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Abstract—The development of a method for genome editing based on CRISPR–Cas9 technology was awarded The Nobel 
Prize in Chemistry in 2020, less than a decade after the discovery of all principal molecular components of the system. For the 
first time in history a Nobel prize was awarded to two women, Emmanuelle Charpentier and Jennifer Doudna, who made key 
discoveries in the field of DNA manipulation with the CRISPR–Cas9 system, so-called “genetic scissors”. It is difficult to 
overestimate the importance of the technique as it enables one not only to manipulate genomes of model organisms in scien-
tific experiments, and modify characteristics of important crops and animals, but also has the potential of introducing revo-
lutionary changes in medicine, especially in treatment of genetic diseases. The original biological function of CRISPR–Cas9 
system is the protection of prokaryotes from mobile genetic elements, in particular viruses. Currently, CRISPR–Cas9 and 
related technologies have been successfully used to cure life-threatening diseases, make coronavirus detection tests, and even 
to modify human embryo cells with the consequent birth of babies carrying the introduced modifications. This intervention 
with human germplasm cells resulted in wide disapproval in the scientific community due to ethical concerns, and calls for a 
moratorium on inheritable genomic manipulations. This review focuses on the history of the discovery of the CRISPR–Cas9 
system with some aspects of its current applications, including ethical concerns about its use in humans. 
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A HISTORY OF THE DISCOVERY OF THE MAIN 
COMPONENTS OF THE CRISPR–Cas9 SYSTEM 

CRISPR – clustered regularly interspaced short pal-
indromic repeats – were first discovered in the sequences 
of DNA from Escherichia coli bacteria and described in 
1987 by Ishino et al. [1] from Osaka University (Japan). 
At that time sequencing of these difficult-to-study DNA 
fragments took several months, but neither their origin 
nor their significance in the bacterial cell were under-
stood by their discoverers. Although in the early work in 
this field, the biological function of the CRISPR system 
had not yet been elucidated, scientists had already pro-
posed a way to use the information encoded in CRISPR 

Abbreviations: CRISPR-associated genes; CRISPR,  clus-
tered regularly interspaced short palindromic repeats; 
crRNA, CRISPR-associated RNA; PAM,  protospacer adja-
cent motif; sgRNA, single guide RNA; SpCas9,  Cas9 protein 
from Streptococcus pyogenes; tracrRNA, trans-activating 
CRISPR RNA. 

loci in medical research, namely, for genotyping various 
strains of bacteria: initially on Mycobacterium tuberculosis 
[2], and later on Streptococcus pyogenes [3]. As it turned 
out, CRISPR loci had a high degree of polymorphism in 
different strains of the same species of pathogenic bacte-
ria, which enabled the identification of bacterial strains 
in clinical conditions. 

A significant breakthrough in understanding the 
biological function of CRISPR loci occurred with the 
discovery of Francisco Mojica of the University of Ali-
cante (Spain), who came across similar structures in the 
archaeal genome of Haloferax mediterranei in 1995 [4]. 
Their presence in two evolutionarily remote domains of 
life suggested these elements’ great functional signif-
icance, and served as an impetus for further research. 
Mojica noticed the similarity of the elements he de-
scribed in archaea with previously found DNA repeats 
in bacterial genomes, and was one of the first scientists 
to hypothesize that these unusual loci include fragments 
of foreign DNA and are, in fact, a part of the immune 
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system of bacteria and archaea [5]. In the same year as 
Mojica, two other laboratories independently reached 
similar conclusions [6, 7], announcing the beginning of 
an era of active research into this extraordinary natural 
phenomenon. In line with the theory of the prokaryotic 
immune system, viral DNA fragments (“spacers” 17-84 
bases long), separated by short palindromic repeats (23-
50 bases [8]) and grouped into clusters in intergenic re-
gions, represent a library of potentially dangerous genetic 
information (for an overview of the microbial antiviral 
arsenal, see reviews by Isaev et al. [9, 10]). Initially, it was 
assumed that such a system would work by the mecha-
nism of RNA interference. However, in the publication 
of Marraffini and Sontheimer, it was experimentally 
demonstrated for the first time that the actual target of 
the immune system of prokaryotes was foreign DNA [11], 
and not mRNA, and, therefore, the use of such a system 
in the laboratory could represent a potential tool for ge-
nomic editing. Interestingly, later studies demonstrated 
that some of the described CRISPR systems do work with 
RNA molecules directly [12,  13] and, therefore, can be 
used to deactivate specific transcripts inside the cell in a 
selective way [14, 15]. 

