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The 2018 announcement regarding safe childbirths via germline genome-editing (GGE) with parental consent 

shocked the world. This minireview examines the predictable risks, burdens, and potential harms of human GGE 

and explores the question of responsibility for using GGE in human reproduction. Although there is currently 

no international consensus on proving the absence of harmful off-target mutations in the genome, preclinical 

GGE study can demonstrate the non-existence under specific conditions. Initially, the clinical application will 

be limited to small studies without controls. In any case, individuals born via GGE should be followed up for 

long period. However, such persons can decline follow-up. Due to limited screening, an overlooked off-target 

mutation may harm the entire body. Some persons suffering such harm might claim damages on the ground 

that their life is less valuable. However, most jurisdictions will reject such claims. Practitioners are responsible 

for proving there are no harmful off-target mutations in each GGE case, although the appropriateness of proof 

is currently difficult to accept. Parents who consented to GGE, as well as practitioners, assume responsibility 

for the safety of genome-edited offspring; however, the fulfillment of responsibility ultimately depends on the 

offspring’s autonomy. Meanwhile, practitioners and parents may be exempt from some damage claims by offspring 

harmed by unsafe GGE. The uncertainty of assigning responsibility may underpin GGE’s prohibition in light of 

the unacceptable risks, burdens and potential harms for persons born via GGE; or it may oppositely underpin its 

permission if an acceptable risk-benefit balance is reached for parents and society. 
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. Introduction 

Since the 1960s, the potential of genetically modifying human

erm cells (eggs and sperm cells) and one-cell stage embryos (termed

ermline), as well as somatic cells, has been suggested [1] . Older ge-

etic modification techniques were often imprecise but feasible to some

xtent; however, those used in the germline can create persons whose

ells are all genetically modified, and further the germline genetic mod-

fication becomes heritable via reproduction. Although human germline

enetic modification could be acceptable for medical purposes, such

s the prenatal prevention of genetic disease, it has been controversial

urrounding the harm to and welfare for humans, changes to the na-

ure of human reproduction and parent-child relationships. [2] . Subse-

uently, some countries legislated against human reproduction involv-

ng germline genetic modification [3] . On the other hand, in 2015, the

K permitted two types of germline mitochondrial DNA manipulation

n order to prevent the maternal transmission of serious mitochondrial

isease to offspring [4] . 

Genome-editing techniques facilitated far more precise and ver-

atile gene modifications among them, clustered regularly inter-

paced short palindromic repeat (CRISPR)-Cas9 [ 5 , 6 ]. Microin-
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ecting a designed Cas9 nuclease into the germline and then

ransferring genome-edited embryos into the uterus can produce an-

mals with some beneficial traits [7] . In November 2018, a Chinese

esearcher announced the safe birth of twins via germline genome-

diting (GGE) [8] . With parental consent, they applied CRISPR-Cas9

o the embryos for postnatal protection against HIV infection. How-

ver, their announcement shocked the world and drew stringent crit-

cism for practicing unproven GGE for such a minor purpose, since

IV infection can be avoided by other means [9] . The current aca-

emic and policy-based positions regarding human GGE among various

nternational organizations are divided: some statements do not per-

it human GGE ‘currently’, while others remain open to the clinical

ractice for other compelling reasons [10] . Notably, the latest report

y the US National Academies/UK Royal Society in 2020 presented a

linical translational path for GGE under certain circumstances, assum-

ng several criteria have been met [11] . Its first recommendation states

he importance of achieving precise genome-editing without harmful

ff-target mutations in the embryos prior to clinical application. How-

ver, there is no risk or perfect safety in intervention in human sub-

ects, which is the case with human GGE. If a more satisfactory and

ealthy childbirth in comparison with known and publicly available

isks can be expected, some practitioners and prospective parents are

ikely to consider implementing human GGE [12–14] . In so doing, the
y 2021 
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s  
thical implications of the predictable risks and burdens of GGE upon

enome- edited offspring should be carefully examined, as requested by

he Declaration of Helsinki and others [14–21] . Moreover, the respon-

ibility of parents, as well as practitioners, has to be explored, because

he clinical implementation of GGE for human reproduction is consent-

d to by prospective parents, not the genome-edited children [ 14–

6 , 18 , 22 ]. 

The present minireview first examines the predictable risks and bur-

ens of human GGE in the laboratory and clinic, while reviewing the risk

ssessment of the GGE in China. Then, we explore the sources of respon-

ibility for to engage practitioners and participants in understanding the

thical and medical issues that surround this unproven technique. Those

onsiderations underscore that the assignment of the entire responsibil-

ty for human GGE may be uncertain particularly in society. The uncer-

ain assignment of responsibility is also discussed from a policy stand-

oint. 

