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Abstract 

Cancer development is a multistep process triggered by innate and acquired mutations, which 
cause the functional abnormality and determine the initiation and progression of tumorigenesis. 
Gene editing is a widely used engineering tool for generating mutations that enhance 
tumorigenesis. The recent developed clustered regularly interspaced short palindromic 
repeats-CRISPR-associated 9 (CRISPR-Cas9) system renews the genome editing approach into a 
more convenient and efficient way. By rapidly introducing genetic modifications in cell lines, organs 
and animals, CRISPR-Cas9 system extends the gene editing into whole genome screening, both in 
loss-of-function and gain-of-function manners. Meanwhile, the system accelerates the 
establishment of animal cancer models, promoting in vivo studies for cancer research. 
Furthermore, CRISPR-Cas9 system is modified into diverse innovative tools for observing the 
dynamic bioprocesses in cancer studies, such as image tracing for targeted DNA, regulation of 
transcription activation or repression. Here, we view recent technical advances in the application 
of CRISPR-Cas9 system in cancer genetics, large-scale cancer driver gene hunting, animal cancer 
modeling and functional studies. 
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Introduction 
Cancer is a malignant disease characterized by 

accumulation of multiple genetic and epigenetic 
alterations in whole genome [1]. The mutated cancer 
driver genes usually dominate cancer proceeding, and 
determine the future of tumorigenesis [2]. However, 
cancer initiation processes are out of observation, and 
some operable and time-saving approaches are 
necessary to manipulate the mammalian genome, and 
to mimic the cancer initiation and progress [3]. 
Large-scale genomic screening is a possible solution 
to monitor the tumorigenesis caused by incident gene 
mutations; and CRISPR system rightly provides a tool 
to manipulate genes in whole genome, making them 
visible and traceable. 

Genetically engineered mouse models have been 
used as powerful tools for studying cancers, although 
they are usually time-consuming, technically 

challenging and financially costing [4]. The recently 
developed CRISPR-Cas9 system could greatly 
facilitate the generation of mutant mice by 
simultaneously modifying several genes at one step 
[5]. For instance, Randall et al. (2014) established lung 
adenocarcinoma mice by generating modifications on 
three top significant genes in lung adenocarcinoma. 
Using Cas9-CRISPR system, they knocked out p53 
and Lkb1, and knocked in KrasG12D, leading to 
spontaneous adenocarcinoma in the lung of mutant 
mice [6].  

Shortly after CRISPR–Cas9 system was applied 
to mammalian genome editing, scientists continually 
modified the system to increase its efficiency, reduce 
the off-target effect and simplify its delivery method 
[7-9]. The system is also modified for new applications 
besides gene editing, such as imaging targeted DNA, 
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and regulating transcription activation or repression, 
etc.  

Engineered nucleases in genome editing 
Genome editing is a strategy to modify genomic 

DNA and change the genetic information artificially, 
including gain-of-function (gene knockin, gene 
mutation, gene labeling and gene activation) and 
loss-of-function (gene knockout, and gene mutation) 
[3]. This technology was developed based on the 
discovery that DNA double strand breaks (DSBs) 
could stimulate endogenous DNA repair machinery, 
mainly through homology-directed repair (HDR) and 
nonhomologous end-joining (NHEJ) [10]. HDR works 
when the impaired sites have homologue DNA 
sequences in the nucleus. This mechanism protects 
genetic information because homologous DNA will 
be used as templates for the repair. If homologous 
DNA is absent, NHEJ works to repair the DSBs. 
Lacking of templates, NHEJ easily loses genetic 

information and introduces insertions or deletions 
(indels) into damaged sites [11]. When site-specially 
inducing DSBs, the NHEJ could be used to introduce 
gene alteration in cell lines or animal organs. 
Nowadays, three nucleases are widely used in 
genome editing: zinc finger nuclease (ZFN), 
transcription activator–like effector nuclease (TALEN) 
and CRISPR [7].  

