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Abstract
Genome editing is a powerful tool, enabling scientists to alter DNA sequence at virtually any genome locus in any species.
Different technologies have been developed employing programmable nucleases including meganuclease, zinc-finger
nucleases, transcription activator-like effector nucleases, and most recently CRISPR-Cas systems. Chinese research groups
are making important contributions at an increasing speed in genome editing field in recent years. In this review, we
summarize recent progress made by Chinese scientists on the technological development of genome editing and beyond,
focusing on the optimization and expanded application of existing genome editing tools, as well as the exploration of novel
proteins as potential genome editing tools.

Introduction

Technology that enables precise and efficient manipulation
of DNA sequences at desired genomic locus in living cells
has long been pursued by biologists. Since 1970s, recom-
binant DNA technology has been used to engineer DNA
fragments in test tubes with great precision [1–3]. However,
precisely editing the DNA sequences within the genome of
living cells has remained a formidable challenge until the
establishment of genome editing technology. Genome
editing is achieved with the advent of programmable
nucleases that generate DNA double-stranded breaks
(DSBs) at predefined genomic loci. First the meganucleases
[4–6], zinc-finger nucleases (ZFNs) [7–9], then transcrip-
tion activator-like effector nucleases (TALENs) [10–12],
and most recently CRISPR-Cas systems (derived from
clustered regularly interspaced short palindromic repeat

(CRISPR) and CRISPR-associated (Cas) loci) serve as pow-
erful tools to make targeted genomic alterations [13–15].

Remarkably, the CRISPR-Cas system, adaptive immune
systems protecting prokaryotic organisms (pAgos) against
invading phage infection, quickly became the most pow-
erful and versatile platform for genome editing because of
its diversity, robustness, and flexibility. In addition to the
DNA cleavage capability of Cas effectors, catalytical inac-
tive Cas enzymes (dCas) could be repurposed to achieve
targeted gene regulation, epigenetic editing, and chromatin
labeling [16–19]. Of note, repurposing the catalytical
impaired nickase Cas9 enzymes (nCas9) or dead Cas9
(dCas9) generated the base editing (BE) platform, which
catalyzes single nucleotide changes without introducing
DNA DSBs.

As genome editing becoming one of the most attractive
and competitive fields in science, Chinese scientific com-
munity has played a significant role in the application and
development of the genome editing technology. A recent
analysis of more than 2000 patent applications for distinct
inventions that involved CRISPR indicated that the United
States of America and China are neck and neck (USA’s 872
versus China’s 858, priority date up to 31 December 2017)
[20]. As for the CRISPR-related publications, China is also
close second to the United States of America, which has
contributed the most publications (as of 27 March 2019)
[21]. Of note, in some fields, such as agriculture and
industrial applications, China takes the lead regarding the
number of both the patents and papers. This review focuses
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on the technological development of genome editing and
related technologies in China. Works on application of the
technology and study of the molecular mechanisms are out
of the scope of this review. Although we have striven to
cover many primary studies, we apologize in advance to
those whose work might have been unintentionally omitted.

Optimization of existing genome editing
tools

TALENs, although easier to design than ZFNs, are still dif-
ficult to assemble molecularly, hindering their wider appli-
cation. Several Chinese groups have developed methods to
assemble customized TALE arrays efficiently [22–25].
For example, Yang et al.’s group developed uracil-specific
excision reagent (USER)-based ligation mediated assembly
of TAL effector system [24], which takes advantage of
USER to make multiple different sticky ends between any
neighboring DNA fragments for specific ligation. Multiple
TALEs could be assembled within hours with preassembled
templates [24]. The same group also conducted a thorough
investigation of all possible repeat-variable diresidues
(two hypervariable residues in each TALE module respon-
sible for DNA binding) for their capability of recognizing
DNA or chemically modified DNA (5-methylcatosine and
5-hydroxymethylcytosine) [26], greatly expanding the TALE
platform.

