REVISTA IBEROAMERICANA DE

FERTILIDAD

Human germline genome editing: update on basic and preclinical research,
ethical considerations and possible candidate to substitute PGT in the
clinics

La edicion del genoma humano en la linea germinal: actualizacion de inves-
tigacion basica y preclinica, consideraciones éticas y posible candidato
para sustituir PGT en las clinicas

Marta Lépez-Moraté!, Marina Sdnchez?, Joaquin Rueda’

"Doctora en Genética humana. Colaboradora en Unidad de Genética HLA Vistahermosa. Cdtedra de
Biomedicina Reproductiva Vistahermosa, UMH. Alicante, Spain.

Licenciada en Biotecnologia. Master de Medicina y Genética Reproductivas. Facultativa en Unidad
de Genética HLA Vistahermosa. Catedra de Biomedicina Reproductiva Vistahermosa, UMH. Alicante,
Spain.

3Licenciado y Doctor en Medicina y Cirugia. Catedratico Universidad. Universidad Miguel Herndndez.
Director de la Unidad de Genética HLA Vistahermosa. Catedra de Biomedicina Reproductiva Vistaher-
mosa, UMH. Alicante, Spain.

SUMMARY

Nowadays thousands of families are affected by a genetic disease. Germline genome editing has the
potential to correct mutations and prevent the transmission of such diseases. Different editing tools are
currently available to edit the genome, and they have evolved in the last few years. Such tools include
the CRISPR/Cas9 system and, more recently, the BE3 system. Nonetheless, these tools have technical
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and ethical problems, which are discussed here, but it seems that the scientific community is moving towards a future ap-
plication of gene editing in the human germline. In this non-systematic review we provide an update on the last experiments
performed in embryos, and on the gene editing tools employed, and review the main technical and ethical problems that
arise from this topic. We conclude this work considering different points of view regarding the applicability of gene editing
in the clinics and its relationship with the current PGT techniques. The articles reviewed reveal that human germline gene
editing still comes associated with technical and ethical problems that need to be solved before it can be applied in the cli-
nics. However, progress made in the pre-clinic research is promising, especially with the BE3 system. Furthermore, it
seems that the scientific community is in favour of using gene editing in the human germline in the future once all the
problems are solved and the technologies are perfectioned. The progress presented here in the preclinic research, regarding
the BE3 system, and our call for more basic research, will allow in the future to overcome the technicals and ethical pro-
blems presented here, in order to be able to apply gene editing techniques in assisted reproduction clinics. The benefits
would have a great impact in the life of many couples. Nonetheless, there is still a long way to go, and more basic research,
as well as international debates, are urgently needed in order to discuss how to regulate, and for what applications, gene
editing in the human germline once the tools are ready to be used.

( Rev. Iberoam. Fert Rep Hum, 2021; 38; © Revista Iberoamericana de Fertilidad y Reproduccion Humana)
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RESUMEN

Actualmente miles de familias estdn afectadas por una enfermedad genética. La edicién genética de la linea germinal tiene
el potencial de corregir mutaciones y prevenir la transmision de dichas enfermedades. Diferentes tecnologias de edicién
genética estan actualmente disponibles para editar el genoma, las cuales han ido evolucionando en los dltimos afos. Estas
tecnologias incluyen el sistema CRISPR/Cas9 y, mis recientemente, el sistema BE3. Sin embargo, estas tecnologias vienen
asociadas con problemas técnicos y éticos, los cuales son discutidos aqui, pero parece que la comunidad cientifica se
mueve hacia una futura aplicacion de la ediciéon genética en la linea germinal humana. En esta revisién no sistematica, se
muestra una actualizacién de los dltimos experimentos realizados con embriones humanos, y de las tecnologias empleadas,
y se revisan los principales problemas técnicos y éticos derivados de la edicion genética en embriones humanos. Se con-
cluye este trabajo considerando diferentes puntos de vista en cuanto a la aplicabilidad de la edicién genética en las clinicas
de fertilidad, y su relacién con la actual técnica de PGT. Los articulos revisados revelan que la edicidn genética de em-
briones humanos atin va asociada a problemas técnicos y éticos que necesitan ser resueltos antes de que se pueda aplicar
en las clinicas. Sin embargo, el progreso realizado a nivel de investigacion preclinica es prometedor, especialmente usando
el sistema BE3. Ademds, parece que la comunidad cientifica estd a favor de usar la edicién genética en la linea germinal
humana en el futuro, una vez se hayan resuelto todos los problemas existentes. El progreso cientifico presentado aqui,
junto con una llamada de atencién para la realizacién de mds investigacion bdsica, permitirdn en el futuro superar y resolver
los problemas técnicos y éticos expuestos en esta revision, con el fin de que las tecnologias de edicion genética se puedan
aplicar en clinicas de fertilidad. Los beneficios podrian tener un gran impacto en la vida de muchas parejas. Sin embargo,
atn queda un largo camino por recorrer, y mds investigacion basica, asi como debates internacionales, son tremendamente
necesarios para discutir y decidir como regular, y para qué aplicaciones permitir, la edicidon genética en la linea germinal
humana una vez que las tecnologias sean completamente seguras y eficaces.

