbinding guidance or agency 
practices apply, some of which also are subject to formal public comment. 
Lastly, for new research such as genome editing, there can be additional 
nonbinding review by the National Institutes of Health’s (NIH’s) Recombi-
nant DNA Advisory Committee (RAC) or by an expert advisory committee 
convened by the FDA.

Public engagement in science policy is a global affair. One example 
is the European Commission’s introduction of the concept of responsible 
research and innovation (RRI) in the Horizon 2020 funding program to 
increase stakeholder participation and influence in research directions. RRI 
is about “co-creating the future with citizens and civil society organisa-
tions, and also bringing on board the widest possible diversity of actors 
that would not normally interact with each other, on matters of science and 
technology” (European Commission, 2016b). It includes an effort to map 
the ethical issues relevant to innovation and, with the help of the public, 
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to identify the best options for governance, whether in formal law or in 
voluntary standards and practices (European Commission, 2016b). It also 
includes the VOICES (Views, Opinions, and Ideas of Citizens in Europe 
on Science) project, with its thousands of participants in focus groups and 
other exercises (European Commission, 2016c).

Existing Infrastructure for Public Involvement in Genome-Editing Policy

In addition to the general framework for public engagement in policy, 
there are some particularly relevant opportunities for public engagement 
in the current approval process for somatic gene therapy research. To the 
extent that some policy can be formulated at the state level, as has hap-
pened in some states with respect to embryo research, cloning, and funding 
for stem cell research, the states themselves can be stakeholders that engage 
with the federal agencies (albeit with complex goals that include concerns 
about state power and independence) (Seifter, 2014b). In federalist systems, 
such as those not only of the United States but also of Europe and Australia, 
it is important to include consideration of regional opportunities for public 
engagement and policy making as well. Beyond allowing for the possibil-
ity that policy making may well occur at the local level, doing so has the 
potential to increase the perceived legitimacy of centralized, federal policies 
adopted by administrative rule (Seifter, 2014a). 

At the federal level in the United States, opportunities for public en-
gagement exist but tend to be limited and passive, and not the type of fuller 
public engagement that may be appropriate for an important new technol-
ogy such as human genome editing, especially as potentially applied to the 
germline. These opportunities are described below.

National Institutes of Health’s Recombinant DNA Advisory Committee

At present, the RAC provides the greatest opportunity for public in-
volvement in the oversight of human gene-transfer or genome-editing pro-
tocols. Under the modified procedures enacted in April 2016, the RAC 
reviews only human gene-transfer protocols that present novel or significant 
scientific, societal, or ethical concerns. The RAC reviewed the first human 
CRISPR/Cas9 genome-editing trial in the United States pursuant to these 
criteria in June 2016. As described in greater detail in Chapter 2, the RAC’s 
process is transparent and provides opportunities for public involvement. 
RAC meetings are conducted in accordance with the Federal Advisory 
Committee Act, which requires public advance notice of meetings that are 
open to the public (unless certain exceptions apply) and in which time is 
made available for public comment. In addition, recent RAC meetings have 
been webcast for viewing in real time or from the archives after the meeting, 
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and NIH’s Office of Biotechnology Activities has created an email list for 
individuals who wish to be informed of new RAC meetings and activities. 

Although these provisions allow for limited participation by interested 
members of the public, they are passive in that they apply primarily to a 
subset of the public that has an existing interest and that seeks out the 
meeting information. In its current form, the RAC lacks scholarly expertise 
in public opinion or public engagement research, and is therefore not as 
well positioned to spearhead efforts to seek input from, or dialogues with, 
different communities of people at large who have an interest in the issue 
at hand, often referred to as “publics.”

U.S. Food and Drug Administration

The FDA is the second major institutional player in gene therapy ap-
provals in the United States, but as described in more detail in Chapter 2, 
the Investigational New Drug (IND) application contains confidential busi-
ness information. Therefore, submissions are proprietary and not avail-
able for public review or comment. As noted earlier, however, the website 
ClinicalTrials.gov has now been amended to increase public access to data 
on trials and their results, and a product sponsor may elect to make some 
or all of the IND information publicly available. Furthermore, if a gene 
therapy or genome-editing protocol is reviewed by an FDA scientific advi-
sory committee, that meeting is open to the public, and a public representa-
tive must be included on the advisory committee roster. Once a biological 
license is approved, additional information is available for public posting. 
Nonetheless, overall the FDA review process lacks the transparency associ-
ated with an advisory body such as the RAC.

The FDA periodically calls informational public meetings, as it did for 
genetically engineered salmon (FDA, 2010), or hosts a more general public 
discussion, such as that on how the regulatory system for biotechnology 
products should be modernized (FDA, 2015c). The FDA’s advisory commit-
tee meetings, as well as its more generalized meeting mechanisms, would 
be available for discussion of therapies that depend on genome editing, 
and they might be particularly useful for discussion of products aimed at 
or likely to be used off-label for “enhancement.”

National Bioethics Commissions

Many nations have bodies to provide advice to their governments or 
to provide venues for public conversation, and such entities exist on every 
continent except Antarctica. They are usually appointed by the executive 
or legislative branches, and offer analyses and policy recommendations 
on a range of topics in bioethics. In November 1996, a group of national 
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bioethics commissions met for a summit at the invitation of the American 
National Bioethics Advisory Commission and the French Comité Consulta-
tif National d’Ethique pour les Sciences de la Vie et de la Santé.2 Since then, 
there have been a series of global summits of these bodies, the most recent 
in Germany and the next to take place in 2018 in Senegal.

Like many other countries, the United States has a long tradition of 
using bioethics commissions as a venue for both public participation and 
advice to the government on policy options (see Box 7-1). The tradition 
began in the 1970s with the creation of the National Commission for the 
Protection of Human Subjects of Biomedical and Behavioral Research, 
whose work led to substantial changes in the management of clinical trials. 
The U.S. federal government has assembled many subsequent commissions 
to address bioethical issues. Common features of these commissions include 
opportunities for public testimony, open meetings, the availability of tran-
scripts of commission discussions, and the evident effect of this public par-
ticipation and observation on both the decisions made at the meetings and 
the implementation of the resulting recommendations. Although agencies 
often are restricted by law with regard to what they can consider in their 
decisions, these venues provide an important outlet for broader consider-
ations that, if necessary, can lead to legislative changes in agency mandates 
or regulatory approaches.

Institutional Oversight

All gene therapy and genome-editing studies must be approved at 
the local level by a research institution’s institutional review board (IRB) 

2 See http://www.who.int/ethics/partnerships/globalsummit/en (accessed January 30, 2017).

BOX 7-1 
U.S. National-Level Bioethics Commissions

Presidential Commission for the Study of Bioethical Issues, 2009-2016
President’s Council on Bioethics, 2001-2009
National Bioethics Advisory Commission, 1996-2001
Advisory Committee on Human Radiation Experiments, 1994-1995
Biomedical Ethical Advisory Committee, 1988-1990
President’s Commission for the Study of Ethical Problems in Medicine  
 and in Biomedical and Behavioral Research, 1978-1983
National Commission for the Protection of Human Subjects of Biomedical  
 and Behavioral Research, 1974-1978
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and institutional biosafety committee (IBC), both of which are required 
to include public representatives in their membership. Under current U.S. 
regulations, an IRB must have at least one member “who is not otherwise 
affiliated with the institution,” and among the types of expertise its mem-
bership must represent is sensitivity to “community attitudes.”3 Likewise, 
an IBC must include at least two members not affiliated with the institution 
that “represent community attitudes.” 

INTERNATIONAL PRACTICES

As noted above, in Europe, many of the efforts surrounding public 
engagement in science have been guided by the idea of responsible innova-
tion, that is, a “transparent, interactive process by which societal actors and 
innovators become mutually responsive to each other with a view to the 
(ethical) acceptability, sustainability and societal desirability of the innova-
tion process and its marketable products” (Schomberg, 2012, p. 50). This 
includes elements of information and consultation, as described above, but 
also a strong commitment to formal public participation in policy forma-
tion and decision making in many countries. 

An overview of different non-U.S. efforts to engage with public stake-
holders is provided in Table 7-1. 

For example, Denmark has a longstanding tradition of consensus con-
ferences for which broad representation is sought, and whose results are 

3 21 CFR § 56.107.

TABLE 7-1 Attributes of Public Engagement: Selected Examples

United Kingdom Denmark France

•	 Solicits entities outside of 
the government, especially 
specialists in communication 
and Web resources, to 
create its public consultation 
structure

•	 Single-issue focus in its 
consultation

•	 Wide variety of ways citizens 
provide input, including 
workshops, meetings, online 
questionnaires, and interactive 
website forums

•	 Longstanding 
experience in public 
consultation

•	 Emergence of ethical 
issues raised by citizen 
groups that policy 
makers have not 
considered

•	 Report content taken 
into consideration by 
policy decision makers 
via an independent 
agency that informs 
and advises the 
government

•	 Citizen panels bring 
attention to new social 
demands and needs for 
new legal approaches to 
novel technologies

•	 Widespread media 
dissemination of panel 
discussions

•	 Proliferation of other 
forums for discussion 
subsequent to the public 
consultation
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taken seriously in the policy-making process. To some extent, however, the 
emphasis on consensus constrains their ability to present dissenting views 
(see Table 7-2). Although no country can fully satisfy all the objectives of 
public engagement in the realm of human germline genome editing, one 
widely shared objective is to strive to “enrich and expand the scope of 
traditional debate between experts, politicians, and interested parties by 
communicating citizens’ views and attitudes on controversial technologies” 
(Scheufele, 2011, p. 11).

TABLE 7-2 Public Engagement in Denmark: Consensus Conferences

Modalities Strengths Weaknesses

•	 These represent one of 
the earliest and most 
referenced of consensus 
conferences (late 
1980s).

•	 A representative sample 
is recruited; around 
2,000 randomly 
selected citizens are 
invited to apply.

•	 The Danish Board of 
Technology (DBoT, 
an independent body 
created by the Danish 
Parliament) then selects 
14-16 panel members 
to participate in the 
conference.

•	 These citizens are 
introduced to and 
briefed on the topic(s) 
at hand by an expert 
journalist.

•	 They then meet for 
extensive discussion 
among themselves.

•	 Finally, they draft a 
report that expresses 
their stance on a given 
issue. 

•	 The final report is 
taken seriously by the 
DBoT, which uses it 
to advise the Danish 
Parliament. Hence 
citizens’ voices are 
fully integrated into the 
debating chambers of 
the government.

•	 This solicitation of 
input from selected 
Danish citizens prior to 
any form of legislative 
debate allows policy 
makers to identify 
ethical issues they 
may not even have 
considered, as well 
as gives them time to 
adjust policy proposals 
in light of the citizen 
report.

•	 This in turn increases 
citizens’ levels of trust 
in government.

•	 Many academics, and 
others as well, consider 
the Danish consensus 
conference to be a 
model unto itself.

•	 The members of a citizen 
panel selected through 
such a top-down system 
can never be truly 
representative of the 
population at large.

•	 The careful monitoring 
of citizen panel members 
to minimize imbalances 
due to age, geographic 
location, gender, 
socioeconomic status, and 
cognitive and personality 
differences, as well as 
level of interest in the 
topic(s), tends to create 
an “idealized” group of 
people meant to represent 
the real world, when such 
is not the case.

•	 Hence, this highly selective 
procedure means that 
those selected already have 
a pronounced interest in 
the topic at hand. Thus, 
inclusion of those who 
need more exposure to 
and education on the topic 
under consideration is 
neglected.

•	 The final citizens’ report 
must be a consensus; 
hence no dissension is 
either allowed or included 
in the document.
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In designing public engagement activities, there are lessons to be learned 
from previous national efforts. These include the need to avoid having a 
small or overly selective sample of citizens and viewpoints and having a 
structure that is overly centralized and controlled in a top-down fashion 
(a structure that may be difficult to avoid in large, centralized national 
systems). One way to address these potential pitfalls is to follow the U.K. 
approach of “outsourcing” many public engagement activities to indepen-
dent and nongovernmental entities (Sciencewise, 2016; Wilsdon, 2015). 
However, independent data with which to evaluate the efficacy of these 
efforts in other countries and their applicability to the U.S. context are lim-
ited. Moreover, when the process involves formulating future public policy 
for a country at large, it may be advantageous to have a central organizer 
of these types of consultations.

LESSONS LEARNED FROM PUBLIC ENGAGEMENT ACTIVITIES

Public engagement efforts are crucially important for guiding societal 
and political debates about the social, ethical, legal, and political aspects of 
applications of human genome editing. Given the infrastructures already in 
place to engage the public, as well as the general principles for engagement 
discussed in this chapter, the committee sees particular value in an approach 
that uses different processes for engagement for different types of questions 
surrounding genome editing. At the same time, it is essential that all such 
efforts adhere to all the principles for effective public engagement outlined 
earlier and that they apply two additional engagement principles to help 
avoid potential pitfalls. 

First, any effort to engage the public broadly needs to distinguish be-
tween systematic public opinion research and public engagement exercises. 
The former uses social scientific methods to measure public opinion in ways 
that allow for generalization from representative samples to larger popula-
tions. Such efforts include quantifiable indicators of how likely it is that 
certain characteristics observed in a sample occur in the general population 
(e.g., Dillman et al., 2014). Public opinion research is particularly useful for 
identifying informational needs, perceptions of risk and benefit, or other 
attitudinal variables among different publics (Scheufele, 2010). By contrast, 
public engagement exercises such as consensus conferences or public meet-
ings typically rely on representatives of highly interested and knowledgeable 
groups that can help policy makers or the scientific community identify 
ethical, legal, or societal considerations early in the policy-making process. 
The specific populations on which most engagement exercises draw and the 
social dynamics that drive conversational settings—even with professional 
moderators—often limit the ability to generalize findings from such exer-
cises to broader public opinion (Merkle, 1996; Scheufele, 2011). Parallel 

Human Genome Editing: Science, Ethics, and Governance

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/24623


176 HUMAN GENOME EDITING

efforts with focus groups and broad public surveys of more randomly se-
lected samples may be needed.

A second important principle relates to communicating the specific 
types of science on which policy makers or other conveners of engagement 
exercises seek input. Human beings interpret new information by using ex-
isting frames of reference (Goffman, 1974; Kahneman and Tversky, 1984). 
Fairly minor differences in how scientific techniques are described in meet-
ing materials or the examples that are chosen for particular applications 
can significantly alter initial attitudes among participants, as well as the 
overall nature of discussions (Anderson et al., 2013). Thus, it is important 
that written meeting materials or presentations by experts during public 
engagement exercises not be developed only by technical experts based on 
their perceptions of relevance or appropriateness. Instead, they need to be 
systematically pretested using empirical social science to ensure that they 
minimize a priori biases and allow for inclusive, broad discussions that 
are not constrained artificially to the technical or scientific aspects of the 
subject. 

MOVING FORWARD

Current infrastructure in the United States adequately includes public 
input for current modes of gene therapy, including both commercially 
and publicly funded basic research involving human genome editing. As 
discussed earlier, science in the United States is subject to well-functioning 
quality controls, oversight mechanisms, and ethical controls. Many of 
these mechanisms, such as IRBs, already involve public input. Similarly, 
the public has a means of providing systematic input on funding priorities, 
regulations, and other aspects of basic research through electoral choices 
at the federal, state and local levels.

Engagement mechanisms built into current regulatory infrastructures 
in the United States are sufficient to address somatic applications of hu-
man genome-editing techniques, but this does not mean they cannot be 
improved. The engagement processes employed by groups such as the RAC 
are communication of relevant information and consultation with affected 
or interested parties. In rarer cases, efforts have also been undertaken to 
provide for true public participation in regulatory rulemaking. Ideally, all 
oversight bodies involved in human genome editing would expand their 
portfolio of engagement efforts to develop more systematic and sustain-
able modes of public participation. In particular, an expansion of current 
modes of public engagement will be necessary to help regulatory bodies 
define the definitions of and boundaries between such terms as “therapy” 
and “enhancement” or “disease” and “disability.” These efforts might be 
aided by regulatory agencies’ adding members with relevant expertise to 
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specific committees, such as FDA advisory committees that need to evaluate 
the benefits of an indication and the degree of unmet need for a new edited 
cell- or tissue-based product. 

For any consideration of applications of genome editing of the human 
germline, extensive, inclusive, and meaningful public input consistent with 
the principles of engagement outlined in this chapter would be a necessary 
condition for moving forward. To this end, ongoing monitoring of public 
attitudes, information deficits, and emerging concerns would be essential. 
These public engagement efforts would allow agencies and other policy 
bodies to (1) communicate effectively by informing different publics and 
providing policy-relevant scientific information, and (2) identify areas re-
quiring systematic efforts to create infrastructures for public engagement 
early in the process (NASEM, 2016a). The complex issues surrounding 
enhancement also would require an ongoing public debate to inform regu-
lators and policy makers about the individual and societal values to be 
placed on the benefits and risks before clinical trials for such enhancement 
interventions could be authorized. These ongoing efforts to encourage pub-
lic engagement would need to be tied directly to the policy-making process 
(NRC, 2008, p. 19). 

To facilitate and monitor the effectiveness of such engagement efforts, 
federal agencies would need to consider funding programs for research to 
(1) promote understanding of the long- and short-term sociopolitical, ethi-
cal, and legal aspects of human genome editing; (2) evaluate the efficacy of 
various efforts to build public engagement (communication, consultation, 
and participation) into regulatory or policy-making infrastructures; and 
(3) assess how public engagement can and should influence different areas 
of policy making. Experiences with the genome initiative’s program for 
including consideration of “ethical, legal, and social issues” as part of its 
overall funding of scientific research, and experiences with the Centers for 
Nanotechnology in Society, funded by the National Science Foundation, 
might provide useful frameworks for structuring similar research agendas 
or funding programs for public engagement for genome editing.4

CONCLUSIONS AND RECOMMENDATIONS

Efforts to advance human medicine through genome editing will be 
strengthened by public engagement informed by technical experts and by 
social scientists who undertake systematic public opinion research, develop 
appropriate communication materials, and minimize artificial biases or 
constraints that would hinder discussion and debate.

4 See https://www.genome.gov/elsi (accessed January 30, 2017); https://www.nsf.gov/news/
news_summ.jsp?cntn_id=117862 (accessed January 30, 2017).
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Existing public communication and engagement infrastructures in the 
United States are sufficient to address oversight of basic science and labora-
tory research on human genome editing. Similarly, mechanisms for public 
communication and consultation that are part of the current U.S. regulatory 
infrastructures are also available to address public communication around 
the development of human somatic cell genome editing.

Weighing the technical and societal benefits and risks of applications of 
future uses of germline editing will require more formalized efforts to solicit 
broad public input and encourage public debate than are currently in place. 
Furthermore, the complex issues surrounding enhancement will require an 
ongoing public debate to inform regulators and policy makers about the 
individual and societal values to be placed on the benefits and risks before 
clinical trials for such enhancement interventions could be authorized.

The practices and principles developed for effective and inclusive public 
engagement in other emerging areas of science and technology provide a 
valuable base to inform public engagement on genome editing.

RECOMMENDATION 7-1. Extensive and inclusive public par-
ticipation should precede clinical trials for any extension of hu-
man genome editing beyond treatment or prevention of disease or 
disability. 

RECOMMENDATION 7-2. Ongoing reassessment of both health 
and societal benefits and risks, with broad ongoing participation 
and input by the public, should precede consideration of any clini-
cal trials of heritable germline genome editing.

RECOMMENDATION 7-3. Public participation should be incor-
porated into the policy-making process for human genome editing 
and should include ongoing monitoring of public attitudes, infor-
mational deficits, and emerging concerns about issues surrounding 
“enhancement.”

RECOMMENDATION 7-4. When funding human genome-editing 
research, federal agencies should consider including funding to sup-
port near-term research and strategies for
	 •	 	identifying areas that require systematic and early efforts to 

solicit public participation, 
	 •	 	developing the necessary content and communicating it ef-

fectively, and
	 •	 	improving public engagement within the context of existing 

infrastructure. 
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RECOMMENDATION 7-5. When funding human genome-editing 
research, federal agencies should consider including funding for 
research aimed at
	 •	 	understanding the sociopolitical, ethical, and legal aspects of 

editing the human germline; 
	 •	 	understanding the sociopolitical, ethical, and legal aspects of 

uses for genome editing that go beyond treatment or preven-
tion of disease or disability; and 

	 •	 	evaluating the efficacy of efforts to build public communi-
cation and engagement on these issues into regulatory or 
policy-making infrastructures.
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enome editing offers great potential to advance both funda-
mental science and therapeutic applications. Basic labora-
tory research applying genome-editing methods to human 
cells, tissues, germline cells, and embryos holds promise for 
improving understanding of normal human biology, includ-
ing furthering knowledge of human fertility, reproduction, 

and development, as well as providing deeper understanding of disease 
and establishing new approaches to treatment. Such research is proceeding 
rapidly within existing oversight systems. Genome editing is already enter-
ing clinical testing for somatic treatment of certain genetic diseases, subject 
to regulatory systems designed to oversee human somatic cell gene therapy 
research. Furthermore, recently developed methods offer the future pos-
sibility of editing germline cells to prevent heritable transmission of genetic 
disease, within the limits of domestic and transnational law. At the same 
time, genome-editing technologies challenge regulators and the public to 
evaluate existing governance systems to determine whether there are some 
genetic alterations that are insufficiently justified, too risky, or too socially 
disruptive to be pursued at this time. This chapter summarizes the conclu-
sions of the committee relating the overarching principles and conclusions 
to recommendations for the conduct and oversight of this burgeoning area 
of research and application.

8
Summary of Principles 

and Recommendations

G
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OVERARCHING PRINCIPLES FOR GOVERNANCE 
OF HUMAN GENOME EDITING

Genome editing holds great promise for preventing, ameliorating, or 
eliminating many human diseases and conditions. Along with this promise 
comes the need for ethically responsible research and clinical use.

RECOMMENDATION 2-1. The following principles should un-
dergird the oversight systems, the research on, and the clinical uses 
of human genome editing: 
 1. Promoting well-being
 2. Transparency
 3. Due care
 4. Responsible science
 5. Respect for persons
 6. Fairness
 7. Transnational cooperation

In turn, these principles, detailed below, result in a number of respon-
sibilities when devising a governance system for genome editing:

Promoting well-being: The principle of promoting well-being supports 
providing benefit and preventing harm to those affected, often referred to in 
the bioethics literature as the principles of beneficence and nonmaleficence.

Responsibilities that flow from adherence to this principle include (1) 
pursuing applications of human genome editing that promote the health 
and well-being of individuals, such as treating or preventing disease, while 
minimizing risk to individuals in early applications with a high degree of 
uncertainty; and (2) ensuring a reasonable balance of risk and benefit for 
any application of human genome editing. 

Transparency: The principle of transparency requires openness and 
sharing of information in ways that are accessible and understandable to 
stakeholders.

Responsibilities that flow from adherence to this principle include (1) 
a commitment to disclosure of information to the fullest extent possible 
and in a timely manner, and (2) meaningful public input into the policy-
making process related to human genome editing, as well as other novel 
and disruptive technologies. 

Due care: The principle of due care for patients enrolled in research 
studies or receiving clinical care requires proceeding carefully and deliber-
ately, and only when supported by sufficient and robust evidence.

Responsibilities that flow from adherence to this principle include pro-
ceeding cautiously and incrementally, under appropriate supervision and in 
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ways that allow for frequent reassessment in light of future advances and 
cultural opinions.

Responsible science: The principle of responsible science underpins 
adherence to the highest standards of research, from bench to bedside, in 
accordance with international and professional norms.

Responsibilities that flow from adherence to this principle include a 
commitment to (1) high-quality experimental design and analysis, (2) ap-
propriate review and evaluation of protocols and resulting data, (3) trans-
parency, and (4) correction of false or misleading data or analysis.

Respect for persons: The principle of respect for persons requires rec-
ognition of the personal dignity of all individuals, acknowledgment of 
the centrality of personal choice, and respect for individual decisions. All 
people have equal moral value, regardless of their genetic qualities.

Responsibilities that flow from adherence to this principle include 
(1) a commitment to the equal value of all individuals, (2) respect for and 
promotion of individual decision making, (3) a commitment to preventing 
recurrence of the abusive forms of eugenics practiced in the past, and (4) a 
commitment to destigmatizing disability.

Fairness: The principle of fairness requires that like cases be treated 
alike, and that risks and benefits be equitably distributed (distributive 
justice).

Responsibilities that flow from adherence to this principle include 
(1) equitable distribution of the burdens and benefits of research and 
(2) broad and equitable access to the benefits of resulting clinical applica-
tions of human genome editing. 

Transnational cooperation: The principle of transnational cooperation 
supports a commitment to collaborative approaches to research and gov-
ernance while respecting different cultural contexts.