The first experimental information about the mech-
anism of action of the CRISPR system was obtained in 
2007 in the studies of two French food scientists, Rodol-
phe Barrangou and Philippe Horvath, who worked with 
yoghurt cultures of bacteria Streptococcus thermophilus 
for the Danish company Danisco [16]. Due to the com-
pany’s rich collection of bacterial strains collected since 

the 1980s, scientists have been able to trace the histor-
ical course of the bacterial acquisition of spacers at the 
CRISPR locus in response to viral attacks by bacterio-
phages. The addition of new spacers in this work caused 
acquired immunity to the corresponding new types of 
bacteriophages in S.  thermophilus: observation which 
subsequently led to the authors obtaining one of the first 
patents in this area [17] and the start of bacterial cultures’ 
“vaccination” with the use of CRISPR-based technology 
by Danisco in 2005 [18]. 

Currently, CRISPR repeats have been found in most 
archaeal genomes and nearly half of the studied bacterial 
ones, but they have not been found in eukaryotic or vi-
ral DNA sequences. The existence of CRISPR repeats in 
mitochondria was suggested in one of the earliest publica-
tions on the subject (the same article described CRISPR in 
cyanobacteria for the first time) [19]. The authors used a 
set of previously published data on the sequencing of mito-
chondrial plasmids from Vicia faba L. beans [20], and their 
conclusions were further cited by Mojica  et al. [21], but 
these observations were not confirmed in later studies [8]. 

At the time of initial discoveries, a variety of differ-
ent acronyms was used for CRISPR by individual scien-
tific groups, which presently complicates the search for 
early articles on the topic. The current name for CRIS-
PR first appeared in Jansen et al. [22] in 2002 and was 
suggested by Mojica in correspondence between the two 
collaborating scientific groups. The same publication was 
the first one to describe the presence of genes associat-
ed with CRISPR repeats (named by the authors cas1-4, 

Fig. 1. Conventional classification of known CRISPR–Cas systems. 
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CRISPR-associated genes). These genes were found in 
close proximity to the CRISPR loci of various prokary-
otes, and two of them contained motifs characteristic 
of helicase and nuclease, which supported the authors’ 
hypothesis about the non-random association of the cas 
genes with the CRISPR locus, and their involvement 
in DNA metabolism. Also in 2002, the same neighbor-
hood of genes was described by a team of scientists led 
by Eugene Koonin from the NCBI Institute (Bethesda, 
USA), but the association of these genes with CRISPR 
arrays was not discerned by them at the time [23]. From 
the moment of the first discovery of genes associated with 
the CRISPR system, to the present day, their truly ex-
traordinary abundance and diversity have been found in 
prokaryotic cells, including representatives of the families 
of helicases, nucleases, polymerases, and others. Proteins 
associated with this system can be assigned to either the 
adaptive module (participating in the acquisition of im-
munity, main representatives  – Cas1 and Cas2), or the 
effector module (directly involved in the destruction of 
mobile genetic elements through their recognition and 
cleavage), with some additional and regulatory proteins 
also found to be associated with the system [24]. At pres-
ent, a way of classification is recognized in which all cur-
rently known CRISPR–Cas systems are divided into 2 
classes and 6 types, which, in turn, are also divided into 
numerous subtypes: at the time of writing the review, 
Makarova  et al. [25] described >30 subtypes (Fig.  1). 
The main difference between the classes is that the effec-
tor module of Class 1 systems is represented by a complex 
of several proteins, while in Class 2 it is a single multi-
domain protein (Cas9, Cas12, or Cas13) [26-28]. 

Of all the known Cas proteins, the most studied ones 
are the proteins belonging to the system of directional 
cutting of foreign DNA (and, as it was found out later, 
in some cases, RNA), the so-called “genetic scissors”, 
among which is the nuclease Cas9. This protein was first 
described in connection with its association with CRISPR 
repeats in an article by Bolotin et al. [6], where it was orig-
inally named Cas5 (other alternative names are Csn1 and 
Csx12). In addition, the authors identified the presence 
of the HNH motif (His-Asn-His), which is also found in 
other nucleases. Another important observation made by 
Bolotin et al. was the discovery of a specific pattern in the 
nucleotide sequences on one side of the described spacers 
of the CRISPR arrays, but the understanding of the role 
for this phenomenon was only revealed in later studies. 
Currently, short motifs adjacent to protospacers but ab-
sent in the original spacers of the CRISPR locus are called 
PAMs (protospacer adjacent motifs) [29]. Protospacers 
are DNA fragments that are attacked by the immune sys-
tem of prokaryotes, and are identical to the corresponding 
spacers at the CRISPR locus, except for the PAM motif. 
These motifs are important at the stage of recognition of 
potentially dangerous genetic information; their presence 
at the end of the sequence signals that the DNA fragment 

is foreign and needs to be destroyed, while the DNA se-
quences stored in the CRISPR locus as spacers and not 
containing PAM motifs are not attacked by the prokary-
otic immune system. 