( Rev. Iberoam. Fert Rep Hum, 2021; 38; © Revista Iberoamericana de Fertilidad y Reproduccién Humana)
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INTRODUCTION

Nowadays there are around 10,000 monogenic diseases
(caused by a mutation in a single gene), which affect thou-
sand of families worlwide. However, approved treatment is
available only for less than 6% of these diseases (1). The
correction of the mutations that cause these diseases in
human embryos could decrease the prevalence of such di-
seases in fetuses and new borns and prevent the transmis-
sion to the offspring, and at the same time it could improve
the success rates of the assisted reproduction techniques.
The technologies to edit the DNA have a great potential to
modify human and non human genomes and they have allo-
wed for great scientific discoveries in the last decades. Such
technologies include zinc-finger nucleases (ZFNs) (2),
transcription activator-like effector nucleases (TALENSs)
(3), the clustered regularly interspaced short palindromic
repeat (CRISPR)/CRISPR-associated (Cas) nuclease
system (CRISPR/Cas) and different base editor systems,
specifically the Base Editor 3 system (BE3) (4). The
CRISPR/Cas9 system has been the gene editing tool mainly
used in the last years, due to its high efficiency, the ease of
design, the simplicity and the possibility to direct it to vir-
tually anywhere in the genome (5). Nonetheless, the BE3
system has been used recently to edit human embryos as it
has high efficiency as well, and seems to produce less off-
target mutations and mosaicism (6).

Both systems are used to modify the genome, but there are
differences between them and they have a different mode
of action. The CRISPR/Cas9 system consists of a Cas9 pro-
tein and a guide RNA (gRNA) of around 100 nucleotides
(nt) (7). The first 20 nt in the 5’ end of the gRNA give spe-
cificity to the system, as they are complementary to the tar-
get sequency and bind to the DNA. The rest of the
nucleotides of the gRNA form a scaffold, which the Cas9
uses to attach to the DNA and create a double-strand break
(DSB) (8). This complex can be directed to virtually any
secuence in the genome, as long as it is adjacent to a pro-
tospacer adjacent motif (PAM), consisting of the trinucleo-
tide NGG (5, 8, 9). Following Cas9 target site cleavage, the
DSB generated can be repaired either by non-homologous
end joining (NHEJ), in the absence of a repair template, or
by homology-directed repair (HDR), in the presence of a
repair template (7, 10, 11). The NHEJ repair pathway results
in indels, such as insertions or deletions that can alter the
gene function and introduce unwanted mutations in the tar-
get site (11), whereas the HDR repair pathway allows for
precise modifications of the target site (7). To edit human
embryos, precise gene editing through HDR is required, no-
netheless the HDR repair pathway occurs at a much lower
frequency than the NHEJ repair pathway, which in turn re-
sults in a high rate of off-target mutations (12).

Base editors, on the contrary, do not modify the genome by
cleaving the DNA, so they could be an efficient and highly
specific alternative. The base editor is an RNA-complex con-
sisting of a cytidine deaminase enzyme (rAPOBEC1), the
Cas9 protein, and a uracil DNA glycosylase inhibitor (UGI)
(4). This complex can deaminate cytidine (C) to uridine (U)
without creating DSBs in the target sequence, and finally re-
sult in C-to-T (or G-to-A) conversion in the target sequence,
so this system could be used to correct specific mutations
that cause many genetic diseases, such as b-thalasemia, cau-
sed by mutations in the HBB gene (13). Kim et al. enginee-
red different types of base editors, using Cas9 proteins
containing different mutations, and the base editor 3 descri-
bed in his work (BE3) (rAPOBEC1-nCas9-UGI) showed the
best results (14). This is the system that has been used to edit
human embryos in the papers reviewed in this work.