Responsibilities that flow from adherence to this principle include 
(1) respect for differing national policies, (2) coordination of regulatory 
standards and procedures whenever possible, and (3) transnational col-
laboration and data sharing among different scientific communities and 
responsible regulatory authorities.

These principles and responsibilities can be fulfilled in the form of spe-
cific recommendations for regulation of genome editing, as presented below.

EXISTING U.S. OVERSIGHT MECHANISMS 
FOR HUMAN GENOME EDITING 

In the United States, existing laws and funding policies at the state 
and federal levels will govern human genome editing at all stages, from 
laboratory research through preclinical testing and clinical trials to clinical 
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application. The existing systems, while always having room for improve-
ment, can be deployed to manage currently anticipated uses of human 
genome editing, but some future uses will require stringent criteria and 
further public debate.

Laboratory Research Using Genome-Editing Methods

The use of genome editing as a laboratory research tool in human 
somatic cells and tissues would largely be governed in the same way as 
other types of laboratory research, which are subject to institutional bio-
safety review and general standards of laboratory practice. Additional 
policies are also in place to govern the donation and use of human cells, 
tissues, or embryos for research. These take account of factors such as 
whether the tissue is left over from a clinical procedure or is obtained 
through intervention specifically for research. If tissue has information 
within or linked to it that makes the donor’s identity readily ascertain-
able, then additional human subjects protections, such as the need for 
some form of consent and an institutional review board (IRB) review, 
generally will also apply.

Additional considerations apply to the use of genome editing for labo-
ratory research using human embryos (with no aim of establishing a preg-
nancy). In the United States, federal funding for research using embryos 
generally is prohibited by the Dickey-Wicker Amendment, but some state 
and private sources for such research are available. Such uses would be 
subject to some of the legal regimes governing human reproduction and 
products of conception. Recommendations of the 1994 National Institutes 
of Health (NIH) Human Embryo Research Panel; the National Academies 
of Sciences, Engineering, and Medicine’s Guidelines for Human Embryonic 
Stem Cell Research; and the guidelines of the International Society for Stem 
Cell Research guidelines continue to shape research practices in this area. 

The ethical and regulatory considerations posed by genome-editing 
research using human embryos in the laboratory have been explored in 
the past: the moral status of the embryo, the acceptability of making em-
bryos for research or using embryos that would otherwise be discarded, 
and legal or voluntary limits that apply to the use of embryos in research. 
These same ethical considerations are raised in other countries. Even with 
recognition of the scientific value of using human embryos in research, the 
practice is limited, discouraged, or even prohibited in many jurisdictions. 
Genome editing of human embryos purely for nonreproductive research 
purposes will be subject to those same ethical norms and policies. Where 
permitted, however, oversight procedures already in place for other forms 
of embryo research should provide assurance of the necessity and quality 
of the research.
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Oversight of laboratory research using human cells and tissues is an 
expression of the principle of Responsible Science, which includes high-
quality experimental design and protocol review. Science proceeds by rigor-
ous peer review and publication of results, and also benefits from sharing of 
and access to data that can support continued development of the field. The 
principle of Transparency supports sharing information to the fullest extent 
possible consistent with applicable law. Respect for diversity among nations 
in domestic policy on research using human embryos should not be an ob-
stacle to Transnational Cooperation, including data sharing, collaboration 
by regulatory authorities, and, where possible, harmonization of standards. 

Conclusions and Recommendation: Fundamental Laboratory Research

Laboratory research involving human genome editing—that is, research 
that does not involve contact with patients—follows regulatory pathways 
that are the same as those for other basic laboratory in vitro research with 
human tissues, and raises issues already managed under existing ethical 
norms and regulatory regimes. This includes not only work with somatic 
cells but also the donation and use of human gametes and embryos for 
research purposes, where this research is permitted. While there are those 
who disagree with the policies embodied in some of those rules, the rules 
continue to be in effect. Important scientific and clinical issues relevant to 
human fertility and reproduction require continued laboratory research on 
human gametes and their progenitors, human embryos, and pluripotent 
stem cells. This research is necessary for medical and scientific purposes 
that are not directed at heritable genome editing, though it will also pro-
vide valuable information and techniques that could be applied if heritable 
genome editing were to be attempted in the future.

RECOMMENDATION 3-1. Existing regulatory infrastructure and 
processes for reviewing and evaluating basic laboratory genome-
editing research with human cells and tissues should be used to 
evaluate future basic laboratory research on human genome editing. 

Somatic Cell Genome Editing for Treatment or 
Prevention of Disease and Disability

The most immediate clinical applications of genome editing will be 
in human somatic cells for the treatment or prevention of disease and 
disability. Indeed such research is already in clinical trials. In the United 
States, clinical applications that use somatic cell genome editing fall under 
the jurisdiction of the U.S. Food and Drug Administration (FDA), which 
regulates human tissue- and cell-based therapies. Initiation of any genome-
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editing clinical trial requires prior approval by the FDA, and IRBs will 
also oversee aspects of these trials such as recruitment, counseling, and 
adverse-event monitoring for trial participants. Regulatory assessments as-
sociated with clinical trials of somatic cell genome editing will be similar 
to those associated with other medical therapies, including minimization 
of risk, analysis of whether risks to participants are reasonable in light of 
potential benefits, and whether participants are recruited and enrolled with 
appropriate voluntary and informed consent. Additional oversight in the 
United States includes local safety reviews by institutional biosafety com-
mittees and national-level review opportunities under the auspices of the 
NIH Recombinant DNA Advisory Committee (RAC), for both specific, 
novel protocols and for general approaches.

The ethical norms and regulatory regimes already developed for other 
forms of gene therapy are adequate for managing new applications in-
volving somatic genome editing with the purpose of treating or prevent-
ing disease and disability. But regulatory oversight should also emphasize 
prevention of unauthorized or premature applications of genome editing.

In some circumstances, it may also be desirable to consider undertaking 
genome editing in the somatic cells of a fetus in utero, for example, where 
fetal editing could be significantly more effective than postnatal interven-
tion for genetic diseases with devastating effects early in development. The 
potential benefit to the resulting child would be key. But in utero genome 
editing would also require special attention to issues surrounding consent 
and to any increased risk of on-target or off-target modifications to fetal 
germ cells or germ cell progenitors.

Recommendations for regulating somatic cell genome editing are in-
formed by several of the overarching principles. An important goal in both 
the research and clinical uses of somatic genome editing is promoting well-
being. Transparency and responsible science are necessary for advancing 
the research with confidence in the quality of the work, while due care 
ensures that the applications proceed incrementally with careful attention 
to risks and benefits, as well as reassessments that allow timely response to 
changing scientific and clinical information. As therapeutic and preventive 
medical technologies are developed, fairness and respect for persons call for 
attention to equitable access to the benefits of these advances, protection 
of individual choice to pursue or decline use of these therapies, and respect 
for the dignity of all persons regardless of that choice.

Conclusions and Recommendations: Somatic Therapy

In general, there is substantial public support for the use of gene 
therapy (and by extension, gene therapy that uses genome editing) for the 
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treatment and prevention of disease and disability. Human genome editing 
in somatic cells holds great promise for treating or preventing many diseases 
and for improving the safety, effectiveness, and efficiency of existing gene 
therapy techniques now in use or in clinical trials. While genome-editing 
techniques continue to be optimized, however, they are best suited only 
to treatment or prevention of disease and disability and not to other, less 
pressing purposes.

The ethical norms and regulatory regimes already developed for gene 
therapy can be applied for these applications. Regulatory assessments as-
sociated with clinical trials of somatic cell genome editing will be similar to 
those associated with other medical therapies, encompassing minimization 
of risk, analysis of whether risks to participants are reasonable in light of 
potential benefits, and determining whether participants are recruited and 
enrolled with appropriate voluntary and informed consent. Regulatory 
oversight also will need to include legal authority and enforcement capacity 
to prevent unauthorized or premature applications of genome editing, and 
regulatory authorities will need to continually update their knowledge of 
specific technical aspects of the technologies being applied. At a minimum, 
their assessments will need to consider not only the technical context of the 
genome-editing system but also the proposed clinical application so that 
anticipated risks and benefits can be weighed. Because off-target events 
will vary with the platform technology, cell type, target genome sequence, 
and other factors, no single standard for somatic genome-editing specificity 
(e.g., acceptable off-target event rate) can be set at this time.

RECOMMENDATION 4-1. Existing regulatory infrastructure and 
processes for reviewing and evaluating somatic gene therapy to 
treat or prevent disease and disability should be used to evaluate 
somatic gene therapy that uses genome editing.

RECOMMENDATION 4-2. At this time, regulatory authorities 
should authorize clinical trials or approve cell therapies only for 
indications related to the treatment or prevention of disease or 
disability.

RECOMMENDATION 4-3. Oversight authorities should evaluate 
the safety and efficacy of proposed human somatic cell genome-
editing applications in the context of the risks and benefits of 
intended use, recognizing that off-target events may vary with the 
platform technology, cell type, target genomic location, and other 
factors.
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RECOMMENDATION 4-4. Transparent and inclusive public 
policy debates should precede any consideration of whether to au-
thorize clinical trials of somatic cell genome editing for indications 
that go beyond treatment or prevention of disease or disability. 

Heritable Genome Editing

Heritable genome editing, which creates genetic changes heritable by 
future generations, has the potential to alleviate the suffering caused by 
genetically inherited diseases. However, it also raises concerns that extend 
beyond consideration of individual risks and benefits. Although heritable 
editing would not currently be approved given the uncertainty about safety 
and efficacy, the technology is advancing rapidly, such that it may, in the 
not-so-distant future, become a realistic possibility that needs serious con-
sideration. There are circumstances in which genome editing in germline 
cells or embryos might be the only or most acceptable option for prospec-
tive parents who wish to have a genetically related child while minimizing 
the risk of transmitting a serious disease or disability.

There is a history of debate around the possibility of making heritable 
changes to the human genome. Because the effects of such changes could be 
multigenerational, both the potential benefits and the potential harms could 
be multiplied. Benefits from such editing would accrue to any future child 
born with reduced burden from genetically inherited disease, and to the 
prospective parents seeking to have a genetically related child without fear 
of passing along a disease. On the other hand, concerns have been raised 
about the wisdom and appropriateness of this form of human intervention. 
The intended genome edits themselves might have unintended consequences 
which, if inherited, would also affect descendants. As with other forms of 
advanced medical technologies, questions of equality of access arise. The 
prospect of heritable genome editing also triggers concerns similar to those 
raised earlier by preimplantation and prenatal genetic screening, that is to 
say that purely voluntary, individual decisions might collectively change 
social norms about the acceptance of disabilities. 

Conclusions and Recommendations: Heritable Genome Editing

In some situations, heritable genome editing would provide the only 
or the most acceptable option for parents who desire to have genetically 
related children while minimizing the risk of serious disease or disability 
in a prospective child. Yet while relief from inherited diseases could accrue 
from its use, there is significant public discomfort with heritable genome 
editing, particularly for less serious conditions and for situations in which 
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alternatives exist. These concerns range from a view that it is inappropriate 
for humans to intervene in their own evolution to anxiety about unintended 
consequences for the individuals affected and for society as a whole. More 
research is needed before any germline intervention could meet the risk/
benefit standard for authorizing clinical trials. But as the technical hurdles 
facing genome editing of progenitors of eggs and sperm are overcome, edit-
ing to prevent transmission of genetically inherited diseases may become a 
realistic possibility. 

The primary U.S. entity with authority for the regulation of heritable 
genome editing—the FDA—does incorporate value judgments about risks 
and benefits in its decision making. A robust public discussion about the 
values to be placed on the benefits and risks of heritable genome editing is 
needed now so that these values can be incorporated as appropriate into 
the risk/benefit assessments that will precede any decision about whether 
to authorize clinical trials. But the FDA does not have a statutory mandate 
to consider public views on the intrinsic morality of a technology when 
deciding whether to authorize clinical trials. That level of discussion takes 
place at the RAC, in legislatures, and at other venues for public engage-
ment, discussed in Chapter 7.

Heritable germline genome-editing trials must be approached with cau-
tion, but caution does not mean they must be prohibited. If the technical 
challenges are overcome and potential benefits are reasonable in light of 
the risks, clinical trials could be initiated, limited to only the most compel-
ling circumstances and subject to a comprehensive oversight framework 
that would protect the research subjects and their descendants; and have 
sufficient safeguards in place to protect against inappropriate expansion to 
uses that are less compelling or less well understood.

RECOMMENDATION 5-1. Clinical trials using heritable genome 
editing should be permitted only within a robust and effective regu-
latory framework that encompasses
	 •	 the absence of reasonable alternatives;
	 •	 restriction to preventing a serious disease or condition;
	 •	 	restriction to editing genes that have been convincingly dem-

onstrated to cause or to strongly predispose to that disease 
or condition;

	 •	 	restriction to converting such genes to versions that are 
prevalent in the population and are known to be associated 
with ordinary health with little or no evidence of adverse 
effects; 

	 •	 	the availability of credible preclinical and/or clinical data on 
risks and potential health benefits of the procedures;
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	 •	 	ongoing, rigorous oversight during clinical trials of the ef-
fects of the procedure on the health and safety of the re-
search participants;

	 •	 	comprehensive plans for long-term, multigenerational follow-
up that still respect personal autonomy;

	 •	 	maximum transparency consistent with patient privacy;
	 •	 	continued reassessment of both health and societal benefits 

and risks, with broad ongoing participation and input by the 
public; and

	 •	 	reliable oversight mechanisms to prevent extension to uses 
other than preventing a serious disease or condition.

Given how long modifying the germline has been at the center of de-
bates about moral boundaries, as well as the pluralism of values in society, 
it would be surprising if everyone were to agree with this recommenda-
tion. Even for those who do agree, it would be surprising if they all shared 
identical reasoning for doing so. There are also those who think the final 
criterion of Recommendation 5-1 cannot be met, and that once germline 
modification had begun, the regulatory mechanisms instituted could not 
limit the technology to the uses identified in the recommendation. If, in-
deed, it is not possible to satisfy the criteria in the recommendation, the 
committee’s view is that heritable genome editing would not be permissible. 
The committee calls for continued public engagement and input while the 
basic science evolves and regulatory safeguards are developed to satisfy the 
criteria set forth here.

Heritable genome editing also raises concerns about premature or un-
proven uses of the technology, and it is possible that the criteria outlined 
here for responsible oversight would be achievable in some but not all 
jurisdictions. This possibility raises the concern that “regulatory havens” 
could emerge that would tempt providers or consumers to travel to jurisdic-
tions with more lenient or nonexistent regulations to undergo the restricted 
procedures. The phenomenon of medical tourism, which encompasses the 
search for faster and cheaper therapeutic options, as well as newer or less 
regulated interventions, will be impossible to control completely if the tech-
nical capabilities exist in more permissive jurisdictions. Thus, it is important 
to highlight the need for comprehensive regulation. 

As of late 2015, the United States is unable to consider whether to 
begin heritable genome-editing trials, regardless of whether the criteria laid 
out above could be met. A provision (in effect until at least April 2017) 
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was passed in a congressional budget bill,1 in which Congress included the 
following language:

None of the funds made available by this Act may be used to notify a 
sponsor or otherwise acknowledge receipt of a submission for an exemp-
tion for investigational use of a drug or biological product under section 
505(i) of the Federal Food, Drug, and Cosmetic Act (21 U.S.C. 355(i)) or 
section 351(a)(3) of the Public Health Service Act (42 U.S.C. 262(a)(3)) 
in research in which a human embryo is intentionally created or modified 
to include a heritable genetic modification. Any such submission shall be 
deemed to have not been received by the Secretary, and the exemption may 
not go into effect. 

The current effect of this provision is to make it impossible for U.S. authori-
ties to review proposals for clinical trials of heritable genome editing, and 
therefore to drive development of this technology to other jurisdictions, 
some regulated and others not.

Genome Editing for Purposes Other Than Treating 
or Preventing Disease or Disability 

Both the ongoing development of therapeutic uses of somatic genome 
editing, and possible future development of therapeutic uses of heritable 
genome editing, raise the issue of defining disease and disability, and the 
question of how and where to set appropriate boundaries for treatment and 
prevention of these conditions. Like other technologies, human genome- 
editing methods may be applied for a wide range of purposes, including 
to enhance human capacities beyond the normal range. It is difficult to 
define the concept of enhancement. The lines between what are considered 
therapy, prevention, and enhancement are not rigid or easily discernible 
in all cases, and even the definition of what is considered a disease can be 
open to debate. For this reason, distinguishing between treating or prevent-
ing disease and disability on the one hand, and a notion of enhancement 
on the other, is challenging. Possible uses of genome editing thus fall along 
a continuum of acceptability. Addressing serious genetic disorders by con-
verting causative genetic variants to nondeleterious variants generally falls 
at the most acceptable end of this spectrum, while editing to produce en-
hancements unrelated to disease typically falls at the least acceptable end. 
The report draws a distinction between genome editing for the purpose of 
treating or preventing disease or disability and for other purposes, without 

1 Consolidated Appropriations Act of 2016, HR 2029, 114 Cong., 1st sess. (January 6, 
2015) (https://www.congress.gov/114/bills/hr2029/BILLS-114hr2029enr.pdf [accessed Janu-
ary 4, 2017]).
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concluding that there is, as yet, any general consensus as to how to define 
the blurry boundaries of enhancement more clearly.

Editing to create a genetic enhancement could, in principle, be under-
taken in the context of somatic cell or heritable editing. As with other po-
tential applications of genome editing, individual risks and benefits would 
be associated with the assessment of such editing. But the possibility of 
genetic enhancement raises a number of additional ethical and social con-
cerns for which easy answers are not available, and differences of opinion 
are likely. 

Conclusions and Recommendations:  
Genome Editing for Purposes Other Than 

Treatment or Prevention of Disease

Significant scientific progress will be necessary before any genome-
editing intervention for indications other than the treatment or prevention 
of disease or disability can satisfy the risk/benefit standards for initiating a 
clinical trial. This conclusion holds for both somatic and heritable genome- 
editing interventions. There is significant public discomfort with the use of 
genome editing for so-called enhancement of human traits and capacities 
beyond those typical of adequate health.Therefore, a robust public dis-
cussion is needed concerning the values to be placed upon the individual 
and societal benefits and risks of genome editing for purposes other than 
treatment or prevention of disease or disability. These discussions would 
include consideration of the potential for introducing or exacerbating soci-
etal inequities, so that these values can be incorporated as appropriate into 
the risk/benefit assessments that will precede any decision about whether 
to authorize clinical trials.

RECOMMENDATION 6-1. Regulatory agencies should not at 
this time authorize clinical trials of somatic or germline genome 
editing for purposes other than treatment or prevention of disease 
or disability. 

RECOMMENDATION 6-2. Government bodies should encour-
age public discussion and policy debate regarding governance of 
somatic human genome editing for purposes other than treatment 
or prevention of disease or disability.
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The Role of Public Engagement in Governance 
of Human Genome Editing 

Efforts to advance human medicine through genome editing will be 
strengthened by public engagement, and this engagement will be particu-
larly critical for the potential uses that are not captured effectively by cur-
rent regulatory frameworks. In the United States in particular, regulatory 
authority tends to focus primarily on health and safety of individuals and 
the public, and not on issues surrounding possible effects on social mores 
and culture. These latter concerns are regularly addressed in other fora, 
such as advisory committees, but lack legal force unless reflected in legisla-
tion that is grounded in the limited powers granted to government. Other 
countries have systems that more explicitly account for public attitudes in 
deciding whether and how to permit new technologies to be developed, 
with widely varying degrees of legal constraint on governmental authority.

Conclusions and Recommendations: Public Engagement

Efforts to advance human medicine through genome editing will be 
strengthened by public engagement informed by technical experts and by 
social scientists who undertake systematic public opinion research, develop 
appropriate communication materials, and minimize artificial biases or 
constraints that would hinder discussion and debate. 

Existing public communication and engagement infrastructures in the 
United States are sufficient to address oversight of basic science and labora-
tory research on human genome editing. Similarly, mechanisms for public 
communication and consultation that are part of the current U.S. regulatory 
infrastructures are also available to address public communication around 
development of human somatic cell genome editing. 

Weighing the technical and societal benefits and risks of applications 
of future uses of heritable genome editing will require more formalized 
efforts to solicit broad public input and encourage public debate than are 
currently in place. Furthermore, the complex issues surrounding enhance-
ment will require an ongoing public debate to inform regulators and policy 
makers about the individual and societal values to be placed on the benefits 
and risks before clinical trials for such enhancement interventions could be 
authorized. 

The practices and principles developed for effective and inclusive public 
engagement in other emerging areas of science and technology provide a 
valuable base to inform public engagement on genome editing.
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RECOMMENDATION 7-1. Extensive and inclusive public par-
ticipation should precede clinical trials for any extension of hu-
man genome editing beyond treatment or prevention of disease or 
disability. 

RECOMMENDATION 7-2. Ongoing reassessment of both health 
and societal benefits and risks, with broad ongoing participation 
and input by the public, should precede consideration of any clini-
cal trials of heritable germline genome editing.

RECOMMENDATION 7-3. Public participation should be incor-
porated into the policy-making process for human genome editing 
and should include ongoing monitoring of public attitudes, infor-
mational deficits, and emerging concerns about issues surrounding 
“enhancement.”

RECOMMENDATION 7-4. When funding human genome-editing 
research, federal agencies should consider including funding to sup-
port near-term research and strategies for
	 •	 	identifying areas that require systematic and early efforts to 

solicit public participation, 
	 •	 	developing the necessary content and communicating it ef-

fectively, and
	 •	 	improving public engagement within the context of existing 

infrastructure. 

RECOMMENDATION 7-5. When funding human genome-editing 
research, federal agencies should consider including funding for 
research aimed at
	 •	 	understanding the sociopolitical, ethical, and legal aspects of 

editing the human germline; 
	 •	 	understanding the sociopolitical, ethical, and legal aspects of 

uses for genome editing that go beyond treatment or preven-
tion of disease or disability; and 

	 •	 	evaluating the efficacy of efforts to build public communi-
cation and engagement on these issues into regulatory or 
policy-making infrastructures.
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T his appendix provides technical and historical context for a number 
of issues related to the basic science of gene therapy and gene editing. 
Although an effort has been made to maximize the accessibility of 

this material, a simpler summary of this material can be found in Chapters 3 
and 4. This appendix includes detailed material on the following topics:

•	 breakage and repair of DNA 
•	 precursors of the clustered regularly interspersed short palin-

dromic repeats (CRISPR) system/CRISPR-associated endonuclease 
(Cas9) gene editing—meganucleases, zinc fingers, and transcription 
activator-like effector nucleases (TALENs)

•	 development of CRISPR/Cas9 
•	 the accuracy of gene editing
•	 enhancing the specificity of CRISPR/Cas9
•	 quality control and quality assurance for gene editing
•	 use of dead Cas9 (dCas9) to regulate transcription or to make epi-

genetic modifications
•	 gene targeting in transgenic animals
•	 gene editing in embryos
•	 alternative routes to heritable germline editing
•	 editing the mitochondrial genome
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GENE THERAPY AND GENOME EDITING

The potential for gene therapy to address human disease has been evi-
dent for some years, and much progress has been made in its applications 
(Cox et al., 2015; Naldini, 2015). Gene therapy refers to the replacement 
of faulty genes, or the addition of new genes as a means to cure disease or 
improve the ability to fight disease. Genome editing is one aspect of gene 
therapy. Established approaches to gene therapy have been based on the 
results of extensive prior laboratory research on individual cells and on 
nonhuman organisms, establishing the means to add, delete, or modify 
genes in living organisms. Key advances include the development of tech-
niques for generating molecular tools for cutting the DNA of genomes in 
specific places to allow targeted alterations in the DNA sequence. Over re-
cent years, several such methods have been introduced and used effectively 
in clinical applications. 

Within the past 5 years, a completely novel system has been developed 
based on fundamental research on bacterial systems of immunity to viral 
infections. The first such system to be developed for use in genome editing 
of human cells, known as CRISPR/Cas9, is based on RNA-guided target-
ing and is much simpler, faster, and cheaper than earlier methods. The ease 
of design, together with the remarkable specificity and efficiency of the 
CRISPR/Cas9 system has revolutionized the field of genome editing and 
reignited interest in the potential for editing of the human genome. The de-
velopment of the CRISPR/Cas9 system as a programmable genome-editing 
tool was built on a firm foundation of earlier research. 

BREAKAGE AND REPAIR OF GENOMIC DNA

Genomes and their constituent genes are made of double-stranded 
DNA; this DNA can be broken accidentally (e.g., by radiation) or purpose-
fully, using proteins called endonucleases (often called nucleases) that can 
generate double-strand breaks (DSBs) in DNA.