A crucial player in the CRISPR–Cas9 system turned 
out to be a short RNA molecule, a processed product of 
transcription from the CRISPR locus that directs pro-
teins of the prokaryotic immune system to foreign mol-
ecules with genetic information. A group of researchers 
led by John van der Oost (Wageningen University, the 
Netherlands), who described the existence of such RNA 
molecules, gave them the name crRNA (CRISPR-as-
sociated RNA). It was also noted that the initial result 
of transcription from the CRISPR locus is a pre-crRNA 
precursor molecule consisting of several spacers and re-
peats, which is later cleaved into individual fragments 
[30]. In the work of the group led by Virginijus Siksnys 
(Vilnius University, Lithuania), it was demonstrated that 
the length of the actual “guide” crRNA sequence of 20 
base pairs, complementary to the target DNA, is neces-
sary and sufficient for the nuclease activity of the CRIS-
PR–Cas complex, even if the spacer in CRISPR locus is 
represented by a longer sequence of nucleotides [31]. This 
publication was one of two in  vitro studies, carried out 
in parallel and independently in competing laboratories, 
that described, for the first time, how the Cas9 enzyme 
uses crRNA to attack foreign DNA. 

The final missing piece in the puzzle, without which 
it is impossible to assemble a working CRISPR–Cas9 
system in vitro, turned out to be another short RNA mol-
ecule, discovered in connection with its participation in 
crRNA processing by Emmanuelle Charpentier’s group 
in 2011 [32]. This molecule, essential for nuclease ac-
tivity, was named tracrRNA (trans-activating CRISPR 
RNA). In subsequent work, ultimately acknowledged by 
the Nobel Prize, the role of tracrRNA in the mechanism 
of target DNA cutting was shown. It was also proposed 
at the time that two RNA molecules, crRNA and tra-
crRNA, could be combined into one chimeric molecule 
(sgRNA  –  single guide RNA), which greatly facilitated 
the practical use of the CRISPR–Cas9 system in subse-
quent applications [33]. Figure 2 shows the timeline of the 
historical events in the discovery of the CRISPR–Cas9 
system’s components: initially the CRISPR locus itself, 
then the proteins associated with it, including Cas9, and 
later, two RNA molecules necessary for the formation of 
the ribonucleoprotein complex and recognition of sub-
strate DNA. 

USE OF THE CRISPR–Cas9 SYSTEM 
IN EUKARYOTIC CELLS 

The discovery of the necessary and sufficient com-
ponents of the CRISPR–Cas9 system started a race to 
be the first to apply the system to the genetic editing of 
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Fig. 2. Historical timeline of discoveries of the components of the CRISPR–Cas9 system. 1987 – Short DNA repeats, later called CRISPR, were 
first noticed in bacterial genomes, and, in 1995, also found in archaea. 2005 – The role of CRISPR loci in the protection of prokaryotes from foreign 
genetic information was proposed, and the Cas9 protein was described for the first time (initial information on proteins associated with the CRISPR 
locus appeared in 2002). Two RNA molecules, crRNA and tracrRNA, were discovered as part of the complex in 2007 and 2011, respectively. The 
Nobel Prize-winning work, where all of the components were assembled in vitro and two RNA molecules combined into one strand for the ease of 
use of the system, was published in 2012. 

human and animal cells. In January 2013, almost si-
multaneously, five research articles authored by dif-
ferent research teams appeared, all reporting that they 
had achieved the goal. Two publications from the same 
issue of the journal Science, offering probably the best 
approach to the problem had been produced by the lab-
oratories of George Church (Harvard University, USA) 
and Feng Zhang (Broad Institute, USA). In these publi-
cations, it was shown that for successful DNA editing in 
human cells, it was necessary to carry out several steps: 
these include codon optimization and the addition of a 
nuclear localization signal to the cas9 gene, lengthening 
of the sgRNA molecule (to improve the efficiency of the 
system), as well as the possible addition of a DNA tem-
plate for homologous recombination with which the cells 
can repair the DNA double break (the last step was de-
scribed only by the group of G. Church) [34, 35]. Also 
in January 2013, similar publications came out from the 
laboratories of Jennifer Doudna (Berkeley College, USA) 
[36], Jin-Soo Kim (Seoul University, South Korea) [37] 
and J. Keith Joung (Harvard School of Medicine, USA) 
[38]. In the last article [38], the described work was car-
ried out on zebrafish rather than human cells but, impor-
tantly, the use of the CRISPR–Cas9 system on germline 
cells was demonstrated for the first time. 