The CRISPR/Cas9 system has been widely used in human
cells and in animals as a gene therapy, for gene function in-
vestigation and other applications (5, 8, 15-19). The same
for the base editor systems, wich have been used for base-
editing at single base resolution with high efficiencies in
plants, yeast, human cells, mouse zygotes and human tri-
pronuclear zygotes (4, 20-28). In viable and non viable
human embryos these technologies are allowed to be used
only in a few countries, but only for basic and preclinical
research purposes. Nonetheless, the generation of fetuses
from genome-engineered embryos is forbiden worlwide.

In this work we have reviewed all the available data on ex-
perimental works of gene editing in human embryos up to
date, using both the CRISPR/Cas9 system and the BE3
system, and we have also reviewed and analysed the most
important ethical aspects of human germline gene editing.
To conclude, as the main application of gene editing of
human embryos in the future would be to prevent the trans-
mission of genetic diseases, we also reviewed articles about
the possibility that gene editing could someday replace the
PGT, and have exposed the main arguments for and against
the case. In the light of the recent advances in this field, and
with the recognision of the World Health Organisation
(WHO), attributted by publishing a guide with recommen-
dations for gene editing in humans (29), it seems that gene
editing in the human germline will be performed sooner
than expected. Thus, this review will be of great interest to
help in its regulation and to identify the main obstacles that
still need to be resolved before the technique can be applied
in fertility clinics.

METHODS

PubMed was used to search for the literature that was then
reviewed for this non-systematic review. Two different se-
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arch equations were employed: “genome editing” AND
“embryo” AND “human”; and “human germline” AND
“gene editing”. The articles selected were written in English
language and focused on gene editing of human embryos,
the ethical considerations it has associated and also articles
that compared gene editing and PGT. All articles considered
to be out of topic were discarded, and eventually, a total of
41 papers were included in this review.

GENOME EDITING OF HUMAN EMBRYOS

Compared to other cell types or animal models, there are
only few papers about genome editing of human embryos
at the experimental level. This can be attributted to different
reasons, but mainly it is due to the lack of embryos available
to be edited. Many countries do not allow the creation of
embryos solely for research, and many others have strong
regulations for the use of embryos in research. These coun-
tries refer to the moral concerns of creating and using embr-
yos to be destroyed in the end (30). Because of this, most
of the research presented here has been perfomed in not via-
ble 3 pronucleus (PN) embryos, which could be seen as a
burden to move forward, as results may differ if the gene
editing would be performed in viable embryos instead. The
papers reviewed can be divided into preclinical research or
basic research.

USE OF GENOME EDITING TOOLS FOR
PRECLINICAL RESEARCH

The first time gene editing was applied in human embryos
was in 2015, when the CRISPR/Cas9 system was used to
demonstrate that the B-globine gene (HBB), could be edited
in 3 PN embryos, with efficiency rates higher than 50%.
Nonetheless, the DNA was repaired mainly by the NHEJ
pathway, hence introducing indels in the target sequence.
Furthermore, the authors reported the presence of off-target
mutations in other loci of the genome, as well as mosaic
embryos (31). Another two studies also employed the
CRISPR/Cas9 system in both 3 PN embryos (32, 33) and 2
PN embryos (33), in order to edit the genes CCRS (32),
RAG1, NEK1, G6PD and HBB (33), with efficiency rates
in all cases between 50% and 80%. As demonstrated in the
Liang et al. work (31), these two studies also detected mo-
saic embryos, both in 3 PN embryos and in 2 PN embryos,
and again, the DNA was preferentially repaired through the
NHEIJ pathway. It is worth mentioning that these works did-
n’t find off-target mutations in the sites analysed, although
the authors akwnowledge the need of a more exhaustive
analysis to completely rule out the presence of off-target
mutations in other loci of the genome (32, 33). The last of

the works that used the CRISPR/Cas9 system edited both 2
PN embryos and gametes, to correct a mutation in the
MYBPC3 gene, which causes a hypertrophic cardiomio-
pathy (34). Efficiency rates were above 70% in both cell
types. Interestingly, microinjection of the CRISPR/Cas9
system in 2 PN embryos resulted in the production of mo-
saic embryos, whereas the co-injection of the CRISPR/Cas9
system and the sperm in MII oocytes didn’t produce mosaic
embryos. Regarding off-target mutations, no differences
were found between embryos and gametes, as no off-target
mutations were detected in any of them. Furthermore, in
both cell types the DNA was preferentially repaired using
the wild-type allele as a DNA template (34).

