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Abstract
Gene editing refers to the deletion, replacement, insertion, and other manipu-
lations of target genes to acquire novel functions or phenotypes, and even to
create new species. As a crucial and rapidly advancing research domain in life
sciences, the development and application of gene editing technologies have pro-
pelled genetic modification of organisms to unprecedented depths and scales,
making significant contributions to the functional dissection of specific genes.
This article provides an overview of current gene editing technologies, as well
as the challenges and opportunities in the field of gene editing in China, aiming
to enhance comprehensive understanding of this technological framework and
facilitate the identification of new breakthrough avenues in this domain.
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Preamble
Gene editing refers to the manipulation of target genes through deletion, replace-
ment, insertion, and other operations to obtain new functions or phenotypes,
and even create new species. As a rapidly developing field in life sciences, gene
editing technologies have enabled genetic modification of organisms to reach
unprecedented depth and breadth, making significant contributions to the func-
tional analysis of specific genes. This article provides an overview of current
gene editing technologies, as well as the challenges and opportunities facing
China in this field, aiming to enhance overall understanding of these technolog-
ical systems and help identify new breakthrough points.
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The rapid development of life sciences has ushered us from the “reading”stage
of genetic information into the post-genomic era, where “rewriting”and even
“de novo design”of genomes are gradually becoming reality. Synthetic biology,
aimed at designing and creating new life forms, has developed rapidly in this
context and demonstrated tremendous application potential in medicine, man-
ufacturing, energy, and other fields. De novo genome synthesis and large-scale
modification of natural genomes belong to the fields of synthetic genomics and
gene editing, respectively, both representing hot topics in current synthetic bi-
ology research. Synthetic genomics involves the de novo design, construction,
and functional characterization of genomes, representing a bottom-up research
strategy in biology; whereas gene editing focuses on rewriting genetic infor-
mation through molecular operations such as deletion, replacement, and inser-
tion on existing genomes, representing a top-down biological research strategy.
The organic integration of these two approaches will greatly drive innovation
in biomanufacturing, disease treatment, and other fields, while also providing
powerful technical means for functional genomics research in the post-genomic
era. The de novo design and synthesis of new life systems require not only
technologies for genome sequence synthesis, assembly, and transfer, but also
highly efficient, low-off-target editing technologies to enable large-scale genomic
modifications. Through continuous exploration, gene editing technologies have
evolved from initially relying on naturally occurring homologous recombination
in cells to targeted cleavage at virtually any site, with their simplicity and effi-
ciency greatly advancing the development of species genetic modification. Gene
editing can provide means for further modification of synthetic life and offer
more possibilities for creating new species.
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Abstract
Gene editing includes genetic manipulations like deletion, replacement, inser-
tion, etc., which aims to obtain new gene functions, phenotypes, and even new
species. As a burgeoning field of life science, gene editing has brought genetic
manipulation into an unprecedented grand state. Here, we summarize the de-
velopments of gene editing technologies, and the challenges and opportunities
we currently face, aiming to deepen comprehension of these technical systems
and help identify breakthrough points in this field.
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Gene Editing Principles
Gene editing technology is an application of DNA double-strand break (DSB)
phenomena and their repair mechanisms in organisms. As a common molec-
ular biology event, DSBs occur daily in actively dividing mammalian cells[1-
4]. Following DSB occurrence, cells can repair them through multiple path-
ways, including classical non-homologous end joining (NHEJ), alternative end
joining (a-EJ), single-strand annealing (SSA), and homologous recombination
(HR)[4]. HR enables precise and error-free repair but requires the presence of
a homologous template[5-7]; NHEJ directly ligates two DNA ends with largely
no homology[7], during which process both ends typically undergo deletion of
several nucleotides, representing an imprecise repair mechanism[8]. As auxil-
iary repair mechanisms, both a-EJ and SSA require more extensive resection of
single-stranded ends[4], which also leads to loss of genetic information. Based
on the principle of DNA break repair, if a specific homologous recombination
template is artificially provided in cells, and DSBs occur naturally or are in-
duced at target DNA sites, triggering HR repair, specific DNA sequences can
be deleted or exogenous genes inserted. Without providing a homologous tem-
plate, the imprecise repair mechanisms of NHEJ, a-EJ, and SSA can be utilized
to achieve gene mutation and knockout. Traditional gene editing relied on nat-
urally occurring DSBs in cells to achieve targeted integration[9], accomplishing
gene knockout, replacement, and other purposes. However, in eukaryotic cells,
the probability of achieving targeted gene editing through spontaneous DSBs
is typically as low as one in a million[10,11]. Artificial methods such as chemi-
cal inducers or radiation treatment, or transposon technologies, can also induce
mutations, but these mutations are random and require extensive subsequent
screening to obtain the desired genotype. Site-specific gene editing technology
represents the preferred strategy for gene function research and species-directed
modification.