Cells have mechanisms to repair DSBs in DNA, and these mechanisms 
can be used to generate alterations in the DNA sequence. Groundbreaking 
work in bacteria, yeast, and mammalian systems shows that DSBs dra-
matically stimulate the rate of DNA repair by nonhomologous end joining 
(NHEJ), in which the broken ends are reattached (see Figure A-1). Such 
NHEJ repair often results in the deletion or insertion of DNA sequences of 
varying length, which can disrupt gene function (Rouet et al., 1994).

However, if a homologous stretch of DNA is introduced into the cell 
as a donor template, homology-directed repair (HDR) can lead to more 
accurate repair or, if specific alterations are included in the homologous 
stretch, it can introduce specific precise changes into the recipient genomic 
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FIGURE A-1 Genome-editing outcomes are mediated by repair of nuclease-induced 
double-strand DNA breaks by NHEJ or HDR.
NOTE: DSB = double-strand break; HDR = homology-directed repair; NHEJ = 
nonhomologous end joining.
SOURCE: Modified from Sander and Joung, 2014.

DNA (see Figure A-1). These cellular DNA repair mechanisms have been 
used to develop several methods that allow genes or the genome to be edited 
in a very precise manner. 

PRECURSORS OF CRISPR/CAS9 GENE EDITING

Three distinct strategies based on nuclease systems for generating tar-
geted cleavages in DNA preceded the development of CRISPR/Cas9—
meganucleases, zinc finger nucleases (ZFNs), and TALENs (see Figure A-2). 
All three have already enabled major advances in establishing the feasibility 
of using such targeted nucleases both to eliminate disease-causing genes as 
well as to repair damaged or mutated genes, ushering in a new era in biol-
ogy and medicine.

Zinc Finger Nucleases

Zinc fingers are segments of protein that have evolved to recognize 
and bind to specific DNA sequences. Knowledge gained from natural zinc 
fingers led to the development of ZFNs as designer DNA-cutting enzymes 
(see Figure A-2), and their use in genome engineering represents pioneering, 
even heroic, protein engineering. Two major advances in protein engineer-
ing enabled the development of ZFNs: (1) the engineering of zinc finger pro-
teins with designed DNA-binding specificity pioneered by Berg (Desjarlais 
and Berg, 1992), Pabo (Rebar and Pabo, 1994), and Wells (Jamieson et al., 
1994); and (2) the generation of fusions between such designer zinc fingers 
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FIGURE A-2 Schematic of targetable nucleases discussed in this appendix. The 
meganuclease is a schematic of the crystal structure of E-DreI (Engineered I-Dmol/
CreI). For the zinc-finger nucleases (ZFNs) and transcription activator-like effector 
nucleases (TALENs) illustrations, DNA is represented horizontally in black, purple 
ovals represent the FokI nuclease domains, and other modules of the nucleases are 
multi-colored to indicate that they recognize different bases in the DNA. For the 
CRISPR/Cas system, the Cas9 protein is represented by an orange oval, DNA is in 
blue, and guide RNA (chimera of spacer and tracr RNAs—see text) is shown in 
green. Arrowheads point to the sites of DNA cleavage. 
SOURCES: Carroll, 2014. (Modified with permission from the Annual Review of 
Biochemistry, Volume 83 © 2014 by Annual Reviews, http://www.annualreviews.
org); Chevalier et al., 2002. 

and a DNA-cleaving protein, FokI nuclease (Kim et al., 1996), yielding 
“artificial restriction enzymes” that could be used to promote site-specific 
genome engineering by creating DSBs at defined locations in the genome 
(Bibikova et al., 2001, 2002, 2003). 

Using these findings, Sangamo Therapeutics developed ZFNs from 
laboratory tools into therapeutic agents that could be used to disable 
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disease-causing genes (by NHEJ) or to correct errors in existing genes 
(by HDR). The latter goal is particularly challenging, as the efficiency of 
HDR is usually much lower than the imprecise and mutagenic repair by 
NHEJ. By overcoming some of these difficult challenges, Sangamo now 
has several ongoing human clinical trials, the most advanced of which is 
in the treatment of HIV/AIDS where deletion of the CCR5 HIV coreceptor 
has the potential to enable the elimination of HIV following bone-marrow 
transplantation. Other applications of ZFNs have also been, or are being, 
tested in clinical trials (NCT02695160 [hemophilia B] and NCT02702115 
[in vivo editing MPS1]).

Transcription Activator-Like Effector Nucleases

Like ZFNs, TALENs are composed of a DNA-binding protein that 
recognizes particular DNA sequences fused to a nuclease effector domain 
to achieve the cleavage (Joung and Sander, 2013) (see Figure A-2). TALEs 
are secreted bacterial proteins with DNA-binding domains that contain a 
series of conserved blocks of sequence 32-34 residues long, each with two 
divergent amino acids. These divergent amino acids are largely responsible 
for determining the DNA-binding specificity for a single DNA base pair, 
which allows engineering of specific DNA-binding domains by choosing 
combinations of repeat segments containing appropriate amino acids. 
The biotech firm Cellectis reported the successful conduct of the first-ever 
TALEN-based gene-editing clinical trial in the United Kingdom on a girl 
with incurable acute lymphoblastic leukemia (ALL) (Qasim et al, 2017). 
Although the applications of ZFNs and TALENs are largely overlapping, 
TALENS have the advantage of relative ease of design because of the ro-
bust recognition code.

Meganucleases

Meganucleases are nucleases with very long DNA-binding recogni-
tion sites, up to 40 nucleotides (Silva et al., 2011) (see Figure A-2). As a 
result of their length, it is exceedingly unlikely that natural sites would 
be present by chance even in complex human genomes. The challenge 
with meganucleases is the difficulty in designing new nucleases to target a 
sequence of interest at will. Some success has been achieved by designed 
changes to DNA-binding sites and combining meganucleases with TALE 
DNA-binding elements. However, meganucleases are unlikely to be much 
used in human genome editing given the relative simplicity of the alterna-
tive methods.
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DEVELOPMENT OF CRISPR/CAS9

CRISPR as a Bacterial Adaptive Immunity System 

The discovery that CRISPR systems provide adaptive immunity to bac-
teria represents a major conceptual advance in its own right. This discovery 
was also critical to the development of CRISPR/Cas9 genome engineering. 
A brief synopsis of the key findings is provided below (for a more complete 
review, see Doudna and Charpentier, 2014). 

CRISPR loci were first identified based on analyses of bacterial ge-
nomes. From these studies, it was inferred that the spacer (i.e., nonre-
petitive) regions of CRISPR loci were derived from the genomic DNA of 
bacteriophages (viruses that infect bacteria) leading to the hypothesis that 
CRISPR provided a defense mechanism against foreign genetic elements 
(Makarova et al., 2006; Mojica et al., 2005; Pourcel et al., 2005). The 
key experimental breakthrough came from research showing that CRISPR 
allowed bacteria to acquire resistance to bacteriophages by integrating 
segments of the bacteriophage genome into the CRISPR loci, demonstrat-
ing that CRISPR was a new form of adaptive immunity (Barrangou et 
al., 2007). In 2010, type II CRISPR/Cas systems were shown to mediate 
cleavage of invading bacteriophage DNA (Garneau et al., 2010). And in 
2011, an associated RNA, tracrRNA, was identified (Deltcheva et al., 
2011), and the CRISPR-associated gene, Cas9, was shown to be the only 
protein-coding gene in the type II Cas locus required for the defense func-
tion (Sapranauskas et al., 2011).

Development of Cas9 as a Programmable Endonuclease

The critical advance in the development of the CRISPR/Cas9-based 
genome-editing method came in 2012 from the laboratories of Doudna and 
Charpentier. They established that the CRISPR-associated protein Cas9, in 
complex with two small RNAs, CRISPR RNA (crRNA) transcribed from 
the CRISPR locus, and a trans-activating crRNA (tracrRNA), yields a site-
specific endonuclease in which the site of cleavage is defined by base pairing 
of crRNA to the target DNA. This laid the groundwork for establishing 
that Cas9 is an endonuclease that can be programmed with a single “guide 
RNA” (gRNA, a chimera of crRNA transcribed from the CRISPR locus and 
the tracrRNA) to cleave at specific DNA sites (Jinek et al., 2012) (see Fig-
ure A-3a). Concurrent with the Jinek et al. (2012) manuscript, Siksnys and 
coworkers (Gasiunas et al., 2012) demonstrated that purified complexes 
containing Cas9 and a crRNA could mediate cleavage of double-stranded 
DNA in vitro at sites complementary to the crRNA. While this was clearly 
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FIGURE A-3 Schematic of Cas9 and different Cas9 variants. (a) Unmodified Cas9 
with a guide RNA (gRNA) targeting a specific DNA sequence; DNA cut sites are 
indicated. (b) Paired Cas9 nickases (Cas9n). One of the two nuclease domains of 
Cas9 is catalytically inactivated to make an enzymatically active nickase. (c) Dimeric 
RNA-guided FokI–dCas9 nucleases (RFNs). Catalytically inactivated “dead” Cas9 
(dCas9) is fused to the dimerization-dependent FokI non-specific nuclease domain. 
A pair of FokI–dCas9 monomers oriented in a PAM-out orientation mediates ef-
ficient DSBs. 
SOURCE: Modified from Tsai and Joung, 2016.

an important advance, a key missing element was the identification of the 
requirement for the tracrRNA to form an active endonuclease.

The Jinek et al. (2012) paper made the key breakthrough of the use of 
a single chimeric guide RNA (gRNA) that can fulfill the role of both the 
crRNA and tracrRNA (see Figure A-3a). Thus, mechanistically, the CRISPR/
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Cas9 system is superior to both ZFNs and TALENs in terms of ease of use; 
all that is required to generate a site-specific nuclease is design and synthesis 
of a single gRNA to target the Cas9 nuclease to the desired site of editing. 
Although not all predicted guide RNAs work, their synthesis is easy and 
multiple possible candidates can be synthesized easily and cheaply.

In Vivo Application of the Cas9 Programmable Nuclease 

Within months of the publication of the Jinek et al. (2012) and Siksnys 
laboratory manuscripts (Gasiunas et al., 2012; Sapranauskas et al., 2011), 
there were six independent reports using the Cas9–guide RNA system to 
mediate programmable genome editing in vivo. These included four papers 
reporting Cas9 editing in mammalian cells (Cho et al., 2013; Cong et al., 
2013; Jinek et al., 2013; Mali et al., 2013); one on zebrafish (Hwang et 
al., 2013); and one on bacteria (Jiang et al., 2013). Additionally, there was a 
seventh paper (Qi et al., 2013) showing that dCas9 could be used to inhibit 
transcription. Since that time there has been an explosion in the application 
and refinement of Cas9-mediated cleavage, as well as the discovery of novel 
CRISPR systems that can be adapted for genome editing. These include the 
discovery of a novel RNA-guided endonuclease, Cpf1 (Zetsche et al., 2015), 
and more recent work has shown that further CRISPR-targetable nucleases 
with the potential for differing capabilities are being discovered.

ACCURACY OF GENE EDITING

The potential impact of unintended changes to DNA is a key challenge 
for safe use of genome editing as a therapeutic strategy. Unintended changes 
to the genome could be caused by cleaving DNA at sites other than those 
that are being deliberately targeted.

The Challenge of Off-Target Toxicity

The site at which Cas9 cleaves DNA is determined by the comple-
mentarity of the DNA target with the RNA guide (typically 20 base pairs) 
adjacent to a protospacer adjacent motif (PAM) sequence (e.g., NGG for 
Streptococcus pyogenes, the most commonly used species of Cas9). In prin-
ciple, this 22-base sequence would give enough diversity such that the cut 
site should be unique within even a 3 billion base-pair human genome. In 
practice, however, some base mismatches are tolerated leading to significant 
potential for off-target cutting. This has motivated efforts both to monitor 
the sites of off-target cutting as well as to enhance the specificity of the tar-
geted nucleases. Initial efforts to define off-target cutting of Cas9 focused 
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on specific searches for cutting at near-cognate sites. More recently these 
have been complemented by less biased genome-wide efforts. These can be 
divided into two broad classes: cell-based and cell-free (in vitro). 

Genome-Wide Cell-Based Assays 

Ostensibly, whole-genome sequencing (WGS), when conducted at a 
single-cell level, would seem to provide a definitive assessment of the accu-
racy of Cas9 genome editing. However, the depth of sequencing that would 
be required to certify the absence of off-target cutting is currently difficult 
to achieve for populations of cells. It should be possible, however, to esti-
mate the sensitivity of the system for detecting off-target editing. Failure to 
detect editing with the assay would then indicate that the off-target editing 
rate was below the detection level. 

Integrase-defective lentiviral vector (IDLV) capture (see Figure A-4a) 
is a genome-wide approach used to evaluate the specificity of genome-
editing nucleases that was initially applied to engineered ZFNs and then 
later applied to TALENs and CRISPR/Cas9 (Gabriel et al., 2011; Wang et 
al., 2015). This method is based on the capture by NHEJ of IDLVs, which 
have linear double-stranded DNA genomes, into sites of nuclease-induced 
DSBs. Although the IDLV capture method directly identifies DSBs that oc-
cur in living cells, it is relatively insensitive and has a high background. To 
overcome these limitations, genome-wide unbiased identification of DSBs 
enabled by sequencing (GUIDE-seq) (see Figure A-4b) was developed (Tsai 
et al., 2015). GUIDE-seq exploits the efficient integration of a blunt, end-
protected, double-stranded oligodeoxynucleotide (dsODN) tag, followed 
by tag-specific amplification and high-throughput sequencing. GUIDE-seq 
can detect off-target sites that are mutagenized by Cas9-sgRNAs with low 
frequencies (<0.1 percent) in a cell population, even with only a few million 
sequencing reads.

High-throughput genome-wide translocation sequencing (HTGTS) (see 
Figure A-4c) is another genome-wide method that identifies Cas9 off-
target cleavage in live cells (Chiarle et al., 2011). HTGTS is based on the 
detection of translocations between a nuclease-induced “bait” DSB and 
off-target “prey” DSBs. A limitation of HTGTS is that nuclease-induced 
translocations represent rare events and thus require large numbers of input 
genomes for detection. A strategy for detecting genome-wide nuclease-in-
duced DSBs in fixed cells, termed “BLESS” for breaks labeling, enrichment 
on streptavidin, and next-generation sequencing, captures a snapshot of 
transient DSBs that are present at a moment in time in a population of 
cells by direct in situ ligation of biotinylated hairpin adaptors in fixed and 
permeabilized cell nuclei (see Figure A-4d).
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FIGURE A-4 Strategies for globally detecting off-target cutting events. 
(a) Integrase-defective lentiviral vector (IDLV) capture. IDLVs (green) are inte-
grated with a selectable marker into sites of nuclease-induced double-stranded 
breaks (DSBs) in living cells. Integration sites are recovered by linear amplification-
mediated PCR (LAM-PCR), followed by high-throughput sequencing. (b) Genome-
wide unbiased identification of DSBs enabled by sequencing (GUIDE-seq). An 
end-protected, short, double-stranded oligodeoxynucleotide (dsODN) is efficiently 
integrated into sites of nuclease-induced DSBs in living cells. This short sequence 
is used for tag-specific amplification followed by high-throughput sequencing to 
identify off-target cleavage sites. (c) High-throughput genome-wide translocation se-
quencing (HTGTS). Nuclease is expressed in a cell to generate a “prey” and “bait” 
DSB. Using a biotinylated primer designed against the targeted bait DSB junction, 
translocations between prey and bait are recovered by LAM-PCR and streptavidin-
based enrichment for high-throughput sequencing. Off-target cleavage sites (prey) 
are identified by analysis of these translocation junctions. (d) Breaks labeling, en-
richment on streptavidin, and next-generation sequencing (BLESS). Nuclease-treated 
cells are fixed, intact nuclei are isolated and permeabilized, and then sequencing 
adapters are ligated in situ to transient nuclease-induced DSBs. Adapter-ligated frag-
ments are enriched and amplified for high-throughput sequencing. (e) Digested ge-
nome sequencing (Digenome-seq). Genomic DNA is isolated from cells and treated 
with Cas9 nuclease in vitro. Sequencing adapters are ligated and high-throughput 
sequencing is performed at standard whole-genome sequencing coverage. Absence 
of continuous sequence reads identifies cleavage sites.
SOURCE: Modified from Tsai and Joung, 2016.
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Genome-Wide in In Vitro Assays

Digenome-seq (see Figure A-4e) is an in vitro method for detection of 
nuclease-induced DSBs in genomic DNA using whole-genome sequencing 
of Cas9-cleaved genomic DNA. Genomic DNA is isolated, and treated with 
high concentrations of Cas9–gRNA in vitro to maximize off-target cleavage 
and cleavage sites are identified by DNA sequencing. Because this assay is 
performed in vitro on purified DNA, it is not limited by cell-based factors 
such as chromatin context, epigenetic factors, subnuclear localization, or 
fitness effects. Digenome-seq thus may detect potential additional off-target 
cleavage at sites that would otherwise be obscured in cell-based methods. 
Thus, it could yield an overestimate of off-target events in vivo.

ENHANCING SPECIFICITY OF CRISPR/CAS9

Given its ease of use, flexibility, and versatility, the CRISPR/Cas9 sys-
tem is rapidly becoming the tool of choice for gene editing. However, con-
cerns about the potential risk of unwanted off-target effects have dominated 
many recent discussions. Most experiments that have detected significant 
off-targets have been performed in cancer cells (Fu et al., 2013; Hsu et al., 
2013), which may have altered DNA repair pathways that could lead to 
elevated off-target events. In contrast, experiments in whole organisms such 
as mice (Yang et al., 2013), primates (Niu et al., 2014), zebrafish (Auer 
et al., 2014), or Caenorhabditis elegans (Dickinson et al., 2013) reported 
off-target frequencies that were low or not detectable, consistent with the 
high specificity of the CRISPR/Cas9-mediated gene targeting. It is possible 
that, in nontransformed cells, off-target cleavages are efficiently counter-
selected by the endogenous DNA-damage response. Human pluripotent 
stem cells (hPSCs) are primary cells with genetically intact quality control 
mechanisms, and it seems possible that off-target events will accumulate 
less frequently in hPSCs or in normal somatic cells than has been observed 
in cancer cells. Nevertheless, it will be important to determine whether there 
are specific cell-types and conditions that predispose for the accumulation 
of off-target events. To address concerns about off-target events, diverse ap-
proaches to minimize mistargeting are being developed. Based on progress 
already made, it is anticipated that the risk of off-target events may be dra-
matically reduced, if not eliminated, in the near future for many genome-
editing approaches. Below are three approaches and related progress.

Modification of Cas9 Structure

Protein engineering approaches can be deployed to develop better Cas9 
variants that may be more accurate and efficient. Based on studies of 
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CRISPR/Cas9 structure, two recent papers report engineered substitutions 
such that the resulting Cas9 protein has a significantly reduced off-target 
rate (Kleinstiver et al., 2016; Slaymaker et al., 2016). The two studies fo-
cused on different DNA-binding domains of Cas9 but took the common 
strategy of reducing the relative affinity for nonspecific DNA binding. Re-
markably this enhanced the specificity of Cas9 cutting without obviously 
impairing its overall efficiency. While these attempts are encouraging, other 
strategies will undoubtedly be forthcoming and should further improve the 
process, based on knowledge of CRISPR/Cas9 structure (Haurwitz et al., 
2012; Jinek et al., 2014; Jore et al., 2011; Staals et al., 2013; Wiedenheft 
et al., 2009, 2011).

Engineered Combinations of Cas9 with Modified Cleavage Sites 

This approach involves the use of two targeted DNA cuts, ensuring 
better fidelity than a single target cut. The basic rationale is that Cas9 pro-
tein has two active DNA-cleaving sites, involving aspartic acid, D10, and 
histidine, H840, each responsible for cutting a single strand of DNA thus 
generating the DSB (Jinek et al., 2014). Based on this feature, there are 
two ways of inactivating Cas9: single inactivation and double inactivation 
(Guilinger et al., 2014; Ran et al., 2013; Tsai et al., 2014). In one approach, 
Cas9 with a single inactivation, also named Cas9 nickase (Cas9n), in which, 

only one of the active site residues (D10 or H840) is replaced with alanine 
(A), yields a Cas9 protein capable of cutting one strand of double-stranded 
DNA. Consequently, providing two guide RNAs that direct cutting on op-
posite strands in close proximity mediated by a dimer of Cas9n single cut-
ters leads to an effective DSB and stimulation of both NHEJ and HDR to 
yield a DSB (see Figure A-3b). Remarkably these nicks can be effective even 
as far apart as ~100bp. In a second approach, both cleavage sites of Cas9 
are inactivated, yielding nuclease-deficient dCas9, which is then fused to the 
FokI cleavage domain. As with ZFNs and TALENs, two Cas9 monomers 
provide recognition specificity for FokI dimerization and DNA cleavage (see 
Figure A-3c). In addition, these two strategies require appropriate length 
spacers between the targets: if the spacers are too short, there will be two 
competing Cas9 proteins, and if the spacers are too long, it is more difficult 
to execute effective cutting. Because of these stringent requirements, the 
off-target rate is greatly reduced, albeit with increased difficulty in target 
selection. These strategies have been shown to significantly reduce off-target 
rates (Guilinger et al., 2014; Ran et al., 2013; Tsai et al., 2014).
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Cas9 Base-Editor:  
Genome Editing Without Double-Stranded DNA Breaks

In an effort to increase the efficiency and precision of making point 
mutations in genomic DNA, the Liu group recently developed the so called 
“base editor” variant of Cas9 (see Figure A-5), which consists of a highly 
engineered fusion protein that recruits a cytosine deaminase domain, which 
converts cytosine to uracil, thereby effecting an irreversible CàT substitu-
tion (or GàA by targeting the complementary strand) without double-
stranded cleavage of the DNA backbone (Komor et al., 2016).

Because cytosine deaminase acts only on single-stranded DNA, the C 
to U conversion activity is targeted to a small window of ~5 nucleotides 
near the 5´ end of the guide RNA-specified protospacer sequence on the 
displaced DNA strand. By avoiding DSBs, exogenous DNA templates, and 
stochastic DNA-repair processes, base editing introduces point mutations 
in unmodified mammalian cells with an efficiency as high as 75 percent 
and with a ratio of point mutation correction:indels exceeding 20:1. Mov-
ing forward it will be important to develop alternate base-editors capable 

FIGURE A-5 Schematic of a CRISPR/Cas9 genome-editing system using a variant 
of the Cas9 nuclease. The “base editor” variant of Cas9 provides increased effi-
ciency and precision when making changes to genomic DNA.
SOURCE: Modified from Komor et al., 2016.
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of mediating a wider range of genetic changes ideally ultimately allowing 
conversion of any base to any other base within a user-defined window. 
Additionally, it will be important to robustly evaluate the propensity of the 
cytosine deaminase domain to introduce mutations outside of the DNA 
region targeted by the Cas9 guide RNA. 

An alternative strategy for improving HDR, termed “CORRECT,” 
(consecutive re-guide or re-Cas steps to erase CRISPR/Cas-blocked targets), 
exploits the observation that HDR accuracy is increased dramatically by 
incorporating silent CRISPR/Cas-blocking mutations along with the de-
sired functional mutations (Paquet et al., 2016). This prevents recleavage 
and potential NHEJ repair that might disrupt successful HDR products. 
The authors show that by controlling the location of the introduced point 
mutation relative to the Cas9-mediated DSB they can alter the efficiency of 
mutagenesis, generating either heterozygous or homozygous alterations in 
human-induced pluripotent stem cells (hiPSCs). 

QUALITY CONTROL AND QUALITY 
ASSURANCE FOR GENE EDITING

The specificity of genome editing is even more important in clinical 
applications than in laboratory research. As a medical product or medi-
cal practice, genome editing must be safe, efficacious, and cost-effective. 
Development of a regulatory framework for genome editing will need to 
address various issues associated with these requirements. As discussed 
above, although technical advances will likely make off-target events a 
manageable issue, this consideration will remain a concern that must be 
addressed by quality control (QC) and quality assurance (QA) procedures. 
In somatic genome editing, it may be relatively easy to set up assays or 
procedures to address off-target changes but it is probable that such rates 
will vary among cell types, necessitating measurement of off-target events in 
each cell type targeted. Although the specifics may vary from case to case, 
the general principle of monitoring to ensure safety and efficacy should be 
implemented. In contrast, it would be quite difficult to monitor embryos 
if they were to undergo editing. Functional equivalence assays need to be 
developed and agreed upon to serve as QC measures. Alternatives may be 
considered, such as editing performed on sperm progenitor cells. 