The last human germline gene editing works used the BE3
system to edit the genome. This gene editing system was
used in 2 PN embryos (1,35) and in 3 PN embryos (23,27)
to correct different genes (Table 1). In all cases the efficiecy
rates were above 40%, with most of the genes showing an
efficiency rate between 80% and 100%. None of these
works reported the presence of mosaic embryos, as well as
only very few off-target mutations were detected. Only
those works that edited 3 PN embryos reported low rates of
off-target mutagenesis, and only in specific genes (23, 27).

One of the main limitations of the genome editing tools that
need to be solved are the off-target mutations, both in the
target site and in other loci. Based on the reviewed papers,
we compared the results from the works that used the
CRISPR/Cas9 system, regarding the DNA repair pathway,
which as mentioned before, can be responsible for the in-
troduction of non-desired mutations in the target site. Figure
1 shows the different genes edited in the diverse works, and
the cell type used. As can be seen in the figure, when 3 PN
embryos are used the DNA is preferentially repaired
through NHEJ, which causes non desired indels in the target
sequence. Only when 2 PN embryos were used results im-
proved and the frequency of the HDR repair pathway incre-
ased, being even predominant in the Ma et al. work. We
would like to point out here that in the Tang et al. work,
when the HBB gene is edited both in 3 PN and 2 PN embr-
yos, the DNA is mainly repaired through NHEJ in 3 PN
embryos, whereas in 2 PN embryos, the DNA is repaired
both by NHEJ and HDR at the same frequency. This result
suggest that the cell type used for gene editing experiments
can affect the outcomes, so priority should be given to 2 PN
embryos or gametes for these type of works, as this would
be the cell type edited if gene editing tools are finally ap-
plied in the clinics.

The other main problem of genome editing in the human
germline is the mosaicism. The BE3 system appears to im-
prove the results (Figure 2), and in all cases the survival
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TABLA 1

Summary of the results presented in the papers reviewed that use genome editing tools to edit human embryos. For each author, there is information
about the technology employed, the cell type edited, the gene or genes edited, survival rates, efficiency rates and if mosaicism or off-target mutations

were identified.

iang et al. (31) CRISPR/Cas9 3PN embryo

ang et al. (33) CRISPR/Cas9 3PN embryo

2PN Embryo

iang et al. (35) 2PN embryo

Zhou et al. (27)

BE3 y SaKKH-
BE3

3PN embryo

rates were elevated, suggesting that these gene editing tools
are not toxic for the cells, and when optimized, they could
be used to edit the genome with high efficiency rates. In ge-
neral, all the reviewed works succeeded in editing the target
site with high efficiencies. However, more basic research in
the appropriate cell types is needed in order to increase our
knowledge abour genome editing tools and DNA repair
pathways.

USE OF GENOME EDITING TOOLS FOR BASIC
RESEARCH

Basic research is crucial to gain new insights about genome
editing in the guman germline and finally be able to opti-
mise the genome editing tools, in views of a future aplica-
tion in ferility clinics. The CRISPR/Cas9 system was used
to investigate the function of a gene involved in embryo de-
velopment (36), but mainly to study the DNA repair path-
ways in human embryos edited (37-39) (Table 2). These
works allowed us to understand a bit better how genome
editing works and what changes are produced in the DNA
after the cleavage of the Cas9 protein, which could help in

Not specified 60 Not determined
70
75-80

Not specified 50 No

Not specified 42 No
100 Yes (very low%)
67 No

the optimization of the technology. Nonetheless, all the re-
viewed papers employed the CRISPR/Cas9 system for basic
research, but none of them used the BE3 system. More ex-
perimental works for basic research are needed to fully un-
derstand how genome editing is performed and how the
DNA is repaired, and to increase our knowledge about the
gene editing tools, and specially more research should be
performed using the BE3 system, as it holds promising re-
sults as previously shown.