FIRST CRYSTALLOGRAPHIC STUDIES 

The most studied protein from the Cas group is the 
Cas9 nuclease; in the ~20 years since the discovery of the 
cas genes more than 20,000 articles in the PubMed sys-
tem mention the name Cas9 in one context or another. 
Attempts to obtain detailed information about the struc-
ture of this protein resulted in the first two crystallograph-
ic studies being published almost simultaneously: in Feb-
ruary 2014 two crystal structures of Cas9 appeared in the 
database PDBe (“Protein Data Bank in Europe”), and 
the accompanying articles were published in the journals 
Nature and Cell [39, 40]. The structure that came out of 
the laboratory of Jennifer Doudna was of an apo-protein 
(PDBe ID 4cmp, PDBe DOI: 10.2210/pdb4cmp/pdb), 
while the research group of Osamu Nureki (University of 
Tokyo, Japan) succeeded in crystallising the protein in a 
complex with a “guide”-RNA and “target”-DNA (PDBe 
ID 4oo8, PDBe DOI: 10.2210/pdb4oo8/pdb). 

These, as well as many subsequent studies, used the 
Cas9 protein from S. pyogenes, SpCas9, which consists of 
1368 amino acids and is a multidomain and multifunc-
tional endonuclease. Crystal structures revealed that the 
Cas9 protein is spatially divided into 2 lobes: a target rec-
ognition lobe and a nuclease lobe, with the guide RNA 

BIOCHEMISTRY (Moscow) Vol. 87 No. 8 2022 



 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

   

 
 
 

 

 
 

 
 
 

781 CRISPR–Cas9: HISTORY AND ETHICAL ASPECTS 

Fig. 3. Three-dimensional organization of the Cas9 protein in the complex with “guide” RNA (sgRNA) and substrate (Target DNA), crystallographic 
data (PDB ID 5F9R, PDB DOI: 10.2210/pdb5F9R/pdb). 

and target DNA occupying the positively charged groove 
at their interface. The key structures of the nuclease lobe 
of SpCas9 are 2 domains: HNH and RuvC, each of them 
cleaves one of the target DNA strands. Figure  3 shows 
the general architecture of the SpCas9–sgRNA–DNA 
complex, where the complex secondary structure of the 
bound RNA molecule, and the unwound state of the 
double-stranded DNA molecule with the formation of a 
DNA–RNA heteroduplex can be seen (PDB ID 5F9R, 
PDB DOI: 10.2210/pdb5F9R/pdb, [41]). At the time of 
writing, hundreds of crystal structures of the Cas9 family 
proteins are available from the PDB, PDBe, and PDBj 
databases. 

PATENT DISPUTE 

The understandable motive of individual scien-
tists, as well as organizations involved in the study of 
the CRISPR–Cas9 system, was the possible financial 
gain potentially obtainable from the use of this promis-
ing technology. One of the first patent applications was 
filed jointly by the University of California at Berkeley, 
representing Doudna, the University of Vienna (where 
one of the two lead authors from the key publication on 
CRISPR–Cas9 worked [33]), and Charpentier as an in-
dividual inventor in accordance with the rules of the Uni-
versity of Umeå (Sweden), where Charpentier worked at 
the time of publication of the article [18]. This patent ap-
plication was filed in May 2012 [42], while in December 
2012 Zhang and the Broad Institute also submitted a pat-
ent application [43] simultaneously with the acceptance 

of Zhang’s paper on human cells’ editing for publication 
in Science [35]. Initially, it was Zhang’s application that 
turned out to be successful and resulted in a patent in April 
2014, while Doudna’s application was still pending at that 
time. Doudna’s team disagreed with the decision, after 
which a long dispute between the two parties followed, 
including appeals and court hearings which ultimately led 
to an ambiguous situation in CRISPR–Cas9 licensing. 
Due to the fact that by 2019 both competing parties had 
patents in this area, some of the biotech companies that 
used the CRISPR–Cas9 system on human cells received 
a license from the team of Doudna, while others – from 
Zhang. However, the U. S. Patent and Trademark Office 
Appeal Board in February 2022 again confirmed the pri-
ority of Zhang and the Broad Institute in the position of 
the patent holder for the use of CRISPR–Cas9 in human 
cells, which caused disappointment and frustration from 
the opposing side, and financial complications for com-
panies licensed by the team of Doudna [44]. Doudna and 
Charpentier, however, won a similar dispute in Europe, 
and also hold major patents on the use of technology in 
the U.K., China, Japan, Australia, New Zealand, and 
Mexico [18]. 

GENE THERAPY AND ETHICAL ISSUES 
ASSOCIATED WITH IT 

The haste with which competing laboratories sought 
to bring their research to the public’s attention, as well as 
the race to patent this technology, were indicators of the 
significance of this scientific breakthrough. Undoubted-
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ly, one of the main driving forces that motivated many 
scientists to take part in research using this particular 
technology was the potential of modifying human cells, 
both somatic and germline. However, despite the appar-
ent advantages of the CRISPR–Cas9 system, numerous 
ethical and technical difficulties stand in the way of re-
searchers who dream of curing life-threatening diseases, 
especially if the genetic changes resulting from such ma-
nipulations can be inherited. 

