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With CRISPR/Cas9 and other genome-editing technologies, successful somatic and germline genome editing are becoming feasible. To

respond, an American Society of Human Genetics (ASHG) workgroup developed this position statement, which was approved by the

ASHG Board in March 2017. The workgroup included representatives from the UK Association of Genetic Nurses and Counsellors, Ca-

nadian Association of Genetic Counsellors, International Genetic Epidemiology Society, and US National Society of Genetic Counselors.

These groups, as well as the American Society for Reproductive Medicine, Asia Pacific Society of Human Genetics, British Society for Ge-

netic Medicine, Human Genetics Society of Australasia, Professional Society of Genetic Counselors in Asia, and Southern African Society

for HumanGenetics, endorsed the final statement. The statement includes the following positions. (1) At this time, given the nature and

number of unanswered scientific, ethical, and policy questions, it is inappropriate to perform germline gene editing that culminates in

human pregnancy. (2) Currently, there is no reason to prohibit in vitro germline genome editing on human embryos and gametes, with

appropriate oversight and consent from donors, to facilitate research on the possible future clinical applications of gene editing. There

should be no prohibition on making public funds available to support this research. (3) Future clinical application of human germline

genome editing should not proceed unless, at a minimum, there is (a) a compellingmedical rationale, (b) an evidence base that supports

its clinical use, (c) an ethical justification, and (d) a transparent public process to solicit and incorporate stakeholder input.
Introduction

The American Society of Human Genetics (ASHG) Work-

group on Human Germline Genome Editing developed

the present position statement and explanatory paper

between August 2015 and January 2017. This group,

composed of a combination of basic and clinical scientists,

bioethicists, health services researchers, lawyers, and ge-

netic counselors, worked together to integrate the scienti-

fic status of and socio-ethical views toward human germ-

line genome editing (defined as using genome-editing

techniques in a human germ cell or embryo) into this

statement. The group met regularly through a series of

weekly conference calls and email discussions, proposed

a draft statement to the ASHG Board of Directors in April

2016, presented the draft policy statement to ASHG and

European Society of Human Genetics (ESHG) members at

the ASHG-ESHG Building Bridges session in May 2016,

and requested comments from ASHG members in June

2016. A total of 27 comments were received, 4 of which

were in opposition to the statement. All comments and

recommended modifications were reviewed by the com-

mittee and discussed as part of the development of this
1Department of Genetics and Stanford Center for Biomedical Ethics, Schoo

Genetics Institute and Department of Molecular Physiology and Biophysics, Va

Genetics, Bethesda, MD 20814, USA; 4Li Ka Shing Knowledge Institute of St. M

University of Toronto, Toronto, ON M5B 1W8, Canada; 5Division of Genomi

20892, USA; 6Genomic Medicine Institute, Geisinger Health System, Danville

Center for Pediatric Bioethics, Seattle Children’s Hospital and Research Institut

University of Washington, Seattle, WA 98101, USA; 10Joan H. Marks Graduate P

USA; 11Dr. John T. Macdonald Foundation Department of Human Genetics and

of Medicine, Miami, FL 33136, USA; 12Society and Ethics Research Group, Co

1SA, UK; 13Association of Genetic Nurses and Counsellors; 14Cardiovascular In

cine, University of Pennsylvania, Philadelphia, PA 19104, USA; 15Center for Re

Institute, Bethesda, MD 20892, USA; 16International Genetic Epidemiology Soc

ment of Medical Genetics, University of British Columbia, BC V6H 3N1, Can
19These authors contributed equally to this work

*Correspondence: kormond@stanford.edu

http://dx.doi.org/10.1016/j.ajhg.2017.06.012.

The Americ

� 2017 American Society of Human Genetics.
explanatory paper, which was reviewed and approved by

the ASHG Board of Directors in March 2017.

The workgroup included representation from the

following professional organizations (in alphabetical or-

der), which then also approved the position statement

and paper: the Association of Genetic Nurses and Counsel-

lors, Canadian Association of Genetic Counsellors, Inter-

national Genetic Epidemiology Society, and National Soci-

ety of Genetic Counselors. This resulting policy statement

was then reviewed and endorsed by the following profes-

sional organizations (also listed in alphabetical order)

before submission for publication: the American Society

for Reproductive Medicine, Asia Pacific Society of Human

Genetics (APSHG), British Society for Genetic Medicine,

Human Genetics Society of Australasia, Professional Soci-

ety of Genetic Counselors in Asia, and Southern African

Society for Human Genetics. (The APSHG would like to

add a comment that we also express a concern that in

some countries with inadequate ethics committee over-

sight or strong institutional review boards [IRBs], the po-

tential for abuse exists. Hence, there is a strong need to

continue to educate our professionals, researchers, journal
l of Medicine, Stanford University, Stanford, CA 94305, USA; 2Vanderbilt