PROBLEMS ASSOCIATED TO HUMAN GERMLINE
GENOME EDITING

Since the development of the recombinant DNA technology
more than 40 years ago, many ethical debates about gene
editing have been performed. After the publication of Liang
et al. work back in 2015, in which they genetically modified
3PN embryos successfully, gene editing in the human germ-
line has been considered an option for the close future. This
work prompted the realization of many meetings gathering
scientifics, ethics, politicians, society representants and
other people in order to debate whether to allow or to ban
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FIGURA1

Comparison of the DNA repair pathways after cleavage by the Cas9 protein. The authors of the different papers are represented on the X axis, and
the percentage of embryos that repair its DNA through the different repair pathways is represented on the Y axis. Above the bars it can be found the
gene mutated (in black) and the cell type edited (in green).
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FIGURA 2

Mosaicism rates found with the CRISPR/Cas9 system or the BE3 system in the papers reviewed. Mosaicism rates were calculated according to the
number of genes from the papers reviewed in which the authors found mosaicism. The CRISPR/Cas9 system caused mosaicism in most of the genes
edited, whereas no mosaicism was found in any gene when embryos were edited with the BE3 system.
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TABLA 2

Summary of the results found in the papers reviewed that employ genome editing technologies for basic research. For each author there is information
about the technology employed, the objective of the study and the results found.

Author Technology Objective Results
Fogarty et al. (36) CRISPR/Cas9 Study of the function of OCT4 in OCT4 is required in early stages o
embryo development embryo development so that embryos
can develop properly to bastocys
stage.
Mitalipov et al. (37) CRISPR/Cas9 Study of the DNA repair path- In homocygous embryos for a muta-
ways tion, the DNA is repaired mainly using
the homologue wild type or by NHEJ.
In heterozygous embryos, the DNAis
repaired using the homologue wild
type.
Alanis-Lobato et al. (38) CRISPR/Cas9 Study of the DNA repair CRISPR/Cas9 increases the cromo-
pathways somic instability in human embryos
Cromosomic gain or losses are ob-
served adjacent to the target site of
the Cas9 protein.
Zuccaro et al. (39) CRISPR/Cas9 Study of the DNA repair pathways In Ml eggs inyected with the

CRISPR/Cas9 systen, the DNA is re-
paired before the first mitosis. In 2-cel
embryos inyected with  the
CRISPR/Cas9 system, the DNAis not
repaired before the first mitosis, which
leads to the loss of a parental cromo-
some.

the application of gene editing in human embryos in the cli-
nics. Furthermore, their objective was to raise awareness
about the main concerns regarding the gene editing tools
and the consequences of the human germline genome edi-
ting.

ETHICAL AND TECHNICAL PROBLEMS

One of the first groups in reacting to Liang et al. work in
2015 was the Hinxton Group (40), followed later on by
other three statements also published in 2015 from different
organisations. These were the International Summit on
Human Gene Editing, which gathered members of the Na-
tional Academy of Sciences (NAS), the National Academy

of Medicine (NAM) and the Royal Society of London (41);
the jointed statement from the American Society for Gene
and Cell Therapy (ASGCT) and the Japan Society of Gene
Therapy (JSGT) (42); and the statement from the Interna-
tional Society for Stem Cell Research (ISSCR) (43). All of
them recognised the great potential of the gene editing tools
for basic research and somatic use, to prevent diseases, to
create disease models or to correct gene defects, but they
also stated that the technology employed was not ready to
be used in human embryos aiming to become a new born,
as it comes associated with technical problems, mainly mo-
saicism and off-target mutations, which could harm in an
unexpected way the offspring of the edited embryos and the
future generations. Hence, all these problems need to be sol-
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ved before the technology can be applied in fertility clinics.
However, these societies are in favour of continuing the
basic and preclinical research to gain insights about the gene
editing techonologies and solve all the problems they pre-
sent, in views of a future application of the technology in
the clinics (41-43).

In general, all the statements reviewed here from the diffe-
rent societies agree about the great potential of the gene edi-
ting technologies. However, some of them are more
permisives than others. For example, members from the Eu-
ropean Group on Ethics in Science (EGE) and the American
College of Medical Genetics and Genomics (ACMG) con-
sider that the off-target mutations and the mosaicism are
problems that come with greater risks than the potential be-
nefits for the embryos. Hence, they do not make a clear sta-
tement about basic and preclinical research, but they
demand the prohibition of the clinical application of the
gene editing tools in human embryos, at least until the ethi-
cal and technical problems are all resolved. Furthermore,
they emphasize on the need of public debates and the need
of a moratorium on genome editing of human embryos (44,
45).