Gene therapy was administered for the first time 
in September 1990: a four-year-old girl suffering from 
adenosine deaminase (ADA) deficiency received an in-
fusion of genetically engineered T-lymphocytes. Cells 
taken from the girl’s blood were modified using a viral 
vector – a deactivated virus that carries a healthy copy 
of the gene. As journalists who covered the story noted 
“rarely in modern medicine has an experiment been filled 
with so much hope”, and the doctor who performed this 
procedure, W. French Anderson, became known as the 
“father of gene therapy”. As time went on, however, the 
disturbing evidence of the adverse side effects of some at-
tempts at gene therapy in both animals and humans be-
gan to accumulate. The tragic story of Jesse Gelsinger, an 
American teenager from Philadelphia who died from the 
effects of gene therapy in 1999, shocked the world and 
caused widespread skepticism and a significant delay in 
the development of the technology. In the case of Gel-
singer, a large-scale autoimmune response of the body 
to a viral vector carrying the ornithine transcarbamylase 
gene led to a sharp increase in body temperature, renal 
and pulmonary failure, jaundice, impaired blood clot-
ting, and subsequent death within only four days from the 
moment of gene therapy administration [45]. 

Extensive discussions of the safety and, important-
ly, the ethical issues arising from the possibility of po-
tential gene therapy with CRISPR–Cas9 began soon 
after the first publications showing this system’s use in 
human cells. One of the first steps in initiating formal 
discussions was taken by Doudna, who organized a con-
ference on scientific, medical, legal, and ethical issues 
related to the genomic modification, held in the Napa 
Valley in California in January 2015. A subsequent report 
of the results of the conference was published in March 
2015 in the journal Science [46], which essentially carried 
recommendations to strongly discourage work on intro-
ducing heritable changes in human embryonic cells, at 
least for the duration of active discussions of the social, 
environmental and ethical consequences of such manip-
ulations. Almost simultaneously with this report, a com-
ment was also published in the journal Nature about the 
serious risks linked to creating heritable changes in hu-
man embryos [47]. The authors expressed concerns that 
premature work on embryonic cells could have a nega-
tive impact on the field of gene therapy in general, and 
could set back the work of researchers attempting to treat 
genetic and infectious diseases in somatic cells for years. 

The March 2015 report from the Napa conference and 
the commentary in Nature urging not to edit the human 
embryonic genome were released amidst growing agita-
tion in the scientific community over leaked news that 
such experiments had actually already been carried out. 
A group of scientists from Sun Yat-sen University 
(Guangzhou, China), after unsuccessful attempts to get 
their manuscript accepted by the journals Nature and Sci-
ence, in April 2015 finally published their article on the 
use of the CRISPR–Cas9 system on human embryon-
ic cells [48]. The researchers emphasized that they used 
non-viable embryos obtained by the fusion of two sperm 
cells with one egg and, therefore, discarded by in vitro fer-
tilization (IVF) laboratories. The main conclusion of the 
article was that the CRISPR–Cas9 technology at the time 
of the study was not yet ready for use on human embryon-
ic cells due to the identified shortcomings in the system’s 
efficiency and specificity. A comment of the journal Pro-
tein  &  Cell (Beijing, China), that published this work, 
stated that the article (in addition to its scientific value) 
would promote an open exchange of information about 
current research in the area; and despite the ambiguity of 
the issue and conf licting opinions on the topic, the pub-
lication would stimulate the necessary discussions about 
genomic editing of germline cells. Interestingly, the man-
uscript had been sent to Protein & Cell together with the 
references obtained during previous attempts to publish 
the work, and was accepted by the editors for publication 
within two days from the date of submission. The subse-
quent debate in the scientific community was described 
as “epic” [49] and provoked interest in this complex issue 
from the wider public, as well as in governmental and reg-
ulatory organizations in various countries. 

The notorious scandals caused by the conduct of 
medical experiments on humans in the past have led to 
the creation of general international guidelines on bio-
ethics. The best-known documents in this area are the 
Nuremberg Code, developed after the trial of Nazi doc-
tors in 1947, and the subsequent Declaration of Helsinki 
from 1964, which expanded the principles of the code 
and detailed the application of these principles to clin-
ical research. Another important document, the Bel-
mont Report, was issued by the National Commission 
for the Protection of Human Subjects of Biomedical and 
Behavioral Research in the United States in 1978. This 
commission was created in the wake of shocking revela-
tions of an inhumane syphilis study from 1932 to 1972 in 
Tuskegee. For decades, hundreds of impoverished Afri-
can-American men infected with syphilis have been stud-
ied for the progression of their disease. Although peni-
cillin had become the standard treatment for syphilis by 
1947, it was not offered to study participants, despite the 
obvious physical suffering of the patients and the contin-
ued spread of the infection in their families. 