. Risks, burdens, and potential harm of GGE 

The GGE study in China intended to mutate the CCR5 genes of resul-

ant offspring to mimic a deletion mutation ( Δ32) of the CCR gene that

redisposes some people of European origin to resistance to HIV infec-

ion [8] . In December 2019, a court in Shenzhen found three researchers

uilty of ‘conducting illegal medical practices’ [23] . Astonishingly, He

iankui and two collaborators forged ethical review documents and mis-

ed practitioners into unknowingly implanting edited embryos into two

omen. The court also acknowledged that these two women who un-

ergone the GGE gave birth to the twins and an infant, respectively. Al-

hough their research paper remains unpublished by any peer-reviewed

ournals, it is worth reexamining their risk assessment of GGE because

 genome-edited children were born into the world. 

.1. GGE study in laboratory 

According to the presentation in Hong Kong and the reported ex-

erpts of their unpublished paper [ 8 , 24 ], He Jiankui and his collabora-

ors first investigated the conditions for ‘safely’ mutate the CCR5 genes

n preclinical research. They then created 7 single-guide (sg) RNAs,

ptimized the microinjection conditions, and identified highly specific

gRNA that edited human embryos with a high efficiency and low mo-

aicism. Then, they investigated its potential off-target effect on each

mbryo at sites predicted by experiments and computational analyses

f different genome resources from references and the parents of the

mbryo. They detected no off-target mutations in any of the embryos in-

ected with Cas9 nuclease and a select sgRNA, except for one off-target

eletion mutation found in only 1 of 19 tested embryos. The human

mbryonic stem cells established from those edited embryos had nor-

al karyotypes and displayed pluripotency. CCR5 - edited model mice

ere bred for 3 generations, and no obvious physiological or behavioral

hanges were observed. 

As CRISPR-Cas9 employs the direct introduction of a de-

igned nuclease into cells, the potential off-target effect is of

aramount importance to clinical application [ 5 , 6 ]. However, the

esults of genome modification using CRISPR-Cas9 and its assessment

f modification may be affected by human genetic variation and by the

enomic instability frequently observed in early embryos [25–27] . To

ule such factors out, the Chinese researchers used DNA samples of the

arents of several embryos, in addition to a reference genome. They

lso employed several methods of genome sequencing for the 19 sets

f an embryo and its parents. As a result, they identified one off-target

eletion mutation in one of 19 embryos and concluded that the muta-

ion site is unlikely to affect gene functions. Additionally, to assess the

henotypic impact of their CCR5 -targeting CRISPR-Cas9 on individuals,
2 
hey created edited mice and bred them, finding no observable changes.

t appears that those researchers utilized multiple experimental systems

o minimize and carefully assess the risks of GGE, as requested by the

eclaration of Helsinki and others [ 17 , 20 , 28 ]. Yet, some would ques-

ion the reliability and veracity of those researchers’ demonstration of

n absence of observable safety concerns in their GGE. In the first place,

roving a negative outcome particularly in genetics is complicated and

t best, problematic [29] . Indeed, other 3 groups recently showed that

enome-editing may cause unwanted loss of targeted chromosome or

eterozygosity in the human embryos [30–32] . While, there is currently

o consensus on the assessment of off-target effect of genome-editing

33] . Under specific conditions, the Chinese researchers demonstrated

hat harmful off-target mutations were absent in the embryos. From a

urely scientific standpoint, their conclusion may be acceptable [ 20 , 28 ].

owever, it is necessary to examine the clinical and ethical implications

f predictable risks and burdens of human GGE that may outweigh the

mportance of the scientific advancement. 

.2. GGE study in clinic 

The Chinese researchers considered that the risks of their GGE were

t an acceptable level and proceeded with a clinical GGE study to pro-

ide beneficial resistance to HIV infection for resultant children. They

ecruited 8 couples having wild-type CCR5 genes, with each couple con-

isting of an HIV-positive husband and an HIV-negative wife [ 8 , 24 ]. Af-

er one couple canceled their participation, the remaining 7 couples un-

erwent CCR5 -mutating GGE. The researchers investigated the genomes

f 3 to 5 cells biopsied from Cas9-injected embryos. After embryo trans-

er, 6 wives did not become pregnant and the remaining 2 delivered:

ne gave birth to twin girls and the other delivered one infant [23] . 