In a more open view of the matter, we find the European
Society of Human Reproduction and Embryology (ESHRE)
(46) and the American Society of Human Genetics (ASHG)
(47), which are in favour of continuing the basic and pre-
clinical research, even with public funds, but they demand
a strict regulation of the research and transparency in the
publication of the results. They also detail their main ethical
concerns, among which we find the risk to which the pa-
tients (the embryos) and the offspring are exposed to; the
lack of regulation; the need of good quality research to in-
crease the knowledge about gene editing tools; the impact
on society, in terms of justice and equity of access to avoid
discriminations (47); the preservation of the human dignity
and the genetic identity as a common heritage; the use of

the technology for non therapeutical uses; respect of the re-
productive autonomy; or the discrimination of persons with
some sort of disability (46). The ESHRE even adds certain
recommendations to its statement (Table 3).

These recommendations were reinforced by a new meeting
of the members of the NAS, the NAM, and the Royal Aca-
demy of London, which concluded in the Second Interna-
tional Summit on Human Genome Editing that the genome
editing technologies had greatly evolved, especially because
of the development of the base editor system, but they still
had technical problems that needed to be solved. Further-
more, there isn’t a proper regulation or a system that allows
to do long term follow-ups of the effects caused in the chil-
dren born from modified embryos. Hence, the basic and pre-
clinical research are needed, but it was still considered
irresponsible the application of genome editing in fertility
clinics (48).

The last of the organisations statements has been the one
published very recently by the WHO, as genome editing is
a rapidly emerging science and needs to be properly regu-
lated (29). This statement comes from a consultation that
lasted more than two years, and involved hundreds of par-
ticipants, such as scientists and researchers, ethics, patient
groups, faith leaders and others. They recognise the enour-
mous potential of the genome editing technologies, espe-
cially for somatic use, but they also have great concerns
when the modification would be performed in the germline,
as the changes would affect future generations. The recom-
mendations published will help the different countries to en-
sure that human genome editing is used safely, effectivelly
and ethically, and opens the door for a future application of
these technologies in the human germline once it is properly
regulated and the problems associated are resolved (29).
The main problems and concerns discussed over the years
by all these societies are summed up in Table 4.

In addition to these societies, many people, mainly resear-

TABLA 3

Recommendations stated by ESHRE about genome editing in human embryos.

+ The use of the technology must be controlled and properly regulated. Clinicians who perform it should hold a license and there should be an
organism responsible to register such licenses, do quality controls and write periodical reports.

+  Priority must be given to genes which cause more severe diseases.

+ The difference between “therapy” and “eugenics” must be clearly defined, to decide for what applications would genome editing be permited.

+  Afollow-up through the years of the children born from edited embryos must be performed.

+  Nowadays it would be irresponsible to apply genome editing in human embryos in the clinics and we must use other available techniques, such as

the PGT.
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TABLA 4

Summary of the main problems found by different societies regarding the use of genome editing technologies in human embryos. The concerns are
classified into technical, ethical and social problems.

Type of problem Concerns

Technical + Off-target mutations

. Mosaicism

. Epigenetic changes

. Unexpected harms to the children and future generations

. Poor knowledge about gene editing technologies

Ethical * Preservation of the genetic identity

. Protection of the human dignity

. Use of embryos as a tool to achieve a mean

. Lack of informed consent from the embryo and the future generations

. Harm in future generations due to unexpected effects from late appearance
Social + Disrespect of the reproductive autonomy

. Lack of justice and equity in the access to the technology

. Use for non-therapeutic purposes, such as genetic enhancement

. Discrimination of people with disabilities

. Discrepancy on whether to invest public funds or not

chers and ethics, have published their opinions on this topic.
The majority of them recognise the problems associated
with the genome editing technologies and agree that these
must be solved before the technology can be applied in the
clinics. However, some of them have a more positive atti-
tude towards the possibility of editing human embryos in
the future (49-52), amongst which we find Jennifer Doudna,
winner of the Nobel prize in Chemistry in 2020 for her work
with the CRISPR/Cas9 system (49). All of these recognise
the great benefits the genome editing could have for some
families, even outstanding the risks. On the contrary, other
personalities think that the risks would be greater than the
benefits and the technology could be used for non-therapeu-
tical uses, so they are in favour of banning the technology
and should not be employed in the future even if it is com-
pletely safe (53-56).

LEGAL CONCERNS AND REGULATION

In order to be able to apply genome editing in fertility cli-
nics in the future, this technology needs to be properly re-
gulated. Nowadays this mentioned regulation has not been
created, and let alone unified between the different countries
in the world, so we can find a huge diversity of policies and
guides on whether to allow or ban genome editing in the
human germline based on which country we are at.