In 1990s, ZFN was applied to site-specific gene 
editing. ZFN consists of DNA binding domain and 
DNA cleavage domain. The DNA binding domain 
contains an array of Cys2His2 zinc fingers (ZFs); and 
each ZF unit catches a single atom of zinc like a finger 
by about 30 amino acids and recognizes 3bp of DNA 
[12]. The DNA cleavage domain is the FokI restriction 
endonuclease, which can be guided to target sites as 
dimers and to achieve effective genome editing 
[13-15] (Table 1, Figure 1). Since this editing system 
needs to be synthesized commercially and is difficult 
to use, ZFN was gradually replaced by other systems. 

 

Table 1. Comparison of ZFN, TALEN, and CRISPR-Cas9.  

 Time first introduced 
into mammalian(year)  

DNA recognition pattern DNA modification pattern Validation 
time 

Relative 
efficiency* 

Relative 
specificity* 

Clinical 
development 

ZFN 2000 Zinc finger protein Fok1 nuclease fused with ZFs 8 weeks ++ + Phase 1/2 
TALEN 2011 TAL protein Fok1 nuclease fused with TALENs 8 weeks ++ +++ Phase 1 
CRISPR-Cas9 2013 Single strand guide RNA Cas9 nuclease 2-4 weeks +++ ++++ Preclinical 
Abbreviations: ZFN, zinc finger nuclease; TALEN, transcription activator–like effector nuclease; Cas9, CRISPR associated protein 9; TAL, transcription activator–like. The 
asterisk (*) markers mean relative activity and specificity of each technology compared with others.  

 
 

 
Figure 1. The comparison of working mechanism among ZFN, TALEN and CRISPR. ZFN consists of a zinc finger DNA-binding domain and DNA 
cleavage domain of the FokI type IIS restriction endonuclease; TALEN similarly fuses FokI endonuclease with DNA-binding domain. CRISPR-Cas9 system recognizes 
site-specific DNA sequences through sgRNA instead of protein, and its specificity highly elevates compared with ZFN and TALEN. These systems all create 
double-strand breaks (DSBs) near the targeted DNA locus and initiate the DNA repair procedures.  
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TALEN is another engineered nuclease, which 
shows better specificity and efficiency than ZFN. 
Similar to ZFN, TALEN consists of DNA-binding 
domain and DNA cleavage domain [16]. The 
non-specific DNA cleavage domain is FokI 
endonuclease, which has cleavage ability and works 
only as a dimer to cut target DNA. DNA-binding 
protein was first discovered in Xanthomonas bacteria, 
which typically consists of a tandem array of 15 to 19 
modules. Each module contains 34 amino acids 
residues [17]; and every residue could recognize 
corresponding 1-4bp nucleotide sequences. By 
ranging the modules in different ways, the enzyme 
could target specific sequences with relatively high 
frequency [17-19]. However, the major challenge for 
TALEN is to clone the large modules in series, joint 
these modules in designed order by ligase in an 
efficient way. Another technique barrier is low 
screening efficiency for successful targeted cells [20]. 
Such difficulties limit its application to genome 
editing in recent years. 

CRISPR system appears as a more powerful tool 
for gene editing of mammalian genome [21, 22] (Table 
1 and Figure 1). As scientists continually strive to 
improve the system, CRISPR systems exhibit little 
side effects and excellent efficiency in genome editing, 
and extend their application to cancer research, gene 
therapy and functional studies [23-25]. Early in 1987, 
CRISPR was originally discovered as an adjacent 
region related to alkaline phosphatase gene in bacteria 
(Escherichia coli) [26], but its powerful function 
remained undiscovered for many decades. By 
observing that spacer sequence exhibits homology to 
extra chromosomal elements, Bolotin et al. (2006) 
demonstrated that CRISPR works as immune 
machinery against invasive genetic elements [27]. 
Makarova et al. (2006) reported that CRISPR-derived 
immunity might be conducted by RNA interference 
[28]. Later in 2007, cas genes were discovered to be 
responsible for the resistance and spacer content. 
Early in 2013, the CRISPR-Cas9 system was first 
applied to human genome editing and achieved high 
targeting frequencies [9, 29]. 

CRISPR-Cas9 system rapidly dominated the 
gene-editing field and showed great advantages 
during the past three years. First, it is extremely easy 
with high successful rate for making targeting 
constructs since it is a short guide RNA (sgRNA) 
based system. Researchers only need to design 
specific sgRNA (about 20 bp) for different targets and 
construct them into the Cas9 plasmid. Second, 
CRISPR-Cas9 shows higher specificity and efficiency 
compared with ZFN and TALEN [7], though the 
efficiency may vary among different species, methods 
and purposes. Lastly, by modifying the structure of 

CRISPR-Cas9, this system could be widely applied to 
different areas other than gene editing. 