.2.1. Study design 

With regard to the design of clinical GGE research, other commen-

ators have proposed phases I– III clinical trials to make GGE accessible

o parents as soon as possible, while also conclusively demonstrating

afety and efficacy [34] . In contrast, the clinical study in China was a

mall single arm GGE study without controls. The Chinese researchers

ndicated that they did not scope larger GGE studies, such as phase II-III

rials [8] . Again, there is no medical intervention without risk. Given

he potential risks to offspring, GGE studies must be restricted to small-

cale study [14] . Moreover, controlled studies, such as those in which

as9 without sgRNA is injected into embryos, are also unconceivable.

ndeed, reproductive studies involving germline mitochondrial manip-

lation were all small single arm studies [35] . The power of such small

tudies without controls remains limited, and such studies cannot pro-

ide reliable data on the safety of the clinical practice of GGE. 

.2.2. Perinatal care for mother and (future) children 

The Chinese researchers injected their CRISPR-Cas9 into embryos

rom the consenting couple. After analyzing several cells taken from

dited embryos, of 4 injected embryos, 2 had one or more mutated CCR5

ene: one embryo with CCR5 genotypes of − 14 bp/ + 1 bp and the other

ith that of WT/ − 15 bp. They also investigated all injected embryos

or off-target mutations and large-scale deletions: one of the edited em-

ryos had a possible 1 bp insertion in an intergenic off target region.

hey considered that the insertional mutation may not impact any bi-

logical function. The researchers informed the couple of the genetic

nformation on all viable embryos. The couple consented to the trans-

er of those 2 edited embryos, one of which had the insertional mu-

ation. During pregnancy, the researchers tested cell free DNA derived

rom the fetuses, performed ultrasound monitoring, and confirmed the

 CCR5 genotypes but did not detect the potential off- target 1 bp in-

ertion. They also did not detect cancer-related mutations in the DNA
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amples. After the ‘healthy’ birth of the twins, the researchers further

nvestigated tissue samples from umbilical cord, umbilical cord blood

nd placenta. Consequently, they confirmed the CCR5 genotypes were

dentical to those at the embryonic and fetal stages, and did not observe

ny off-target mutations, large deletions, or pathogenic cancer gene mu-

ations. 

Such information suggests that the Chinese researchers observed the

eclaration of Helsinki [17] . Namely, they continuously monitored, as-

essed, and documented the risk of GGE from embryo transfer to de-

ivery, while providing opportunities for the couple to choose embryos.

ne the other hand, the accuracy of genome sequencing depends on the

NA samples: only several cells taken from the embryos and cell free

NA derived from fetuses. If the wife found her pregnancy affected, she

ould have felt distressed about whether she should choose abortion

r maintain pregnancy [19] . More importantly, they used only 3 avail-

ble tissue samples to demonstrate the absence of off-target mutations

n the twins. Of course, they sampled readily available tissues in order

o avoid distressing the newborns [14] . Again, their demonstration in

he embryos, fetuses and twins implies a ‘probability’ of no harmful off-

arget mutations in their GGE. While, their assertion of safe childbirths

ia GGE incurred criticism [21] . 

. Societal standing of persons born via GGE 

If an embryo in which an off-target mutation was overlooked was

ot screened out but transferred to the mother, it may later harm the

ewborn. Thus, the need for monitoring the safety of genome-edited

ffspring is often underscored. It is also imperative to explore a potential

egal issue: damage claims by genome-edited offspring as well as their

arents. 

.1. Follow-up of genome-edited offspring 

Some proposed that genome-edited offspring should be followed up

or decades, life, or generations [ 14 , 16 , 34 , 36 ]. First of all, long-term

ollow-up in intervention study is, unlike cohort study, uncommon and

enerally difficult to plan due to logistical and ethical issues, such as

xpenses and burdens of travel, examinations and testing [37] . The

hinese researchers planned an 18-year follow-up [ 8 , 24 ]. The parents

ight have taken the genome-edited twins to the hospital if the scandal

ad not been revealed. However, the physical, mental, and economic

urdens might make such parents withdraw consent to follow-up [14] ,

s illustrated by a reproductive study involving germline mitochondrial

anipulation [38] . Concerning this conundrum, the need for ‘manda-

ory’ follow-up to confirm positive long-term outcomes was voiced [34] .