Recombinant Nuclease-Mediated Gene Editing Technology

The development of artificial nuclease technology has enabled the induction of
DSBs at specific sites, with zinc finger nuclease (ZFN) technology representing
a milestone breakthrough, also known as the first-generation gene editing tech-
nology. ZFN consists of a zinc finger protein (ZFP) and the nuclease domain
of the FokI endonuclease, with the former responsible for DNA recognition and
the latter for DNA cleavage. ZFP is a naturally occurring protein structure
composed of zinc finger (ZF) motifs, each recognizing a specific 3-base pair se-
quence[11] (Figure 1a [Figure 1: see original paper]). Therefore, the recognition
specificity of ZFN can be adjusted by varying the number of tandem ZFs. FokI
is connected to ZFP via its N-terminus, and since FokI functions as a dimer,
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ZFNs must be designed in pairs[12]. As a novel gene editing tool, ZFN has been
used for gene editing in various species since 2001[11,13].

2.2 TALENs

ZFN technology ushered gene editing into an era no longer solely dependent
on naturally occurring DSBs, but it has significant limitations, including high
costs and difficulty in achieving multiplexed editing[11]. The discovery of TALE
(transcription activator-like effector) motifs gave rise to the second-generation
gene editing technology—TALENs (TALE nucleases). TALENs have a similar
architecture to ZFNs, with TALE motifs tandemly arrayed to form the DNA
recognition module that determines targeting specificity, connected to the FokI
domain. Unlike ZF motifs, a single TALE motif recognizes one base pair (Figure
1b), establishing a one-to-one correspondence between tandem TALE motifs
and the recognized base pairs[11]. Studies have found that TALENs achieve the
same cleavage efficiency as ZFNs for identical targets, but with typically lower
toxicity and easier construction[11]. However, TALENs are considerably larger
than ZFNs and contain more repetitive sequences, making their coding genes
more difficult to assemble in Escherichia coli[11].

3 RNA-Guided Gene Editing Technology
3.1 CRISPR/Cas9

The CRISPR/Cas system originally evolved in bacteria and archaea as an adap-
tive immune system to defend against foreign viruses and plasmid DNA. The
Type II CRISPR/Cas system relies on the integration of foreign DNA frag-
ments into clustered regularly interspaced short palindromic repeat (CRISPR)
loci. After transcription and processing, short CRISPR RNAs (crRNAs) are pro-
duced, which anneal with trans-activating crRNA (tracrRNA) to guide the Cas9
(CRISPR-associated protein 9) protein in mediating sequence-specific degra-
dation of foreign DNA[11,14-16]. Jinek et al.[17] discovered that the crRNA
and tracrRNA required for Cas9-mediated targeted cleavage could be fused
into a single guide RNA (sgRNA) (Figure 1c). Subsequently, several research
groups reported that the CRISPR/Cas9 system could be used for targeted gene
editing in human cells[18-21]. Compared with ZFN and TALEN technologies,
CRISPR/Cas9 is much simpler to design and significantly less expensive, achiev-
ing comparable or even better targeting efficiency for the same target sites[11].

3.2 CRISPR/Cas9 Derivatives

With deepening research into the CRISPR/Cas system, the catalytic mechanism
of the Cas9 nuclease has been elucidated[17], and through mutations at specific
amino acid sites, Cas9 nickase (Cas9n) with single-strand cleavage activity or
completely inactive dead Cas9 (dCas9) can be obtained. These different Cas9
nucleases have given rise to more versatile gene editing systems with broader
applicability.
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(1) CRISPR/Cas9-nickase gene editing technology. The crRNA used in
the CRISPR/Cas9 system can tolerate a certain degree of mismatch, leading to
off-target effects that limit the application of CRISPR/Cas9 in high-precision
editing[22]. To improve the precision of the Cas9 editing system, Ran et al.[22]
cleverly utilized the nickase activity of the Cas9 D10A mutant to design a“single
site, dual sgRNA targeting”strategy, namely the CRISPR/Cas9-nickase gene
editing technology (Figure 2a [Figure 2: see original paper]). Its principle is
similar to ZFN and TALEN: two Cas9n/sgRNA complexes simultaneously tar-
get one site, each cleaving one DNA strand to achieve a double-strand break,
thereby inducing NHEJ or HR repair. Using this strategy, off-target efficiency
in cell lines can be reduced by up to nearly four orders of magnitude.