Working mechanism of CRISPR-Cas9 
CRISPR-Cas9 nucleases were first discovered as 

small-RNA-based adaptive immune system, which 
mainly protect prokaryotes from infectious bacteria or 
viruses [30]. The CRISPR system can sense the 
invaded DNA or RNA via CRISPR loci, which is 
arranged of short spacer sequences and interval short 
repeated segments. Studies show some spacer 
sequences are homologues to the DNA of invaded 
plasmid or virus [27], leading to the hypothesis that 
CRISPR system works as immune machinery in 
prokaryotes [27, 31, 32]. Further studies supported the 
hypothesis, that the invaded DNA is recognized by 
CRISPR, and cas proteins cleave exogenous DNA, 
protecting the host by destructing the invader’s 
genetic codes.  

According to the structure variation of cas genes 
and their organization styles, the system mainly 
contains three types of prokaryotic CRISPR immune 
systems [33]. Due to its high efficiency and simplicity, 
the widely used CRISPR system in mammalian 
derives from type II CRISPR system in S. pyogenes. 
The system composes of a guide RNA component and 
a Cas9 nuclease as an enzyme component [28]. The 
guide RNA component is a single-guide RNA 
(sgRNA) fused with two key RNA units (CRISPR 
RNA, also named crRNA; and trans-activating 
crRNA, also called tracrRNA) [9]. The activation of 
Cas9 nuclease depends on sgRNA recognition of 
target DNA sequence. sgRNA strictly recognizes the 
protospacer adjacent motif (PAM) at the end of target 
DNA sequence, then unwinds the double strand 
DNA. PAM is a special marker for Cas9 to distinguish 
the target DNA from its own genome, lack of PAM 
will lead to failure of unwinding the target. PAM 
constitutes of an NAG or an NGG [34] nucleotides for 
Streptococcus pyogenes-initiated Cas9. Actually, 
different Cas9 orthologous correspond to different 
PAM sequences [35]. When sgRNA hybridizes to the 
complementary targeted nucleotides, the Cas9 
unwinds double strand DNA immediately upstream 
of the target sequences and start the cleavage [35]. 
Unlike searching for target sequences by 
protein-DNA interaction, CRISPR-Cas9 system 
mediates specificity through RNA-DNA 
hybridization, which is much easier and more 
efficient [36]. By cleaving on target sequence, 
CRISPR-Cas9 system causes DSBs, triggering NHEJ or 
HDR, leading to indels in target DNA. Enormous 
studies reported efficient gene knockout and knockin 
in somatic cells or organisms by CRISPR–Cas9 system 
in the past years [37].  
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Technical advance of CRISPR-Cas9 
system 

Since its establishment, the CRISPR-Cas9 has 
been widely utilized in genome editing. Furthermore, 
with further innovation of this system, lots of 
interesting and useful modifications expand the 
application of CRISPR-Cas9 to many other research 
fields recently, which mainly rely on the binding of 
the nuclease Cas9 to DNA target via a programmable 
manner (Figure 2). 

 
Figure 2 Application of CRISPR-Cas9 system in new fields. In usual 
cases, the cleavage activity is removed while sgRNA remains as a tool for 
genomic gene/RNA location. By fusing the Cas9 protein with functional 
domains, the system could be applied to tracking genomic loci/mRNA, 
transcriptional activation/ repression and base modification. 

 
In many cases, Cas9 remains as targeting tools 

without cleavage ability. Cas9 cleaves the 
complementary and non-complementary strands of 
the target DNA by using its two conserved nuclease 
domains, RuvC and HNH respectively. The 

endonuclease activity of HNH domains can be 
abolished via an H840A site mutation while the D10A 
mutation can eliminate the function of the RuvC 
domain [28]. In addition, each or both of these two 
catalytically inactive mutations does not affect the 
binding of Cas9 to its target through a programmable 
manner, which facilitates the application of 
CRISPR-Cas9 in many other ways as well as 
generating DNA DSBs for genome editing, such as 
transcription regulation, genomic loci and mRNA 
imaging, genomic base editing and so on. 

