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e recent announcement of the birth of twins
whose genomes were edited during in vitro
fertilization (IVF) has engendered broad con-

demnation for the premature clinical deployment of

a fledgling but powerful biotech-
nology. The Chinese scientist He
Jiankui may claim priority for the
first use of CRISPR-Cas9 genome
editing in human embryos, but he
will forever be remembered for his
reckless flouting of widely artic-
ulated scientific, clinical, and eth-
ical standards.

CRISPR-Cas9, which first ap-
peared in the scientific literature
only 7 years ago,' is a programma-
ble, sequence-directed, RNA-guid-
ed nuclease whose rapid assimi-
lation has transformed biomedical
research and promises clinical ap-
plications in gene-repair strategies
to treat disorders such as sickle
cell anemia, congenital forms of
blindness, and muscular dystrophy.
The existing regulatory framework
for somatic gene therapy using vi-
ral vectors has been honed through
decades of trials and should be ef-

fective at balancing scientific rigor,
patient safety, and innovation for
trials of somatic genome editing.
Treating disease by genome edit-
ing of somatic tissues raises few
ethical concerns, as long as patient
welfare is prioritized. The promise
far outweighs the medical risk.

Genome editing of early human
embryos raises far greater con-
cern because it can lead to herit-
able changes in the germline. But
though the world’s first applica-
tion of embryo editing was deeply
flawed, not least because it didn’t
address an unmet clinical need,
and has prompted calls for a mor-
atorium or an outright ban, we
believe that halting research and
deliberation on more responsible
ways to maximize human benefit
would be unwise.

Embryo editing poses scientific
and ethical hurdles. In 2015, after
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the first report that genome edit-
ing had been applied to human
embryos in vitro,> the U.S. Nation-
al Academies of Sciences, Engi-
neering, and Medicine, the Royal
Society of the United Kingdom,
and the Chinese Academy of Sci-
ences convened the First Interna-
tional Summit on Human Gene
Editing to discuss the scientific,
social, ethical, and regulatory
questions raised by somatic-tissue
editing and germline editing in-
volving either gametes or embryos.
The organizing committee recog-
nized the imminent clinical ap-
plication of somatic-tissue editing
to treat disease, and it endorsed
further research on genome edit-
ing in human embryos to explore
early human development and de-
fine the fidelity of genome edit-
ing for averting genetic disease
in children. The committee stat-
ed strongly that any clinical use
of the latter would be premature
and irresponsible and called for
further deliberation by internation-
al groups to promote a uniform
scientific and ethical framework
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and to determine which, if any,
clinical indications might be
deemed permissible.

The Second International Sum-
mit on Human Genome Editing,
held in Hong Kong in November
2018 under the auspices of the
U.S. National Academies of Sci-
ence and Medicine, the U.K. Royal
Society, and the Hong Kong Acad-
emy of Sciences, was dominated
by the startling announcement of
the birth of the genome-edited
twins. Nonetheless, the organiz-
ing committee reiterated that “the
scientific understanding and tech-
nical requirements for clinical
practice remain too uncertain and
the risks too great to permit
clinical trials of germline editing
at this time” and that He’s report
was “deeply disturbing . . . irre-
sponsible and failed to conform
with international norms.”

The 2018 summit also high-
lighted the scientific advances of
the past 3 years, which have yield-
ed remarkably precise editing tech-
niques with vanishingly low rates
of off-target mutagenesis, as well
as new base-editing methods that
avoid potentially deleterious DNA
double-strand breaks. Equivalent
progress has been made in the
ethical arena. Virtually all of the
60-plus groups that have reported
on the scientific and ethical land-
scape of genome editing® have
deemed clinical embryo editing
premature, but some acknowledge
its potential permissibility for
avoiding the transmission of ge-
netic disease by at-risk couples.
This potential is predicated on
achievement of greater scientific
understanding and broader soci-
etal acceptance of specific clini-
cal uses.

On the scientific front, any
translational pathway will require
standards to define on-target ef-
ficacy and potentially off-target,

deleterious mutations. Functional
assessments in cells and model
organisms are essential to further
elucidate the risks of toxicity. For
genome editing in human em-
bryos, consensus will be needed
about techniques that minimize
mosaicism — the incomplete or
nonuniform editing in the indi-
vidual cells of early embryos. Un-
answered questions include how
best to standardize clinical ap-
proaches, how to ensure practi-
tioner expertise before clinical
practice, and how to monitor chil-
dren born after the use of these
methods while respecting their
privacy.

There are also difficult ques-
tions about cost, accessibility, and
social justice that will need an-
swers once the methods are shown
to be effective and safe. And
there’s the question of whether we
need a licensing or regulatory au-
thority with the expertise to eval-
uate the nature of specific genetic
alterations, the clinical need for
them, relevant preclinical data,
and clinical protocols.

On the ethics front, virtually all
deliberative bodies have called for
broad public engagement in con-
sideration of various applications,
and they recommend that genome
editing in human embryos pro-
ceed only if the scientific and
societal issues can be adequately
addressed, as determined in coun-
tries or regions exerting regulato-
ry jurisdiction.