(2) CRISPR/dCas9-FokI gene editing technology. Also to address the
off-target issue of CRISPR/Cas9 technology, Guilinger et al.[23] adopted a
dCas9-based strategy. Theoretically, dCas9/sgRNA can only function as a sim-
ple targeting guide without inducing DNA cleavage, similar to the DNA-binding
domain in ZFN or TALEN. To achieve DNA cutting, they introduced the cleav-
age domain of the FokI endonuclease (Figure 2b) and fused it with dCas9 to
create a fusion protein fCas9, echoing the design strategy of ZFN and TALEN.
In gene editing of human cells, fCas9 exhibits over 140-fold higher specificity
than wild-type Cas9. Moreover, at highly similar off-target sites, fCas9 shows
at least 4-fold higher specificity than Cas9n. The application of fCas9 will fur-
ther enrich the Cas9 toolkit and provide more sophisticated gene editing tools.

(3) CRISPR/dCas9-based single-base editing technology. Most human
genetic diseases are associated with point mutations in genes[24]. If these could
be repaired through precise means, new therapeutic strategies might emerge.
While site-specific mutations can be achieved through CRISPR/Cas9 when a
homologous recombination template is provided, the random insertions or dele-
tions caused by NHEJ repair represent potential risk factors. Cas9 mutants
Cas9n and dCas9 lack the ability to cleave double-stranded DNA but can still
perform target localization. If proteins/domains capable of catalyzing specific
base conversions are available, CRISPR/Cas9n/dCas9-guided single-base edit-
ing technologies can be constructed, referencing the design of CRISPR/dCas9-
FokI. The Liu research group fused rat-derived cytosine deaminase (APOBEC1)
with dCas9 (Figure 2c) and found that it could site-specifically convert C to U,
which then leads to C:G to T:A base pair conversion during subsequent DNA
replication or repair[24]. Subsequently, the Kondo group from Kobe University
in Japan[25] and the Chang Xing group from Shanghai Jiao Tong University in
China[26] reported similar findings. To achieve A:T to G:C conversion, the Liu
group employed protein evolutionary engineering to modify the tRNA adenosine
deaminase (TadA) from E. coli. Their seventh-generation adenine base editors
(ABEs) can efficiently mediate A:T to G:C base pair conversion[27]. Thus, free
conversion between C to T and G to A has been achieved, and it may become
possible to accomplish arbitrary conversion among all four bases in the future.

(4) CRISPR/dCas9-based gene expression regulation technology. In

chinarxiv.org/items/chinaxiv-202303.00657 Machine Translation

https://chinarxiv.org/items/chinaxiv-202303.00657


addition to direct DNA editing, the CRISPR/Cas system can also function in
gene expression regulation[28,29]. For instance, by exploiting the feature that
dCas9 lacks endonuclease activity but can still bind DNA, it can directly block
the binding of other factors to DNA, thereby affecting gene expression (Figure
2d). If transcriptional repressors or activators are fused with dCas9, targeted
gene inhibition and activation can be achieved, providing flexible operational
tools for gene function studies.

3.3 CRISPR/Cas12a

CRISPR/Cas9 technology is limited by G-rich PAM sequences and cannot tar-
get arbitrary sequences. Additionally, the Cas9 protein is relatively large, which
can be inconvenient in certain contexts. In fact, nearly all archaea and numer-
ous bacteria employ CRISPR/Cas mechanisms for immune defense[30], encom-
passing diverse CRISPR/Cas systems. All characterized Class 2 CRISPR/Cas
systems belong to Type II CRISPR/Cas systems that utilize Cas9 family nucle-
ases as effectors. However, another Class 2 CRISPR/Cas system exists in Pre-
votella and Francisella 1, classified as Type V CRISPR/Cas system[30]. In 2015,
Zhang Feng’s team reported that Cpf1 (CRISPR from Prevotella and Francisella
1) (now called “Cas12a”) in the Type V system is a functional bacterial im-
mune mechanism capable of mediating effective gene editing in human cells[30].
CRISPR/Cas12a possesses advantages not found in CRISPR/Cas9[30], one be-
ing that Cas12a requires T-rich PAM sequences, facilitating its application in
species with A/T-rich genomes. The Chen Jia group at ShanghaiTech Univer-
sity fused DNA cleavage-inactive dCas12a with rat-derived cytosine deaminase
(APOBEC1) and found that, similar to Cas9-based base editors, it could effi-
ciently catalyze C to T conversion in human cells[31]. Since it recognizes T-rich
PAM sequences, the Cas12a-based base editing system complements the Cas9-
based base editing system, providing more comprehensive technical conditions
for related basic research and future clinical applications.