Cas9 nickase (Cas9n) induces single-strand 
nicks 

Cas9n consists of one inactivating mutation 
(D10A or H840A) in the endonuclease cleavage 
domains while keeps the other cleavage domain 
functional. Therefore, instead of generating DSBs by 
the wild type Cas9, Cas9n is capable of inducing 
single-strand nicks, which is prone to be repaired by 
the high-fidelity base excision repair pathway. Hence, 
by combining Cas9n with a pair of appropriate offset 
sgRNAs that are complementary to opposite strands 
of the target site, it is possible to generate a staggered 
DSB for activating the DNA repair process. Since the 
double nicking strategy needs Cas9n to generate two 
nicks in the on-target double strand DNA with the 
help of two adjacent gRNAs, and rarely induce 
double strand breaks on the off-target sites, it 
dramatically reduces the off-target occurrence 
compared to the wild-type Cas9. Thus, the specificity 
of the CRISPR-Cas9 system can be further improved 
without sacrificing its on-target cleavage efficiency 
[38]. The double-nicking method offers a great 
solution for genome editing of cultured cells or 
organisms with only minute off-target mutations, 
especially for the studies need strict control of the 
unwanted mutations.  

Dead Cas9 (dCas9) regulates transcriptional 
level 

The catalytically dead Cas9 mutant (dCas9) is 
generated by double mutations to block enzymatic 
activities of both the RuvC and HNH domains in the 
Cas9 nuclease [39]. Once targeted to the promoter of a 
given gene, dCas9 itself is able to perturb the gene 
expression without modifying the DNA sequence 
through blocking the transcription initiation and 
elongation by the dCas9-sgRNA complex. Further, 
more robust gene expression repression could be 
achieved by fusing dCas9 to transcriptional 
repressors. Fusing four copies of the transcription 
activator VP16 (named VP64) or a single copy of p65 
activation domain to dCas9 could also efficiently 
enhance the target gene expression [40]. To expand 
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the application of CRISPR-dCas9 mediated 
transcription regulation, multiple sgRNAs could be 
delivered to silence or activate multiple genes 
simultaneously.  

Moreover, a recently established signal 
amplification system, termed SunTag, could also be 
applied to further enhance the silence or activation of 
gene expression by dCas9. The Sun Tag system 
harnesses the high affinity and specificity of the 
binding between antibody and antigen to construct a 
protein-tagging platform to achieve the signaling 
amplification. Tanenbaum et al (2014) on one hand 
fused the antigen peptide with the dCas9, and on the 
other hand fused the correspondent single chain 
antibody with multiple copies of transcription 
activator VP64. Thus, based on the exact guidance of 
gRNA for dCas9 and the special binding between 
antigen and antibody, these transcription regulators 
could be recruited to the promoter of the target gene 
for enhanced transcription regulation by utilizing the 
dCas9-Sun Tag system [41].  

Apart from constitutive activation or 
suppression of target genes, spatiotemporally specific 
transcription regulation could be realized by 
combining tunable genetics tools with CRISPR-Cas9 
system, such as expressing dCas9 under the inducible 
TetO promoter [42] or utilizing the optogenetics 
technology to control CRISPR-Cas9 activation with 
blue light [43, 44]. Compared with CRISPR-Cas9 
mediated genome editing, dCas9 provides a highly 
versatile platform to achieve flexible, tunable, 
reversible and efficient gene expression regulation, 
which serves as a useful resource for gene function 
and mechanism studies in vitro and in vivo. 