owever, even if practitioners pay the family’s medical and travel ex-

enses, mandatory long-term follow-up may impose on the family the

nbearable physical and mental burdens of repeated hospital visits and

NA testing involving painful invasive sampling, particularly genome-

dited children who never consented prior to GGE [ 14 , 36 ]. Thus, the

utonomy of family members with human rights should be respected in

he long-term follow-up, unless genome-edited offspring have not devel-

ped any health problems [ 14–16 , 36 ]. In the explanation of GGE prior

o consent, practitioners and parents should discuss and understand the

eed for follow-up post-GGE sufficiently. Meanwhile, a survey of couples

ho had undergone a germline mitochondrial manipulation showed

hat only 1 out of 13 couples later informed their children that they had

een bone via the germline genetic modification [39] . Practitioners and

onsenting parents should cooperate to inform genome-edited children

nd their progeny (In the case of intergenerational follow-up) of the cir-

umstances of their birth via GGE and should obtain informed assent to

ollow-up [ 19 , 22 ]. Subsequently, practitioners should obtain informed

onsent, once they become legally competent [ 11 , 22 ]. Their autonomy

hould be respected and they should also understand that they may with-

raw consent at any time [ 14 , 19 , 36 ]. Thus, it appears that such long-

erm or intergenerational follow-up post-GGE is extremely difficult to
3 
erform. In this regard, those Chinese researchers’ follow-up plan, ex-

ending to the time that twins will reach their majority (18 years old in

hina) [ 8 , 24 ], seems appropriate from an ethical and practical stand-

oint. Ensuring the safety of genome-edited twins ultimately depends

n their autonomy. 

.2. Damage claim by victims of unsafe GGE 

As with animal GGE, human GGE could result in the birth of a person

ith a beneficial trait. But, the aforementioned limitations in screening

dited embryos and fetuses risk reassessments suggest that some prac-

ices systemically harm resultant offspring by overlooking off-target mu-

ations. Those offspring can suffer from cancer arising from a mutated

umor suppressor gene and infertility due to chromosomal transloca-

ions, as well as novel genetic disease [ 21 , 40 , 41 ]. 

As this is a tragic event, some parents might bring a wrongful birth

awsuit, arguing that the birth of a disabled child could have been

voided if the practitioners had performed prenatal testing more effec-

ively and provided accurate information to the parents [ 42 , 43 ]. How-

ver, in human GGE, it seems difficult to demonstrate whether an off-

pring’s disability was caused by the off-target effect or not. Chromoso-

al alternations and mutations that can occur naturally in gametogen-

sis and early embryonic development may hamper the demonstration,

ven if the genome of the disabled child is carefully compared with

hose of their parents. This could be the case with the concerned loss of

argeted chromosome [30–32] and the trial may become protracted. 

If someone informs genome-edited offspring and the progeny of their

irth via GGE, they might sue for ‘wrongful life’ damages, asserting that

hey have been harmed by an off-target mutation so much that their

ife is less valuable and they should not have been born [ 42 , 43 ]. They

ould argue that a practitioner failed to discover off-target mutations or

rovide relevant information during or before embryo transfer or dur-

ng pregnancy. If their mother or their grandmother had been provided

ith this information, they would also argue that she should have cho-

en abortion or should not have undergone harmful GGE at all. In the US,

alifornia, Washington and New Jersey allow wrongful life suits; how-

ver, claimable damages are restricted to economic damages that can

e proven objectively, not monetary compensation for the entire expe-

ience of having a disabled life versus a healthy life [44] . In Europe, the

utch Supreme Court fully upheld a wrongful life claim against med-

cal personnel in 2005 [45] . However, such judgements are extremely

are around the world. Most jurisdictions have rejected wrongful life

uits because allowing such a claim declares that the life of a disabled

erson is less valuable than that of a non-disabled person, and/or be-

ause allowing it will encourage other disabled persons, who were born

rrespective of reproductive techniques, to claim damages against their

arents and practitioners [43] . Therefore, it is difficult for the victims

f unsafe GGE to claim their wrongfully-edited lives. 

. Responsibility for human GGE and policy 

Again, there is currently no global consensus on proof of the ab-

ence of harmful off-target mutations in the edited genome. As dis-

ussed above, preclinical GGE research can demonstrate an absence

nder specific conditions. Practitioners are responsible for proving the

on-existence of such mutations to each couple with a unique genome,

lthough the appropriateness would be difficult to accept. Even if a clin-

cal GGE study is approved based on a certain level of risk of in compar-

son with a foreseeable reproductive benefit, the irreversible interven-

ion to future persons restricts clinical research to small single arm stud-

es. However, this restriction on study design also limits the assessment

f the risk of GGE. In the prior explanation, some prospective parents

nderstand the risks, burdens, and potential harm to their future chil-

ren and then give consent to GGE anyway because of their reproduc-

ive benefit. For this, both the consenting parents and practitioners as-

ume responsibility for the follow-up of genome-edited offspring. Once
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Fig. 1. Uncertainty of assignment of responsibility for creating persons using germline genome-editing (GGE). 