nderbilt University, Nashville, TN 37232, USA; 3American Society of Human

ichael’s Hospital, Institute of Health Policy, Management and Evaluation,

cs and Society, National Human Genome Research Institute, Bethesda, MD

, PA 17822, USA; 7National Society of Genetic Counselors; 8Treuman Katz

e, Seattle, WA 98101, USA; 9Division of Bioethics, Department of Pediatrics,

rogram in Human Genetics, Sarah Lawrence College, Bronxville, NY 10708,

Institute for Bioethics and Health Policy, University of Miami Miller School

nnecting Science, Wellcome Genome Campus, Hinxton, Cambridge CB10

stitute, Departments of Medicine and Genetics, Perelman School of Medi-

search on Genomics and Global Health, National Human Genome Research

iety; 17Provincial Health Service Authority of British Columbia and Depart-

ada; 18Canadian Association of Genetic Counsellors

an Journal of Human Genetics 101, 167–176, August 3, 2017 167

mailto:kormond@stanford.edu
http://dx.doi.org/10.1016/j.ajhg.2017.06.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajhg.2017.06.012&domain=pdf


reviewers, journals, and IRBs about this technology. The

potential benefits of this technology should not be stifled

because of the possibility of poor oversight or misuse.)

Scientific Background

‘‘Genome editing’’ collectively refers to a set of technolo-

gies, including a new tool based on the CRISPR/Cas9

mechanism discovered in Streptococcus pyogenes. This and

other organisms use this system to protect themselves

from viral infections. The system can be engineered to

facilitate the targeted modification of specific DNA se-

quences in the genomes of living cells. CRISPR/Cas9 and

other genome-editing methods have been thoroughly re-

viewed elsewhere.1–3 Like many other robust DNA modifi-

cation technologies, CRISPR/Cas9 has quickly become a

widely used research tool, and its embrace testifies to the

ease with which it can be customized and its effectiveness

inmultiple cell types and species. Inmany ways, preceding

gene-transfer technologies that fell short of ‘‘genome edit-

ing’’—i.e., introduced genes into cells but did not perma-

nently incorporate them into the genome—laid the

groundwork for the issues presented in this statement.4

Of relevance here are several key issues raised by early so-

matic gene-therapy trials: (1) a real prospect of treating

and even curing previously intractable diseases, especially

in cases where the primary cause is a defective gene; (2) the

possibility of undesirable side effects, sometimes due to

the delivery method or to the random insertion site of

the transferred DNA itself; and (3) regulatory oversight.

In the 1980s, true genome-targeting techniques—that

is, the targeted modification of a specific sequence at its

normal genomic location rather than the insertion of

gene copies at other locations—were pioneered for germ-

line engineering in mice. These early studies catalyzed

much research and thought into the scientific advantages

of gene targeting over traditional gene-transfer methods.

By 2010, decades of work had culminated in the devel-

opment of a variety of engineered nucleases such as

zinc-finger nucleases, meganucleases, and transcription

activator-like effector nucleases. In early 2013, the intro-

duction of an RNA-guided nuclease—the CRISPR/Cas9

system adapted from the bacterial species Streptococcus pyo-

genes—was shown to specifically cleave target sequences5

and enable a new approach to precise genome modifica-

tion in mammalian cells.6–9 Since then, additional RNA-

guided nucleases from other bacterial species have been

described and are being investigated for their potential as

genome-editing tools.

Genome-editing tools all work in a similar fashion. They

‘‘target’’ specific DNA sequences for individual genes or

non-coding regions by engineering certain proteins or pro-

tein-RNA complexes that can then recognize and bind the

sequences and generate single-strand or double-strand

DNA breaks. For example, a Cas9 protein along with a

CRISPR ‘‘guide RNA’’ can find a target gene among the

thousands of genes in a cell’s genome and cleave both

DNA strands at the target site. It is this cleavage event
168 The American Journal of Human Genetics 101, 167–176, August
that can be exploited to create a mutation in, or ‘‘edit,’’

the target gene.

The cell’s normal DNA repair machinery then attempts

to repair the DNA break. The outcome of this process is

often the introduction of a mutation, most frequently

the deletion of some DNA at the target site. If a separately

engineered ‘‘donor’’ DNA fragment is also provided, the

repair machinery can use this as a template to fix the

DNA break—thus, the engineered DNAmolecule can allow

new sequences to be introduced at the target site. This

latter process is key to many potential genome-editing ap-

plications, because the donor DNA fragment can carry a

normal sequence intended to replace a pre-existing delete-

rious mutation or, alternatively, a novel, beneficial variant.

In this way, mutations that cause disease could potentially

be corrected, or newmutations could be introduced to alter

gene function in such a way as to prevent or treat disease.