The commonly used CRISPR-Cas9 system is composed
of the Cas9 nuclease and a single-guide RNA (sgRNA) that
carries a 20 nucleic acids sequence (also called protospacer)
that is complementary to the target DNA. A short sequence
called protospacer-adjacent motif (PAM) on the target
sequence is also essential for Cas9 cleavage. Designing
highly efficient sgRNAs with minimal off-target cleavage is
crucial for effective application of CRISPR-Cas9 system.
Chinese scientists developed multiple sgRNA design tools
[27–35] and sgRNA selection systems [36, 37] for
enhanced specificity and efficiency. Database CRISPRlnc
was also established based on many manually validated
sgRNAs, facilitating choosing sgRNAs with known effi-
ciencies [38]. Strategies using multiple sgRNAs were
developed to enhance gene editing efficiency in various
applications and organisms [39–43]. In addition, the asso-
ciation of other sgRNA parameters such as length, structure,
chemical modification, and expression level with the editing
efficiency has also been studied [44–51].

Apart from sgRNA, researchers also put efforts on
engineering Cas effectors to improve the fidelity and
expand the targetable genomic sequences. Choi et al.’s
group established a platform named CombiSEAL to sys-
tematically evaluate a library of 948 combination mutants of
Streptococcus pyogenes Cas9 (SpCas9) nuclease for their

genome editing activity. This work led to the identification
of Opi-SpCas9, which possesses enhanced editing specifi-
city and targeting range without compromising efficiency
[52]. At the same time, another group using targeted
mutagenesis in PAM interaction region of Staphylococcus
aureus Cas9 (SaCas9) yielded several variants with altered
PAM sequences, expanding targeting scope of SaCas9 [53].

Compared with Cas9, Cas12a (also called Cpf1) effectors
have several unique characteristics: they do not require
tracrRNA; PAM sequence is T-rich; generate DSB with
over-hangs; have smaller sizes; and easier multiplexing due
to inherent RNase activity for processing the crRNA array.
Zetsche et al.’s group first revealed two Cas12a enzymes
active in mammalian cells AsCpf1 and LbCpf1 [54].
However, the targeting scope of Cpf1 is limited by the long
PAM (5′-TTTN-3′ PAM) requirement. Tu et al.’s group
showed that FnCpf1 was active in mammalian cells with a
simple 5′-TTN-3′ PAM, which only displayed in vitro
nuclease activity previously [55]. More Cpf1 orthologs
were identified by Teng et al.’s group, including one
recognizing more flexible 5′YTN and 5′-TYYN PAMs,
further expanding the scope of editable genome [56].
Though many novel Cpf1 orthologs were found, Cpf1
proteins has generally lower efficiency compared with
Cas9. To increase efficiency of Cas12a for generating gene-
modified rabbits and pigs, Wu et al. inserted a transfer RNA
precursor sequence downstream of the crRNA protects it
from digestion [57]. A modified crRNA scaffold through
engineering the nucleotide substitutions at the loop region
was also reported to increase Cas12a efficiency [56].

Systematic interpretation of gene function needs genome
editing function in a robust and inducible manner. One way
is to utilize estrogen receptor (ER) to achieve drug inducible
control. Upon ligand binding, ER translocates from the
cytoplasm to the nucleus where genomic DNA resides in.
Based on hybrid inducible technologies (HIT), Zhao et al.
fused ER to Cas9 and TALE leading to the development of
HIT-Cas9 [58] and HIT-TALEN [59]. Apart from Cas9,
sgRNA could also be controlled in an inducible manner to
achieve temporal control of CRISPR-Cas9 system [60].

Expanded applications of existing genome
editing technologies

One major advantage of the CRISPR-Cas system is the
great flexibility of repurposing its function. The Cas9 pro-
tein harbors two nucleolytic domains (RuvC and HNH),
each cleaving one specific target DNA strand, and together
generating DSB [13]. Mutating single nucleolytic domain of
Cas9 generates nCas9 that makes single-stranded DNA
cuts, while Cas9 with both nucleolytic domains mutated
becomes a programmable DNA-binding protein without
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endonuclease activity called dCas9. dCas9 and nCas9 have
significantly expanded the application of CRISPR-Cas9
technology. Of note, BE technology leveraging dCas9 or
nCas9 fused with programmable deaminases is one of the
most remarkable applications. In addition, dCas9 or
TALENs fused with other different functional domains can
bind to regulatory elements and regulate transcription, epi-
genetic modifications, as well as enable chromatin imaging
in live cells [18]. Other expanded applications of genome
editing technologies include high-throughput genetic
screening, large-scale genome editing projects, and in vitro
nucleic acid detection and assembly.