The first reaction of the society was to ban genome editing

of human embryos. Back in 2015, a review of the state of
the regulations for genome editing in human embryos in dif-
ferent countries revealed that out of 39 countries reviewed,
29 of them completely banned genome editing in human
embryos through different guides and laws. Among these
countries we could find Canada, Spain, France, United
Kingdom or Australia (57). However, later on it was recom-
mended to allow genome editing in the human germline for
basic and preclinical research, and today, we can find a wide
range of laws, normative documents and policies in the dif-
ferent countries which state the degree of permisivity regar-
ding the use of genome editing for basic and preclinical
research and for clinical purposes (58).

One of the most recently published papers about this topic
analysed the different laws, guides and rules available in 96
different countries regarding genome editing in the human
germline. For non-reproductive purposes (basic and precli-
nical research), most of the countries do not have proper
laws or guides to regulate the research, whilst other 11 of
them completely allow it and other 19 of them prohibit any
kind of genome editing of embryos for research (Figure 3
A)). Regarding reproductive purposes (clinical application),
genome editing of human embryos is not permited in any
country. Most of these countries have firm laws to ban it,
whereas only a few of them prohibit it with excepcions or
do not have a proper regulation for the banning (Figure 3
B)) (59).
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Regulations from 96 countries about genome editing of human embryos. A) Regulations regarding genome editing of human embryos for non-repro-
ductive purposes (basic and preclinical research). B) Regulations regarding genome editing of human embryos for reproductive purposes.

A) Regulation of human germline genome editing
(Non-reproductive purposes)

Forbidden with exceptions
4

¥ Undetermined (6)

" Allowed (11)

® Forbidden (19)

¥ No relevant information
(56)

We mentioned before that international debates are needed
to decide whether to allow or not genome editing in the
human germline. These debates are also required to proper
regulate genome editing, and furthermore, each country has
to work individually to prepare laws for this technology.
This will be an important step and should be ready for when
the technology is ready to be used, so that its use is not de-
layed because of administrative and legal issues, if it is fi-
nally approved for use in clinics.

WILL GENE EDITING SUBSTITUTE PGT IN THE
FUTURE?

The main application of genome editing in the human germ-
line at a clinical level would be the prevention of the trans-
mission of diseases to the offspring. This would be achieved
by modifiyng embryos from affected or carrier couples, in
order to correct the mutation and give birth to a healthy
child. Nowadays there is a technology that allows us to pre-
vent the transmision of certain diseases, the PGT. Thus,
could genome editing end up substituting PGT in the fu-
ture?

Different specialists in the field have expressed their point
of views, and some of them are in favour and others are
against genome editing substituting PGT. We have classified
in the next sections the arguments exposed, in favour or
against the case. As can be seen, the arguments against are
weaker than those in favour of gene editing, and allowing
genome editing to be used in the clinics rather than PGT
could greatly benefit certain couples unable to have healthy

B) Regulation of human germline genome editing

(Reproductive purposes)

Forbidden with exceptions
5)
¥ Undetermined (3)

" Allowed (0)
" Forbidden (70)

¥ No relevant information
(18)

offspring solely with PGT (i.e. homoygous carriers for a re-
cesive disease, mitochondrial disease in the mother, parent
homozygous for a dominant disease).

ARGUMENTS IN FAVOUR OF HUMAN GERMLINE
GENOME EDITING

Genome editing of human embryos could have some ad-
vantages over PGT. For instance, it could be considered that
genome editing would have less moral problems associated,
as it could allow the correction of the embryos with muta-
tions for their transfer into the uterus. On the contrary, PGT
selects only those embryos without mutations and discards
those with mutations, which for some couples could not be
morally acceptable (60-65). Furthermore, by selecting
embryos by PGT, one can only prevent the transmision of a
disease, but if genome editing were to be used, familiar di-
seases could be completely eliminated (60). And in the case
all embryos were affected by a mutation, which happens at
a frequency between 16% and 20% (62), the PGT would
not allow the consecution of a healthy child, whereas the
mutation could be corrected by genome editing and embr-
yos could be transfered and this would increase the repro-
ductive autonomy of the couple (60). Similarly, in the case
of polygenic diseases or certain cancers, the PGT is very li-
mited, whereas genome editing is more versatile and offers
the possibility to edit different loci at the same time, which
could cure polygenic diseases or reduce the sensibility to
certain multifactorial diseases (61, 64). In other cases that
do not involve mutations, such as for example in cases
where a couple has a child with a disease which requires a
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transplant, the PGT can be used to search for compatible
embryos. Nonetheless, in the case no compatible embryos
are found, the couple would have to start the fertility cycle
again. Genome editing, on the contrary, could allow the
“creation” of a completelly compatible embryo for the sick
sibling, easing the obtention of a compatible child (61). All
of these are strong arguments in favour of genome editing,
and all of them contribute to achieve great benefits from
using this technology in fertility clinics once the technology
is ready.