CRISPR imaging of genomic loci and mRNA 
Based on specific nucleic acid targeting, the 

CRISPR-dCas9 platform can also be repurposed to 
probe the genome. Currently, at least three strategies 
have been developed for genomic loci imaging by 
harnessing CRISPR-dCas9 system. The first and 
simplest one directly uses dCas9-EGFP fusions to 
image and track genomic loci in live cells [45]. The 
limitation of this system is the low brightness for 
imaging because only one molecular fused EGFP 
could be used here, though it could be slightly 
improved by simultaneously delivering several 
sgRNAs targeting a closely adjacent locus. The second 
CRISPR imaging method is devised on the base of 
dCas9-SunTag system mentioned above. While dCas9 
nucleotides-specifically targeting the genomic DNA 
by sgRNA, the fused Sun-Tag recruits GFP or other 
fluorescent proteins to light the genomic loci. This 
dCas9-SunTag system can recruit a number of GFPs, 
so the imaging lightness is much stronger than the 

simple dCas9-EGFP fusion [41]. Recently, a third 
CRISPR imaging tool was developed to achieve 
dual-color visualization of target genomic loci by 
cleverly combining the programmable dCas9 
platform with the one-to-one viral RNA and 
RNA-binding protein association system [46]. 
Mechanistically, sgRNAs and viral RNAs scaffolds 
are expressed as chimeric transcripts, which recruit 
both the co-expressed dCas9 and viral RNA-binding 
proteins that can be fluorescently tagged to specific 
genomic sites.  

Moreover, such dual-color imaging method 
could be modified to achieve simultaneous imaging of 
up to six chromosomal loci in individual live cells by 
fusing two or three viral RNAs together with one 
sgRNA and so recruiting more than one viral 
RNA-binding protein to the same locus [47]. 
Altogether, these CRISPR imaging tools will certainly 
facilitate the studies of chromosomes conformation 
and dynamics as well as epigenetic regulatory 
mechanisms. 

Programmable RNA tracking by Cas9 (RCas9) in 
live cells is another recently developed CRISPR 
imaging application [48]. O'Connell (2014) 
demonstrated that Cas9 could also bind RNAs with 
the existence of the PAM as part of an oligonucleotide 
(PAMmer) that hybridizes to the target RNA [49]. 
Because the Cas9 target-searching mechanism relies 
on PAM sequences [50], a PAM including PAMmer 
hybridized with mRNA (while genomic DNA just 
contains non-PAM sequence) exclusively targets RNA 
but not DNA. With the marker of the PAMmer, 
co-expressed dCas9-GFP fusions could recognize 
endogenous, unmodified mRNAs without affecting 
abundance of mRNA or amount of translated protein, 
which serves as a very useful tool for tracing RNA in a 
programmable manner. In addition, the RCas9 could 
apply to studies of RNA-protein interactions by 
site-specifically targeting aimed proteins to RNAs.  

Base editor 
Recently, Alexis Komor et al (2016) created a 

genomic base editor by engineering fusions of a 
cytidine deaminase enzyme with CRISPR-dCas9 to 
fulfill single base editing (C→T or G→A) without 
double-stranded DNA cleavage [51]. While the 
sgRNA guided the nuclease dead Cas9 to the genomic 
DNA with a target C and opened the DNA double 
helix, the fused deaminase enzyme converted the 
single strand target cytosine (C) to uracil (U). Then, 
the resulting U: G heteroduplex can be corrected to an 
A: T base pair through DNA replication or DNA 
repair. The base editor converts cytidines within a 
window of approximately five nucleotides with high 
efficiency and very low indels forming or off-target 
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ratio, which extend the extent and efficiency of 
genome editing and provides a great potential for 
correcting a variety of point mutations that may be 
responsible for human diseases. 

CRISPR screening: a new epoch for driver 
gene discovery in cancer research 

Cancer genome carries a diversity of genetic 
aberrations, which are accumulated by innate and 
acquired mutations, and trigged by a succession of 
clonal expansions [52]. A major challenge in clarifying 
cancer initiation and progression is to identify the 
genes driving tumor evolution [2]. Most clinical 
cancer samples include a chaotic mixture of mutations 
that have appeared during disease progression. 
Initiation and subsequently occurring mutations act 
coordinately to produce aberrant physical and 
biologic processes, leading to complex mix of 
characteristics. However, it is the initial mutations 
that dominate cancer initiation and determine its 
progression and eventually metastasis [53, 54]. 

Large-scale genomic screening is a powerful 
technology capable of detecting the genes whose 
mutation initiates various cancers [52]. Whole 
genomic gene knockdown (by siRNA or shRNA) and 
overexpression (expression of open reading frames) 
strategies are widely used to screen for such genes in 
vitro, in vivo, or both [55-57]. However, the poor 
knockdown efficiency of siRNA and shRNA strategies 
is problematic, making gene silent difficult and 
library screening labor intensive. 