The Nuremberg Code, the Declaration of Helsinki 
and the Belmont Report are based on the basic ethical 
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principles of biomedical research, such as respect for the 
individual, informed consent of the patient, understand-
ing of the risks and benefits, voluntary participation, fair-
ness in the conduct of experiments, maximum profes-
sionalism of the researchers, etc. These principles, and 
their application in medical practice, are relevant to the 
events of November 2018, when the Chinese scientist Ji-
ankui He announced the birth of babies who, for the first 
time, had undergone gene modification using the 
CRISPR–Cas9 system. The injection of this system into 
the mother’s egg was made at the stage of the IVF proce-
dure immediately after the fusion of the sperm, and there-
fore all the changes potentially introduced into the ge-
nome during this procedure would be heritable. The world 
scientific community was shocked at how premature such 
medical experiments were, and the high degree of risk tak-
en by the researchers conducting the experiment. In par-
ticular, scientists were worried about the possibility of cre-
ating unplanned (“off-target”) mutations in the genome 
of future babies. At the time of the experiment He (also 
known under the shortened name JK – from Jiankui) was 
not a well-known figure in the CRISPR–Cas9 communi-
ty, however, after the announcement of his experiments, 
he attracted world-wide attention. He studied physics at 
the University of Science and Technology (Hefei, China) 
and then moved to the United States, where he received 
his PhD under the supervision of Michael Deem, Profes-
sor of Physics, Astronomy and Bioengineering at Rice 
University (Houston, Texas), and later worked as a post-
doc at Stanford University (California) in the laboratory 
of Professor Stephen Quake. In the group of Deem He 
used the methods of theoretical biophysics, mathematical 
modelling and computer simulations, publishing papers 
on, among other things, inf luenza virus strains and spacer 
sequences in CRISPR loci [50, 51], while in the laborato-
ry of Quake, he learned the methods of molecular biology 
and became interested in the innovative technologies of 
Silicon Valley. Returning to China, He continued his col-
laboration with Deem, and also successfully implemented 
the innovative ideas in the field of DNA sequencing of his 
second supervisor, Quake, creating a successful company 
Direct Genomics based on the technology [18, 52]. 
In China, he became quite famous as a young scientist 
and successful entrepreneur who had returned from 
abroad under the Thousand Talents program. He received 
a position and a laboratory at the Southern University of 
Science and Technology (SUStech, Shenzhen), and par-
ticipated in the creation of several start-up companies 
[53]. The next step in his career resulted in the biggest 
medical scandal of the last decade. In 2017 on WeChat 
social media platform, He announced that he was recruit-
ing volunteers from among married couples who wanted 
to produce children genetically modified to be resistant to 
the human immunodeficiency virus (HIV). Among the 
conditions of recruitment was that in the couple who 
wished to participate in the experiment both people had a 