RNA-guided nucleases such as CRISPR/Cas9 have two

clear advantages over previous gene-editing tools. First,

they can be easily customized to target specific sequences

via alteration of only a small number of nucleotides in

the guide RNA (20 nucleotides in the case of Streptococcus

pyogenes CRISPR/Cas9)—a simple, fast, and inexpensive

process that is much simpler than previous gene-editing

methods. Second, RNA-guided nucleases are dramatically

efficient at cleaving target genomic sequences in some

cell types and organs10–12—so much so that for many ap-

plications, the delivery of the protein and RNA compo-

nents into target cells, rather than the targeting itself, is

now the main rate-limiting step in genome editing.

Thus, individual genes can be targeted for engineering

in cells grown in the laboratory or even within live animal

tissues. In fact, engineered nucleases have been shown to

be efficient in a wide variety of organisms, including

many mammals. Human cells are also readily amenable

to genome editing. Accordingly, there is considerable inter-

est in using genome-editing tools to develop cell-based hu-

man therapeutics that could potentially deliver lifesaving

treatments for diseases such as HIV infection, sickle-cell

anemia, and cancers.

Genome editing has been shown to work in embryos

from many species. This is already accelerating the pace

of many areas of biology as researchers use genome-editing

methods to more quickly and cheaply study the function

of genes in model organisms and economically important

species such as crops, livestock, and energy feedstock. It

has been shown that engineered nucleases, especially

CRISPR/Cas9, can be easily used to edit genes in mamma-

lian embryos such as mice, rats, and even monkeys.11,13,14

These embryos can then be implanted into foster animals

and carried to term, generating live-born animals carrying

precise changes in their DNA. However, off-target muta-

genesis and mosaicism in the resulting animals can be sig-

nificant drawbacks of the technology.15

The similarity between human embryos and other ani-

mal embryos raises the possibility that genome-editing

methods could be incorporated into human-assisted
3, 2017



reproduction procedures. Already, CRISPR/Cas9-mediated

genome editing of 1-cell-stage mouse zygotes is

routine;16 in this context, reports that human embryos

could be similarly edited are not surprising. In early

2015, the first study demonstrating that CRISPR/Cas9

could be used to modify genes in early-stage human em-

bryos was published.17 Although the embryos employed

for those experiments were not capable of developing to

term, the work clearly demonstrated that genome editing

with CRISPR/Cas9 in human embryos can readily be

performed. This report has stimulated many scientists

and organizations to clarify their stance on the use of

genome-editing methods.

Here, it is important to note the distinction between so-

matic and germline genome editing. Somatic genome edit-

ing refers to the alteration of cells that cannot contribute to

gamete formation and thus cannot be passed on from the

individual to offspring. In contrast, germline genome edit-

ing, which is the primary focus of this position statement,

refers to genome editing that occurs in a germ cell or em-

bryo and results in changes that are theoretically present

in all cells of the embryo and that could also potentially

be passed from the modified individual to offspring. In

theory, modification of gamete-producing cells at any

point in development could permit this. Because human

germline genome editing has potential effects on both

the treated individual and subsequent generations of per-

sons, it entails ethical considerations beyond those of so-

matic genome modification.

Regardless of whether it entails somatic or germline

genome editing, its efficacy and safety must be established

before any consideration is given to a genome-editing

method as a potential therapeutic approach. CRISPR/

Cas9 is indeed highly efficient in many cell types, but it

is seldom 100% effective at introducing alterations at a

target site, although double-digit percentages are routine.

More concerning is that the desired ‘‘editing’’ event usually

competes with the generation of unwanted mutations at

the target site. Thus, genome-editing applications usually

generate a mixture of genetically heterogeneous cells.

It has also been well documented that DNA cleavage by

native CRISPR/Cas9 does not always require perfect pairing

between all bases in its guide RNA and the target, some-

times permitting unwanted cleavage at off-target loca-

tions.18–21 Although these off-target effects are low enough

to permit most research applications,22,23 the safety re-

quirements for any human clinical genome-editing appli-

cation aremore stringent. Newmethods and combinations

of methods are being used to better estimate the risk that

off-target mutations will occur and their potential effects

on the patient. We note that rapid strides are being made

to reduce the off-target effects of CRISPR/Cas9.24,25

In summary, there remains no agreement as to which

specific platforms, methods, and interpretations of bene-

fits and risks will need to be applied in the validation of

the safety of genome-editing therapeutic applications.

Nevertheless, when considered in the context of somatic
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therapy, novel methods of genome editing such as

CRISPR/Cas9 will probably raise few truly novel ethical is-

sues that have not been addressed in previous contexts,

such as with gene-therapy trials. However, CRISPR/Cas9

is so efficacious in human embryos that germline gene ed-

iting is also now possible in our species, raising a host of

ethical, social, and legal issues that warrant careful consid-

eration and deliberation.

Ethical Issues

The ethical assessment of human germline genome

editing falls, broadly, into two categories: (1) those arising

from its potential failure and (2) those arising from its

success.