Beyond DNA editing, the Zhang Feng group discovered that C2c2 (now called
Cas13a) in the CRISPR protein family can target and cleave RNA[32], and
subsequently demonstrated that Cas13a can target and reduce RNA levels in
mammalian cells[33]. Leveraging the RNA targeting function of Cas13a, the
CRISPR/Cas13a system has been developed as an RNA detector for disease di-
agnosis[34]. The Zhang Feng team later discovered Cas13b[35], which also pos-
sesses RNA targeting and editing functions. Additionally, Cas13c and Cas13d
exhibit similar functions[36]. The establishment of RNA editing technology fur-
ther expands the application scope of CRISPR/Cas gene editing technology.

4 DNA-Mediated Gene Editing Tools
Based on the principle of base complementary pairing and primer design,
oligonucleotide (Oligo) DNA can be used. Similar to ZFN and TALEN, Oligo
DNA can replace their DNA-binding domains, with the key being to find an
appropriate connection method between Oligo DNA and the FokI cleavage
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domain. Alternatively, one could search for natural proteins similar to Cas9
that inherently possess endonuclease activity while binding Oligo DNA of a
certain length as a guide. Due to the greater stability of DNA itself and the
low preparation cost of Oligo DNA, gene editing procedures can be simplified.
Oligo DNA-guided gene editing tools offer incomparable advantages over other
editing tools and warrant intensive research and development. Particularly
given that current mainstream gene editing tools are all patented abroad, which
is unfavorable for the future market entry of domestic gene editing products,
gene editing technologies with independent intellectual property rights urgently
need to be developed.

In September 2016, Genome Biology published a novel gene editing tool devel-
oped by a research team from Nanjing University: structure-guided endonucle-
ase (SGN)[37]. SGN is a typical Oligo DNA-guided gene editing tool, essentially
also representing the design and application of recombinant nucleases. Its N-
terminus is a flap endonuclease-1 (FEN-1) that recognizes DNA 3� flaps, while
its C-terminus is the DNA cleavage domain (Fn1) of the FokI endonuclease.
SGN achieves targeted cleavage by recognizing the 3� flap generated when guide
DNA (gDNA) binds to a specific target site. Unlike CRISPR/Cas9 and its
derivatives, SGN has no PAM restriction and can theoretically target any se-
quence. Experimental results show that SGN cleavage activity is independent
of target sequence, and it can be used for gene editing in zebrafish, though its
efficiency still has considerable room for improvement. As an original research
achievement by Chinese scientists, SGN undoubtedly offers significant advan-
tages: gDNA is readily obtainable and its dosage can be precisely controlled
as needed; the possibility of mismatches can be minimized by adjusting gDNA
length, among other benefits.

Challenges and Opportunities for China’s Gene Editing
Technology Development
China has made remarkable progress in gene editing technology in recent years.
However, we must recognize that core patents related to gene editing, espe-
cially CRISPR/Cas9, are currently held by other countries. This will result
in significant profit losses as gene editing technologies and cell products move
toward clinical applications and as gene-edited crops enter the market. Develop-
ing core technologies with independent intellectual property rights is essential
for China to gain ground in this biotechnology revolution, including correcting
defects in existing gene editing technologies and, through technological combi-
nations, securing improved and enhanced versions of current gene editing tech-
nologies ahead of competitors. Additionally, bioinformatics approaches should
be employed to mine potential CRISPR nucleases and DNA-guided nucleases
to develop novel gene editing technologies. Moreover, gene editing technolo-
gies, particularly CRISPR/Cas9, have been widely used for gene editing across
various species, including common model organisms such as nematodes, fruit
flies, zebrafish, and mice, as well as large animals like pigs, dogs, and mon-
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keys, and major crops such as rice and wheat. Expanding existing gene editing
technologies to other organisms also represents a new breakthrough, especially
for China’s unique biological resources. This process often involves technical
adjustments and improvements that can generate new technologies while pro-
viding effective tools for functional genomics research and genetic improvement
of target organisms.