Loss-of-function screening in vitro  
The CRISPR-Cas9 system is frequently utilized 

in loss-of-function mutation studies [58], which makes 
knockout strategy applicable to large-scale screening 
successfully. Using CRISPR-Cas9 system, several 
outstanding studies have discovered novel tumor 
suppressors in human somatic cell lines [9, 29, 58-62] 
(Table 2). In 2014, Zhang lab established the lentiviral 
system of a genome-scale CRISPR-Cas9 knockout 
(GeCKO) library [60]. There are 64751 unique guide 
sequences cloned into the lentivirus plasmids, which 
target to 18080 human genes for gene knockout. Using 
this system, they screened the candidate genes 
responding to vemurafenib, a therapeutic RAF 
inhibitor in a melanoma model [60]. The pioneering 
work provides scientists worldwide with cheap and 
accessible library plasmids in Addgene. In the same 
issue in Science, Wang et al. (2014) constructed a 
similar pooled, loss-of-function lentiviral sgRNA 
library containing 73000 sgRNAs to screen two 
human cell lines, and discovered genes in DNA 
mismatch repair pathway involved in drug resistance 
to the nucleotide analog 6-thioguanine [29]. This area 

is so active that four months later, another team 
reported its new lentiviral CRISPR libraries for 
human being with more efficient screening markers. 
Differing from establishing whole genome libraries 
[60], they only picked 291 interesting genes to 
construct a small library based on previous studies, 
the smaller pool screening has more clear and specific 
functional direction [63]. Their system contains two 
plasmids, plasmid A expressing Cas9 and organic 
cation transporter 1 (OCT1) protein, whose 
overexpression was reported to enhance U6 promoter 
activity to elevate the expression level of sgRNAs [64]. 
Plasmid B expresses sgRNA with GFP, GFP serves as 
functional screening tag. Cells with GFP signals 
indicate sgRNA successfully integrated and 
expressed, which may be the most convenience of this 
system.  

Loss-of-function screening in vivo 
Soon after large-scale screen in vitro, Zhang’s 

team pioneered an in vivo loss-of-function Cas9 
screening for tumor development and metastasis [53]. 
They used a lentivirus system (mGeCKOa) for sgRNA 
library delivery. The mGeCKOa is a pooled 
loss-of-function library containing 67405 sgRNAs 
targeting 20611 genes, 1175 microRNA precursors and 
1000 control sgRNAs (termed non-targeting sgRNAs) 
[65]. In the study, they mainly focused on 
tumorigenesis and metastasis in lung cancer. They 
infected mouse lung cancer cell lines with mGeCKOa, 
followed by transplanting the infected cells into 
immunocompromised mice. Six weeks later, they took 
out orthotopic and metastasizing tumors sequenced 
for enriched sgRNAs. The enriched sgRNAs were a 
small portion of whole genome according to the 
result, indicating that specific loss-of-function 
mutations trigger tumor initiation and metastasis. 
This work provides a robust in vivo model to screen 
the cancer driver genes. Moreover, this model could 
be designed to clarify other onco-genotypes, genetic 
diseases, and metastasis in target organs [66]. Beside 
subcutaneous transplantation in this study, other cell 
delivery methods (orthotopic transplantation or 
intravenous injection) may provide localized 
information mimicking physical and biological 
situations. 

Gain-of-function and other types of screenings 
 Besides loss-of-function screening by 

CRISPR-Cas9 system, several studies provide 
genomic screening for gain-of-function, such as 
transcriptional activation or activation of enhancers 
[67-69]. Gozde et al. (2016) identified enhancer 
elements by large-scale screening via CRISPR-Cas9 
system. In order to find functional enhancers and 
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demonstrate their role in mediating p53 and ERα, they 
targeted Cas9 to transcriptional factor binding sites of 
p53 in enhancer region via specific sgRNAs [69]. This 
outstanding study expanded the scope of 
CRISPR-Cas9 to map the characteristics of noncoding 
genome.  