Ethical Issues Related to the Potential Failure of Human Germ-

line Genome Editing

Exposing individuals to the health consequences of inter-

ventions with potentially harmful effects is of concern

when such risks do not outweigh their potential benefits.

In human germline genome editing, the magnitude of

the potential risks of off-target or unintended conse-

quences are yet to be determined. For this reason, safe-

guards against misguided or premature attempts of this

intervention should rely, at a minimum, on existingmech-

anisms governing the clinical introduction of other repro-

ductive therapies.

There are both national and international policies that

regulate embryo research and interventions early in hu-

man development26–28 that apply to research and the po-

tential clinical translation of human germline genome

editing. Their underlying normative frameworks typically

address the broad ethical context of human-assisted repro-

duction technologies and human subjects and genomics

research and take into consideration core ethical principles

of autonomy, beneficence, non-maleficence, and justice.

Differences in these policies include the very definition

of what constitutes a human embryo or a reproductive

cell, the particular policy tool adopted (legislation, regu-

lation, or professional guidance) and the document’s

enforcement (legally binding or self-compliance), and

oversight mechanisms (e.g., licensing of activities). Over-

all, the majority of available statements and recommenda-

tions (summarized in Table 1) restrict applications from at-

tempting to initiate a pregnancy with an embryo or

reproductive cell whose germline has been altered.

Across jurisdictions, the regulation of human embryo

and/or germline manipulation could be categorized as

restrictive, intermediate, and permissive. Under the restric-

tive approach, wide-ranging prohibitions (or moratoria) to

activities carried out in a human embryo or germ cell are

adopted. In contrast, the intermediate and permissive

approaches allow some degree of research and clinical

activities to be carried out, although with limitations and

oversight in place for research activities linked to reproduc-

tive purposes. It is important to note that restrictive pol-

icies and limited availability or use of basic research
an Journal of Human Genetics 101, 167–176, August 3, 2017 169



Table 1. Summary of Recommendations in Major Group, Organizational, and Government Statements Related to Human Germline Gene Editing

Arguments

Organizations

The
Hinxton
Group51

NAS, NAM, CAS, and
UK Royal Society
International Summit52

NAS and NAM
Committee on
Human Gene Editing53

ASGCT and
JSGT54 ISSCR55

Baltimore
et al.56 EGE57

Lanphier
et al.58 ACMG59 NIH60 HFEA61

Basic research should be conducted x x x x x x x

Preclinical research should be
conducted

x x

There should be a partial or full
moratorium on research

x x xa

Diverse stakeholders should be
involved in decision making

x x x x x x x x x

Clinical use should not proceed
currently

x x x x x x x x x

Clinical use should proceed only if
safety and efficacy issues are resolved

x x x x x x x x

Clinical use should proceed only if
society has agreed on bounds

x x x x x x x

Clinical use should proceed only if
appropriate oversight is in place

x x x x

Clinical use should proceed only if
justice and equity concerns are
addressed

x x x

Clinical use should proceed only if it is
transparent

x x

Clinical use should be discouraged
worldwide

x

Any public policies regulating this
area of science should be flexible

x

Only main, overt arguments made in each statement are marked by an ‘‘x.’’ Thus, the lack of an ‘‘x’’ does not necessarily indicate disagreement. The table includes only major recommendations from each statement rather
than background and is not exhaustive. Also, because this table cannot capture every nuance of each statement, whether a statement addresses a particular point is in some cases subjective. Many groups speaking inde-
pendently have made statements about human germline gene editing and related research. These organizations vary in composition from coalitions of experts to professional societies to government entities or represen-
tatives, but the content of many of the reports and recommendations is fairly similar. Most statements agree that basic research should be conducted but that clinical applications should be avoided at least in the short term.
Many of the statements outline criteria that must be met before clinical use of human germline gene modification should be considered, including overcoming safety and technological barriers, achieving societal consensus
on bounds, putting appropriate and transparent oversight mechanisms in place, and addressing equity concerns. The most significant area of disagreement is with regard to the types of research that should be allowed
currently, including whether there should be a partial or full moratorium. Abbreviations are as follows: NAS, US National Academy of Sciences; NAM, US National Academy of Medicine; CAS, Chinese Academy of Sciences;
ASGCT, American Society for Gene and Cell Therapy; JSGT, Japan Society of Gene Therapy; ISSCR, International Society for Stem Cell Research; EGE, European Group on Ethics in Science and New Technologies; ACMG,
American College of Medical Genetics; NIH, National Institutes of Health; HFEA, UK Human Fertilization and Embryology Authority.
a‘‘NIH will not fund any use of gene-editing technologies in human embryos.’’
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funding do not necessarily prevent certain research or the

development of new technologies from taking place.29 For

example, in 2001, President George W. Bush restricted

federally funded embryonic stem cell research in the US

to the use of a small number of cell lines available at the

time.30 This, however, did not prevent individual states

(e.g., California funded the California Institute for Regen-

erative Medicine through proposition 71), private funders,

and other countries from providing research dollars

for embryonic stem cell research, sometimes in settings

with limited transparency and oversight. From a broader

perspective, the effect of diverting public funding away

from certain areas of research could result in the degrada-

tion, or the complete omission, of the usual required

mechanisms that ensure that the research is subject to

ethical oversight (via research ethics boards and their

equivalents) and that it remains in the public domain.