ARGUMENTS AGAINST HUMAN GERMLINE
GENOME EDITING

In the oposite side we find those who think that genome edi-
ting could never substitute PGT in the clinics. One of the
main arguments for this statement is the concern about the
technical and ethical problems associated with genome edi-
ting technologies. This is a totally valid argument, but for no-
wadays. It is assumed that if these technologies are some day
used in fertility clinics, all the problems they present will have
been resolved. Thus, this argument would not be valid in the
future, at the time of use of the technologies (60).

Regarding the concerns about the inequity in the access to
the technology, this could be solved by simply properly re-
gulating the technology and with a good health plan. The
same applies for those who think that it will be difficult to
decide for what uses employ genome editing technologies,
as if this is not clear, the technology could be used for ge-
netic enhancement of the human race, which would not be
morally acceptable, and could alter the integrity of the
human genome (62, 66). Again, proper regulations are ne-
eded for when this technology is applied in the clinics, ho-
wever, the genome editing technologies would only correct
mutations, not introduce new DNA sequences, and the ge-
netic enhancement would be very difficult to acomplish and
it can be seen as science fiction rather than a possible option
in the future, because the traits to improve are multifactorial
(67). Hence, these are not strong enough arguments to ban
genome editing technologies (62).

There are those who think that genome editing technologies
do not respect the autonomy of the child to be born from
edited embryo, as it is impossible to obtain the informed
consent from the embryos that will be edited, and also from
the future generations (62). This is considered by some as
an attack to the physical integrity of these children (66), and
it can be considered unethical to put these children through
risks that are greater than the potential benefits (62). None-
theless, it is important to state here that embryos do not pro-
vide their informed consent to be selected by PGT either

and this didn’t stop this technology to be used. It was esti-
mated that the demand of genome editing would be low in
the clinics (60-62, 65) and it would not be worth the inves-
tment of money. Nonetheless, in the cases that PGT cannot
select a healthy embryo to be transferred, genome editing
could modify the embryos and increase the reproductive au-
tonomy of the couples (60-62). Do these people have less
rights to have healthi children than the rest of people? Doc-
tors should do everything in their power to help these kind
of couples, and especially if they have the means to do so.

It could be considered that the only strong argument against
using genome editing in the human germline is the fact that
in order to determine which embryos need to be edited,
these have to be analysed by PGT, so that the mutations are
discovered (61). However, the best moment to edit embryos
in order to avoid mosaicism is at the zygote stage. This
would mean that the embryos would have to be edited
“blindly”, before PGT could be carried out (61). An excep-
tion would be in the case all embryos are affected by a mu-
tation, becuase both parents present such mutation in
homozygosity, but these cases are rare.

In conclusion, genome editing technologies, if allowed in
the future, may not completely substitute PGT in the clinics,
but both techniques could be used in a complementary way,
especially in those cases where PGT would not be very use-
ful. Most of the scientific community seems to be in favour
of this situation if genome editing technologies are perfec-
tioned and are 100% safe (61-64, 66).

CONCLUSIONS

The scientific community is moving towards a future appli-
cation of genome editing in fertility clinics. Experimental
works performed up to date show promising results of the
genome editing technologies, even though there is still
much information we need to unravel with basic science.
This and the realization of proper debates will allow socie-
ties to reach a decision on whether to allow genome editing
of human embryos, and this should also include the creation
of proper reguation of the technology. The information ex-
posed in this work suggests that the technology could be
ready to be used in the clinics in the next few years, so it
will be important to focus on the problems presented here
in order to be able to overcome them for when the techno-
logy is ready. The scientific community has to work pro-
perly and toghether to reduce as much as posible the
potential risks of editing human embryos, as the benefits of
these technologies appear to be huge, especially for some
couples that do not have other alternatives to have healthy
offspring.
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