With some modifications, the Cas9 screening 
could be applied to studies in different ways. A very 
recent study modified the delivery method by 
electronic transfection, it provides a new and rapid 
method for mutant generation, especially in adult 
organs [70] (Table 2). They used electroporation-based 
vector delivery approach to transfect plasmid mixture 
into adult mouse pancreas, the mixed reagent 
includes plasmids of expressing Cas9 protein and 
sgRNAs. The sgRNAs target multiplexed genes which 
might initiate pancreatic tumor growth and 
metastasis. Their methods provided a possible way to 
simultaneously knock out several vital genes without 
virus, to analyze combinatorial gene-network within 
some typical cancers. In their work, the pancreas was 
mobilized after laparotomy, making it convenient for 
intraparenchymal injection. The CRISPR-Cas9 vectors 
were prepared together with GFP vector to indicate 
the successful injection. This approach could be 
applied to large-scale analysis of gene function, gene 
interaction in cancer and other genetic diseases as 
well as chromosome structural variations. 

CRISPR: friendly access to animal cancer 
model  

Besides large-scaled screening, CRISPR also 
accelerates the establishment of cancer models [73]. 
CRISPR provides a more accessible and efficient tool 
to introduce genetic alterations into mouse embryonic 
stem (ES) cells or into zygote [74]. Some successful 
cases were also reported in somatic organs of adult 
mice models by directly introducing naked DNA or 
virus-packaged DNA. Hanyi et al. (2013) successfully 
generated mice carrying mutations in multiple genes 
by CRISPR-Cas9, setting up a good example to 
introduce several genetic alterations via one step 
modification [5] (Table 3). By cotransfecting plasmids 
for expressing Cas9 and sgRNAs into mouse ES cells, 
they generated mutations simultaneously for five 
genes (Sry, Uty, Tet1, Tet2, Tet3) at one step with about 
10% knockout frequency. Then they successfully 
generated mutated mice with Tet1 and Tet2 deficiency, 
the efficiency is up to about 80%. Besides DNA, they 
also coinjected mRNA of Cas9 and sgRNAs into 
pronuclear stage one-cell mouse oocytes; this strategy 
is safe with low toxicity. Even when concentration of 
Cas9 mRNA was up to 200ng/µl, blastocysts 
developed normally. They also tried to provide 
donors for Cas9 cleavage and generated mice carrying 
specific point mutations in two target genes with 
relatively high frequency.  

Table 2. Application of Large-scale genetic screening by CRISPR-Cas9 library. 

Year Approach Alteration Targeted 
species 

Subjective Delivery  Discovery Reference 

2014 In vitro Loss-of-function Human 
being 

melanoma cell line CRISPR-Cas9 
knockout (GeCKO) 
library by 1 vector  

a. LentiCRISPR library 
b. Genes for vemurafenib resistance 

[60] 

2014 In vitro Loss-of-function Human 
being 

KBM7, CML cell line pooled sgRNA 
library by 1 vector 

a. 4 Lenti CRISPR library divided by functions 
b. Genes response to 6-thioguanine. 

[29] 

2014 In vitro Loss-of-function Human 
being 

HeLa cell line sgRNA library by 2 
vectors 

Lenti CRISPR library in two vector system with OCT1 
and GFP expression 

[63] 

2014 In vitro Loss-of-function Mouse ESCs pooled sgRNA 
library by 1 vector 

a. Lenti CRISPR library in 1 vector system 
b. 31 genes for clostridium septicum alpha-toxin or 
6-thioguanine resistance 

[59] 

2014 In vitro Gain-of-function Human 
Being 

293FT cells Pooled sgRNA 
library by 1 vector 

a. Activator library 
b. Genes for a BRAF inhibitor resistance  

[70] 

2014 In vitro Activation or 
repression 

Human 
being 

K562 cells Pooled sgRNA 
library by 2 vectors 

a. large-scale CRISPRa and CRISPRi libraries  
b. Essential genes, regulators of differentiation and 
tumor suppressors. 

[67] 

2015 In vivo Loss-of-function Mouse Immunocompromise
d mice 

GeCKO library Genes for tumor growth and metastasis [53] 

2015 In vitro Loss of function Human 
being  

KBM7, K562, Raji and 
Jiyoye  
 

Pooled sgRNA 
library by 2 vectors 

a. CRISPR pooled library optimized for cleavage 
activity, 
b. Genes required for proliferation and survival. 