The latter enables oversight and transparency through

data sharing, peer-reviewed publication, and dissemina-

tion of research resources.31 It ultimately ensures that the

research is in the public interest.

Ethical Issues Related to the Success of Human Germline

Genome Editing

Beyond the potential and yet unknown risks of human

germline genome editing, there are a number of ways in

which the impact of these novel technologies could be

ethically problematic if and when they function as in-

tended. Concerns regarding the impact of these technolo-

gies on an individual, a family, and society more broadly

are similar to those raised by gene therapy in general, as

well as embryo research and reproductive technologies

(e.g., in vitro fertilization, pre-implantation genetic diag-

nosis, and prenatal testing).

Impact on the Individual and Family: One of the most sig-

nificant issues related to human genome editing relates to

the impact of the technology on future individuals whose

genes are modified de facto without their consent. Clinical

ethics accepts the idea that parents are, almost always, the

most appropriate surrogate medical decision makers for

their children until the children develop their own auton-

omy and decision-making capacity. This is based on the

assumption that, except under rare circumstances, parents

have the most to lose or gain from a decision and will ulti-

mately make decisions that reflects the future values and

beliefs of their children.32,33 By extension, we might as-

sume that parents are the most appropriate decision

makers for their future children as well. Although there

are anecdotal reports of children and adults who disagree

with the medical decisions made by a parent during preg-

nancy or early childhood, particularly when death was a

possible outcome, the idea that a person would have

been better off if they had not existed has not gained

much traction with the public or in the judicial system,

which have usually rejected so-called ‘‘wrongful life’’ suits

on the basis of the same principle.34 Of note, there are

also published patient stories by individuals who feel
The Americ
strongly that they would not wish to change or remove

their own medical condition if given the choice35 and in-

dividuals who disagree with medical decisions made by

their parents during childhood (e.g., surgical decisions

around sex assignment for disorders of sexual differentia-

tion and surgical decisions for craniofacial disorders).

Although these examples provide important consider-

ations regarding the lack of consent for individuals most

directly affected by genome editing, they compare non-ex-

istence and existence with a disability, which is not an

exact parallel to comparing existence with and without ge-

netic alterations. It is worth considering, however, whether

germline genome editing involves something fundamen-

tally different or new that would change the alignment be-

tween the interests of parents and those of their children,

as well as where the range of opinions regarding the value

of treatment is diverse enough to warrant preserving

autonomous choice at the point of decision-making capac-

ity. This recalibrates the argument against genetic testing

in childhood for adult-onset conditions, which is discour-

aged so that the future autonomy of the child is preserved,

particularly when there is no medical action in childhood

or when there is significant debate about the desirability of

knowing predictive information.36,37

Ethical concerns about non-maleficence also surface in

contemplating the potential for creating unsanctioned

pressure on the resulting child and imbalance within

the family. Arguably, the ability to ‘‘easily’’ request inter-

ventions intended to reduce medical risks and costs

could make parents less tolerant of perceived imperfec-

tions or differences within their families. Clinical use

of germline genome editing might not be in the best in-

terest of the affected individual if it erodes parental in-

stincts for unconditional acceptance. At a minimum,

the potential for harm to individuals and families, rami-

fications on which we can only speculate, provide a

strong argument for prudence and further research. By

proceeding with caution, we can ensure better under-

standing of the potential risks and benefits of gene edit-

ing from a scientific perspective and, as such, provide

families with a more fulsome exercise of their autono-

mous decision making through the consent process.

Moving with less haste also limits reliance on early and

often inadequate models of cause and effect in our un-

derstanding of genetic inheritance and could mitigate

the impact of decisions based on unsubstantiated no-

tions of genetic determinism.

Impact on Society: Two major ethical questions related to

germline editing occur at a societal level: (1) concerns

related to eugenics and (2) concerns related to social justice

and equal access to technologies.

Eugenics refers to both the selection of positive traits

(positive eugenics) and the removal of diseases or traits

viewed negatively (negative eugenics). Eugenics in either

form is concerning because it could be used to reinforce

prejudice and narrow definitions of normalcy in our soci-

eties. This is particularly true when there is the potential
an Journal of Human Genetics 101, 167–176, August 3, 2017 171



for ‘‘enhancement’’ that goes beyond the treatment of

medical disorders. Historically, eugenics has also been asso-

ciated with exaggerated notions of genetic determination

and pseudoscience, and its use through force or tacit sup-

port by the state has resulted in devastating consequence.