Base editing

BE is a novel approach that generates precise nucleotide
changes in target DNA or RNA, without introducing DNA
DSBs [61]. BE does not rely on homologous recombina-
tion, making single-nucleotide editing more efficient and
precise, especially for postmitotic cells. Cytosine base edi-
tors (CBEs), first developed by Nishida et al.’s and Komor
et al.’s groups, mediate C•G to T•A conversions. They are
composed of a dCas9 or nCas9 fused to a single-stranded
DNA deaminase [61, 62]. Later, Gaudelli et al.’s group
developed adenine base editors (ABEs) capable of con-
verting A•T to G•C, by fusing dCas9 or nCas9 to an adenine
deaminase TadA, which was artificially evolved from a
bacterial tRNA deaminase [63]. Although efficient and
precise, the accessible sequences of CBEs and ABEs are
highly dependent on the PAM sequences of Cas effectors.
To circumvent this limitation, Chinese scientists replaced
the nCas9 with catalytically inactive Cpf1 (dCpf1) [64] or
various catalytically compromised Cas9 variants to increase
the targeting scope of either CBE [65–70] or ABE [67–71].
Alternatively, the targeting scope of CBE could be expan-
ded by diversified lamprey cytidine deaminases [72]. Other
strategies to expand editing window were also reported,
such as BE-PLUS, in which fusing ten copies of GCN4
peptide to nCas9 recruits scFv-APOBEC-UGI-GB1 to the
target sites [73]. Considering the chromatin microenviron-
ment as a possible obstacle for efficient editing, improving
access to DNA through employing dCas9 binding to
sequence about 20–30 base pair away from the target site
also increased BE efficiency [74]. Through a human
APOBEC3A–Cas9 fusion, efficient BE in methylated
regions was also achieved [75].

In addition to DNA editing, site-specific RNA editing
offers a new way to manipulate genetic information in a
reversible and tunable manner. The key enzymes for RNA
editing are adenosine deaminase acting on RNA (ADAR)
adenosine deaminase, which makes adenosine-to-inosine
conversion. Cox et al. first developed Cas-derived RNA

base editors by fusing a catalytically inactive Cas13
(dCas13) and ADAR to make A-I conversions in mam-
malian cells [76]. While functional, this system poses
challenges for the viral packaging and raises potential
concerns of immunogenicity and oncogenicity [77, 78]. Qu
et al.’s group established an approach called leveraging
endogenous ADAR for programmable editing of RNA
(LEAPER), which employs short engineered ADAR-
recruiting RNAs to recruit endogenous ADAR enzymes to
achieve RNA editing [79]. LEAPER enables simple, pre-
cise, and efficient RNA editing in a variety of cell types,
without using any CRISPR-Cas system.

Though DNA and RNA BE methods enable precise and
direct genome editing at single-base level, the issue of off-
target edits remains a major concern. Chinese scientists
developed several tools to evaluate the off-target effects of
DNA base editors and provided modified versions of base
editor with reduced off-target effects. Liang et al. developed
EndoV-seq method to characterize the genome-wide off-
target deamination by ABEs in human cells [80]. The
relative high specificity of ABE was also validated by
whole genome sequencing on mutant mice through treat-
ment of ABE7.10 and sgRNA targeting Hoxd13 locus in
one-cell-stage embryo [81]. In contrast to ABE, numerous
single-nucleotide variants were detected by CBE using a
method called genome-wide off-target analysis by two-cell
embryo injection by editing one blastomere of two-cell
mouse embryos [82]. Similar results were obtained in rice
[83]. Though ABEs showed high specificity at the DNA
level, Zhou et al. found that both the CBE BE3 and the
adenine base editor ABE7.10 generated tens of thousands of
off-target RNA SNVs. In addition, they generated CBE and
ABE variants with reduced RNA off-target mutation rate
through protein engineering [84].