USE OF dCAS9 TO REGULATE TRANSCRIPTION 
OR TO MAKE EPIGENETIC MODIFICATIONS

An alternate strategy for genome editing involves the use of catalyti-
cally dead variants of Cas9. This yields a programmable DNA-binding pro-
tein that is incapable of generating either single- or double-stranded breaks 
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and thus does not typically lead to any changes in the DNA sequence of 
the genome. However, by fusing different effector domains to dCas9, it 
can be used either to turn on (CRISPRa) (Gilbert et al., 2014; Konermann 
et al., 2015; Perez-Pinera et al., 2013) or turn off (CRISPRi) transcription 
(Gilbert et al., 2013; Qi et al., 2013) or to make locus-specific changes to 
the epigenetic marks (modifications of the chromatin that regulate gene 
expression). It is likely that most if not all such epigenetic changes would 
fail to be passed to subsequent generations thus alleviating some of the 
concerns surrounding germline-editing approaches. By the same token, the 
transient nature of these changes limits their utility for correcting diseases 
caused by genetic mutations. Possible uses for such transient germline en-
gineering, however, include the ability to expand germ cells, or the in vitro 
generation of desired stem cells or terminally differentiated cells. Addition-
ally, the transient nature of the changes could expand the number of genes 
that could be safely targeted. For example, transient down-regulation of the 
HIV CCR5 coreceptor could protect against vertical passage of HIV, and 
this strategy could be expanded to other viral receptors. Additionally, it is 
possible to imagine that transient alterations to gene expression could lead 
to permanent developmental changes in an embryo, which could ameliorate 
the effects of disease-causing inherited mutations. Because no permanent, 
heritable changes are made to the individual, the use of dCas9 to alter gene 
expression does alleviate some ethical concerns. Nonetheless, at present the 
potential uses of dCas9 on embryos seem rather limited compared to ap-
proaches involving germline editing, and the more immediate therapeutic 
applications of dCas9 likely involve somatic alteration in gene expression.

GENOME TARGETING IN TRANSGENIC ANIMALS

Gene mutations can lead to abnormal development and to disease. 
Over the past several decades, a major advance in studying the consequence 
of mutations has been the development of the ability to experimentally in-
troduce designed, targeted mutations into genes of organisms such as mice, 
fruit flies, and zebrafish, thus providing an important tool to understand 
the molecular-genetic basis of embryonic development and of disease. These 
methods can also be used to correct defective genes. Before describing the 
application of current precise genome-editing methods, we will summarize 
the major steps that were initially developed to genetically modify animals. 

Random Insertion of Foreign DNA 

The genetic manipulation of animals has been the basis for much of 
the research aimed at understanding embryonic development and human 
diseases. One powerful technology is based on manipulating mouse em-
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bryos in vitro and transferring the embryos to a foster mother to produce 
genetically altered animals (see Figure A-6). 

Using these techniques, initially SV40 DNA (Jaenisch and Mintz, 1974) 
and later retroviruses (Jaenisch, 1976) were introduced into early mouse 
embryos leading to the generation of the first transgenic mice that trans-
mitted the foreign DNA to the next generation according to Mendelian 
expectations. The most widely used method to generate genetically modified 
animals was microinjection of DNA into fertilized mouse or Drosophila 
eggs leading to the production of a large number of transgenic mice or flies 
that carried foreign DNA in their germline (Brinster et al., 1981; Costantini 
and Lacy, 1981; Gordon and Ruddle, 1981; Rubin and Spradling, 1982).

The random integration of foreign DNA into the genome of an animal 
can cause disruption of an endogenous gene leading to its inactivation. In 
this “insertional mutagenesis” approach the integrated DNA is used as a 
molecular tag for the isolation and identification of the mutated gene. The 
collagen I gene was the first endogenous gene inactivated by retroviral in-
sertional mutagenesis resulting in mutant mice whose phenotype resembled 
brittle bone disease (Schnieke et al., 1983), a major disease of the skeletal 
system caused by mutations in a collagen gene. Similarly, injection of DNA 
into the zygote pronucleus produced mutant mice by insertional mutagen-
esis (Mahon et al., 1988). In addition to insertional mutagenesis, the inte-
gration of a gene into the genome can result in transcriptional activation 
of nearby genes, which has been widely used to study the consequences of 
ectopic transgene expression (Hammer et al., 1984). 

While integration into the genome leading to insertional mutagenesis 
or ectopic transgene expression is efficient in generating transgenic animals, 
the approach suffers from unpredictability because the insertion of DNA 

FIGURE A-6 The generation of transgenic mice with randomly inserted transgenes. 
Embryos at the 4 to 8 cell stage are infected with retroviruses or DNA is injected 
into the male pronucleus of the zygote. The embryos can be transplanted into a 
foster mother. The exogenous DNA sequences are randomly integrated into the 
genome of the resulting transgenic mice directly or after incubation any time up 
until the blastocyst stage (~100 cells).
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into the genome is random and does not allow the targeting of predeter-
mined genes or predictable transgene expression. 

Gene Targeting in Embryonic Stem Cells 

Embryonic stem (ES) cells, initially isolated from mouse blastocysts, are 
able to differentiate into all cell types of the body (Evans and Kaufman, 
1981; Martin, 1981). Of great interest was that ES cells, when injected into 
a mouse carrier blastocyst, could integrate into the developing embryo and 
contribute to all somatic tissues and generate “chimeric mice.” Of particu-
lar importance was the fact that the cells were able to contribute to the 
germline, thus allowing the derivation of animals from the cultured cells. 
Thus, the approach allowed the generation of mice carrying the alteration 
of an endogenous gene as a result of in vitro manipulation of the ES cells. 

The first mouse strain derived from an ES cell carrying a mutation in a 
predetermined gene was a strain with inactivation of the HPRT gene, which 
is mutated in human patients with the severe mental disorder Lesch-Nyhan 
syndrome. The isolation of HPRT mutant ES cells was straightforward 
using a culture medium (HAT) that kills normal cells and selects for cells 
carrying an inactivated HPRT gene (Kuehn et al., 1987). This selective ap-
proach, while successful for HPRT, cannot be used for editing other genes.

Homologous Recombination 

The discovery of homologous recombination represented a major break-
through as it allowed the editing of any gene (Doetschman et al., 1987; 
Thomas and Capecchi, 1987). Targeting of genes requires the generation of 
a targeting vector containing DNA segments homologous to sequences of 
the endogenous gene flanking the desired modification (see Figure A-1). The 
vector is transfected into ES cells, and correctly targeted clones are selected 
(see Figure A-7a). Cells carrying the desired modification are injected into 
mouse blastocysts to generate chimeric mice (see Figure A-7b), which are 
bred with normal mice to obtain offspring carrying the mutant allele (see 
Figure A-7c). Homologous recombination in combination with ES cells 
has allowed scientists to efficiently create mice transmitting specific gene 
mutations to the next generation. Following the initial generation of mice 
carrying targeted mutations of the β2-microglubulin and the c-Abl gene 
(Schwartzberg et al., 1989; Zijlstra et al., 1989), homologous recombina-
tion in ES cells has become a widely used tool for the study of mammalian 
development and the generation of animal models of human genetic dis-
eases (Solter, 2006). Because chimera–competent ES cells were only avail-
able in the murine system, gene editing by homologous recombination was 
restricted to mice and could not readily be used in other species. 
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FIGURE A-7 The generation of defined genetically altered mice by homologous 
recombination (three-step process). 
(a) In the first step a targeting vector with homology to the target gene is introduced 
into ES cells and correctly targeted clones are selected in culture. (b) The targeted 
ES cells are injected into an albino host blastocyst, which is transplanted into a 
foster mother to produce chimeric mice where the donor ES cells contribute to the 
tissues of the animal (as seen by coat color contribution derived from the ES cells). 
(c) Germline transmission of the ES cell clone is verified by mating of the chimeric 
mouse with the albino host strain. Pigmented offspring are derived from the donor 
ES cells.

Human Genome Editing: Science, Ethics, and Governance

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/24623


APPENDIX A 235

Nuclear Cloning and the Generation of Mutant Animals 

The transfer of a somatic nucleus into an enucleated egg resets the epi-
genetic state of the nucleus to an embryonic state and allows the generation 
of animals such as Dolly, the first cloned mammal (Wakayama et al., 1998; 
Wilmut et al., 1997). The production of animals from somatic cells by nu-
clear cloning allowed the generation of mutant animals in species where no 
ES cells were available. The first successful application of nuclear cloning 
in combination with homologous recombination to produce gene-altered 
farm animals used sheep fibroblasts. The human ;1-antitrypsin gene was 
inserted into the 3’ UTR of the COL1A1 gene, a convenient “safe harbor” 
locus giving predictable expression of the transgene. Transgenic sheep were 
derived from the targeted fibroblasts by nuclear-cloning, generating animals 
that expressed the therapeutically important human ;1-antitrypsin protein 
(McCreath et al., 2000).

The strategies to produce animals carrying engineered gene altera-
tions as summarized above relied on the manipulation of ES cells or on 
nuclear cloning, both of which are labor-intensive and require special 
skills. This changed dramatically when the new genome-editing methods 
based on ZFNs, TALENs, and CRISPR/Cas9 became available (Doudna 
and Charpentier, 2014). These approaches, described above, revolution-
ized the ability of researchers to edit genes in any species and to produce 
genetically altered animals with a fraction of the effort and time and much 
less sophistication and experimental skills needed than were required for 
the generation of gene-edited animals by strategies based on ES cells or 
nuclear transfer. 

GENOME EDITING IN EMBRYOS

Homologous recombination in conventional gene targeting is an inef-
ficient process and requires the selection of correctly targeted cell clones 
in cell culture. In a second step the targeted ES cell clone is injected into a 
host blastocyst to create a chimeric animal, which, in a third step, is mated 
to produce the desired mutant animal, a process that may take as much as 
1 or 2 years (compare Figure A-7). In contrast, gene targeting by TALEN 
or by CRISPR/Cas9 is so efficient that no selection for correct targeting is 
required (Sakuma and Woltjen, 2014), making it possible to derive geneti-
cally modified animals in one step by direct genetic manipulation of the 
fertilized egg (see Figure A-8).
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CRISPR/Cas9-Mediated Gene Editing in the Zygote 

The injection of guide RNAs together with Cas9 RNA into the fertil-
ized egg (zygote) was used to generate mice carrying mutations in several 
genes. The efficiency of Cas9-mediated DNA DSBs was high and resulted in 
80 percent of pups carrying mutations in both alleles of two different genes 
(Wang et al., 2013). When the guide and Cas9 RNAs were co-injected with 
an oligonucleotide carrying a point mutation, the mutation was introduced 
into two target genes in 60 percent of the pups. In addition, the generation 
of conditional mutants requiring the insertion of two LoxP sites into the 
same allele was shown to be effective in the zygote. Thus, NHEJ-mediated 
mutation as well as insertion of DNA at the DSB site is extremely efficient, 
allowing the generation of mice carrying complex mutations within 3 
weeks (the gestation time of the mouse) instead of 1 to 2 years when using 
ES cell–mediated gene targeting. The CRISPR/Cas9 gene-editing method 
was shown to work efficiently not only in mice but also in other species 
including rats (Li et al., 2013), zebrafish (Hwang et al., 2013), C. elegans 
(Friedland et al., 2013), and Drosophila (Zeng et al., 2015). Importantly, 
the approach allowed the generation of primates carrying mutations in 
specific genes (Niu et al., 2014). Most recently, two reports appeared that 
used genome editing in preimplantation human embryos that were defective 
and therefore could not be used to generate pregnancy (Kang et al., 2016; 
Liang et al., 2015).

The evidence summarized above indicates that animals carrying defined 
mutations in multiple genes can be generated in one step by manipulation of 
the fertilized egg. However, if intended for gene therapy (correction of mu-
tant genes), several significant complications need to be considered. These 
include frequent mosaicism of manipulated embryos, the mutation of both 

FIGURE A-8 The generation of gene-edited mice by CRISPR/Cas9 targeting in the 
zygote (one-step process). Cas9 RNA and guide RNA (gRNA) targeting a gene of 
interest are injected into the cytoplasm of the zygote. Mice carrying a mutation in 
both alleles of the targeted gene are derived in one step at a high frequency. If co-
injected with a DNA vector, exogenous sequences will be inserted at some frequency 
at the double-strand break.
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alleles when the goal is to correct one mutant allele, and the impossibility 
of genotyping the one-cell embryo. 

Mosaicism 

The cleavage of the target gene and the insertion of DNA at the double-
strand breakpoint may occur at a later stage than the zygote—such as the 
two-cell stage. The consequence of integration at a stage later than the 
one-cell zygote stage is that half (or less, depending on the time of DNA 
insertion) of the embryo’s cells will carry the altered gene whereas the oth-
ers will not. Animals with genetic alterations in only a subset of the cells are 
designated as “mosaics.” The available evidence indicates that the incidence 
of mosaicism may be as high as 50 percent or higher (Wang et al., 2013). 
The high incidence of mosaicism has an important practical consequence: 
Preimplantation genetic diagnosis (PGD)—the biopsy of one or a few cells 
of the manipulated embryo—cannot be used to ascertain whether gene tar-
geting resulted in the desired mutation because the biopsied cells may not 
reflect the genotype of the other cells of the embryo.

Mutation of the Wild-Type Allele by Cas9-Mediated Cleavage 

Cleavage by Cas9 is significantly more efficient than insertion of a 
donor DNA at the cleavage site by homologous recombination. This poses 
a complication if the goal of gene editing in embryos is the correction of a 
mutant allele. To correct a given mutation, a guide RNA and a DNA target 
construct are injected into the embryo. While the DNA will integrate into 
the mutant allele at the DSB and correct the mutation, the other allele will 
often be cleaved, creating a new mutation by NHEJ. Given present technol-
ogy, this poses a possibly serious problem for gene therapy as the mutant al-
lele is corrected, but a new mutant allele is created. The inhibition of repair 
by end joining using a small molecule may help to mitigate this problem as 
this has been shown to favor the insertion of DNA by HDR over that by 
NHEJ (Maruyama et al., 2015). However, the unwanted mutation of the 
normal allele currently remains a complication of CRISPR/Cas9-mediated 
gene correction.

Genotyping of the One-Cell Embryo 

Genome editing in embryos with the goal being to correct a mutant 
allele faces another problem: how to distinguish a wild type from a mutant 
embryo. If one parent carries a dominant mutant gene, 50 percent of the 
embryos will be affected and 50 percent will be wild type, and if both par-
ents carry a recessive mutation, 75 percent of the embryos will be normal 
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and 25 percent will be affected. Because it is not possible to use any current 
molecular test to distinguish mutant from normal embryos at the zygote 
stage, any gene-editing attempt will target (and modify) a large fraction of 
normal embryos. It is unlikely that a technological advance could resolve 
this dilemma in the foreseeable future.

GENE DRIVE: A MECHANISM TO SPREAD 
GENETIC ALTERATIONS THROUGH SEXUALLY 

REPRODUCING POPULATIONS

It has been proposed that naturally occurring “homing endonucleases” 
could cause mutant alleles to spread rapidly through sexually reproducing 
populations by a process designated as “gene drive” (Burt, 2003, 2014). 
The spreading of such a mutant allele through a population does not re-
quire a selective advantage for the carrier of the mutant gene but would 
rather propagate like a “selfish gene” (Esvelt et al., 2014; Oye et al., 2014). 

Recently, a vector encoding both Cas9 and a guide RNA was intro-
duced into a Drosophila genomic locus that governs cuticle color, creat-
ing a knock-out mutation. Cas9-mediated cleavage during development 
of the germline stimulated the copying of the insertion into the wild-type 
locus, such that all female gametes carried the insertion (see Figure A-9). 
Importantly, when these eggs were fertilized the mutation in the resulting 
heterozygous animals converted the wild-type allele into a mutant allele 
during meiosis by Cas9-mediated target gene cleavage, followed by HDR 
resulting in a homozygous mutation. Thus, the vector carrying the Cas9 
gene and a guide RNA, when integrated into one allele, led to the conver-
sion of the other allele during meiosis with an efficiency of 98 percent, 
causing the rapid spread of the mutant allele through the population (Gantz 
and Bier, 2015). This autocatalytic process was dubbed as a “mutagenic 
chain reaction.”

If a vector carrying sequences correcting a given mutation in addi-
tion to the Cas9 and the guide RNA was inserted into one allele, these 
sequences could serve as a template during meiosis and convert the other 
allele by homologous recombination resulting in two repaired alleles (see 
Figure A-9a). Similarly, if a vector carrying sequences coding for another 
gene in addition to the Cas9 and the guide RNA were integrated into 
one allele, Cas9-mediated cleavage of the wild-type allele during meiosis 
would transfer the exogenous “cargo” gene into the other allele, leading 
to homozygous transgenic animals (Esvelt et al., 2014). Thus, gene-drive 
mechanisms can effectively propagate and spread mutant alleles or newly 
inserted genes through animal populations (see Figure A-9b).

So far gene-drive constructs have been demonstrated to spread through 
insect populations and have been proposed for use in mosquito popula-
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FIGURE A-9 Gene drive. (a) Insertion of Cas9, guide RNA (g-DNA, targeting the 
gene) and “cargo” DNA sequences into a gene of interest. When expressed during 
meiosis, the guide RNA/Cas9 complex will introduce a double-strand break onto 
the other allele followed by homologous recombination driven repair, which will 
insert the Cas9/gRNA/transgene sequences into the wild-type allele. (b) The gene 
modification will rapidly spread through a sexually reproducing population
SOURCE: Information from Esvelt et al., 2014.
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tion control. Gene drives have not as yet been shown to behave similarly 
in mammalian species. However, given the efficiency of genome editing in 
mammalian embryos it is possible, if not likely, that the underlying gene-
drive mechanisms would also be effective in mammals and could in prin-
ciple create gene modifications that could spread through the population. 
However, given the generation time and breeding patterns of humans, any 
such gene-drive application in the human species would require an inordi-
nate numbers of years and seems inconceivable. 

ALTERNATIVE ROUTES TO HERITABLE GERMLINE EDITING

The efficiency and precision of CRISPR/Cas9 gene-editing approaches 
have raised the potential that precise genome editing might be possible 
in cells that could contribute to the germline of the human species. For a 
genetic alteration to be passed on to the next generation, it has to be made 
in (1) progenitor cells that can give rise to the gametes (eggs and sperm), 
(2) the eggs and sperm themselves, or (3) in the fertilized zygote or early 
embryo, when all cells can still contribute to the future germline.

As discussed in the preceding section, methods for germline editing 
have been most highly developed in the mouse and applied to a number 
of other mammalian species, particularly in relation to agricultural needs 
or the generation of preclinical disease models for human genetic diseases. 
Until the recent advent of advanced genome-editing tools, germline gene 
alterations in mice were primarily achieved via nontargeted introduction of 
transgenic DNA into the genome of the zygote or by targeted mutagenesis 
in ES cells. The latter approach involved the homologous recombination 
of targeting vectors into the host genome, the selection of the correctly tar-
geted clones, and the generation of germline-transmitting chimeric animals 
(see details in the above section on germline genetic alteration). While this 
approach has proven to be extraordinarily powerful in producing knock-
out mice, conditional mutations, reporter lines, and a variety of human 
disease models, it is still relatively inefficient and has not been readily ap-
plicable to direct targeted genome alterations in zygotes. Thus, the idea of 
potential targeted gene alterations or corrections in human embryos was 
not under consideration.

However, more recently, the efficiency of CRISPR/Cas in targeting nu-
clease-enhanced editing to specific sites in the genome has raised new vistas 
including possible human germline editing. Soon after the demonstration 
that CRISPR/Cas could very efficiently target specific sites in the genome of 
mammalian cells, it was shown that this approach could be applied directly 
to the mouse zygote without the need for the intermediate ES cell step (see 
above section and Figure A-8). Thus, it became possible to consider ge-
nome editing directly in human embryos. The only publications to date on 
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testing CRISPR on human zygotes demonstrated that targeted mutations 
could be generated, but also demonstrated that the resulting mutations were 
often complex and that only some embryos or embryonic cells carried the 
targeted event (Kang et al., 2016; Liang et al., 2015). As explained above, 
these intrinsic issues of CRISPR editing make the concept of using zygote 
genome editing to correct human genetic disease very challenging.

Editing the embryo genome, however, is not the only potential way 
to achieve modification of the genome in the germline. Approaches that 
directly modify the genome of the gametes—the eggs and sperm—before 
fertilization would overcome problems of mosaicism and would potentially 
allow preselection of the appropriately targeted gamete before in vitro 
fertilization.

Gamete Gene Editing: Current Status

There are a number of potential routes to gamete gene editing, some 
of which are already in use in the mouse and some of which remain to be 
fully developed.

Direct Introduction of Editing Factors into Oocytes

In the mouse it has been shown that maternally inherited Cas9 nucle-
ase provides a very efficient means of generating targeted alterations in the 
resulting zygotes (Sakurai et al., 2016), presumably because of the immedi-
ate availability of the enzyme. While such an approach is, of course, not 
applicable to humans, it does suggest that preloading ovulated oocytes with 
the editing factors prior to in vitro fertilization might be a means of avoid-
ing mosaic editing and enhancing efficiency. Whether this could actually 
promote gene targeting in the oocyte genome rather than after fertilization 
remains to be reported. Preselection of mutated or corrected oocytes would 
still be a challenge, but the reduction in mosaicism would allow PGD to be 
contemplated for identifying correctly targeted embryos.

Gene Editing in Sperm In Vitro

Sperm-mediated gene transfer is a fairly well established, although 
inefficient, route to transgenesis in a number of species, from fish to pigs 
(Lavitrano et al., 2013). Thus, it should be possible to introduce the compo-
nents of genome-editing systems into sperm and have them carried into the 
zygote to promote genome editing there. More interesting is the possibility 
of direct genome editing in the sperm nuclei. Given that sperm are nondi-
viding cells, currently only NHEJ-mediated gene editing would be possible, 
although the repair mechanism is presumably different from that in somatic 
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cells (Ahmed et al., 2010). Homologous recombination-mediated gene cor-
rection or alteration has to date only been possible in dividing cells. How-
ever, there are indications that this block can be overcome (Orthwein et al., 
2015). Izpisua Belmonte’s group has recently developed an NHEJ-based 
gene knock-in method—homology-independent targeted gene integration 
(HITI). HITI allows the direct knock-in of DNA sequences at specific ge-
nomic loci in post-mitotic cells, for example, neurons (Suzuki et al., 2016b). 
HITI may open up new avenues to sperm (and even oocyte) gene editing. 
Insertion of a transient fluorescent reporter to identify sperm carrying the 
editing factors could help enrich for potentially gene-edited sperm. Final 
confirmation of the appropriately edited embryos after fertilization in vitro 
or intracytoplasmic sperm injection (ICSI) would require PGD.

Gene Editing in Germline Stem Cells

There is considerable biological and clinical interest in generating 
gametes from stem cell lines that can be propagated indefinitely in vitro. 
Spermatogonial stem cells (SSCs) have been isolated from mouse testes 
and have the capacity to regenerate fertilization-competent sperm when 
retransplanted to the germ cell–depleted adult testis (Kanatsu-Shinohara 
and Shinohara, 2013). Gene editing in SSCs would allow for the preselec-
tion of clonal lines with appropriate targeted mutations and the potential 
to prescreen for off-target effects or other unwanted genomic or epigenomic 
alterations before generating gametes. Proof of principle for such an ap-
proach has been published (Wu et al., 2015), in which the authors corrected 
a gene mutation that causes cataracts in mice by CRISPR/Cas9 editing in 
SSCs. SSCs were transferred back to the testis and round spermatids col-
lected for ICSI. Offspring were correctly edited at 100 percent efficiency.

Translating this work into humans has many challenges. While SSC-
like cells have been isolated from human testes (Wu et al., 2015), stable, 
self-renewing cell lines have not yet been achieved. If this challenge is 
overcome, there still remains the challenge of generating ICSI-competent 
gametes from the SSCs. In the mouse, this is achieved by transfer into the 
germ cell–depleted testis—not an easy solution in humans. Alternate ap-
proaches include generating a “reconstituted testis” with mixed SSCs and 
supporting cells of the testis and transplanting this under the testis capsule. 
This approach would also be ethically challenging in humans. The possible 
use of interspecies reconstitutions and transplants into immune-deficient 
mice would bring its own scientific and ethical challenges. The best solution 
would be to promote differentiation of the SSCs to mature haploid gametes 
in a fully defined culture system in vitro—a challenge not yet achieved in 
any system.

While the possibility of applying similar approaches to the female 
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germline is attractive, the evidence for the existence of oogonial stem cells 
is controversial (Johnson et al., 2004). Most evidence suggests that there is 
a limited resource of oocytes in the adult mammalian ovary (Eggan et al., 
2006) and no evidence for any endogenous stem cells. 