Although the use of human germline genome editing

seems unlikely to result in the loss of genetic diversity in

future generations in the population as a whole, it could

have a greater effect within select subgroups with both

the desire and the means to implement specific changes

as has already been seen in the case of Down syn-

drome.38 One concern that arises in discussions of trait

selection, prenatal testing, and the potential for gene ther-

apy or gene editing is the possibility that allowing parents

the choice to control aspects of their child’s genetic inher-

itance (procreative autonomy) could create expectations

of this sort of control or even obligations to ‘‘create

the best children’’ in what has been called procreative

beneficence.39,40

These are among the specific concerns about eugenics

expressed by the bioethics community and the public,

but perhaps the most deeply felt uneasiness is concep-

tual: the sense that in identifying some individuals and

their traits as ‘‘unfit,’’ we experience a collective loss of

our humanity. Often articulated as a concern is that we

might be ‘‘overstepping’’ and ‘‘playing God’’ by making

such changes in a way that modifies the germline and

thereby affects future generations.41 Some might find

human germline genome editing less offensive than

other approaches (such as prenatal testing and selective

abortion of affected fetuses) because it involves altering

genes rather than selecting against individuals.42 How-

ever, others point out that any form of selection of indi-

viduals (including through already existing prenatal

diagnosis and testing) sends a message about the

‘‘fitness’’ of such traits or conditions, thereby reflecting

on the worth and value of people who have that trait

in our society.

Finally, one of the most important and far-reaching

effects of human germline genome editing, if it is success-

ful and implemented clinically, might be increasing the

already troubling inequities within and between societies.

The clinical use of human germline genome editing is hy-

pothetical at this point, and any discussion of access or

price is speculative. That said, human germline genome

editing is likely to be expensive, and access, should it

ever become a reality, is likely to be limited geographically

andmight not be covered by all payors and health systems.

Unequal access and cultural differences affecting uptake

could create large differences in the relative incidence of

a given condition by region, ethnic group, or socioeco-

nomic status. Genetic disease, once a universal common

denominator, could instead become an artifact of class,

geographic location, and culture. In turn, reduced inci-

dence and reduced sense of shared risk could affect the re-

sources available to individuals and families dealing with

genetic conditions.38,43,44
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Accordingly, we have come to an agreement on the po-

sitions below and include clarifications and elaborations:

1. At this time, given the nature and number of unanswered

scientific, ethical, and policy questions, it is inappropriate

to perform germline gene editing that culminates in hu-

man pregnancy.

As summarized above, there is not yet a high quality

evidence base to support the use of germline genome

editing, there remains an unknown risk of health conse-

quences, and the ethical issues have not been fully

explored and resolved by society.

Scientifically, preclinical studies should establish reli-

ability, validity, safety, and efficacy before attempting

any germline genome editing that leads to the potential

for implantation or human pregnancy at any post-

implantation stage. Here, we define some issues that

pertain to establishing acceptable thresholds for safety

in the context of human gene editing. Two major cate-

gories of safety concerns are the effect of unwanted

or off-target mutations and the potential unintended

effects of the desired on-target base changes (edits)

being made. Various methods are being explored for

the monitoring of off-target mutations in genome-

editing experiments. It is reasonable to presume that

any human genome-editing therapeutic application

will require stringent monitoring of off-target mutation

rates, but there remains no consensus on which

methods would be optimal for this or what a desirable

maximum off-target mutation rate would be when

these techniques are translated clinically.

Deep next-generation DNA sequencing at specific sites

in the genome is feasible, allowing for the interrogation

of selected sites in thousands or even millions of cells.

However, it is not yet practical to identify rare off-target

mutations comprehensively by deep whole-genome

sequencing; this is even more challenging when bio-

psied material is limited. Recently reported unbiased

techniques that can empirically determine sites prone

to off-target mutations (e.g., GUIDE-seq, Digenome-

seq, and BLESS) are currently limited to use in cultured

cells. It is not clear that a priori off-target measurements

in vitro could be considered sufficient to pre-validate

in vivo editing approaches. Therefore, new methods

will need to be developed for identifying and moni-

toring off-target mutation sites in vivo after somatic

genome editing (whether in preclinical animal models

or, eventually, in humans) and—if human germline

genome editing is to be at all considered—within hu-

man germ cells and embryos.

Identification and monitoring of potential off-target

mutation sites are further complicated by the existence

of naturally occurring polymorphisms, meaning that

off-target predictions should not be based solely on

the analysis of a single person’s genome but rather on

a collection of genomes that represent a genotypically
3, 2017



diverse group of individuals. On the other hand, the

relative health risk of off-target mutations is not clear;

clearly, the genome can tolerate a burden of new muta-

tions that might already exceed the risk posed by cur-

rent gene-editing methods (given that we are each

born with 50–100 new genetic variants), but it is not

clear how this burden translates into disease risk. At

the same time, it seems that these risks might be modest

in relation to the health consequences of the serious dis-

eases that genome editing could be used to treat.