Transcription regulation and epigenome
editing

Chinese scientists developed a variety of tools for tran-
scription regulation and epigenome editing. Our group
developed Casilio system by combining dCas9 and Pumilio
RNA-binding protein [85], providing a versatile tool for
studying gene function and chromosome structure through
its capability of multiplexing and multimerization of
effector proteins for gene regulation, epigenetic editing, and
chromosomal labeling. Xu et al.’s group developed a
strategy of recruiting trans enhancer to further enhance the
level of transcription activation [86]. Zhan et al. established
a method named “CRISPReader” that efficiently activates
promoterless genes and constructs an all-in-one AAV-
CRISPR-Cas9 system [87]. For easy packaging and deliv-
ery, catalytically inactive Cpf1 (dCpf1) [88], downsized
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Cas9 [89], or logic circuits constructed by integrating
multiple split dCas9 domains [90] were developed for
transcriptional control. To achieve transcriptional control of
multiple genes in vivo, Zhou et al. generated a transgenic
mouse using an improved dCas9 system enabling simulta-
neous and precise in vivo transcriptional activation of
multiple genes and long noncoding RNAs in the nervous
system [91].

Large-scale epigenomic project such as the Encyclopedia
of DNA elements [92, 93] and Roadmap Epigenome
Mapping Consortium [94] provided valuable information
on epigenetic modification across the genome in various
cell lines and tissues. However, the functional study of the
epigenome relies on the site-specific epigenome editing
tools. Chinese scientists developed dCas9 based approach
for targeted DNA demethylation [95] and RNA N-6-
methyladenosine editing [96]. The genome-wide on-target
and off-target properties were also determined for RNA-
guided DNA methylation by dCas9 fused with methyl-
transferases [97]. In addition to dCas9, TALE protein for 5-
methylcytosine and 5-hydroxymethylcytosine recognition
was also developed, providing tools for TALE-dependent
epigenome recognition [98].

Live cell chromatin imaging

The organization of chromatin structure in the 3D nuclear
space is essential for mediating lineage-specific gene
expression [99]. The conventional fluorescent in-situ
hybridization methods have been playing a significant role
for determining the nuclear positions of specific genomic
loci; however, the requirement of cell fixation treatment
prohibits its application for live cell genomic imaging [100].

The development of gene editing tools provides new
strategies for live cell chromatin imaging. Ren et al.’s group
developed fluorescently labeled TALEs fused with thior-
edoxin (TTALEs) to target and quantify the repetitive
regions of the genome [101]. While dCas9 platform has
been successfully applied to label repetitive telomeres and
centromeres regions by dual-color chromatin imaging
[102], live imaging of nonrepetitive regions is relatively
challenging. Chen et al.’s group developed a CRISPR-Tag
system to label endogenous protein-coding genes in living
cells. This system enables simultaneous live imaging of
both protein and DNA of human protein-coding genes.
However, it requires knock in a tag within the gene of
interest in the studied cells [103]. Ma et al. reported
CRISPR-Sirius method, leveraging modified sgRNA scaf-
fold to carry multiple fluorescent proteins binding sites
[104]. Apart from relying on fluorescent proteins for
genomic imaging, a molecular beacon (MB), and an sgRNA
harboring a unique MB target sequence (sgRNA-MTS) was

combined to generate CRISPR/MB. Dual-color imaging can
also be achieved through two orthogonal MB/MTS pairs
[105]. The sensitivity of CRISPR/MB is further improved
through modifying sgRNA to carry two distinct MBs that
can undergo fluorescence resonance energy transfer [106].

High-throughput genetic screening

In addition to the technology editing individual genes, large-
scale loss of function genetic screen is a powerful tool for
studying biology and disease. Zhou et al. and Zhu et al.
developed high-throughput screening methods for both
protein-coding genes and long noncoding RNAs in human
cells using a sgRNA library or a lentiviral paired-guide RNA
library, respectively [107, 108]. Recently, they reported a
sgRNA design strategy with embedded barcodes facilitating
CRISPR-pooled screening [109]. Zhong et al.’s group con-
ducted a CRISPR-Cas-based genetic screening in vivo using
haploid embryonic cells carrying a sgRNA library [110].
CRISPR screening has been combined with single-cell
RNAseq to enable functional screening at a single-cell
level. Duan et al. developed an analytical tool MUSIC for
single-cell CRISPR screening data analysis [111].