Gene Editing in Pluripotent Stem Cells Followed 
by Germ Cell Differentiation

Pluripotent embryonic stem cells or induced pluripotent stem cells can 
be generated from both males and females, are readily amenable to CRISPR 
editing, and can be differentiated down the pathway toward meiotically 
competent germ cells. In the mouse, the most reliable reports of germ cell 
generation from ES cells have come from mimicking the known pathways 
that induce primordial germ cells from the pluripotent epiblast in the 
early embryo. Using this approach, Saitou’s lab has generated primordial 
germ cell–like cells (PGC-LCs) from both male and female ES cells. When 
PGC-LCs were reconstituted with support cells from the testis or ovary 
respectively and transplanted back to the testis or ovary environment, in-
vestigators were able to recover spermatids or oocytes that could be used 
to generate viable offspring when combined with normal eggs and sperm 
(Hayashi et al., 2011, 2012). Recent advances have further extended this 
approach, either by coculture of the PGC-LCs with testis cells in culture to 
generate spermatid-like cells in vitro (Zhou et al., 2016), or by derivation 
of SSCs in cocultures of pluripotent embryonic stem cells with somatic tes-
tis cells and subsequent maturation to spermatids in adult testes (Ishikura 
et al., 2016). In both cases, spermatids were derived that were capable of 
fertilizing oocytes after ICSI and generating viable offspring. There are 
some concerns about whether epigenetic reprogramming would be com-
plete in this culture system, but the overall results are quite remarkable. 
Another interesting development is from the Izpisua Belmonte, Okuda, and 
Matsui groups, who have shown that knockdown or knockout of Max in 
mouse embryonic stem cells (ESCs) strongly activates expression of germ 
cell–related genes and results in profound cytological changes to resemble 
cells undergoing meiotic division (Maeda et al., 2013; Suzuki et al., 2016a). 
Whether functional haploid cells can be generated using this approach 
remains to be seen.

These results in murine systems raise expectations that human haploid 
gametes could be generated from human pluripotent cells, with implications 
for understanding gametogenesis and causes of infertility and potentially of-
fering new avenues for reproduction in infertile couples. It also would open 
up genetic modification of the stem cells to repair known genetic causes of 
infertility or to repair dominant gene mutations. However, to date, human 
gametes have not been generated successfully from pluripotent stem cells, 
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although two recent papers report the generation of early PGC-LCs from 
human ES cells (Irie et al., 2015; Sasaki et al., 2015). Those studies revealed 
similarities and differences from the mouse germ cell differentiation path-
way. This suggests that more knowledge of how germ cells actually develop 
in the human, or perhaps the nonhuman primate, embryo versus the mouse 
embryo is needed to move this research forward. 

Gene Editing in Haploid ES Cells

Most animals are diploids, and natural haploid cells are typically lim-
ited to mature germ cells. Recently both androgenetic (male) and parthe-
nogenetic (female) haploid ES cells (haESCs) have been derived in mice and 
rats (Leeb and Wutz, 2011; Li et al., 2012, 2014; Yang et al., 2012). haESCs 
contain only one copy of allelic genes of diploid cells and are amenable to 
genetic modification with traditional gene-targeting approaches and with 
new nuclease-based genome-editing strategies (Li et al., 2012, 2014). More 
interestingly, androgenetic haESCs, which contain a Y rather than an X 
chromosome, can produce viable and fertile offspring after intracytoplasmic 
injection into mature oocytes (Li et al., 2012, 2014). Haploid partheno-
genetic mouse haESCs were also shown to be able to produce fertile mice 
when injected into oocytes in place of the maternal genome (Wan et al., 
2013). Both strategies are possible to be used for introduction of genetic 
modifications to progeny. Most recently parthenogenetic human haESCs 
have also been successfully generated (Sagi et al., 2016). Human androge-
netic haESCs have not yet been reported.

There are several limitations of haESCs. First, the haploid phenotype 
has been found to be unstable in culture. haESCs undergo spontaneous 
auto-diploidization and need several rounds of haploid purification by flow-
activated cell sorting before becoming stable in culture. Also, there is a lack 
of androgenetic haESCs containing the Y chromosome (Li et al., 2012). 
This is due to the poor developmental potential of androgenetic embryos 
with YY chromosomes (Latham et al., 2000; Tarkowki, 1977). Therefore 
only female animals can currently be created. With further breeding, males 
can then be obtained. Another major drawback is that the efficiency for 
androgenetic haESCs to fertilize an egg is very low (less than 5 percent in 
mice and less than 2 percent in rats). 

In summary, although the generation of human “artificial” gametes 
from stem cell lines is not currently achievable, work in the mouse suggests 
that this will likely be possible. Reconstituting the testis or ovary environ-
ment in vitro may be achieved by deriving both germ cells and supporting 
cells, such as Sertoli cells, and granulosa cells from in vitro differentiation 
of human ES cells. Further understanding of the endogenous signaling 
pathways that promote germ cell development and meiotic maturation will 
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aid in the future derivation of human gametes in vitro. Such cells will be 
immediately useful for understanding gametogenesis and dissecting fertility 
problems, but safety concerns will need to be overcome before they could 
be used for human reproduction, with or without genome editing. The 
germline is generally considered to be somewhat protected from genetic 
damage, unlike that of somatic cells, and also undergoes extensive epigen-
etic remodeling before completion of gametogenesis. Both aspects would 
need to be replicated in the artificial gametes generated in vitro.

EDITING THE MITOCHONDRIAL GENOME

Mitochondrial diseases are a group of maladies caused by the dysfunc-
tion of mitochondria due to mutations in mitochondrial DNA (mtDNA). 
Mitochondrial diseases are associated with the degeneration of tissues and 
organs that have high energetic demands—including muscle, heart, and 
brain—that lead, among other pathologies, to myopathies, cardiomyopa-
thies, neuropathies, encephalopathies, lactic acidosis, stroke-like syndrome, 
and blindness (Taylor and Turnbull, 2005). The percentage of mtDNA 
molecules that is mutated generally determines whether or not a patient 
is symptomatic. Currently, there are no cures for mitochondrial diseases, 
and for patients healthy enough to have children, genetic counseling and 
PGD represent the best options for preventing disease transmission. How-
ever, due to the non-Mendelian inheritance of mtDNA and the potentially 
different heteroplasmy levels among different blastomeres, PGD can only 
reduce, not eliminate, the risk of transmitting the disease. Recently devel-
oped mitochondrial replacement techniques involve a series of complex 
technical manipulations of nuclear genome between patient and donor 
oocytes that results in the generation of embryos carrying genetic material 
from three different origins (Paull et al., 2012; Tachibana et al., 2012). For 
these reasons, mitochondrial replacement techniques have raised biological, 
medical, and ethical concerns (Hayden, 2013; Reinhardt et al., 2013). Mi-
tochondrial replacement techniques have low rates of success, and studies in 
lower organisms have reported potential issues arising from incompatibility 
between nuclear and mtDNA upon mitochondrial replacement (Reinhardt 
et al., 2013).

A novel alternative therapeutic approach was recently developed 
to eliminate the mutated mtDNA in the germline. Using mitochondria-
targeted endonuclease, the targeted mtDNA in the mouse germline was 
successfully prevented from transmission to the next generation (Reddy 
et al., 2015). Due to the limited number of mtDNA mutations that can 
be targeted by restriction endonucleases, efforts have been made to target 
most of the mtDNA mutations using mitochondria-targeted transcription 
activator-like effector nucleases (mito-TALENs) and ZFNs (Bacman et al., 
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2013; Gammage et al., 2014). The mito-TALENs were able to specifically 
eliminate the targeted mtDNA in the mouse germline (Reddy et al., 2015). 
Importantly, the technique of injection of nucleases (e.g., mito-TALENs) 
into oocytes or early embryos involves a simple microinjection of mRNA 
that encodes the nucleases. Moreover, the use of mitochondrial localization 
signal (e.g., Cox8 and ATP5b) restricts the translocation to mitochondria 
alone. A caveat of this technology is that elimination of high levels of mu-
tated mtDNA in oocytes will lead to the generation of embryos with a low 
number of normal mtDNA that, if failing to replicate after implantation, 
could lead to pregnancy loss. PGD could be used for the selection and trans-
fer of embryos containing higher levels of normal mtDNA. Importantly, un-
like nuclear editing, mtDNA editing is not aimed to correct the mutations, 
but to eliminate mutated DNA, which is possible due to the presence of 
multiple copies of mtDNA in the oocytes. Moreover, due to the very low 
activity of repair mechanisms in mitochondria, the frequency of re-ligation 
of target mtDNA and introduction of new mutations would be very rare. 
In addition, similar mitochondrial editing tools in the future could also 
be used to eliminate mutated mtDNA in gametes derived from stem cells. 
Finally, a combination of mitochondrial gene-editing tools with mitochon-
drial replacement techniques may represent an alternative option, in the 
future, to prevent the germline transmission of mutations in the mtDNA 
responsible not only for mitochondrial specific diseases but also for situa-
tions where alterations in mitochondrial function contribute to pathologies 
such as cancer, diabetes, and aging-associated diseases.

THE CHALLENGE OF DELIVERY

In addition to the technical advances being made to genome- editing 
systems, an important challenge for in vivo use is effective delivery. 
Table A-1 highlights a number of strategies being explored for the  delivery of 
 genome-editing components, including a discussion of their advantages and 
disadvantages.
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T he governance of research and clinical trials using human genome 
editing is expected to draw on the foundation of international and 
national regulations, policies, and guidance that apply to other areas 

of clinical research and development, including other types of genetic tech-
nologies, stem cells, reproductive medicine, and research involving human 
embryos. This appendix provides further information on some of these 
systems. It is not meant to be comprehensive, but rather to provide perspec-
tives on how issues are addressed in countries other than the United States. 

PUBLIC CONSULTATION CAN FORM PART 
OF A GOVERNANCE STRATEGY

There are numerous examples around the world of the use of public 
consultation on a wide range of biomedical and environmental policies (see 
Box B-1 for two examples described in greater detail). In the United States, 
the National Environmental Policy Act is unusual among environmental 
laws, because rather than directly regulating action, it simply provides that 
when the government makes a major decision, it must be subjected to a 
higher than usual degree of public scrutiny. By incorporating public com-
ment, such public scrutiny creates political pressure that can drive decisions 
in one way or another, and it allows for some interplay between govern-
ment expertise/authority and public consultation. Canada, when it looked 
at assisted reproduction across many different forms, formed a royal com-
mission on new reproductive technologies that traveled the country from 
east to west, holding public hearings on the topic. In the European Union 
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BOX B-1 
Two Examples of Public Consultation

This box discusses examples from France and the United Kingdom in which 
public consultations have been undertaken on human application of emerging 
technologies. The consultative approaches have similarities and differences that 
may be informative as other countries consider how to address scientific and ethi-
cal issues associated with human genome editing.

In France, a General Public Discussion (“Les états généraux de la bioéthique”) 
was organized prior to the 2009 revision of French Bioethics Laws. In addition 
to institutional reports and an interactive website, the consultation included three 
“Consensus Conferences” on bioethical issues, including embryo research and 
access to new reproductive technologies. A representative sample of 25 citizens 
was chosen using an opinion-poll method to participate in each conference. 
These participants attended weekend seminars and received instruction on the 
issues by a multidisciplinary team of experts. The citizens were also invited to a 
public debate where topical experts answered their questions. At the end of the 
process, each group of citizens drafted recommendations that were synthesized 
in the consultation’s final report. Criticisms raised after the consultation included 
an impression that few citizen recommendations were incorporated in subsequent 
legal revisions and that the revisions did not address some of the social concerns 
raised by citizen panels. On the other hand, the consultative process provided an 
opportunity to broaden participation in the revision of the bioethics law, which was 
first implemented in 1994, based largely on recommendations of a national bioeth-
ics committee that consisted of experts such as doctors, biomedical researchers, 

(EU), genetically engineered foods are of special interest, and an EU direc-
tive requires public access to information whenever a product potentially 
affects biodiversity or other environmental elements. Public consultation is 
considered an alternative to a directive centralized form of governance, in 
which the public can, through its own decentralized processes, exert pres-
sure on government or on industry and alter the direction or the speed of 
biotechnology innovation (Charo, 2016b). 

VOLUNTARY REGULATION THROUGH GUIDELINES 
IS ANOTHER COMPONENT OF GOVERNANCE

Beyond consultation are voluntary self-regulation and nonbinding 
agreements. These are self-imposed rules that are seriously constraining 
with respect to donation of tissues, recruitment of donors, and experimen-
tation that raises concerns, such as the use of chimeras. Examples include 
the guidelines adopted by the International Society for Stem Cell Research, 
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philosophers, and representatives of religious denominations. Social values raised 
by consulted citizens, such as the desire for children to know their history or for 
a committed couple to access reproductive technologies regardless of sexual 
orientation, also had the opportunity to be expressed in an official forum, covered 
by the media, and to contribute to subsequent public discussions.

More recently, the United Kingdom undertook consultations on mitochondrial 
replacement therapy, following a 2008 revision of the Human Fertilisation and 
 Embryology Act. Public workshops and debates and interactive websites focused 
on ethical issues the use of mitochondrial techniques might raise and whether 
such techniques should be permitted for use in clinical practice in the United 
Kingdom. The balance of views from this exercise, reported in 2013, was that 
such treatment techniques should be allowed but that their use should be carefully 
controlled. Further consultation was undertaken in 2014 on draft regulations. To 
ensure a large audience, a range of organizations was solicited, including patient 
groups, professional bodies, research bodies, genetic interest groups, and faith 
and community organizations, as well as individuals. A number of responses 
(1,857) were received from interested parties as well as from a number of indi-
viduals giving their views on the draft regulations. In comparison to the French 
process, the HFEA process included multisite public forums and a larger number 
of citizens providing input, as well as more focused recommendations due to the 
single-issue consultation. On the other hand, criticisms levied included that the 
processes and modalities were rule-guided rather than based on dialogue and 
deliberation, and that there was a lack of identifiable links between the consulta-
tion and the ultimate legislative outcome.

which have been amended to cover all forms of embryo research, from 
basic science to clinical trials with stem cells (ISSCR, 2016). Guidance also 
comes in the form of persuasive, albeit unenforceable, international instru-
ments, such as those issued by the Council for International Organizations 
of Medical Sciences (CIOMS) for global standards for human subjects 
research (Gallagher et al., 2000). 

At the far end of the spectrum, of course, there is regulation and leg-
islation. Specifically with respect to gene therapy and germline manipula-
tion, there are a number of international instruments of varying degrees of 
enforceability. For example, the Council of Europe’s Oviedo Convention 
says that predictive genetic tests should be used only for medical purposes. 
It specifically calls for a prohibition on the use of genetic engineering of the 
germline or changing the makeup of the following generations. It builds on 
earlier European conventions, but like many international instruments, it 
is not ratified by every member country and, even when ratified, does not 
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necessarily get implemented with domestic legislation. It has great norma-
tive value, but its enforcement-level value is uneven.

REGULATORY APPROACHES VARY BY COUNTRY

According to one recent review of gene-transfer trial information 
from regulatory and other sources, as of June 2012 more than 1,800 
trials have been approved, initiated, or completed in 31 countries (Ginn 
et al., 2013; IOM, 2014). By mid-2016 that number had grown to more 
than 2,400, with trials primarily located in the Americas and Europe 
but nonetheless ongoing on every populated continent, and the number 
of studies generally growing every year.1 The 2013 review reported that 
65.1 percent of the trials were based in the Americas, 28.3 percent in 
Europe, and 3.4 percent in Asia. Data from 2015 and 2016 show a simi-
lar pattern. Because more than half of all trials (63.7 percent, or 1,174) 
are associated with U.S. investigators or institutions (Ginn et al., 2013), 
U.S. regulations that govern research funded by the National Institutes of 
Health (NIH) or subject to the NIH rules due to a federal-wide assurance 
will have some effect on how the work proceeds outside the United States. 
The U.S. Food and Drug Administration (FDA) rules will also apply for 
products for which FDA approval is sought so that sale can proceed in 
the United States, regardless of funding source or whether the trial site is 
in the United States or abroad.

Countries approach the structure of their regulatory pathways in differ-
ent ways. Japan has a regulatory pathway that tries to identify prospectively 
those things that are going to be high, medium, or low risk, and regulate 
them accordingly. The United States follows a similar process in its regula-
tion of medical devices. But for drug regulation, the United States treats 
everything ab initio as equally dangerous and runs every proposed drug 
through the same rules for testing safety and efficacy. By contrast, in Japan 
there is an initial determination about the level of risk that is likely to be 
present for each proposed drug and the degree of stringency that the regu-
latory process must apply as a result. Japan has also added a conditional 
approval pathway specifically for regenerative medicine and gene therapy 
products, but it is too new for evaluation (Charo, 2016b).

Singapore also has a risk-based approach similar to Japan’s, and for 
cell therapy it uses variables that include whether the manipulation is 
substantial or minimal, whether or not the intended use is homologous 
or nonhomologous, and whether or not this is going to be combined with 
some drug, device, or other biologic. 

1 Gene Therapy Clinical Trials Worldwide, provided by the Journal of Gene Medicine. http://
www.abedia.com/wiley/years.php (accessed January 30, 2017).
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Brazil provides an example of regulation and governance by accretion. 
It has approved laws related specifically to genetically engineered foods and 
stem cell research and cell therapy, but they are layered on top of earlier, 
more general rules, including constitutional prohibitions on the sale of any 
kind of human tissue and 1996 laws on the patenting of human biological 
materials, creating a situation of confusion. The result has been a degree of 
paralysis while the interplay among the laws is being managed. 

More generally, discourse in Latin America on human somatic cell 
genome editing has been informed by concerns about genetically modified 
plants and animals, biopiracy, biosecurity, and use of stem cells for clinical 
care. Mexico addresses genetic engineering in the context of GMOs and 
biosecurity in its general health law and in its research regulations.2 Brazil 
addresses gene editing in its Biosafety Law, implicitly permitting at least 
some somatic gene-editing research in humans, although its primary focus 
is clearly on GMOs.3 Similarly, Ecuador’s Constitution has provisions ad-
dressing genomic heritage in the setting of GMOs and biopiracy, and in its 
guarantee of personal integrity it prohibits the use of genetic material for 
scientific research in violation of human rights.4

A few jurisdictions in Latin America have explicitly addressed somatic 
genome editing, typically imposing restrictions aimed at prohibiting uses 
that might be perceived as “enhancement” rather than treatment or preven-
tion of disease and injury. Chile states that gene editing “in somatic cells 
will be authorized only for the treatment of diseases or to prevent their 
occurrence” in a far-reaching law that also addresses intellectual property, 
discrimination, and protection of genetic identity, as well as prohibiting 
“eugenic practices” (with an exception for genetic counseling).5 In Panama 
and Mexico City, use of genetic manipulation except for the elimination or 
treatment of a serious defect or disease is punishable by a prison sentence of 
2 to 6 years.6 Colombia’s penal code similarly permits genetic modification 

2 Ley General de Salud, Titulo Decimo Segundo. Capitulo XII, Artículo 282. And Regula-
mento de la Ley General de Salud en Materia de Investigacíon para la Salud, Titulo Cuarto, 
Capitulo II, Articulos 85-88 (recombinant DNA research).

3 Public Law No. 11.105, Chapter 1, Article 6, as translated by WIPO.
4 Constitución de la Republica del Ecuador 2008, Titulo II, Articulo 66, 1.3(d). Interestingly, 

Ecuador promulgated an extensive set of regulations governing the use of biological samples 
and genomic data, specifically citing, inter alia, the biopiracy of DNA from an indigenous 
population in that country. Ministero de Salud Pública (MSP), Reglamento para uso del 
material genético humano en Ecuador. Ministereo de Salud Pública, Dirección Nacional de 
Noamrtización y Programa Nacional de Genética, 2013.

5 Public Law No. 20.120 On the Scientific Investigation of the Human Genome, Its Genoma, 
& Prohibition of Human Cloning, Articles 1, 3, 4, 7, 8, 12, and 13, 2006 (English translation).

6 Ley Penal en General. Capítulo II, Artículo 145. (2010); Código Penal para el Distrito 
Federal. Capítulo II, Artículo 154 (also bars employment and other benefits this period).
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for treatment, diagnosis, and research to alleviate suffering or improve hu-
man health, while imposing a prison sentence of 1 to 5 years for other uses.7 

In the European Union, the European Medicines Agency (EMA) has the 
responsibility to evaluate and supervise human and veterinary medicines to 
protect public and animal health (EMA, 2013). In 2007, the EMA estab-
lished the Committee for Advanced Therapies as the unit responsible for 
assessing the quality, safety, and efficacy of medicines made from genes and 
cells—medicines that are termed “advanced therapy medicinal products.” 
This committee provides a centralized procedure for the assessment and 
approval of medicines for marketing in the European Union. The process 
is mandatory for biologics, including gene and cell therapy products, and a 
number of other product categories, including medicines for the treatment 
of HIV/AIDS and cancer (Cichutek, 2008).

The EMA, however, does not have authority to review and approve 
protocols for clinical research, including gene-transfer research (Pignatti, 
2013). That authority resides with national regulatory agencies, but every 
EU state has adopted the EU Directive on Clinical Trials (Kong, 2004). 
It requires member states to adopt a system for the review of clinical re-
search consistent with internationally recognized standards for good clinical 
practice for the ethical and scientifically valid design, conduct, and report 
of trials (Kong, 2004). The FDA, which participated in the international 
process for developing these standards, also recognizes these standards and 
publishes them as guidance documents (FDA, 2012).8

As with Europe, China has a regulatory framework for the develop-
ment and use of human medical products. Although it is not yet amended 
to address genome editing specifically, frameworks governing gene and cell 
therapies have been implemented and the State Food and Drug Administra-
tion (the predecessor of the current China Food and Drug Administration 
[CFDA]) approved a gene therapy product for marketing. In addition, 
regulatory guidelines for human embryo research and in vitro fertilization 
(IVF) practices have been published by Chinese agencies (China Ministry 
of Health, 2001, 2003). Within the current regulatory framework, human 
somatic cell genome editing may be considered a third category therapeutic 
technology rather than a drug. If so, it would be regulated by CFDA, and 
procedures would include evaluations for safety and efficacy through pre-
clinical testing and clinical trials, similar to processes used by the FDA and 
EMA. In addition to CFDA, the Health and Family Planning Commission 

7 Código Penal Colombiano, Capítulo Octavo, Artículo 132 (2015).
8 Information on the national regulatory frameworks likely to apply to somatic and germline 

human genome editing in a number of European countries is described in a background docu-
ment produced for a 2016 workshop on human genome editing in the EU. http://acmedsci.
ac.uk/file-download/41517-573f212e2b52a.pdf (accessed January 30, 2017). 

Human Genome Editing: Science, Ethics, and Governance

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/24623


APPENDIX B 267

(HFPC), which regulates IVF clinics, is likely to be involved in oversight 
of human genome editing. Consultations would likely occur with agen-
cies such as the Ministry of Science and Technology, Chinese Academy of 
Sciences, Chinese Academy of Medical Sciences, and Chinese Academy of 
Engineering to enable their positions to be incorporated into regulations. 

HERITABLE GENETIC MODIFICATIONS 
RAISE ADDITIONAL ISSUES

A number of special regulatory and governance issues may arise around 
use of human embryos and the potential for genetic changes to be made 
to the human germline. Discussions of such issues have been informed by 
debates about topics such as embryonic stem cells, cloning assisted repro-
ductive technologies, and the beginning of life.

As noted above, the Convention for the protection of Human Rights 
and Dignity of the Human Being with regard to the Application of Biology 
and Medicine: Convention on Human Rights and Biomedicine (“Oviedo 
Convention”) develops principles concerning a number of medical topics 
that raise bioethics issues. For countries that have signed and ratified the 
treaty, the genetic constitution of the individual is to be protected against 
unlawful interventions seeking to modify the germline. A number of coun-
tries have also enacted national laws, regulations, or guidelines that restrict 
human germline modifications (see Figure B-1).

INTERNATIONAL COOPERATION ON THE GOVERNANCE 
OF HUMAN GENOME EDITING IS DESIRABLE ALTHOUGH 

FORMAL REGULATORY HARMONIZATION SEEMS INFEASIBLE

Given the global nature of scientific and medical advances and the 
diversity and complexity of approaches to regulating human genetic tech-
nologies, there have been calls for international collaboration, cooperation, 
and even harmonization of regulations governing human genome editing. 
Arguments can be made both for and against an international conver-
gence of national regulation of genomic technologies (Breggin et al., 2009; 
Marchant et al., 2012). A compelling argument for creating uniform or 
consistent regulations of gene editing is to avoid “regulatory havens” that 
circumvent restrictions if providers or consumers travel to jurisdictions 
with more lenient or non-existent regulations in order to undertake the 
restricted procedures (Charo, 2016a). The potential for lucrative medical 
tourism may create a “race to the bottom” that encourages laxer standards 
in nations seeking revenues from medical tourism (Abbott et al., 2010). 
Consistent standards may also promote equal health protection for citizens 
of all nations and provide consistent requirements for companies and sci-
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FIGURE B-1 Countries take varying approaches to the regulation of human heri-
table germline modifications. The countries in red have enacted legal prohibitions 
on germline modification, while those in pink prohibit such modification through 
recommendations or guidelines. Countries in grey have varying levels of regula-
tion, with light grey representing restrictive and dark grey representing ambiguous 
regulations. 
SOURCE: Araki and Ishii, 2014.

entists in the field, reducing transaction costs and increasing economies of 
scale (Vogel, 1998). Harmonized standards also provide economies of scale 
for regulators, reduce administrative costs in adopting and administering 
national laws, and increase opportunities to share regulatory resources and 
workload. Finally, the process of harmonization can promote the exchange 
of good practices and build regulatory capacity (OECD, 2013).