With regard to potential unintended effects of the

desired on-target mutations, this could be uncontrover-

sial for many genome-editing applications, particularly

those for which a clearly deleterious variant is replaced

by a common variant that restores normal gene func-

tion. Less clear are editing approaches that introduce

novel variants that are known to either augment or

disrupt gene function and/or variants that are rare or

not known to exist in human populations. Ethical is-

sues regarding novel gene modifications are not new

with regard to somatic applications, given that they

pertain to other types of somatic gene therapy. But

one of the major differences between germline gene

editing and somatic gene editing is that the former

introduces edits to all cells in the body—and poten-

tially to future generations—thus warranting deeper

consideration.

Given these considerations, minimum necessary devel-

opments should include the following:

d Definitions of broadly acceptable methodologies

and minimum standards for measuring off-target

mutagenesis.

d Consensus regarding the likely impact of, and

maximum acceptable thresholds for, off-target

mutations.

d Consensus regarding the types of acceptable genome

edits with regard to their potential for unintended

consequences.

2. Currently, there is no reason to prohibit in vitro germline

genome editing on human embryos and gametes, with

appropriate oversight and consent from donors, to facili-

tate research on the possible future clinical applications

of gene editing. There should be no prohibition on making

public funds available to support this research.

Consistent with the sentiment of the 2001 ASHG State-

ment on Stem Cell Research, animal studies should

occur to provide the foundation for human investiga-

tion. Human germline gene-editing research is accept-

able when performed on already existing embryos

that are donated for research with appropriate written

donor consent. Rigorous basic scientific research

covering multiple generations should be conducted

to determine the potential medical and scientific

issues before any consideration of translational research

for human germline genome editing. Such research
The American
can be performed ethically via compliance with all

applicable laws and policies and can be beneficial

through potential discoveries that might occur around

the biological processes of pregnancy and infertility

and underlying related diseases and their potential

treatments. Any study involving in vitro genome edit-

ing on human embryos and gametes should be con-

ducted under rigorous and independent governance

mechanisms, including approval by ethics review

boards and meeting any other policy or regulatory re-

quirements. Second, although we acknowledge that

different countries will have different prohibitions on

federal funding of embryo research, we feel strongly

that without public funding to support germline-edit-

ing research, there is a risk that research will move

offshore and/or to areas where it is subject to fewer reg-

ulations and less oversight and where work is done

without transparency.

3. Future clinical application of human germline genome

editing should not proceed unless, at a minimum, there

is (a) a compelling medical rationale, (b) an evidence

base that supports its clinical use, (c) an ethical justifica-

tion, and (d) a transparent public process to solicit and

incorporate stakeholder input.

If the preclinical research, as described above, supports

the potential clinical translation of human germline

genome editing, many more things need to happen

before translational research in human germline

genome editing is considered. We encourage the global

community to begin to address the following medical,

ethical, and societal questions in a deliberative and in-

clusionary way while answering the relevant scientific

questions that have been discussed above.

First, ASHG feels strongly that there should be a compel-

ling medical rationale for any conditions for which

germline genome editing might occur. Using a concep-

tual model that addresses various aspects of disabling

conditions and quality of life,45 this might include

consideration of the following: the medical severity of

the condition, treatability, risk of occurrence, and po-

tential availability of other options for treatment,

including somatic gene editing and prenatal or preim-

plantation diagnosis.

Second, the clinical translation of technologies to

health care is typically preceded by health technology

assessment (HTA), which provides a rigorous means

of informing clinical and policy decision making

through systematic assessment of the supporting

evidentiary base. This includes consideration of clin-

ical effectiveness (e.g., validity, utility, and safety),

cost effectiveness (e.g., economic evaluation), and

risks and benefits for health-care delivery and society

(e.g., impact on health services and consistency with

societal and ethical values).46 As an example, in the

US, the Evaluation of Genomic Applications in Prac-

tice and Prevention (EGAPP) was established as an
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advisory body to the Office of Public Health Genomics

at the Centers for Disease Control and Prevention to

provide evidence reviews for genomic technologies.

This independent group adopted review methods

similar to HTA frameworks,47 although HTA frame-

works typically include broader considerations of

health service delivery, economic analysis, and ethical

or social issues. Although evaluation of the evidentiary

base of a technology is a fundamental step in the

translation of any new therapeutic, procedure, or diag-

nostic test into clinical care, emerging developments

could threaten this standard. Genome editing is a

widely accessible and relatively easy technique that

could enable the technology’s uptake or dissemination

across unregulated labs or clinics, sidestepping its

formal review and approval before large-scale use.

Nonetheless, once evidence begins to build on the val-

idity, utility, safety, and health-care impacts, indepen-

dent advisory bodies, taking an approach similar to

that of EGAPP, ought to be funded and tasked to re-

view and make recommendations about the clinical

use and reimbursement of germline genome editing

in clinical practice.

