REWRITING NATURE: THE CASE OF HERITABLE
HUMAN GENOME EDITING?

DANA CARROLL"

Genome editing is a powerful technology that allows the modification of
individual DNA sequences in essentially any organism. The advent of Clustered
Regularly Interspaced Short Palindromic Repeats (“CRISPR”) has simplified
the procedures of genome editing, extending its range in research, medicine, and
agriculture. While scientists are busy modifying genomes, discussions of how
societies can find a path to derive the benefits of the technology and avoid its
misuses are welcome and timely.

In Rewriting Nature, Dr. Paul Enriquez draws on his training in both
biochemistry and the law.! As a partial solution to the existing gap, he advocates
for “a jurisprudence of scientific empiricism,” envisioning that incorporating
reliable scientific evidence into deliberations in the legal and regulatory spheres
will allow adoption of sensible uses of genome editing technologies while
avoiding capitulation to extreme advocates or extreme detractors.?

There is at least one positive sign that the legal profession is aiming to grasp
the basics of genome editing. In February of 2021, I participated in a workshop
on Emerging Areas of Science, Engineering, and Medicine for the Courts in
preparation for revision of the Reference Manual on Scientific Evidence, a
document meant to assist judges in cases involving complex technical issues.? I
discussed genome editing in this context, and I think there is reason to expect
that the technology will be included in the next edition of the reference manual.

In the early part of his book, Dr. Enriquez compares the genome editing
revolution to the equally paradigm-disrupting development of molecular cloning
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and ensuing methods for manipulating DNA in the 1970s.* This is an apt
comparison, but there are significant differences that pertain to the law.

In 1975, 1 attended the Asilomar Conference on Recombinant DNA
Molecules (the “Asilomar Conference”) that was called to assess potential uses
and hazards of our new capabilities for joining and propagating DNA segments
from different organisms.’ I was also present at both International Summits on
Human Genome Editing (the “International Summits”) in 2015 and 2018 that
were called for similar purposes.® The key difference between the Asilomar
Conference and the International Summits is that, in 1975, we were basically
ignorant about practical uses of recombinant DNA and what mishaps might
occur. By 2015, we had extensive knowledge of how genome editing could be
used and, at least in outline, what might go wrong in various arenas.

As a result of the lack of experience with recombinant DNA in the 1970s,
people began to envision horror scenarios, where modified hybrid organisms
escaped the lab and wreaked havoc on people and environments. In 1976, the
City of Cambridge, Massachusetts, instituted a ban on recombinant DNA within
its borders—which was reversed six months later.” My sense is that the public
reaction to genome editing has been more muted and more focused on potential
medical benefits.

There are many issues in Rewriting Nature that deserve discussion, but I want
to focus on emerging and potential uses of genome editing to prevent, cure, or
mitigate the effects of human diseases. This is an area of intense research and
significant promise.

Clinical trials involving somatic genome editing—i.e., modifying the genome
of cells in an existing patient—have been going on for quite some time,® and
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recent ones based on CRISPR show promise.’ Because the goals and technical
approaches of such therapies closely resemble those of prior gene therapies,
there is a solid legal and regulatory framework to deal with issues of safety and
efficacy, as Dr. Enriquez and many others have concluded.

The same is not true for genome editing in the very earliest human embryos,
where the goal is to ensure that the intended modification is carried in every cell
in the child ultimately born. This is termed germline or heritable human genome
editing (“HHGE”). Here, the issues are more concerning because we currently
know less about potential adverse outcomes. The induced changes will be
present in the germline—sperm or eggs—of the treated person and thus will be
passed on to his or her offspring and beyond. Accordingly, the process
fundamentally alters the inheritance of a human being.

There are easily envisioned potential benefits of HHGE: eliminating a
mutation responsible for a devastating disease or reversing a predisposition to
cancer, for example. Dr. Enriquez is quite optimistic about the future of HHGE
and presents legal arguments for permitting it, including the right to procreate
and the right to parental autonomy.!'® There is also an ethical argument for the
right to benefit from publicly funded technology. There are, however, reasons to
be very cautious.

HHGE is the method that led to the birth of the “CRISPR babies” in China in
2018.'"! Dr. He Jiankui made a relatively simple modification to a standard in
vitro fertilization (“IVF”) procedure with the intent of installing genomic
protection against HIV infection.!> When He and his team added sperm to the
eggs, they injected CRISPR reagents into the egg to disable a gene called
CCRS5.13 Dr. He was roundly criticized for doing this and was eventually fined
and jailed.!* Here are some of the reasons why the scientific community was so
surprised and unsettled.