On the other hand, nations have different historical, economic, social, 
and cultural systems and values, which may translate into different ap-
proaches to the regulation of a powerful technology such as human genome 
editing. Uniform national regulations may also subject every nation to the 
lowest common regulatory denominator, depending on how harmonization 
is achieved. As a practical matter, reaching consensus among 100 or more 
nations on regulatory requirements for any technology is a laborious and 
resource-intensive undertaking that in the end may not be successful. Diver-
sity in regulatory approaches also provides a natural experiment to evaluate 
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the effects of different regulatory frameworks, providing a “laboratory of 
nations” that “fosters innovation and rapid learning about the impact of 
striking different balances between innovation and precaution” (Evans, 
2015). However, realizing this benefit requires procedures that facilitate the 
exchange of information and promote learning.

As summarized in Table B-1, there is a continuum of approaches to 
aligning national regulatory requirements (Breggin et al., 2009). Harmoni-
zation usually involves the enforcement of identical or equivalent regulatory 
requirements under the national laws of participating countries. Harmo-
nization is usually accomplished through an international treaty or other 
formal and binding legal instrument, implemented through the amendment 
of national laws to conform to treaty requirements (OECD, 2013). Interna-
tional treaties and other formal agreements are difficult and time consuming 
to negotiate, and often present difficult enforcement issues.9 Given these 
obstacles, there has been a trend away from treaties in the international 
governance of technologies and products in favor of mechanisms of inter-
national cooperation and coordination (Falkner, 2013; Susskind, 2008).

Informal mechanisms of international coordination and cooperation 
do not create legal requirements to implement specific provisions, but 

9 An example of the challenges associated with negotiating and enforcing treaties was the 
unsuccessful attempt through the United Nations system in the early 2000s to create a binding 
international treaty banning human cloning (Cameron and Henderson, 2008).

TABLE B-1 Three General Approaches to International Regulatory 
Convergence

Convergence Process Definition Example

Transnational Regulatory 
Dialogue and Networking

Informal process of 
communication and 
policy learning between 
regulators

International Dialogue on 
Responsible Nanotechnology

International 
Coordination/Cooperation

Nonbinding international 
instruments such as 
guidelines, principles, and 
standards

ISSCR Guidelines for 
Embryonic Stem Cell Research

Treaty-Based 
Harmonization

Formal negotiation of 
binding treaties

United Nations Convention on 
Cloning (failed)

SOURCE: Adapted from Breggin et al. (2009). We are grateful to Chatham House, the Royal 
Institute of International Affairs, for permission to reproduce a figure from the work titled: 
Securing the Promise of Nanotechnologies: Towards Transatlantic Regulatory Cooperation, 
authored by Linda Breggin, Robert Falkner, Nico Jaspers, John Pendergrass, and Read Porter, 
2009.
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rather provide general agreement between governments in the form of non-
binding guidelines, recommendations, consensus documents, statements 
of principles, or voluntary standards. Such normative guidelines may be 
agreed upon in free-standing negotiations, but are often negotiated within 
an appropriate international organization (Abbott, 2014). International 
cooperation and coordination approaches can also be achieved through 
nongovernmental organizations, such as scientific societies, for example 
through the International Society for Stem Cell Research (ISSCR) Guide-
lines for Embryonic Stem Cell Research (Daley et al., 2007).

The least formal mechanism of international convergence is policy 
diffusion through transnational regulatory dialogue and networking. This 
approach usually does not involve the creation of instruments that set forth 
specific substantive or procedural recommendations for nations to follow. 
Rather, it provides a forum for regulators from different nations to share 
information, approaches, challenges, and ideas. An example is the Interna-
tional Dialogue on Responsible Nanotechnology, in which experts from 25 
national governments convened in a series of meetings every 2 years to re-
port on their regulatory activities and challenges (Meridian Institute, 2004). 
Regulators who have been involved in international coordination activities 
state that such person-to-person contacts and communications provide one 
of the most effective mechanisms for promoting international cooperation 
and understanding (Saner and Marchant, 2015).

A convergence of regulatory approaches for human genome editing 
would have some beneficial effects as described above, but countries have 
already adopted diverse laws relevant to human genome editing and a 
formal or complete harmonization does not seem feasible—and may not 
even be entirely desirable—at this time. Moreover, national responses to 
human genome editing reflect unique historical, cultural, economic, and 
social factors. Notwithstanding these important differences that prevent 
uniform international standards, there are important benefits for providing 
for robust communication and coordination between regulators in different 
countries, and potential opportunities for identifying common ground on 
specific substantive or technical aspects as well as opportunities to produce 
learning benefits (e.g., Zhai et al., 2016). 
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C
Data Sources and Methods

T he National Academy of Sciences and the National Academy of Med-
icine Committee on Human Gene Editing: Scientific, Medical, and 
Ethical Considerations was tasked with studying the scientific under-

pinnings of human gene-editing technologies—including human germline 
editing—and the clinical, ethical, legal, and social implications of their use. 
The committee also explored fundamental, underlying principles that could 
be adapted by any nation considering the development of guidelines for 
human gene editing. To respond comprehensively to its charge, the com-
mittee examined data from a variety of sources, including a review of the 
literature, open-session meetings and conference calls, public testimony and 
input, and other publicly available resources.

COMMITTEE COMPOSITION

The National Academies of Sciences, Engineering, and Medicine (the 
National Academies) appointed a committee of 22 experts to undertake the 
statement of task. The committee was composed of members with expertise 
in basic science, clinical research and medicine, law and regulation, ethics 
and religion, patient advocacy, science communication, public engagement, 
and the biomedical industry. Appendix D provides the biographical infor-
mation for each committee member.
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MEETINGS AND INFORMATION-GATHERING ACTIVITIES

The committee deliberated from December 2015 to January 2017 to 
conduct its assessment, and gathered information and data relevant to its 
statement of task by conducting a review of available literature, inviting 
stakeholders to share perspectives at public meetings, and soliciting public 
comments both online and in person.

Literature Review

Several strategies were used to identify literature relevant to the com-
mittee’s charge. A search of bibliographic databases, including PubMed, 
Scopus, Web of Science, ProQuest Research Library, Medline, Embase, and 
LexisNexis, was conducted to obtain articles from peer-reviewed journals 
that discussed basic research, clinical applications, patient safety, scientific 
standards, ethics, oversight, and social issues associated with human gene 
editing. Staff reviewed recent news and literature to identify articles relevant 
to the committee’s charge and created a database of references. In addition, 
committee members, speakers, sponsors, and other interested parties sub-
mitted articles, reports, and policy statements on these topics. The commit-
tee’s database included several hundred relevant articles and reports, and 
was updated continuously throughout the study process.

Public Meetings

Four of the five meetings held over the course of the study included 
sessions in which committee members obtained input from a range of 
stakeholders and members of the public. Three meetings were held in 
Washington, DC (December 2015, February 2016, and July 2016), and one 
meeting was held in Paris, France, hosted by the French National Academy 
of Medicine (April 2016). 

The committee’s first meeting in December 2015 was held in asso-
ciation with the 3-day International Summit on Human Gene Editing: A 
Global Discussion, co-hosted by the U.S. National Academy of Sciences, 
U.S. National Academy of Medicine, Chinese Academy of Sciences, and 
The Royal Society of the United Kingdom. Although a separate ad hoc 
committee planned the summit, it provided a critical opportunity for the 
study committee to gather information. The summit convened experts from 
around the world to discuss scientific, ethical, and governance issues associ-
ated with human gene-editing research.1

1 The list of speakers at the International Summit included Peter Braude, Annelien Bredenoord, 
Philip Campbell, Alta Charo, George Church, Ralph Cicerone, Chad Cowan, George Daley, 
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The committee’s second meeting in February 2016 included perspec-
tives from potentially affected stakeholder communities such as patient 
groups and representatives from companies developing gene editing–based 
therapeutics. It also featured presentations from experts on models for 
public engagement as well as federal and institutional oversight bodies. 

The study’s third meeting in April 2016, hosted by the French National 
Academy of Medicine in Paris, France, explored the principles underlying 
governance of gene editing. Speakers during the meeting provided interna-
tional perspectives spanning permissive, neutral, precautionary, and preven-
tive governance approaches. Meeting discussions also addressed potential 
therapeutic clinical applications for human germline gene editing. This 
meeting was held the day following a gene-editing workshop convened by 
the Federation of European Academies of Medicine, the U.K. Academy of 
Medical Sciences, and the French Academy of Medicine (FEAM, UKAMS, 
and ANM, 2017). A number of committee members were able to par-
ticipate in the preceding FEAM workshop, which provided an important 
opportunity to learn further about gene-editing regulatory and governance 
concerns and strategies across the European community.2

Finally, the study’s fourth meeting in July 2016 provided input on sev-
eral of the social issues associated with human gene editing, including race 
and genetics in U.S. history and the intersection of moral views and public 
policy. The list of speakers who provided input to the committee in these 
meeting sessions is below.

Public Comments

The committee’s data-gathering meetings also provided opportunities 
for the committee to engage and interact with a variety of stakeholders. 
Each public meeting included a public comment period, in which the com-
mittee invited input from any interested party. The committee also worked 
to make its activities as transparent and accessible as possible and to ac-

Marcy Darnovsky, Victor Dzau, Fola Esan, Barbara Evans, William Foster, Bärbel Friedrich, 
Hille Haker, John Harris, John Holdren, Rudolf Jaenisch, Weizhi Ji, Pierre Jouannet, J. Keith 
Joung, Daniel Kevles, Jonathan Kimmelman, Eric Lander, Ephrat Levy-Lahad, Jinsong Li, 
Robin Lovell-Badge, Gary Marchant, Jennifer Merchant, Keymanthri Moodley, Indira Nath, 
Staffan Normark, Kyle Orwig, Pilar Ossorio, Duanquing Pei, Matthew Porteus, K. Vijay 
Raghavan, Klaus Rajewsky, Thomas Reiss, Janet Rossant, Ismail Serageldin, Bill Skarnes, 
John Skehel, Azim Surani, Sharon Terry, Adrian Thrasher, Fyodor Urnov, Marco Weinberg, 
Ernst-Ludwig Winnacker, Zhihong Xu, and Feng Zhang. Presentations and other materials 
from the Summit are available at http://nationalacademies.org/gene-editing/Gene-Edit-Summit/
index.htm (accessed January 7, 2017).

2 The formal report of the FEAM workshop is available at http://www.feam-site.eu/cms/docs/
activities/humangenomeeditingworkshop2016report.pdf.

Human Genome Editing: Science, Ethics, and Governance

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/24623


276 HUMAN GENOME EDITING

commodate those with special needs or those who may not have been able 
to attend in person. 

The study website was updated regularly to reflect the recent and 
planned activities of the committee. Study outreach also included a study-
specific email address for comments and questions and social media feeds 
and tags. A subscription to regular email updates was available to share 
further information and solicit additional comments and input to the 
committee.

Live video streams with closed captioning and links to an online public 
comment tool were provided throughout the course of the study to allow 
the opportunity for input from those unable to attend meetings in person. 
All online comments and submissions were catalogued in the study’s public 
access file. Any information provided to the committee from outside sources 
or through the online comment tool is available by request through the 
National Academies’ Public Access Records Office.

Speakers

The following individuals were invited speakers at data-gathering ses-
sions of the committee:

Roberto Andorno, University of Zurich 
Mónica López Barahona, Centro de Estudios Biosanitarios
Pierre Bégué, Académie Nationale de Médecine, France
Nick Bostrom, University of Oxford
Abby Bronson, Parent Project Muscular Dystrophy
Dominique Brossard, University of Wisconsin–Madison
Jacqueline Chin, National University of Singapore
Hans Clevers, Hubrecht Institute
Ronald Cole-Turner, Pittsburgh Theological Seminary
Francis Collins, National Institutes of Health
George William Foster, Congressman, IL-11
Søren Holm, University of Manchester
Rahman Jamal, National University of Malaysia
Bartha Knoppers, McGill University
Fredrik Lanner, Karolinska Institute
James Lawford-Davies, Hempsons Law Firm, United Kingdom
John Leonard, Intellia Therapeutics
Bruce Lewenstein, Cornell University
Andrew May, Caribou Biosciences
Vic Myer, Editas Medicine
Alondra Nelson, Columbia University
Erik Parens, Hastings Center
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Guido Pennings, Ghent University, Belgium 
Pearl O’Rourke, Partners HealthCare
Jackie Leach Scully, Newcastle University
Oliver Semler, University of Cologne
Trevor Thompson, Sickle Cell Foundation of Tennessee
Anna Veiga, Center of Regenerative Medicine, Barcelona, Spain
Thomas Voit, University College London
Elizabeth Vroom, United Parent Projects Muscular Dystrophy
Keith Wailoo, Princeton University
Michael Werner, Alliance for Regenerative Medicine
Nancy Wexler, Hereditary Disease Foundation
Bethan Wolfenden, Bento Bioworks
Carrie Wolinetz, National Institutes of Health
Philip Yeske, United Mitochondrial Disease Foundation
Xiaomei Zhai, Peking Union Medical College, China
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Committee Member Biographies

R. Alta Charo, J.D. (Co-Chair), is a member of the National Academy of 
Medicine, and is the Warren P. Knowles Professor of Law and Bioethics 
and the Sheldon B. Lubar Distinguished Research Chair in Law at the Uni-
versity of Wisconsin–Madison, where she is on the faculties of the law and 
medical schools and teaches public health law, biotechnology regulation, 
and bioethics. She received her B.A. in biology from Harvard University 
and J.D. from Columbia University. Professor Charo was a member of 
President Obama’s transition team, focusing on science policy, and from 
2009 to 2011 was a senior policy advisor on emerging technology issues in 
the Office of the Commissioner at the U.S. Food and Drug Administration. 
Her other federal service includes the congressional Office of Technology 
Assessment, the U.S. Agency for International Development, the National 
Institutes of Health Human Embryo Research Panel, and President Clin-
ton’s National Bioethics Advisory Commission. At the National Academies 
of Sciences, Engineering, and Medicine she co-chaired (with Richard Hynes) 
the Committee on Guidelines for Embryonic Stem Cell Research and has 
been a member of the Board on Life Sciences; Board on Population Health 
and Public Health Practice; Committee on Science, Technology, and Law; 
and Board on Health Sciences Policy.

Richard O. Hynes, Ph.D. (Co-Chair), is Daniel K. Ludwig Professor for 
Cancer Research at the Massachusetts Institute of Technology (MIT) and 
an investigator at the Howard Hughes Medical Institute. He received his 
B.A. in biochemistry from the University of Cambridge, United Kingdom, 
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and his Ph.D. in biology from MIT in 1971. After postdoctoral work at 
the Imperial Cancer Research Fund in London, where he initiated his work 
on cell adhesion, he returned to MIT as a faculty member. Dr. Hynes is a 
fellow of The Royal Society of London, the American Academy of Arts and 
Sciences, and the American Association for the Advancement of Science, 
and is a member of the National Academy of Sciences and the National 
Academy of Medicine. He has received the Gairdner Foundation Interna-
tional Award for achievement in medical science and the Pasarow Award 
for Cardiovascular Research. He was previously associate head and then 
head of the Biology Department and served for 10 years as director of the 
MIT Center for Cancer Research. He was a governor of the Wellcome 
Trust U.K. from 2007 to 2016. At the National Academies he has previ-
ously co-chaired (with Jonathan Moreno and R. Alta Charo) committees 
on guidelines for human embryonic stem cell research.

David W. Beier, J.D., is a managing director of Bay City Capital and has 
been with the firm since 2013. He is a globally recognized leader in health 
care policy, pricing, intellectual property, government affairs, regulatory 
affairs, health care economics, and product commercialization. In addi-
tion, having spent two decades as part of the senior management teams 
for Amgen and Genentech, the two largest biotechnology companies in 
the world, he contributes invaluable perspective regarding strategy for 
entrepreneurial biotechs, the needs of potential acquirers, and the global 
health care industry in general. Mr. Beier served in the White House as the 
Chief Domestic Policy Advisor to Vice President Al Gore during the Clinton 
Administration. He has served as an appointee of President Clinton on his 
Advisory Committee for Trade Policy and Negotiations, on the Institute of 
Medicine panel on the Future of Health and Human Services, and as an 
advisor to the President’s Council of Advisors on Science and Technology. 
Mr. Beier was also formerly a partner in the international law firm Hogan 
and Hartson and was formerly Counsel to the U.S. House of Representa-
tives Committee on the Judiciary. He has testified before Congress and the 
Federal Trade Commission, has written numerous law review articles and 
technical legal works, is regularly invited to author expert op-eds on health 
care, and has contributed to books on topics ranging from intellectual prop-
erty, trade, privacy, and justice issues. He currently serves as an appointee 
of Governor Brown on the California State Government Organization and 
the Economy Commission, as a fellow of the Center for Global Enterprise, 
and teaches as an adjunct lecturer at the Haas School of Business at the 
University of California, Berkeley. Mr. Beier received his J.D. from Albany 
Law School at Union University and his undergraduate degree at Colgate 
University. He is admitted to practice law in New York and the District of 
Columbia.
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Ellen Wright Clayton, M.D., J.D., is an internationally respected leader in 
the field of law and genetics who holds appointments in both the law and 
medical schools at Vanderbilt University, where she also co-founded and 
directed the Center for Biomedical Ethics and Society. She has published 2 
books and more than 150 scholarly articles and chapters in medical jour-
nals, interdisciplinary journals, and law journals on the intersection of law, 
medicine, and public health. In addition, she has collaborated with faculty 
and students throughout Vanderbilt and in many institutions around the 
country and the world on interdisciplinary research projects, and helped to 
develop policy statements for numerous national and international orga-
nizations. She currently chairs the Paediatric Platform of the international 
Public Population Program in Genomics. An active participant in policy 
debates, she has advised the National Institutes of Health as well as other 
federal and international bodies on an array of topics ranging from chil-
dren’s health to the ethical conduct of research involving human subjects. 
Professor Clayton has worked on a number of projects for the National 
Academy of Medicine, of which she is a member of the Executive Com-
mittee of its National Advisory Council, chair of the National Academies 
of Sciences, Engineering, and Medicine’s Board on Population Health and 
Public Health Practice, and was chair of its committee to define myalgic 
encephalomyelitis/chronic fatigue syndrome. She is also a member of the 
National Academies’ Report Review Committee. She is an elected fellow of 
the American Academy for the Advancement of Science.

Barry S. Coller, M.D., is the Physician in Chief, Vice President for Medi-
cal Affairs, David Rockefeller Professor of Medicine, and Head, Allen and 
Frances Adler Laboratory of Blood and Vascular Biology at The Rock-
efeller University. He is a leader in investigating platelet physiology, vascu-
lar biology, and adhesion phenomena in sickle-cell disease. He produced 
monoclonal antibodies that inhibit platelet aggregation and adhesion of 
sickle red blood cells to the blood vessel walls. He produced one of the 
earliest monoclonal antibodies to platelets and played a leading role in its 
development into a drug used to prevent thrombosis after coronary artery 
angioplasty and stent placement in humans. He has also identified muta-
tions in genes that cause human bleeding disorders. Dr. Coller received 
the Pasarow Award in 2005, the Warren Alpert Foundation Award in 
2001, and a National Research Achievement Award from the American 
Heart Association in 1998. He is a member of the National Academy of 
Medicine, the National Academy of Sciences, and the American Academy 
of Arts and Sciences. Dr. Coller is a past president of the American Society 
of Hematology and was founding president of the Society for Clinical and 
Translational Science. He currently serves on the National Academies of 
Sciences, Engineering, and Medicine’s Board on Health Sciences Policy. Dr. 
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Coller received his B.A. from Columbia University in 1966 and his M.D. 
from the New York University School of Medicine in 1970. He completed 
his residency in internal medicine at Bellevue Hospital in New York City 
and received advanced training in hematology and clinical pathology at the 
National Institutes of Health. He was at Stony Brook University from 1976 
to 1993, and from 1993 to 2001 he served as a professor of medicine and 
chairman of the Department of Medicine at Mount Sinai School of Medi-
cine. Dr. Coller joined The Rockefeller University in 2001 and currently 
serves as principal investigator of the university’s Clinical and Translational 
Science Award and director of The Rockefeller University Center for Clini-
cal and Translational Science.

John H. Evans, Ph.D., is a professor of sociology at the University of 
California, San Diego. Dr. Evans earned his B.A. from Macalester College 
and his Ph.D. from Princeton University. He has been a postdoctoral fellow 
at Yale University and a visiting member of the Institute for Advanced Study 
in Princeton, New Jersey, and has held visiting professorial fellowships at 
the University of Edinburgh and the University of Muenster. His research 
concerns religion, culture, politics, and science. He has published a book 
about the ethical debates about human genetic engineering in the second 
half of the 20th century. Another book examines what religious people in 
the United States think about reproductive genetic technologies. A recent 
book concerns how societal views can be included in public bioethical 
debates about issues such as genetic modification. A forthcoming book ex-
amines what Americans think a human is, and how that relates to how we 
should treat each other. He is writing a book about what the relationship 
is between religion and science for American citizens. In addition to these 
books, Dr. Evans has written more than 40 articles and book chapters on 
topics in religion, culture, politics, and science.

Juan Carlos Izpisua Belmonte, Ph.D., is a professor in the Gene Expression 
Laboratory at the Salk Institute for Biological Studies in La Jolla, California 
since 1993. From 2005 to 2013 he was also director of the Center for 
Regenerative Medicine in Barcelona. Dr. Izpisua Belmonte’s research inter-
ests are focused on the understanding of stem cell biology, organogenesis, 
regeneration, and aging. He has published more than 400 articles in inter-
nationally peer-reviewed journals and book chapters in these areas. The 
ultimate goal of his research is to translate it toward the development of 
cell- and gene-based therapies as well as new molecules for the treatment 
of human disease. Dr. Izpisua Belmonte graduated from the University of 
Valencia, Spain, with a bachelor’s degree in pharmacy and science and a 
master’s degree in pharmacology, and he received his Ph.D. from the Uni-
versity of Bologna, Italy, and the University of Valencia, Spain, in 1987. He 
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completed his postdoctoral work at the European Molecular Biology Lab 
in Heidelberg, Germany, and at the University of California, Los Angeles. 
 
Rudolf Jaenisch, M.D., is a founding member of the Whitehead Institute for 
Biomedical Research and professor of biology at the Massachusetts Institute 
of Technology. Dr. Jaenisch studies the epigenetic regulation of gene expres-
sion with the goal of efficiently changing one differentiated cell type into 
another. This has led to groundbreaking work with mammalian embryonic 
stem cells and adult cells that have been reprogrammed to an embryonic 
stem cell–like state, called induced pluripotent stem (iPS) cells. Dr. Jaenisch 
continues to push iPS cell methodology forward and has demonstrated iPS 
cells’ therapeutic potential in models of sickle-cell anemia and Parkinson’s 
disease. For his work, Dr. Jaenisch has been honored with the first Peter 
Gruber Foundation Award in Genetics, Brupracher Foundation Cancer 
Award, Cozzarelli Prize from the Proceedings of the National Academy 
of Sciences of the United States of America, Robert Koch Prize for Excel-
lence in Scientific Achievement, Meira and Shaul G. Massry Prize, Ernst 
Schering Prize, Vilcek Prize, and Wolf Prize in Medicine, and is a recipient 
of the United States National Medal of Science. Dr. Jaenisch is a member 
of the National Academy of Sciences, a member of the National Academy 
of Medicine, and a fellow of the American Academy of Arts and Sciences.

Jeffrey Kahn, Ph.D., M.P.H., is the Andreas C. Dracopoulos Director of the 
Johns Hopkins Berman Institute of Bioethics. He is also Robert Henry Levi 
and Ryda Hecht Levi Professor of Bioethics and Public Policy, and Professor 
in the Department of Health Policy and Management in the Johns Hopkins 
Bloomberg School of Public Health. His research interests include the ethics 
of research, ethics and public health, and ethics and emerging biomedical 
technologies. He speaks widely both in the United States and abroad and 
has published 4 books and more than 125 articles in the bioethics and 
medical literature. He is an elected member of the National Academy of 
Medicine and a fellow of the Hastings Center, and he has chaired or served 
on committees and panels for the National Institutes of Health, the Centers 
for Disease Control and Prevention, and the Institute of Medicine/National 
Academy of Medicine. He is currently chair of the National Academies of 
Sciences, Engineering, and Medicine’s Board on Health Sciences Policy. His 
education includes a B.A. from the University of California, Los Angeles, a 
Ph.D. from Georgetown University, and an M.P.H. from the Johns Hopkins 
Bloomberg School of Public Health.