Currently, CRISPR/Cas9 and other gene editing technologies have demon-
strated tremendous application value, but many issues remain to be resolved
regarding editing efficiency, precision, off-target effects, and their progression
to clinical applications. Viral vectors can be applied to human gene therapy,
but their loading capacity is limited, and the conventional Cas9 protein is too
large for convenient use. On one hand, smaller Cas9 proteins can be sought
from nature; on the other hand, appropriate truncation can be performed
through genetic engineering. Regarding off-target reduction, in addition to
the aforementioned CRISPR/Cas9-nickase and CRISPR/dCas9-FokI gene
editing technologies, Cas9 protein itself can be engineered through site-directed
mutagenesis to enhance its specificity. These endeavors are challenging but
also represent opportunities and breakthrough points for our development.

In recent years, Chinese scientists have made substantial progress in the field
of gene editing. In addition to the breakthroughs by the Chang Xing and Chen
Jia groups in base editing technology mentioned above, the Huang Zhiwei group
from Harbin Institute of Technology and the Wang Yanli group from the Insti-
tute of Biophysics, Chinese Academy of Sciences, have made outstanding contri-
butions to structural elucidation of Cas/sgRNA complexes, providing important
references for understanding gene editing mechanisms. The Gao Caixia group
from the Institute of Genetics and Developmental Biology, Chinese Academy
of Sciences, has achieved significant progress in plant gene editing. The Lai
Liangxue group from Guangzhou Institutes of Biomedicine and Health, the Ji
Weizhi group from Kunming University of Science and Technology, and the
Yang Hui group from the Institute of Neuroscience, Chinese Academy of Sci-
ences, among others, have successfully obtained various disease animal models
using gene editing technologies. China has also achieved certain breakthroughs
in developing novel gene editing technologies; DNA-guided gene editing technol-
ogy possesses unique advantages and deserves increased investment to address
issues such as low editing efficiency.

Furthermore, as an emerging interdisciplinary field, synthetic biology has
demonstrated increasingly broad application potential in biomedicine, energy,
new materials, and other areas. Genome synthesis and gene editing involve
different operational breadths, depths, and technical systems. However, both
essentially aim to obtain organisms with specific functions through genetic
modification to serve research and production, and their organic integration
represents a natural trend. For instance, gene editing systems can be introduced
into synthetic genomes to provide more possibilities for further modification
and application of new organisms. SCRaMbLE (synthetic chromosome
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rearrangement and modification by loxP-mediated evolution)[38] is a rapid
chromosome rearrangement and modification technology that can accelerate
organism evolution, essentially representing a non-site-specific, inducible gene
editing technology. Biological evolution often requires lengthy historical
processes, making it difficult to rapidly obtain species with desired traits.
Synthetic biology can introduce specific functional modules through genome
design to obtain engineered cells; however, given current cost and technical
limitations, although many candidate genome designs may exist, obtaining
a large-scale synthetic cell library and screening for optimal designs is not
feasible. SCRaMbLE represents a potentially cost-effective solution. The Sc2.0
project plans to insert approximately 5,000 loxPysm sites into the synthetic
yeast genome[39]. Recent series of publications from this project[40-46] have
demonstrated that the SCRaMbLE system can induce enhanced industrial
yeast strains with increased production of target metabolites.

Currently, the first fully artificially synthesized eukaryote—Sc2.0—is nearing com-
pletion, and whole-genome synthesis of higher organisms has been put on the
agenda[47]. However, synthesizing ultra-large genomes still faces many chal-
lenges. Local genome modification of existing species through gene editing es-
sentially represents an upgrade of traditional genetic engineering and is unlikely
to achieve comprehensive genome rewriting. At present, the combination of
genome synthesis and genome editing represents a highly promising research
direction that could address various difficulties in de novo synthesis of ultra-
large genomes and provide possibilities for applying synthetic genomics in basic
research and species modification of organisms with large genomes. This also
represents an opportunity that China can seize in the fields of synthetic biology
and gene editing.
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