The risks of human GGE can be assessed in preclinical research, despite the difficulty of accepting its appropriateness. However, it is difficult to assess and manage the 

risks of GGE in both clinic and society, primarily because the harmful genetic intervention is irreversible in genome-edited persons and because they will eventually 

become autonomous. In addition, damage claims by persons suffering from GGE are unlikely to be accepted or fully compensated for. 
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m  
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o  
hey reach the age of competence, the genome-edited offspring and their

rogeny can withdraw their previous assent or consent. Paradoxically,

especting the autonomy of genome-edited offspring can lead to a fail-

re of fulfillment of responsibility for their lifetime or intergenerational

afety. Due to limited screening and the uncertain safety of human GGE,

n overlooked off-target mutation may actually harm all cells of a re-

ultant human being. If the sufferers discover they were born via GGE,

hey might claim a wrongful life against the practitioners and/or par-

nts. However, most jurisdictions will grant some exemption from such

 claim on the ground that an edited life is no less valuable than oth-

rs. Thus, the assignment of responsibility for the risks and burdens of

uman GGE may be uncertain in society ( Fig. 1 ). 

Consider the implications of uncertain assignment of responsibil-

ty for practicing human GGE from a policy standpoint. If countries

cknowledge that the burdens and potential harms of GGE imposed

pon resultant persons who can never give prior consent are untenable

nd unacceptable, they will adopt prohibitive policies toward relevant

esearch or medicine, such as restricting public funding and enacting

uidelines for practitioners or laws that are more enforceable for the

hole nation [ 3 , 21 ]. 

On the other hand, some countries might find an acceptable bal-

nce between the predictable risk and the foreseeable benefit in creat-

ng persons using GGE and might thus further consider permitting its

linical practice as a benefit to prospective parents, as illustrated by

c  

4 
he legalization of germline mitochondrial manipulation in the UK [4] .

owever, the UK regulations stipulate the permitted germline manipu-

ations, applicable women and persons born of the woman, and licens-

ng requirements of practitioners, including the planning of follow-up

chemes. While, the follow-up is ultimately left up to the autonomy of

arents and their offspring born from those techniques. Regarding ad-

erse events after germline mitochondrial manipulations, the UK reg-

lations request that practitioners report them immediately; however,

he norm does not stipulate any items regarding compensation for dam-

ges [46] . Such a social consensus might be reached for human GGE if a

oreseeable benefit of GGE use for prospective parents largely coincides

ith a social benefit. One of the potential uses is the prenatal preven-

ion of the birth of persons with serious diseases because such a GGE

se could reduce physical, mental, and economic burdens upon parents

nd also restrain social security costs in a country [ 11–13 , 47 ]. 

. Conclusions 

The present article examined the responsibility for using GGE in hu-

an reproduction and assessed the predictable risks and burdens of this

ractice. In preclinical GGE studies, the non-existence of off-target mu-

ations can be assessed under specific conditions, despite the difficulty

f accepting the appropriateness of off-target mutation assessment. In

linical studies, some applications of GGE will result in the birth of hu-
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[  
ans with a desired trait; however, it is difficult to assess the safety of

GE because such research involving genetic intervention in potential

umans must be done in small studies without controls. It is also diffi-

ult to manage the risks of GGE, primarily because harmful off-target

utations can be overlooked, and those are irreversible in the body.

owever, long-term follow-up of genome-edited offspring can be dif-

cult because some offspring will withdraw their assent or consent to

ollow-up. The victims of unsafe GGE might claim damages against the

ractitioners and/or parents on the grounds that wrongful GGE made

heir lives less valuable than others. However, such damage claims are

nlikely to be accepted or fully compensated for in most legal systems,

xcept in the Netherlands. 

Parents who have consented to GGE, as well as practitioners, as-

ume responsibility for the safety of the genome-edited offspring. Al-

hough the fulfillment of responsibility ultimately depends on the off-

pring’s participation in follow-up post-GGE, parents and practitioners

annot coerce offspring into the follow-up. Meanwhile, practitioners and

arents may be exempt from some damage claims made by offspring

armed by unsafe GGE. The uncertain assignment of social responsibil-

ty is likely to underpin the prohibition of GGE practice in light of the

nacceptable risk to, burdens of, and potential harms for persons born

ia GGE. On the other hand, if an acceptable risk-and-benefit balance

or prospective parents and society is reached, GGE might become an

ccepted practice in some countries; while, inevitably such a policy will

eave some persons harmed by unsafe GGE unprotected. 
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