Instead of gene disruption-based screening methods, gen-
eration of gain-of-function mutations by making nucleotide
changes provides strategies for directed evolution. In addition
to the APOBEC adenosine deaminase enzymes mentioned
above, the activation-induced adenosine deaminase (AID)
could also been fused to the dCas protein. Guided by sgRNA,
this dCas-AID complex directly changed C or G to the other
three bases, generating a variants repertoire at target site.
Groups of Ma et al. and Ren et al. established this technique
in mammalian [112] and rice cells [113] to achieve targeted
random mutagenesis. Very recently, a more complex dual
cytosine and ABEs were developed by Li et al. for the same
purpose [114]. In contrast with CRISPR-Cas based functional
screening through gene disruption or expression regulation,
these targeted AID-mediated mutagenesis offers a forward
genetic tool to screen for gain-of-function variants at single-
base resolution.

Genome editing related large-scale project

With the fast advancement of genome editing technology,
Chinese scientists start to launch large-scale genome editing
projects. Led by Anming Meng, a project involving 38
laboratories from 24 institutions in China was initiated in
2013, aiming to knock out each annotated gene on zebrafish
Chromosome 1. This work was recently finished, providing
an invaluable resource to the zebrafish research community
[115]. Another large-scale project is the genome tagging
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project, led by Jinsong Li, planning to tag every protein-
coding gene in mice, which will greatly facilitate the
illustration of proteins’ localization and physical interaction
in vivo. This project utilizes the CRISPR-Cas9-based gen-
ome editing technology and the androgenic haploid ESCs to
generate gene-modified semi-cloned mice [116].

Tools for in vitro nucleic acid detection and
assembly

Besides applications for genome editing and transcription
regulation, CRISPR-Cas system could also be harnessed for
diagnostics such as detection of the nucleic acid from bacterial
and viral pathogens. Li et al. identified the ssDNA collateral
activity of Cas12a triggered by specific binding of DNA
[117, 118]. Based on this feature, this group developed an one-
hour low-cost multipurpose highly efficient system for fast
detection of target DNA as well as target RNA, using Cas12a
[119]. Using other Cas12 orthologs for nucleic acid detection
were subsequently reported by several Chinese research
groups [120–124]. Apart from Cas12, Cas9 [125–127], and
TALEN [128] have also been harnessed for nucleic acid
detection. In addition to nucleic acid detection, Chinese sci-
entists also applied Cas12a or Cas9 for DNA constructs
assembly [129–131] or site-directed mutagenesis [132].

Exploration of novel proteins (orthologs) as
potential genome editing tools

Searching for novel gene editing systems gained increasing
interests due to the great diversity of natural enzymes related
to nucleic acid. Different from Cas12a, Cas12b is a dual-
RNA-guided nuclease. Although the initially identified
Cas12b (AaCas12b) displayed optimal cleavage activity
in vitro at the temperature of 48 °C [133], precluding its
application to mammalian genome editing, deeper bioinfor-
matic exploration by Teng et al.’s group led to the discovery
of Alicyclobacillus acidiphilus (AaCas12b), establishing a
third class of RNA-guided gene editing platform after Cas9
and Cas12a [134]. AaCas12b demonstrated versatile appli-
cations including single and multiplex genome editing, as
well as gene activation. Moreover, AaCas12b showed greater
specificity compared with SpCas9, holding potential advan-
tage for therapeutic applications.

Apart from the major gene editing platforms ZNFs,
TALENs, and CRISPR-Cas, Argonaute proteins from pAgos
are involved in nucleic acid-guided host defense against
invading nucleic acids, holding potential for being developed
into novel gene editing technology [135]. Our group recently
reported two pAgos that could catalyze DNA-guided cleavage
of single- and double-stranded DNA at 37 °C [136]. Although

only in vitro activity was displayed, these findings raise
exciting possibility of exploiting pAgos as novel tools.
Another novel DNA editing tool called structure-guided
endonuclease was reported, while further studies are desirable
to characterize the system, such as demonstrating wider
applications and defining potential off-target effects [137].

Conclusion

Genome editing technology, particularly the CRISPR-Cas
system, has revolutionized biology research. During the
recent years, we have witnessed the amazing progress in the
development of various tools for genome editing and beyond.
China is making increasing contribution to this field. This
review mainly focuses on the contributions of technology
development made by Chinese research groups. For more
comprehensive review of the entire field please refer to
several excellent reviews published recently [138–140].

Without doubt, further exploration of the natural diver-
sity will lead to the development of novel biotechnologies
with distinct properties. We believe that, with increasing
investment and growing interests, more exciting technolo-
gies for gene editing and beyond will emerge from China,
making even more contributions to the international science
community.
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