Third, ethical and social values regarding germline

genome editing need to be solicited and considered.

There are three general approaches to addressing

the ethical justification and stakeholder assessment of

germline genome editing: conducting primary research;

conducting secondary analyses of published literature

on the perceptions, acceptability, quality of life, atti-

tudes, or values of stakeholders; and commissioning

an expert review.48,49 Surveys of the general public41

and various scientific and health professional groups

on their views toward genome editing have already

begun (Alyssa Armsby et al., unpublished data; A.V.

et al., unpublished data), but it is difficult to assess the

impact of these attitudes in a population that has

limited understanding of the technologies they are eval-

uating, as well as their generalizability to other popula-

tions and societies. New approaches to public engage-

ment for addressing ethical and social issues in such

complex topics include deliberative democracy, citizen

juries, and community-based participatory research.

Such public-engagement techniques are increasingly

being used—and even mandated by some jurisdictions

(e.g., the UK National Institute for Health Care and

Excellence)50—in an effort to incorporate citizen values

or patient perspectives into technology assessment and

ensuing guidance.48 Engaging broader stakeholder

groups, including the medical and scientific commu-

nities, persons and families dealing with genetically

based disabilities, and the general public, would be war-

ranted given the potential uses and impacts of germline

genome-editing technology. These debates and engage-

ments should weigh the risks, benefits, alternatives,

unknown consequences, and access, as well as distribu-
The American Journal of Human Genetics 101, 167–176, August
tive and procedural justice, both on a societal level

(across and within societies) and on an individual or

community basis. Given the global diversity in culture

and social norms around health, illness, and disability,

it will be challenging to develop representative stake-

holder groups and to know when enough data on pub-

lic views have been collected. Ultimately, these debates

and engagements will inform the frameworks to enable

ethical uses of the technology while prohibiting uneth-

ical ones.

Summary and Conclusion

Many scientific, medical, and ethical questions remain

around the potential for human germline genome editing.

ASHG supports somatic genome editing and preclinical

(in vitro human and animal) germline genome research

but feels strongly that it is premature to consider human

germline genome editing in any translational manner at

this time. We encourage ethical and social consideration

in tandem with basic science research in the upcoming

years.
Acknowledgments

We thank T.J. Cradick and Beverly Davidson for helpful input and

comments in various stages of developing this policy paper, as well

as members of the American Society of Human Genetics and other

organizations (including those that endorsed the statement,

the International Genetic Epidemiology Society’s Committee on

Ethical, Legal, and Social Issues, and the European Society of Hu-

man Genetics when it was presented at the 2016 Building Bridges

session) who provided comments at various points. We also thank

Mary Rose Stoltz and Nalini Padmanabhan for editing and format-

ting the statement. D.S. was supported by the Intramural Research

Program of the Center for Research on Genomics and Global

Health (CRGGH). The CRGGH is supported by the National

Human Genome Research Institute, National Institute of Diabetes

and Digestive and Kidney Diseases, Center for Information Tech-

nology, and Office of the Director at the NIH (1ZIAHG200362).

L.C.B. and D.S. report that the opinions expressed in this article

are their own and do not reflect the view of the NIH, the Depart-

ment of Health and Human Services, or the US Government.
Web Resources

DNALearning Center Cold SpringHarbor Laboratory, http://www.

eugenicsarchive.org/eugenics/list3.pl
References

1. Hsu, P.D., Lander, E.S., and Zhang, F. (2014). Development and

applications of CRISPR-Cas9 for genome engineering. Cell

157, 1262–1278.

2. Gupta, R.M., andMusunuru, K. (2014). Expanding the genetic

editing tool kit: ZFNs, TALENs, and CRISPR-Cas9. J. Clin.

Invest. 124, 4154–4161.

3. Komor, A.C., Badran, A.H., and Liu, D.R. (2017). CRISPR-based

technologies for the manipulation of eukaryotic genomes.

Cell 168, 20–36.
3, 2017

http://www.eugenicsarchive.org/eugenics/list3.pl
http://www.eugenicsarchive.org/eugenics/list3.pl
http://refhub.elsevier.com/S0002-9297(17)30247-1/sref1
http://refhub.elsevier.com/S0002-9297(17)30247-1/sref1
http://refhub.elsevier.com/S0002-9297(17)30247-1/sref1
http://refhub.elsevier.com/S0002-9297(17)30247-1/sref2
http://refhub.elsevier.com/S0002-9297(17)30247-1/sref2
http://refhub.elsevier.com/S0002-9297(17)30247-1/sref2
http://refhub.elsevier.com/S0002-9297(17)30247-1/sref3
http://refhub.elsevier.com/S0002-9297(17)30247-1/sref3
http://refhub.elsevier.com/S0002-9297(17)30247-1/sref3


4. Wirth, T., Parker, N., and Ylä-Herttuala, S. (2013). History of
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