Ephrat Levy-Lahad, M.D., is a professor of internal medicine and medical 
genetics at the Hebrew University of Jerusalem and director of the Medical 
Genetics Institute at Shaare Zedek Medical Center in Jerusalem, Israel. She 
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received her medical degree from the Hebrew University-Hadassah Medical 
School in Jerusalem, and is board certified in internal medicine (Israel) and 
in clinical genetics and clinical molecular genetics (Israel and the United 
States). Dr. Levy-Lahad’s clinical laboratory includes cancer genetics diag-
nostics and a large preimplantation diagnosis service. Her research labora-
tory focuses on the genetics of breast cancer, in particular the BRCA1 and 
BRCA2 genes, and on genetic and environmental factors that affect the risk 
associated with these mutations. She also studies the application of genetic 
testing to population screening and large-scale prevention efforts. Another 
focus of her research is elucidating the genetic basis of rare diseases, includ-
ing discoveries of novel genes for neurological phenotypes and for defects 
in ovarian development. Dr. Levy-Lahad is highly involved in bioethical 
aspects of genetic research, and is currently co-chair of the Israel National 
Bioethics Council. She is a member of Israel’s National Council for Gy-
necology, Perinatal Medicine, and Genetics and the National Council for 
Digital Health Innovation. Internationally, she was a member of the United 
Nations Educational, Scientific and Cultural Organization’s International 
Bioethics Committee (2006-2009) and the International Society for Stem 
Cell Research’s Task Force on the Clinical Translation of Stem Cells.

Robin Lovell-Badge, Ph.D., is a senior group leader at The Francis Crick 
Institute. Dr. Lovell-Badge has had longstanding interests in the biology of 
stem cells, how genes work in the context of embryo development, and how 
decisions of cell fate are made. Major themes of his current work include 
sex determination, development of the nervous system and pituitary, and 
the biology of stem cells within the early embryo. He is also very active in 
both public engagement and policy work, notably around stem cells, genet-
ics, human embryo and animal research, and in ways science is regulated 
and disseminated. He is a co-opted member of the Human Fertilisation and 
Embryology Authority’s Scientific and Clinical Advances Advisory Commit-
tee and a member of its panel looking at the science and safety of ways to 
avoid mitochondrial diseases. He was a member of the U.K. Academy of 
Medical Sciences’ committees on Interspecies-Embryos, Animals Contain-
ing Human Material, and a joint U.K. academies committee on Human 
Enhancement and the Future of Work. He is also a member of the steering 
committee of the Hinxton Group, the Royal Society’s Public Engagement 
Committee, and the U.K. Science Media Centre’s Advisory Board. He was 
elected a member of EMBO in 1993, a fellow of the Academy of Medi-
cal Sciences in 1999, and a fellow of The Royal Society in 2001. He has 
received the Louis Jeantet Prize for Medicine in 1995, the Amory Prize, 
awarded by the American Academy of Arts and Sciences, in 1996, the Feld-
berg Foundation Prize in 2008, and the Waddington Medal of the British 
Society for Developmental Biology in 2010. He was also a distinguished 
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visiting professor at the University of Hong Kong from 2009 to 2015 and 
the president of the Institute of Animal Technologists. Dr. Lovell-Badge 
obtained his B.Sc. in zoology at the University College London in 1975 and 
his Ph.D. in embryology at the University College London in 1978.

Gary Marchant, J.D., Ph.D., is Regents’ Professor and Lincoln Professor 
of Emerging Technologies, Law and Ethics at the Sandra Day O’Connor 
College of Law at Arizona State University (ASU). He is also a professor of 
life sciences at ASU and executive director of the ASU Center for the Study 
of Law, Science and Technology. Professor Marchant has a Ph.D. in genetics 
from the University of British Columbia, a masters of public policy degree 
from the Kennedy School of Government, and a law degree from Harvard 
University. Prior to joining the ASU faculty in 1999, he was a partner in 
a Washington, DC, law firm where his practice focused on environmental 
and administrative law. Professor Marchant teaches and researches in the 
subject areas of environmental law, risk assessment and risk management, 
genetics and the law, biotechnology law, food and drug law, legal aspects 
of nanotechnology, and law, science, and technology.

Jennifer Merchant, Ph.D., is a professor of Anglo-American legal and 
political institutions at the Université de Paris II (Panthéon-Assas). She is 
a leading researcher in bioethical issues of comparative public policy with 
expertise in comparative North American and European policy, politics, 
and regulation of medical technologies involving human reproduction. She 
is also an expert in French law and politics on embryo research and assisted 
reproductive technology. Her academic interests include comparative pub-
lic policy, reproduction, bioethics, civil society, science, and government. 
Dr. Merchant is a member of the French National University Institute, 
the Centre for the Study and Research of Administrative and Political Sci-
ences, the Ethics Committee of the French National Institute of Health and 
Medical Research, and the International Network on Feminist Approaches 
to Bioethics (FAB) Association as well as FAB Country Representative for 
France. She has been the co-editor-in-chief of the Revue Tocqueville/Toc-
queville Review since 2001 and a member of the Global Ethics Observatory 
and the United Nations Educational, Scientific and Cultural Organization 
since 2005.

Luigi Naldini, M.D., Ph.D., is professor of cell and tissue biology and of 
gene and cell therapy at the San Raffaele University School of Medicine and 
scientific director of the San Raffaele Telethon Institute for Gene Therapy, 
Milan, Italy. Dr. Naldini has pioneered the development and applications 
of lentiviral vectors for gene transfer, which have become one of the most 
widely used tool in biomedical research and, upon recently entering clini-
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cal testing, are providing a long sought hope of cure for several currently 
untreatable and otherwise deadly human diseases. Since then he has contin-
ued to investigate new strategies to overcome the major hurdles to safe and 
effective gene transfer, translate them into new therapeutic strategies for ge-
netic disease and cancer, and allowed novel insights into hematopoietic stem 
cell function, induction of immunological tolerance, and tumor angiogen-
esis. His recent work also contributed to advancing the use of engineered 
nucleases for targeted genome editing in cell and gene therapy. Dr. Naldini 
is a member of the European Molecular Biology Organization, has been 
president of the European Society of Gene and Cell Therapy (ESGCT), and 
was awarded an European Research Council Advanced Investigator Grant 
in 2009, the Outstanding Achievement Award from the American Society 
of Gene and Cell Therapy in 2014 and from ESGCT in 2015, an Honorary 
doctorate from the Vrije University, Brussel, in 2015, and the Jimenez Diaz 
Prize in 2016. He received his M.D. from the University of Torino and his 
Ph.D. in cell and tissue biology from the University of Rome La Sapienza.

Duanqing Pei, Ph.D., is professor and director general of Guangzhou In-
stitutes of Biomedicine and Health, Chinese Academy of Sciences. Dr. Pei 
joined the medical faculty at Tsinghua University in Beijing, China, in 2002 
and moved to the newly formed Guangzhou Institutes of Biomedicine and 
Health in 2004. Prior to this appointment, he served as a faculty member 
at the University of Minnesota School of Medicine. Dr. Pei studied the 
transcription regulation of hepatitis B virus (HBV) for his Ph.D. thesis and 
worked on extracellular matrix remodeling as a postdoctoral fellow and 
faculty member. Upon returning to China, he first started to work on stem 
cell pluripotency and then on reprogramming. The Pei lab in Tsinghua has 
published on the structure and function of Oct4, Sox2, FoxD3, Essrb, and 
Nanog, and their interdependent relationship toward pluripotency. The 
Pei lab was the first in China to create mouse induced pluripotent stem 
(iPS) cells using a nonselective system, and then improved the iPS process 
systematically. The Pei lab subsequently disseminated the iPS technology in 
China by providing resources and training workshops. Recent publications 
from the Pei lab includes the discovery of vitamin C as a potent booster for 
iPS cell generation and that a mesenchymal to epithelial transition initiates 
the reprogramming process of mouse fibroblasts. Dr. Pei’s lab continues to 
explore new ways to improve iPS technology, dissect the reprogramming 
mechanisms driven by Oct4/Sox2/Klf4 or fewer factors, develop alterna-
tive reprogramming methods, employ iPS cells to model human diseases 
in vitro, and use gene-editing tools to correct mutations in stem cells for 
regenerative medicine. Dr. Pei obtained his Ph.D. from the University of 
Pennsylvania in 1991 and trained as a postdoctoral fellow at the University 
of Michigan.
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Matthew Porteus, M.D., Ph.D., is associate professor of pediatrics, Divi-
sions of Stem Cell Transplantation and Regenerative Medicine, Hematology/
Oncology, and Human Gene Therapy at Stanford School of Medicine. He 
completed his combined M.D.-Ph.D. at Stanford Medical School, with 
his Ph.D. focusing on understanding the molecular basis of mammalian 
forebrain development with his Ph.D. thesis titled “Isolation and Charac-
terization of TES-1/DLX-2: A Novel Homeobox Gene Expressed During 
Mammalian Forebrain Development.” After completion of his dual-degree 
program, he was an intern and resident in pediatrics at Boston Children’s 
Hospital and then completed his pediatric hematology/oncology fellowship 
in the combined Boston Children’s Hospital/Dana Farber Cancer Institute 
program. For his fellowship and postdoctoral research he worked with 
Dr. David Baltimore at the Massachusetts Institute of Technology and the 
California Institute of Technology where he began his studies in develop-
ing homologous recombination as a strategy to correct disease-causing 
mutations in stem cells as definitive and curative therapy for children with 
genetic diseases of the blood, particularly sickle-cell disease. Following 
his training with Dr. Baltimore, he took an independent faculty position 
at University of Texas Southwestern in the Departments of Pediatrics and 
Biochemistry before again returning to Stanford University in 2010 as an 
associate professor. During this time his work has been the first to demon-
strate that gene correction could be achieved in human cells at frequencies 
that were high enough to potentially cure patients and is considered one of 
the pioneers and founders of the field of genome editing—a field that now 
encompasses thousands of labs and several new companies throughout the 
world. He has extensive experience with the major engineered nuclease 
platforms including zinc finger nucleases, transcription activator-like ef-
fector nucleases, and CRISPR/Cas9 nucleases. He has used genome-editing 
strategies in a variety of different stem cells including hematopoietic stem 
and progenitor cells, neural stem cells, spermatogonial stem cells, human 
embryonic stem cells, and induced pluripotent cells. His research program 
continues to focus on developing genome editing by homologous recom-
bination as curative therapy for patients with both genetic and nongenetic 
diseases. Clinically, Dr. Porteus attends at the Lucille Packard Children’s 
Hospital where he takes care of pediatric patients undergoing hematopoi-
etic stem cell transplantation. Administratively, Dr. Porteus is the associ-
ate director of the Stanford Medical Scientist-Training Program where he 
oversees the admission and progress of students obtaining both M.D. and 
Ph.D. degrees at Stanford University.

Janet Rossant, Ph.D., is a senior scientist in the Developmental and Stem 
Cell Biology Program at The Hospital for Sick Children and is a professor 
in the Department of Molecular Genetics, and the Department of Obstetrics 
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and Gynaecology at the University of Toronto. Her research focuses on 
understanding the genetic control of normal and abnormal development 
in the early mouse embryo using both cellular and genetic manipulation 
techniques. Her interests in the early embryo have led to the discovery of 
a novel placental stem cell type, the trophoblast stem cell. Dr. Rossant is 
also the president and scientific director of the Gairdner Foundation. She is 
actively involved in the international developmental and stem cell biology 
communities and has contributed to the scientific and ethical discussion 
on public issues related to stem cell research. She chaired the working 
group of the Canadian Institutes of Health Research (CIHR) on stem cell 
research, which came up with guidelines for CIHR-funded research in this 
area. Dr. Rossant trained at Oxford University and Cambridge University 
in the United Kingdom and has been in Canada since 1977, first at Brock 
University and then at the Samuel Lunenfeld Research Institute, Mount 
Sinai Hospital, Toronto, from 1985 to 2005.

Dietram A. Scheufele, Ph.D., is the John E. Ross Professor in Science Com-
munication and Vilas Distinguished Achievement Professor at the Univer-
sity of Wisconsin–Madison and in the Morgridge Institute for Research. 
He is also an Honorary Professor of Communication at the Technische 
Universität Dresden, Germany. Dr. Scheufele has co-chaired the National 
Academies of Sciences, Engineering, and Medicine’s Roundtable on Public 
Interfaces of the Life Sciences and the National Conference of Lawyers and 
Scientists, a joint committee of the American Association for the Advance-
ment of Science and the American Bar Association. He is a fellow of the 
American Association for the Advancement of Science, the International 
Communication Association, and the Wisconsin Academy of Sciences, Arts, 
and Letters, and a member of the German National Academy of Science 
and Engineering. He currently serves on the National Academies of Sci-
ences, Engineering, and Medicine’s Division on Earth and Life Studies 
Advisory Committee. In the past, Dr. Scheufele has been a tenured faculty 
member at Cornell University, a Shorenstein fellow at Harvard University, 
and a visiting scholar at the Annenberg Public Policy Center of the Univer-
sity of Pennsylvania. His consulting experience includes work for the Public 
Broadcasting System, World Health Organization, and World Bank.

Ismail Serageldin, Ph.D., is the founding director of the Bibliotheca 
Alexandrina (BA), the new Library of Alexandria, inaugurated in 2002. He 
also chairs the Boards of Directors for each of the BA’s affiliated research 
institutes and museums. He is advisor to the Egyptian Prime Minister in 
matters concerning culture, science and museums. He serves as chair or 
member of a number of advisory committees for academic, research, sci-
entific, and international institutions and civil society efforts, including the 
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Advisory Committee of the World Social Science Report for 2013, as well 
as the United Nations Educational, Scientific and Cultural Organization–
supported World Water Scenarios (2013), and chairs the Executive Coun-
cil of the World Digital Library (2010), the Executive Council of the 
Encyclopedia of Life (2010), and the Internet Corporation for Assigned 
Names and Numbers Panel for the Review of the Internet Future (2013). 
He also co-chaired the African Union’s High-Level Panel on Modern Bio-
technology (2006) and again on Science, Technology and Innovation in 
2012-2013. He has previously held positions including vice president of the 
World Bank (1992-2000), chairman of the Consultative Group on Interna-
tional Agricultural Research (1994-2000), and founder and former chair-
man of the Global Water Partnership (1996-2000) and the Consultative 
Group to Assist the Poorest, a microfinance program (1995-2000). He was 
chair of Savoirs Contre Pauvreté (Knowledge Against Poverty), at Collège 
de France, Paris, and distinguished professor at Wageningen University in 
the Netherlands. He is a member of many academies, including the U.S. 
National Academy of Sciences (Public Welfare Medalist), the American 
Philosophical Society, the American Academy of Arts and Sciences, the 
World Academy of Sciences, the World Academy of Arts and Sciences, 
the European Academy of Sciences and Arts, the African Academy of Sci-
ences, Institut d’Egypte (Egyptian Academy of Science), the Royal Belgian 
Academy, the Bangladesh Academy of Sciences, and the Indian National 
Academy of Agricultural Sciences. Dr. Serageldin has published more than 
100 books and more than 500 papers on a variety of topics, including 
biotechnology, rural development, sustainability, and the value of science 
to society. He has hosted a cultural program on television in Egypt (more 
than 130 episodes) and developed a television Science Series in Arabic and 
English. He holds a bachelor of science degree in engineering from Cairo 
University, a master’s degree and a Ph.D. from Harvard University, and has 
received 34 honorary doctorates.

Sharon Terry, M.A., is president and CEO of Genetic Alliance, a network 
of more than 10,000 organizations, of which 1,200 are disease advocacy 
organizations. Genetic Alliance engages individuals, families, and com-
munities to transform health. Ms. Terry is also the founding CEO of PXE 
International, a research advocacy organization for the genetic condition 
pseudoxanthoma elasticum (PXE), which affects Ms. Terry’s two adult 
children. As co-discoverer of the gene associated with PXE, she holds the 
patent for ABCC6 to act as its steward and has assigned her rights to the 
foundation. She developed a diagnostic test and conducts clinical trials. She 
is the author of 140 peer-reviewed papers, of which 30 are PXE clinical 
studies. Ms. Terry is also a co-founder of the Genetic Alliance Registry and 
Biobank. In her focus at the forefront of consumer participation in genetics 
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research, services, and policy, she serves in a leadership role on many of the 
major international and national organizations, including the Accelerating 
Medicines Partnership, the National Academies of Sciences, Engineering, 
and Medicine’s Science and Policy Board, the National Academies’ Round-
table on Translating Genomic-Based Research for Health, the PubMed Cen-
tral National Advisory Committee, the PhenX scientific advisory board, the 
Global Alliance for Genomics and Health, the International Rare Disease 
Research Consortium Executive Committee, and as Founding President of 
EspeRare Foundation of Geneva, Switzerland. She is on the editorial boards 
of several journals and is an editor of Genome. She led the coalition that 
was instrumental in the passage of the Genetic Information Nondiscrimi-
nation Act. She received an honorary doctorate from Iona College for her 
work in community engagement in 2006; the first Patient Service Award 
from the University of North Carolina Institute for Pharmacogenomics 
and Individualized Therapy in 2007; the Research!America Distinguished 
Organization Advocacy Award in 2009; and the Clinical Research Forum 
and Foundation’s Annual Award for Leadership in Public Advocacy in 
2011. In 2012, she became an honorary professor of Hebei United Univer-
sity in Tangshan, China, and also received the Facing Our Risk of Cancer 
Empowered (FORCE) Spirit of Empowerment Advocacy Award. She was 
named one of the U.S. Food and Drug Administration’s “30 Heroes for the 
Thirtieth Anniversary of the Orphan Drug Act” in 2013. In 2012 and 2013, 
Ms. Terry won $400,000 in first prizes in three large competitions for the 
Platform for Engaging Everyone Responsibly (PEER). PEER was awarded a 
$1 million contract from the Patient-Centered Outcomes Research Institute 
in 2014.

Jonathan Weissman, Ph.D., is a professor of cellular and molecular phar-
macology at the University of California, San Francisco, and a Howard 
Hughes Medical Institute investigator. His research explores how cells 
ensure that proteins fold into their correct shape, as well as the role of 
protein misfolding in disease and normal physiology. He is also developing 
experimental and analytical approaches for exploring the organizational 
principles of biological systems and globally monitoring protein transla-
tion through ribosome profiling. A broad goal of his work is to bridge 
large-scale approaches and in-depth mechanistic investigations to reveal the 
information encoded within genomes.

Keith Yamamoto, Ph.D., is University of California, San Francisco, vice 
chancellor for science policy and strategy. He also serves as vice dean for 
research for the School of Medicine, and professor of cellular and mo-
lecular pharmacology. Dr. Yamamoto’s research focuses on signaling and 
transcriptional regulation by nuclear receptors, which mediate the actions 
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of essential hormones and cellular signals; he uses mechanistic and systems 
approaches to pursue these problems in pure molecules, cells, and whole 
organisms. He has led or served on numerous national committees focused 
on public and scientific policy, public understanding and support of bio-
logical research, and science education; he chairs the Coalition for the Life 
Sciences, and sits on the National Academy of Medicine Council and the 
National Academies of Sciences, Engineering, and Medicine’s Division on 
Earth and Life Studies Advisory Committee. He has chaired or served on 
many committees that oversee training and the biomedical workforce, re-
search funding, and the process of peer review and the policies that govern 
it at the National Institutes of Health. He is a member of the advisory board 
for Lawrence Berkeley National Laboratory and the board of directors of 
Research!America. He was elected to the National Academy of Sciences, 
the National Academy of Medicine, the American Academy of Arts and 
Sciences, and the American Academy of Microbiology, and is a fellow of 
the American Association for the Advancement of Science.
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Glossary

Adult stem cell—An undifferentiated cell found in a differentiated tissue 
in an adult organism that can renew itself and can differentiate to yield 
specialized cell types of the tissue in which it is found (NRC, 2002, p. 259).  

Allele—A variant form of a gene at a particular locus on a chromosome. 
Different alleles produce variations in inherited characteristics (NASEM, 
2016a, p. 180). 

Aneuploidy—The presence of an abnormal number of chromosomes in a 
cell.

Assisted reproductive technology (ART)—A fertility treatment or procedure 
that involves laboratory handling of gametes (eggs and sperm) or embryos. 
Examples of ART include in vitro fertilization (IVF) and intracytoplasmic 
sperm injection (ICSI) (NRC, 2002, p. 260).

Autologous transplant—Transplanted tissue derived from the intended re-
cipient of the transplant. Such a transplant helps to avoid complications of 
immune rejection (IOM, 2005, p. 115).

Blastocyst—A preimplantation embryo in placental mammals (about 5 days 
after fertilization in humans) of 50-150 cells. The blastocyst consists of a 
sphere made up of an outer layer of cells (the trophectoderm), a fluid-filled 
cavity (the blastocoel or blastocyst cavity), and a cluster of cells in the in-
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terior (the inner cell mass) (IOM, 2005, p. 115). Cells from the inner cell 
mass, if grown in culture, can give rise to embryonic stem cell lines. 

Cas9 (CRISPR Associated Protein 9)—A specialized enzyme known as a 
nuclease that has the ability to cut DNA sequences. Cas9 makes up part of 
the “toolkit” for the CRISPR/Cas9 method of genome editing. 

Chimera—An organism composed of cells derived from at least two geneti-
cally different individuals (NRC, 2002, p. 261).

Choriocarcinoma—A type of tumor that originates from the trophoblast, 
the precursor of the placenta, and invades the uterine wall.

Chromatin—The complex of DNA and proteins that forms chromosomes. 
Some of the proteins are structural, helping to organize and protect the 
DNA, while others are regulatory, acting to control whether genes are ac-
tive or not, and to promote DNA replication or repair. 

Chromosome—A thread-like structure that contains a single length of 
DNA, usually carrying many hundreds of genes. This is packaged with 
proteins to form chromatin. The DNA within the complete cellular set of 
chromosomes (23 pairs in humans) comprises two copies of the genome, 
one from each parent. The chromosomes usually reside in the nucleus of a 
cell, except during cell division when the nuclear membrane breaks down 
and the chromosomes become condensed and can be visualized as discrete 
entities. 

Cleavage—The process of cell division in the very early embryo before it 
becomes a blastocyst (NRC, 2002, p. 261). Also used to describe breaking 
or cutting DNA.

Clinical application—The use of a biomedical reagent, procedure, or device 
to treat a clinical condition.

Clinical trial—A supervised and monitored experimental test in patients of 
a newly developed clinical application to ensure minimization of risk and 
optimization of efficacy. Clinical trials are required before a treatment is 
approved for general use.

CRISPR (Clustered Regularly-Interspaced Short Palindromic Repeats)—A 
naturally occurring mechanism found in bacteria that involves the retention 
of fragments of foreign DNA, providing the bacteria with some immunity 
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to viruses. The system is sometimes referred to as CRISPR/Cas9 to denote 
the entire gene-editing platform in which RNA homologous with the tar-
geted gene is combined with Cas9 (CRISPR Associated Protein 9), which 
is a DNA-cutting enzyme (nuclease) to form the “toolkit” for the CRISPR/
Cas9 method of genome editing. 

CRISPRa—CRISPR activation, using a guide RNA and nuclease-deficient 
or nuclease-dead Cas9 (dCas9) linked to one or more activation domains 
to increase transcription of a target gene. 

CRISPRr/CRISPRi—CRISPR repression, or CRISPR interference, using a 
dCas9 or dCas9-repressor with a guide RNA to decrease transcription of 
a target gene. 

Cultured cell—A cell maintained in a tissue culture allowing expansion of 
its numbers.

dCas9 (Nuclease-deficient Cas9 or nuclease-dead Cas9)—This can still 
bind DNA, together with a guide RNA, but not cut it. It is often linked to 
a transcription factor, chromatin-modifying enzyme, or fluorescent protein 
to mediate alterations to gene expression or to mark specific sites.

Deontology ethics—A normative theory regarding which choices are mor-
ally required, forbidden, or permitted.

Deoxyribonucleic acid (DNA)—A two-stranded molecule, arranged as a 
double helix, that contains the genetic instructions used in the development, 
functioning, and reproduction of all known living organisms.

Differentiation—The process whereby an unspecialized early embryonic cell 
acquires the features of a specialized cell, such as a heart, liver, or muscle 
cell (IOM, 2005, p. 116).

Diploid—Cells that contain a full set of DNA—half from each parent. In 
humans, diploid cells contain 46 chromosomes (in 23 pairs). 