university degree, so that they had enough educational 
background to understand the basics of science and med-
icine. A second condition was for the man to be HIV-pos-
itive and for the woman  – HIV-negative: a situation in 
which the risk of transmitting the virus to the baby would 
be minimal (provided that the sperm was “washed” during 
the IVF procedure), but made it likely that the couple’s 
motivation to participate in the experiment would be high 
[53]. He planned to modify the CCR5 gene, a known re-
ceptor on the cell surface, through binding to which the 
human immunodeficiency virus enters the cell. About 300 
people responded to the advertisement, of these, 20 cou-
ples were selected for the next round of consultations, 
during which the participants learned about the proce-
dure and the possible risks. From these consultations 11 
couples agreed to participate in the studies, of which seven 
were ultimately selected by the researchers for the next 
stage – the IVF procedure with an additional step of ge-
nome editing. The motivation of individual participants 
was, apparently, not only the possibility of having children 
(the IVF procedure in China is prohibited if one of the 
parents has HIV infection), but also the desire to take part 
in an “historic” experiment designed to benefit future 
generations [53]. Ultimately, after several unsuccessful at-
tempts, from a selected group of participants 2 pregnan-
cies led to the birth of babies who had undergone a ge-
nomic modification procedure using the CRISPR–Cas9 
system. Quite a lot is known about the first pregnancy, 
which resulted in the birth of two twin girls, Lulu and 
Nana (pseudonyms used in the press and scientific litera-
ture in order to protect their identity). Very little informa-
tion is available on the second pregnancy, which resulted 
in the birth of another child. Since this event occured after 
the scandal caused by the birth of the first twins, many 
details of the second pregnancy remained a secret. 
A manuscript written by He, based on the results of the 
first pregnancy and named “Birth of twins after genome 
editing for HIV resistance” remains unpublished, but has 
been leaked to the scientific community [54, 55]. It has 
become known, for example, that in one of the embryos 
both copies of CCR5 were inactivated (Nana), while in the 
second, only one was modified (Lulu) [56]. Therefore, 
only Nana has a chance to be protected from HIV infec-
tion in the future, at least from the main variants of the 
virus that enter the cell through binding to the CCR5 re-
ceptor. In the case of Lulu, unfortunately, the treatment 
will provide no protection, since one copy of the CCR5 
gene is enough to produce the corresponding receptor on 
the membrane. It is believed that two embryos were im-
planted in the uterus of a future mother in the hope that at 
least one of them will lead to the birth of a genetically 
modification baby. The twins were born premature (at 31 
weeks) and spent the first weeks of their lives in neonatal 
incubators but were otherwise described as “healthy” 
[53]. Scientists who had gained access to the unpublished 
manuscript of He, also noted that several cells selected for 
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sequencing early in embryonic development were in fact 
mosaics, an observation that led to increased criticism of 
He’s work. In the case of mosaicism, any information ob-
tained during the sequencing of selected cells cannot be 
extrapolated to the entire embryo as a whole. Therefore, at 
the time of the key decision of whether to transfer the em-
bryos into the womb, the researchers could not be sure 
that the CRISPR–Cas9 system did not produce any dra-
matic off-target mutations in the remaining cells of the 
embryos, even if the sequencing results showed the ab-
sence of such modifications in the selected cells. Many 
other aspects of the conduct of the study also received 
harsh criticism from the scientific and medical communi-
ty [54], including the questionable circumstances of ob-
taining permission from the ethics committee of a hospi-
tal in Shenzhen, the level of qualification of He for clinical 
research (lack of medical education and adequate experi-
ence in the field), the choice of the gene that has under-
gone editing (social rather than medical reasons for pa-
tients seeking help), possible side effects from the lack of 
a valid copy of CCR5, etc. According to an American car-
diologist and Professor of Medicine at the University of 
Pennsylvania Kiran Musunuru, the first babies of “the 
CRISPR generation”, unfortunately, were born not as a 
result “of a historic scientific achievement, but rather a 
historic ethical fiasco” [56]. A preceding PR-campaign 
conducted by He and his team resulted in fairly f lattering 
initial news coverage of his work in the People’s Daily (the 
largest newspaper group in China). However, the follow-
ing international scandal led to the placement of He under 
house arrest, and then to a 3-year prison sentence. He has 
already been released from prison, but little is known 
about his whereabouts and future plans [57]. 

A few months after the described scandal the Rus-
sian scientist Denis Rebrikov stirred up the international 
scientific community with a statement about his inten-
tion to become the second scientist in the world to create 
genetically modified babies. Rebrikov, a Professor at the 
Pirogov Russian National Research Medical University 
and Head of the Laboratory of Genomic Editing at the 
Center for Obstetrics, Gynecology and Perinatology, an-
nounced that his research facility was potentially ready 
to transfer modified embryos into the mother’s womb in 
June 2019 [58]. As in the experiments of He, he was plan-
ning to edit the CCR5 gene, and the preliminary work 
from his laboratory on non-viable embryos was published 
in the Bulletin of the Russian National Research Medical 
University [59]. The reaction of the scientific commu-
nity to the statement was heated and primarily negative. 
In October 2019 the journals Nature and Science pub-
lished news feeds reporting that at that time, Rebrikov 
had already switched to editing the GJB2 gene associ-
ated with inherited deafness, and was in the process of 
selecting couples who would agree to take part in the 
experiment [60, 61]. However, in numerous interviews 
with journalists Rebrikov emphasized that he would only 

conduct such experiments after obtaining all necessary 
permits from both regulatory and ethical authorities. 
This significantly distinguished his approach from He’s, 
who informed the scientific community about the birth 
of babies with a modified genome post factum. The Min-
istry of Health of the Russian Federation (following the 
recommendation of the World Health Organisation) later 
made a statement that the decision to grant permission 
for such a study would be premature and irresponsible, 
which prevented the further development of the situa-
tion at least until the situation in the regulatory sphere 
changes [62]. 

At the time of writing this review, the state of the 
legal framework that regulates the issue of genomic ed-
iting of human embryonic cells varies greatly in different 
countries. Thus, genomic modification of embryos for 
purposes other than reproductive is allowed in at least 
11 countries, including China, the U.S., and the U.K. 
Nineteen countries, including Belarus, Canada, Swe-
den, and Switzerland, prohibit such experiments. Many 
other countries (Russia among them) take an interme-
diate or indeterminate position. The situation with the 
introduction of inherited genomic changes into embryos 
subsequently used for reproductive purposes is even more 
complicated [63]. 