First, current heritable genome editing technologies have not been shown to
be sufficiently safe and effective to warrant clinical use. With current tools, we
cannot make only the genomic change we intend without inducing undesired
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changes, either at the intended target or at other sites in the genome. A recent
report from an international commission, on which I served, sets out the
procedural standards that would have to be met before initial clinical uses of
HHGE should be contemplated.!>

Second, it has not been demonstrated that either the editing process itself or
the genomic changes it induces will not have consequences during embryonic,
fetal and postnatal development. In this light, even the very first clinical uses
should be restricted to cases of serious, monogenic diseases, for which a clear
causative mutation is identified.!®

Third, only in very rare situations would prospective parents not have
alternative means of having a healthy, genetically related child, at least in
principle. For example, couples can already use IVF with preimplantation
genetic testing (“PGT”) to detect potential offspring with some conditions
before implantation. Only when couples are both homozygous for a serious
recessive condition, like sickle cell disease, or when one parent is homozygous
for a dominant condition, like Huntingtonss disease, would the couple not
benefit from IVF with PGT. In such situations, the benefit of having a
genetically related child could counterbalance the potential harms of HHGE,
once safety and efficacy are demonstrated.

Fourth, our understanding of human genetic interactions is lacking in many
respects. Even in the case of monogenic conditions, the commission’s
recommendation is to limit the use of HHGE to restore a common, non-disease-
causing sequence at the target site, because the creation of other, novel
sequences could lead to unpredictable consequences.!”

One example of the possibility for unanticipated interactions arises in the case
of the “CRISPR babies.” There are humans who naturally lack a functional
CCR5 gene—the gene targeted by Dr. He—and are resistant to AIDS.!3
However, the responsible variant is found mostly in northern European genomes
and is extremely rare in Asian genetic backgrounds.!” CCRS5 is a highly
conserved gene and undoubtedly serves a critical function. It seems likely that
there has been some sort of genomic adaptation to the loss of this function in
Europeans—perhaps by the modification of other genes—that would not be
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present in Asian genomes. We have seen no reports on the status of the CRISPR
babies since their birth. I hope they are healthy.

The case of polygenic conditions mediated by variants in multiple genes, like
obesity, height, or intelligence, is even more challenging. Using whole genome
association studies, people claim to have identified dozens or hundreds of
genomic sites that are linked to intelligence, but each single one makes only a
tiny contribution.?’ Changing one such target would have a negligible effect, and
the effect of changing many at the same time would be unpredictable given the
influence of genetic background. (This is to say nothing about how intelligence
is measured in these studies.)

20 See, e.g., Jeanne E. Savage, Philip R. Jansen, Sven Stringer, Kyoko Watanabe, Julien
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Like Dr. Enriquez, the commission outlined categories of potential uses of
HHGE,?! but ours were based more on an outcomes analysis—i.e., comparing
the potential harms to the potential benefits. From this perspective, it is difficult
to understand why Dr. Enriquez rates the treatment of some disabilities as less
permissible than cosmetic enhancements.?? It is good to be sensitive to people
with disabilities, but the benefits of cosmetic enhancements are quite dubious
and the results are still likely to increase discrimination.

The adoption of genome editing for clinical purposes, whether somatic or
heritable, will inevitably exacerbate current inequities in medical treatments.
The procedures are technically complex, require specialized facilities, and if
experience is anything to go by, will be enormously expensive. Scientists should
be working on methods that sharply reduce costs,?? and it will be up to social
and political institutions to devise approaches that equalize access. A World
Health Organization committee took up the latter topics in a recent report.>*

With additional research, HHGE may be shown to be safe for clinical use with
appropriate precautions, or adequate safety and efficacy may prove difficult to
attain. My view is that HHGE is going to happen, but until the science has
progressed, it important to suppress unauthorized uses by rogue actors. This is
certainly an area where regulation and enforcement have a role to play. Since
HHGE is currently not permitted in the United States and many other countries,
in agreement with Dr. Enriquez, I see no reason to adopt new laws governing its
use until we have a clearer view of its real hazards and benefits.

While heritable human genome editing may yield benefits in the future, there
are significant hurdles to navigate before we get there.
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