Divergence (evolutionary)—During evolution, variations occur in the se-
quences of genes; if these variations confer some advantage natural selection 
increases their prevalence. Different selective pressures select for different 
variations so that the prevalence of different gene variants diverges in dif-
ferent populations.
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Dominant—A pattern of inheritance of a gene or trait in which a single 
copy of a particular allele (gene variant) confers a function independent of 
the nature of the second copy of the gene in a diploid cell of an organism.

Double-strand break (DSB)—A break in the DNA double helix in which 
both strands are cut, as distinct from a single-strand break or “nick.”

Ectoderm—The outermost of the three primitive germ layers of the embryo; 
it gives rise to skin, nerves, and brain (IOM, 2005, p. 116).

Ectopic—Found in an unusual location, such as an ectopic pregnancy out-
side the uterus.

Embryo—An animal in the early stages of growth and differentiation that 
are characterized by cleavage (cell division of the fertilized egg), differentia-
tion of fundamental cell types and tissues, and the formation of primitive 
organs and organ systems; the developing human individual from the time 
of implantation to the end of the eighth week after conception, after which 
stage it becomes known as a fetus (adapted from IOM, 2005, p. 116).

Embryonic germ (EG) cell—A pluripotent stem cell that migrates during 
early development to the future gonads to form the progenitors of egg or 
sperm cells. The properties of EG cells are similar to those of embryonic 
stem cells, but may differ in the DNA methylation of some imprinted re-
gions (NRC, 2002, p. 263).

Embryonic stem (ES) cell—A primitive (undifferentiated) cell from the 
embryo that has the potential to become a wide variety of specialized cell 
types (i.e., is pluripotent). It is derived from the inner cell mass of the blas-
tocyst. An embryonic stem cell is not an embryo; by itself, it cannot produce 
the necessary cell types, such as trophectoderm cells, so as to give rise to 
a complete organism (NAS, 2002, p. 263). Embryonic stem cells can be 
maintained as pluripotent cells in culture and induced to differentiate into 
many different cell types .

Endoderm—Innermost of the three primitive germ layers of the embryo; it 
later gives rise to the lungs, liver, and digestive organs (IOM, 2005, p. 116).

Endogenous—Originating from within a cell or an organism.

Endometrium—The inner epithelial lining of the uterus into which embryos 
implant.
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Endonuclease—An enzyme that breaks down a nucleotide chain into two or 
more shorter chains by cleaving at internal phosphodiester bonds.

Enhancement—Improving a condition or trait beyond a typical or normal 
level.

Enucleated cell—A cell whose nucleus has been removed (IOM, 2005, p. 
116).

Enucleation—A process whereby the nuclear material of a cell is removed, 
leaving only the cytoplasm. When applied to an egg, can involve the  removal 
of the maternal chromosomes, when they are not surrounded by a nuclear 
membrane (adapted from NRC, 2002, p. 263). 

Enzyme—A protein that acts as a biological catalyst, speeding up chemical 
reactions.

Epiblast—A specific layer of cells in an early vertebrate embryo that gives 
rise to the entire embryo other than yolk sac and placenta. Epiblast cells 
are pluripotent and can give rise to embryonic stem cells.

Epigenetic effects—Changes in gene expression that occur without changing 
the DNA sequence of a gene; for example, in the epigenetic effect called 
genomic imprinting, chemical molecules called methyl groups attach to 
DNA and alter the gene’s expression (NRC, 2002, p. 263). 

Epigenome—A set of chemical modifications to the DNA of the genome 
and to proteins that bind to DNA in the chromosomes to affect whether 
and how genes are expressed.

Ex vivo—Latin: “out of the living”; outside an organism.

Exogenous—Introduced or originating from outside a cell or an organism.

Fertilization—The process whereby male and female gametes (sperm and 
egg) unite (NRC, 2002, p. 264).

FokI—The nuclease from which the cleavage domain has been abstracted 
and joined to zinc finger (ZF) or transcription activator-like effector (TALE) 
DNA-binding domains. The FokI cleavage domain cuts only one strand 
of the DNA (a nick), so a pair of ZFNs or TALENs is required to create 
double-strand breaks. The FokI cleavage domain has also been linked to 
nuclease-deficient Cas9 (dCas9), and this fusion must also dimerize to cut 
DNA. 
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Gain of function—A type of mutation that results in an altered gene prod-
uct that possesses a new molecular function or a new pattern of gene ex-
pression (NRC and IOM, 2015, p. 1).

Gamete—A reproductive cell (egg or sperm). Gametes are haploid (hav-
ing only half the number of chromosomes found in somatic cells—23 in 
humans), so that when two gametes unite at fertilization, the resulting one-
cell embryo (zygote) has the full number of chromosomes (46 in humans) 
(NRC, 2002, p. 264).

Gastrulation—The procedure by which an animal embryo at an early stage 
of development produces the three primary germ layers—ectoderm, meso-
derm, and endoderm (IOM, 2005, p. 117).

Gene—A functional unit of heredity that is a segment of DNA in a specific 
site on a chromosome. A gene typically directs the formation of a protein 
or RNA molecule (NRC, 2002, p. 264).

Gene drive—A system of biased inheritance in which the ability of a partic-
ular genetic sequence to pass from a parent to its offspring through sexual 
reproduction is enhanced (NASEM, 2016a, p. 182). Gene drive technology 
actively copies a sequence on one chromosome to its partner chromosome, 
so that the organism carries two copies of the intentionally modified gene. 
This process ensures that all of an organism’s offspring and subsequent gen-
erations will inherit the edited genome and related trait(s). Thus, the result 
of a gene drive is the preferential increase of a specific genotype from one 
generation to the next, and potentially throughout a population (NASEM, 
2016a, p. 182). 

Gene editing—A technique that allows researchers to alter the DNA of 
cells or organisms to insert, delete, or modify a gene or gene sequences to 
silence, enhance, or otherwise change the gene’s characteristics (NASEM, 
2016a, p. 182).

Gene expression—The process by which RNA and proteins are made from 
the instructions encoded in genes. Gene expression is controlled by proteins 
and RNA molecules that bind to the genome or to the RNA copy and 
regulate their levels of production and those of their products. Alterations 
in gene expression change the functions of cells, tissues, organs, or whole 
organisms and sometimes result in observable characteristics associated 
with a particular gene (adapted from NRC, 2002, p. 264). 
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Gene targeting—A procedure used to produce an alteration in a specific 
gene (IOM, 2005, p. 117).

Gene therapy—Introduction of exogenous genes into cells with the goal of 
ameliorating a disease condition.

Gene transfer—Any process often used to describe the transfer of genes into 
cells—as used in gene therapy. 

Genetic element—A segment of the DNA in a genome that has some par-
ticular property conferred by its sequence, such as a gene encoding a protein 
or RNA—more often used to refer to sequences that are not such genes but 
may control gene expression or genome organization.

Genome—The complete set of DNA that makes up an organism (NASEM, 
2016a, p. 182). In humans, the genome is organized into 23 pairs of ho-
mologous chromosomes.

Genome editing—The process by which the genome sequence is changed 
through the intervention of a DNA break or other DNA modification. 

Genotype—Genetic constitution of an individual (IOM, 2005, p. 117).

Germ cell (or germline cell)—A cell at any point in the lineage of cells that 
will give rise to sperm or eggs. The germline is this lineage of cells. Eggs and 
sperm fuse during sexual reproduction to create an embryo. In so doing, 
the germline continues into the next generation. 

Germ layer—In early development, the embryo differentiates into three dis-
tinct germ layers (ectoderm, endoderm, and mesoderm), each of which gives 
rise to different parts of the developing organism (IOM, 2005, p. 117).

Gestation—The period of development of an organism from fertilization of 
the egg until birth (NRC, 202, p. 265).

Governance—The process of exercising oversight through traditions (stan-
dards of practice) or regulations by which individuals and communities 
are held accountable. Governance often involves such policy tools as pro-
fessional standards of practice and codes of conduct; formal guidelines, 
agreements, and treaties; and legislation or other governmental regulation 
(NASEM, 2016a, p. 183).
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Guide molecule—A protein or short section of RNA used to guide the 
genome-editing machinery to the desired location in the DNA sequence.

Guide RNA (gRNA)—Short segments of RNA used to direct the DNA-
cutting enzyme to the target location in the genome. gRNA segments 
contain the region of homology to the target sequence (usually 20 bases), 
and a sequence that interacts with the nuclease (e.g., Cas9). gRNAs used in 
genome editing are synthetic and do not occur in nature. 

Haploid—Refers to a cell (usually a gamete or its immediate precursor) 
having only one set of chromosomes (23 in humans). In contrast, body cells 
(somatic cells) are diploid, having two sets of chromosomes (46 in humans) 
(adapted from NRC, 2002, p. 265).

Heritable genetic change—Modifications to genes that could be passed 
down through generations.

Heterozygous—Having two different variants (alleles) of a specific gene on 
the two homologous chromosomes of a cell or an organism. 

Homologous recombination—Recombining of two like DNA molecules, 
including a process by which gene targeting produces an alteration in a 
specific gene (adapted from IOM, 2005, p. 118).

Homology-directed repair (HDR)—A natural repair process used to repair 
broken DNA, which relies on a DNA “template” with homology to the 
broken stretch of DNA. This usually occurs during or after DNA synthesis, 
which provides this template. In genome editing via HDR, the DNA tem-
plate is synthesised or made by recombinant DNA techniques, and usually 
contains regions of exact homology to the target locus at each end, with 
the desired alteration contained within the middle.

Homozygous—Having the same variant (allele) of a specific gene on both 
homologous chromosomes of a cell or an organism. 

Human Fertilisation and Embryology Authority (HFEA)—The United 
Kingdom’s independent regulator overseeing the use of germ cells and 
embryos in fertility treatment and research (HFEA, 2013). It also stands 
for the Human Fertilisation and Embryology Act, the law under which the 
Authority operates and which it upholds.

Implantation—The process by which an embryo becomes attached to the 
inside of the uterus (7-14 days in humans) (NRC, 2002, p. 265).
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In utero—Latin: “in the uterus.”

In vitro—Latin: “in glass”; in a laboratory dish or test tube; in an artificial 
environment (NRC, 2002, p. 265).

In vitro fertilization (IVF)—An assisted reproduction technique in which 
fertilization is accomplished outside the body (NRC, 2002, p. 265).

In vivo—Latin: “in the living”; in a natural environment, usually in the 
body of the subject. This term is often also used to refer to events in “liv-
ing” cells in culture (adapted from NRC, 2002, p. 265).

Indel—An insertion or deletion of DNA sequence. Small indels (e.g., one 
to four base pairs) are often associated with nonhomologous end joining. 
These often result in the disruption of a gene by shifting the open reading 
frame and/or creating premature stop codons. 

Induced pluripotent stem (iPS) cell—A cell induced by the introduction or 
activation of genes conferring pluripotency and stem celllike properties. 
Thus, cells already committed to a particular fate (e.g., skin) can be induced 
to become pluripotent. This is useful in regenerative medicine because the 
iPS cells can be introduced back into the donor of the original cells with 
much less risk of transplant rejection.

Insertional mutagenesis—The alteration of the sequence of a gene by the 
insertion of exogenous sequence such as by integration of viral sequences.

Institutional review board (IRB)—An administrative body in an institution 
(such as a hospital or a university) established to protect the rights and wel-
fare of human research subjects recruited to participate in research activities 
conducted under the auspices of that institution. The IRB has the authority 
to approve, require modifications in, or disapprove research activities in its 
jurisdiction, as specified by both federal regulations and local institutional 
policy (NRC, 2002, p. 266).

Lentivirus—A subclass of retroviruses, viruses whose genome are made of 
RNA but during viral replication becomes copied into a DNA form that 
can integrate into the DNA genome of a cell. Often used as carriers of genes 
(vectors) to introduce genes into cells.

Ligase—An enzyme that catalyzes joining of two pieces of DNA.
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Loss of function—A type of mutation in which the altered gene product 
lacks the molecular function of the wild-type gene (MGI, 2017).

Meganuclease—A special type of enzyme that binds to and cuts DNA at 
specific DNA sequences of a length that occurs at few sites in the genome. 
These are natural enzymes (and their synthetic derivatives) that catalyze 
DNA rearrangement events via DNA cleavage.. They can be used in ge-
nome editing for both nonhomologous end joining and homology directed 
repair–mediated alterations. It was the study of these that first revealed the 
basic mechanisms of DNA cleavage and the DNA repair processes on which 
genome editing depends. 

Mesoderm—The middle layer of the embryo, which consists of a group of 
cells derived from the inner cell mass of the blastocyst; it is formed at gas-
trulation and is the precursor to blood, bone, muscle, and connective tissue.

Mitochondrial transfer (or mitochondrial replacement)—Novel procedures 
designed to prevent the maternal transmission of mitochondrial DNA 
(mtDNA) diseases (NASEM, 2016b, p. 1).

Mitochondrion (plural, Mitochondria)—A cellular structure in the cyto-
plasm that provides energy to the cell. Each cell contains many mitochon-
dria. In humans, a single mitochondrion contains 37 genes on a circular 
mitochondrial DNA, compared with about 35,000 genes contained in the 
nuclear DNA (NRC, 2002, p. 267).

Mosaicism—Variation among cells, such that the cells are not all the same—
for example, in an embryo when not all the cells are edited.

Multipotent stem cells—Stem cells from the embryo, fetus, or adult, whose 
progeny are of multiple differentiated cell types and usually, but not neces-
sarily, all of a particular tissue, organ, or physiological system (NRC, 2002, 
p. 267).

Murine—Derived from mice.

Mutation—A change in a DNA sequence. Mutations can occur spontane-
ously during cell division or can be triggered by environmental stresses, 
such as sunlight, radiation, and chemicals (NRC, 2002, p. 267).

Nickase—A nuclease that cuts only one strand of the DNA double helix. 
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Nonhomologous end joining (NHEJ)—A natural repair process used to 
join the two ends of a broken DNA strand back together. This is prone to 
errors where short indels (usually of two to four base pairs of DNA) are 
introduced. 

Normative theory—A theory of how people should make decisions, as op-
posed to how they actually do or will make decisions.

Nuclease—An enzyme that can cut through DNA or RNA strands.

Off-target effect—A direct or indirect, unintended, short- or long-term con-
sequence of an intervention on an organism other than the intended effect 
on that organism (NASEM, 2016, p. 184).

Off-target event (or off-target cleavage)—when a genome-editing nuclease 
cuts DNA at a location other than the one for which it was targeted. This 
can occur because the off-target sequence is similar to but not identical with 
the intended target sequence.

Oocyte—Developing egg; usually a large and immobile cell.

Phenotype—Observable properties of an organism that are influenced by 
both its genotype and its environment.

Plasmid—A self-replicating circular DNA molecule. A plasmid can be engi-
neered to carry and express genes of interest in target cells. 

Pluripotent stem cell (PSC)—A stem cell that includes in its progeny all cell 
types that can be found in a postimplantation embryo, fetus, or developed 
organism (NRC, 2002, p. 268).

Population—All of the individuals of a given species within a defined eco-
logical area (NASEM, 2016a, p. 184). 

Preclinical research—Research conducted to investigate potential clinical 
applications but not involving humans. For example, research on molecules, 
cells, tissues, or animals.

Precursor cell or Progenitor cell—In fetal or adult tissues, it is a partially 
committed but not fully differentiated cell that divides and gives rise to dif-
ferentiated cells (adapted from NRC, 2002, p. 269).
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Preimplantation genetic diagnosis (PGD)—Before an in vitro–fertilized 
embryo is implanted in a woman’s uterus, it can be screened for specific 
genetic mutations that are known to cause particular genetic diseases or 
for chromosomal abnormalities. One or more cells are removed from the 
preimplantation embryo for testing (NRC, 2002, p. 269) and the surviving 
embryo that is implanted is one that is not carrying the genetic abnormality.

Prenatal diagnosis—Detection of abnormalities and disease conditions 
while a fetus is developing in the uterus. Many techniques for prenatal 
diagnosis, such as chorionic villus sampling and amniocentesis, require 
sampling placental tissue or fetal cells found in the amniotic fluid or feto-
maternal circulation. Others, such as ultrasonography, can be performed 
without cell or tissue samples (NRC, 2002, p. 269).

Primitive streak—An elongated band of cells that forms along the axis of 
an embryo early in gastrulation by the movement of lateral cells toward 
the axis and that develops a groove along its midline through which cells 
move to the interior of the embryo to form the mesoderm (adapted from 
Grossinger, 2000, p. 815).

Pronucleus—The haploid nucleus of an oocyte or sperm, either prior to 
fertilization or immediately after fertilization, before the sperm and egg 
nuclei have fused into a single diploid nucleus.

Protein—A large complex molecule made up of one or more chains of 
amino acids. Proteins perform a wide variety of activities in the cell (NRC, 
2002, p. 269).

Recessive—A recessive allele of a gene is one whose effects are masked by 
the second allele present in a diploid cell or organism, which is referred to 
as dominant.

Recombinant DNA—A recombinant DNA molecule is made up of DNA 
sequences that have been artificially modified or joined together so that 
the new genetic sequence differs from naturally occurring genetic material 
(IOM, 2014, p. 23).

Recombinant DNA Advisory Committee (RAC)—Oversees and reviews 
proposals for research funded by the National Institutes of Health (NIH) 
or similar projects conducted at institutions funded by NIH that involve re-
combinant or synthetic DNA, such as gene therapy (adapted from NASEM, 
2016b, p. 62).
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Recombination—The process, natural or engineered, in which two pieces 
of DNA undergo breakage and reunion to generate a new combination of 
DNA segments.

Regenerative medicine—Medical treatments that seek to replace defective, 
damaged, or missing tissue by engineered cells, tissues, or implants, often 
involving stem cells.

Restriction enzyme—An enzyme from bacteria that is used to cut DNA at 
defined sequences, used in DNA analysis and in joining DNA fragments 
through the cut ends.

Retrovirus—A virus whose genome is made of RNA but during viral rep-
lication becomes copied into a DNA form that can integrate into the DNA 
genome of a cell. Often used as carriers of genes (vectors) to introduce genes 
into cells. A subset of retroviruses is called lentiviruses.

Risk—The probability of an effect on a specific endpoint or a set of end-
points due to a specific set of a stressor or stressors. An effect can be ben-
eficial or harmful (NASEM, 2016a, p. 185).

Risk assessment—The process by which all available evidence on the prob-
ability of effects is collected, evaluated, and interpreted to estimate the 
probability of the sum total of effects (NASEM, 2016a, p. 185).

RNA (ribonucleic acid)—A chemical that is similar in structure to DNA. 
One of its main functions is to translate the genetic code of DNA into 
structural proteins.

RNP (ribonuclear protein complex)—Many types exist within cells, and this 
is a general term encompassing all of these, but in the context of genome 
editing it is often used to refer to a guide RNA molecule combined with a 
DNA-cutting enzyme such as Cas9. 

Selective advantage—Some variants of genes provide a trait that confers a 
survival or a reproductive advantage that can be selected by natural selec-
tion and therefore increases in prevalence in a population.

Single guide RNA (sgRNA)—A short piece of RNA that binds to a nuclease 
such as Cas9 and also to a specific DNA sequence to guide the nuclease to a 
specific location in the genome. This term is synonymous with guide RNA 
(vide infra) in most usages.
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Somatic cell—Any cell of a plant or animal other than a reproductive cell 
or reproductive cell precursor. Latin: soma = body (NRC, 2002, p. 270).

Somatic cell nuclear transfer (SCNT)—The transfer of a cell nucleus from 
a somatic cell into an egg (oocyte) whose nucleus has been removed (IOM, 
2005, p. 119).

Spermatogonial stem cells—The self-replicating precursors of sperm cells.

Stem cell—A nonspecialized cell that has the capacity to divide indefinitely 
in culture and to differentiate into more mature cells with specialized 
functions.

Stem cell therapy—The use of stem cells in regenerative medicine to replace 
defective, damaged, or missing tissue.

Syncytiotrophoblast cell—A cell derived from trophectodermal cells from 
the early mammalian embryo that fuse (into multinucleate syncitia) and 
contribute to the structure and function of the placentae.

Synthetic biology—The development of living cells from separate genetic 
components, using engineering principles to build desired functions into 
living organisms.

Synthetic DNA—DNA molecules that are chemically or by other means 
synthesized or amplified; they may be chemically or otherwise modified but 
can base pair, or be recombined with, naturally occurring DNA molecules.

T cells—Types of white blood cells that are of crucial importance in the im-
mune system. They cooperate with other immune cells in killing infected or 
cancerous cells but can also participate in inflammation or in autoimmunity 
when they become activated against an organism’s own cells or tissues.

Target sequence—Specific sequence of DNA bases within the genome that 
is the target of genome-editing tools. For CRISPR/Cas9 methods this will 
be a 20 nucleotide sequence that the gRNAs are designed to recognize (i.e., 
they will contain a complementary sequence of the same length). 

Therapy (or therapeutic intervention)—The treatment or prevention of 
disease or disability.

Tissue culture—The growth of cells or tissue segments in vitro in an artifi-
cial medium for experimental research (IOM, 2005, p. 120).
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Totipotent cell—A stem cell that has unlimited developmental capability. 
The totipotent cells of the very early embryo (an embryo prior to the blas-
tocyst stage) have the capacity to differentiate into extraembryonic tissues, 
membranes, the embryo, and all postembryonic tissues and organs (NRC, 
2002, p. 271).

Transcription—Making an RNA copy from a gene or other DNA sequence. 
Transcription is the first step in gene expression (NRC, 2002, p. 271).

Transcription Activator-Like Effector Nuclease (TALEN)—A class of en-
gineered restriction enzymes generated by the fusion of a transcription 
activator-like effector DNA-binding domain (that binds to a specific DNA 
sequence) to a DNA-cleavage domain (nuclease) to be used as a genome- 
editing tool (adapted from NASEM, 2016a, p. 186). TALENs followed 
zinc finger nucleases and preceded CRISPR/Cas9 as genome-editing tools. 

Transcription factor—A protein that binds to control regions (enhanc-
ers and promoters) of genes to activate or repress their transcription (or 
expression). 

Transfection—A method by which experimental DNA may be introduced 
into a cell (adapted from IOM, 2005, p. 120).

Transgene—A gene or genetic material that has been introduced into a 
cell or organism. Transgenes can be integrated at random, or targeted to 
a specific site by homologous recombination or by genome editing using 
methods of homology-directed repair.

Transgenic organism—An organism into which one or more genes from 
another species (transgenes) have been transferred or otherwise artificially 
introduced.

Transhumanism—A class of philosophies of life that seek the continuation 
and acceleration of the evolution of intelligent life beyond its currently 
human form and human limitations by means of science and technology, 
guided by life-promoting principles and values (More, 1990).

Translation—The process of forming a protein molecule from information 
contained in a messenger RNA (NRC, 2002, p. 271)—a step in gene expres-
sion following transcription (copying of RNA from DNA).
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Trophectoderm—The outer layer of the developing blastocyst that will 
ultimately form the embryonic side of the placenta (NRC, 2002, p. 271).

Undifferentiated—Not having developed into a specialized cell or tissue 
type (NRC, 2002, p. 271).

Unipotent stem cell—A stem cell that both divides and gives rise to a single 
mature cell type, such as a spermatogenic stem cell, which only gives rise to 
sperm (NRC, 2002, p. 271). Alternatively called a progenitor.

Utilitarianism—The morally right action as the action that produces the 
most “good.”

Variant—Genes have many variants in a population that can differ some-
what in function, some being advantageous and some being deleterious or 
nonfunctional.

Vector—A vehicle that transfers a gene into a new site (analogous to insect 
vectors that transfer a virus or parasite into a new animal host). Vectors 
used in molecular cell biology and genetic engineering include plasmids and 
modified viruses engineered to carry and express genes of interest in target 
cells. The most clinically relevant viral vectors for gene transfer include 
retroviral, lentiviral, adenoviral, and adeno-associated viral vectors.

Virtue ethics—A focus on moral character as opposed to duties (deontol-
ogy) or consequences (consequentialism).

Wild type (noun); Wild-type (adjective)—The “normal” type of an organ-
ism or a gene.

X-inactivation—The process in which one X chromosome of the two pres-
ent in a female mammalian cell is inactivated so that only the genes of one 
X chromosome are expressed. 

Zinc finger—A small protein structure based on naturally occurring tran-
scription factors that bind to defined DNA sequences to control the activity 
of nearby genes. Zinc fingers can be custom engineered to target a specific 
section of the DNA sequence for use in genome engineering.

Zinc finger nuclease (ZFN)—A class of engineered enzymes generated by 
the fusion of zinc finger DNA-binding domains to a DNA-cleavage enzyme 
(usually FokI) that can be used as a genome-editing tool (adapted from 
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NASEM, 2016a, p. 186). One of the first and a reliable method of genome 
editing. 

Zygote—The one-cell embryo formed by the union of sperm and egg at 
fertilization (NRC, 2002, p. 272).
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