Of greatest concern is editing
of genes to confer advantageous
traits not related to avoiding dis-
ease or preserving health. Efforts
to optimize traits such as intelli-
gence, memory, creativity, bravery,
or strength raise the specter of
eugenics — and thorny questions
about social justice. If ever al-
lowed, would such interventions
be accessible to only a privileged
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few and thus exacerbate inequal-
ity? What about potentially ad-
vantageous editing of genes that
confer risk of cardiovascular dis-
ease, stroke, dementia, cancer, or
susceptibility to infectious disease
(as in He’s experiment, whose goal
was resistance to HIV)? Here the
risk—benefit balance is harder to
calculate, and most groups have
concluded that such trade-offs
cannot be rationalized right now,
at least not without more exten-
sive knowledge of the genes and
gene variants involved.

Which leaves prevention of dev-
astating genetic conditions as the
most compelling potential appli-
cation of germline genome edit-
ing. There are thousands of such
conditions known to result from
rare gene variants with mende-
lian inheritance in which the dis-
ease allele is well understood
and its reversion to the common
form in the healthy population is
unlikely to do harm. When both
members of a couple carry homo-
zygous recessive disease alleles or
one is homozygous for an autoso-
mal dominant disease allele such
as that for Huntington’s disease,
genome editing offers the only
prospect of bearing a healthy, ge-
netically related child. Though
such cases are exceedingly rare
overall, they occur in clusters
when the disease allele’s frequen-
cy is high within a social or geo-
graphical group. Moreover, rarity
has never kept families from pur-
suing medical solutions; indeed,
the ultra-orphan diseases that have
driven the aggressive pursuit of vi-
ral gene therapy are far rarer than
the many single-gene disorders
that might be addressed by ge-
nome editing in human embryos.

Regarding the more common
challenge — couples at risk of
transmitting an autosomal reces-
sive or dominant genetic disease

NEJM.ORG

Downloaded from ngim.org at UNIVERSITY OF WASHINGTON on January 17, 2019. For personal use only. No other uses without permission.

Copyright © 2019 Massachusetts Medical Society. All rights reserved.



PERSPECTIVE

— it has been argued that ge-
nome editing is unnecessary be-
cause IVF with preimplantation
genetic diagnosis (PGD) can iden-
tify disease-free embryos. Unfor-
tunately, in the majority of such
cases, PGD fails to result in the
birth of a healthy child. Many
embryos are unsuitable for trans-
fer because they are affected by
the genetic disease or are of poor
quality. Moreover, in some women
and in some genetic conditions
that compromise fertility, few em-
bryos can be obtained. Data from
the European Society of Human
Reproduction and Embryology
Consortium suggest that in 2011-
2012, the success rate of PGD for
preventing monogenic diseases
was 20%.* The PGD Centre of
Béclere-Necker Hospitals reported
successful live births after only
18% of cycles in which oocytes
were retrieved, and an overall rate
of births of healthy babies of only
27% among couples who under-
went multiple cycles.> A substan-
tial percentage (27%) of PGD
cycles produce no viable, disease-
free embryos for transfer.
Autosomal dominant diseases
(e.g., myotonic dystrophy, Hun-
tington’s disease, and neurofibro-
matosis type 1) are common indi-
cations for PGD. Here, the failure
rate is higher because only 50% of
embryos are expected to be dis-
ease-free. Applying genome edit-
ing could rescue otherwise viable
embryos that were carrying the
abnormal allele and theoretically
double the probability of the birth

of a healthy baby. Moreover, ge-
nome editing at the very early stag-
es of human development may be
more effective than somatic ther-
apies at eliminating a genetic de-
fect: it would not only treat the
individual but would also eradi-
cate the disease from subsequent
generations. With some condi-
tions, such as diseases affecting
motor neurons or the brain, by
the time of birth, it is already too
late to use somatic therapies.

The risk of genetic disease in
offspring of unrelated individuals
is estimated at 1 to 4%. With the
rise of consumer genomics and
the falling cost of whole-genome
sequencing, atrisk couples are
bound to seek any future genetic
interventions that permit them to
have healthy children. Moreover,
with the increasing success of con-
ventional treatments and somatic
gene therapy, many more people
with genetic diseases will survive
to reproductive age and want to
have their own children without
passing on the disease gene.
Germline genome editing may
ultimately prove a more efficient
and effective means of eliminat-
ing disease.

The prospect of genome editing
to prevent genetic disease, if deter-
mined to be safe, enjoys wide-
spread public support, as shown
by published opinion polls and en-
gagement activities. There is, how-
ever, robust opposition to editing
genomes to enhance human traits,
which suggests that applications
of any methods deemed permis-
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sible will have to be regulated to
protect against misuse. In the
long run, our greatest protection
against inappropriate genome ed-
iting may be the implausibility
of influencing traits such as in-
telligence, which emerge from
complex interactions among mul-
tiple genes and environments. Our
ignorance regarding such com-
plexity may ultimately save us
from the hazards of humanity’s
hubris.

Disclosure forms provided by the au-
thors are available at NEJM.org.
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