MEDICAL APPLICATIONS 
WITH HUMAN SOMATIC CELLS 

Despite increased attention to the introduction of 
heritable changes in germline cells, the less controver-
sial and currently more common use of CRISPR–Cas9 
for medical purposes is the modification of human so-
matic cells. As described above, in the first attempts at 
gene therapy (1990) an adeno-associated viral vector 
was used that delivered a healthy copy of the gene into 
cells (in the U.S. this technology was finally approved 
for clinical use only in 2017 [64]). The next step in the 
development of gene therapy was the introduction of ge-
nomic editing with the use of Homing Endonucleases 
(HEs), Zinc Fingers Nucleases (ZFNs), Transcription 
Activator-Like Effector Nucleases (TALENs), and later 
also CRISPR–Cas9 [65]. The first human clinical stud-
ies using CRISPR–Cas9 commenced in October 2016 
in China [66]. The PD-1 gene was inactivated ex vivo in 
blood cells in the hope that such modified cells, would 
attack the non-small-cell lung cancer that the patient 
suffered from when returned to circulation. In the U.S., 
ex vivo therapy using CRISPR–Cas9 was first performed 
in July 2019 on a patient with sickle cell anemia (CRISPR 
Therapeutics, founded by Charpentier). The therapy sig-
nificantly improved the patient’s condition for at least a 
few months after the procedure, however the cost of such 
treatment at the time of its implementation in the United 
States was estimated to be in the region of 0.5-1.5 million 
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U.S. dollars. The high current cost of CRISPR–Cas9 
therapy will probably act as an obstacle to its widescale 
use, even if clinical trials confirm the efficacy and safe-
ty of such treatment [18]. Currently, the most expensive 
drug on the market is Zolgensma, another gene therapy 
treatment used for spinal muscular atrophy ($2.125 mil-
lion per dose). Zolgensma directly delivers a working 
copy of the defective gene into cells with the use of ad-
eno-associated virus, a method different from genomic 
editing using nucleases [67]. 

The first example of an in vivo clinical study in which 
cells undergo in situ genomic editing with nucleases was 
performed using the ZFNs technology. Sangamo Thera-
peutics first performed this procedure in July 2017 on a 
patient suffering from Hunter syndrome (a rare genetic 
disease, form of mucopolysaccharidosis). The pioneers 
in using CRISPR–Cas9 for in  vivo genomic editing 
were Editas Medicine (March 2020) [68]. A drug called 
EDIT-101 was injected locally into the retina of a patient 
suffering from a form of inherited blindness caused by a 
mutation in the CEP290 gene. Currently, various clini-
cal studies are underway on the use of CRISPR–Cas9 
for the treatment of diseases such as Alzheimer’s disease, 
various types of cancers, high cholesterol, angioedema, 
acute myeloid leukemia, and even androgenetic alopecia 
(baldness). Another promising application for CRISPR– 
Cas9 in the future could be the treatment of infectious 
diseases caused by such pathogens as, for example, HIV 
and human papillomavirus [65]. 

CONCLUSIONS 

The discovery of CRISPR–Cas9 as an immune 
system in prokaryotes at the turn of the 20th-21st cen-
turies  –  a finding at first glance only relevant to mi-
crobiology  –  has led to a revolution in the field of ge-
nomic manipulations. New opportunities have opened 
up in multiple areas of biomedicine, such as molecular 
diagnostics of infectious and non-infectious diseases 
(e.g., genotyping of bacterial strains, detection of virus-
es, and identification of genetic mutations in circulating 
extracellular DNA in patients with lung cancer [69]), as 
well as in the development of a potentially new method 
of immunization, DNA vaccines [18]. One of the more 
unusual examples of the application of the CRISPR– 
Cas9 system was the cultivation of brain-like organelles 
carrying different variants of the important NOVA1 gene 
characteristic of modern humans, Neanderthals, and 
Denisovans [70]. The development of CRISPR–Cas9 
technology is a good example of how discoveries made 
in the course of basic research can change entire fields 
of science and technology, expanding the horizons of 
the possible. This ground-breaking technique is a wor-
thy continuation of such exciting scientific events as the 
publication of the double-stranded structure of DNA by 

Watson and Crick in 1953, the birth of the first child by 
in vitro fertilization in 1978, and the cloning of Dolly the 
sheep in 1996. In the coming years the scientific com-
munity will watch with interest the development of leg-
islation and ethical principles in the application of the 
CRISPR–Cas9 system in genome editing, as well as in 
what other areas of science this promising technology will 
find its application. 
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