[71] 

2015 In Vitro Loss-of-function Human 
being 

DLD1, HCT116, RPE1, 
HeLa, GBM, A375 

Pooled sgRNA 
library by 2 vectors 

a. Lenti CRISPR library of all human protein-coding 
genes without genomic off-target sites 
b. Oncogenic drivers specific to different cancer cell lines 

[61] 

2016 In vitro Loss-of-function Human 
being 
Mouse 

A375 cell line 
 

Pooled sgRNA 
library by 1/2 
vectors  

Reduced off-target lenti CRISPR library  
 

[72] 

2016 In vivo Loss-of-function Mouse Pancreas in KARSmu, 
BRAC2-/- mouse 

Pooled sgRNA 
library on px330 

a. DNA library of CRISPR 
b. Electronic transfection 

[70] 

2016 In vitro Enhancer Human BJ-RASG12V Pooled sgRNA 
library by 2 vectors 

a. Libraries for p53 and ERα -bound enhancers 
b. Functional enhancer elements in mediating p53 and 
ERα gene regulation. 

[69] 
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Table 3. Typical cancer mouse models established by CRISPR-Cas9 system. 

Year  Alteration Objective Delivery Modified genes Main technical creation  Reference 
2015 Knock out mESCs, mouse zygotes mRNA of Cas9 and sgRNA Sry, Uty, Tet1, Tet2, Tet3 Knock out 5 genes at one step [5] 
2015 Knock in Mouse zygotes mRNA of Cas9 and sgRNA Nanog, Oct4, Sox2, Mecp2 Knock in 3kp DNA sequences at one step [74] 
2014 Knock out Lung, brain, blood, etc.  Lentivirus, adeno-associated 

virus (AAV) or naked DNA  
K-ras, p53, LKB1 Establish stably Cas9 expressed mouse [6] 

2015 Knock out Liver Naked DNA p53, Pten  Establish cancer model in adult wild-type 
mouse 

[76] 

 
 
Several months later, the same team provided 

strategies to generate mice with larger DNA fragment 
insertion via CRISPR-Cas9, knocking the reporter and 
conditional alleles into mice models [74]. They 
designed sgRNA targeting stop codon of the 
interesting genes, and a homologous oligo with extra 
insertion fused to the last codon. Using similar 
approaches, they also generated mice carrying 
various modifications, including fluorescent reporter 
or specific tag in the Nanog, Oct4, and Sox2 genes, 
conditional mutation in Mecp2 gene, and a 3kb 
transgene cassette (IRES-eGFP-loxP-Neo-loxP) into 
Oct4 gene.  

Another study established a mouse model with 
Cre-dependent Cas9 expression, a new system for 
convenient gene editing in adult organs via different 
delivery methods [6]. Stable expression of Cas9 
simplifies the introduction procedure for CRISPR 
system. Through lentivirus, adeno-associated virus 
(AAV) or naked DNA delivery of guide RNA in 
different organs, CRISPR-Cas9 system can easily alter 
genetic information in specific organs of adult mice 
model, such as in the lung, brain, blood, etc. Also, this 
method shows great elevation on sgRNA delivery and 
integration. For an example, after Cas9 introduction 
into lung by Cre recombinase, they generated lung 
adenocarcinoma model mice by modifying the genes 
of KRAS, p53 and LKB1, which are the most 
frequently mutated genes in lung adenocarcinoma, 
with the efficiency of 33% for KRAS, 46% for p53 and 
17% for LKB1, respectively [75].  

Roman et al (2014) described a method to set up 
cancer model directly in adult wild-type mouse via 
CRISPR system, which shortens the time consuming 
[76]. The authors hydrodynamicly injected DNA 
plasmids expressing Cas9 and sgRNA to mouse liver 
directly, the sgRNA target to tumor suppressors p53 
and Pten [77, 78]. In their study, Pten mutation alone 
led to enhanced Akt phosphorylation and lipid 
aggradation in hepatocytes. Double targeted Pten and 
p53 induced liver tumor growth, consistent with the 
phenomenon in traditional knockout method 
(knocking out these two genes by Cre-LoxP system) 
[79-81]. Their data provides access to set up cancer 
model in adult mouse liver by CRISPR-Cas9 system, 
avoiding engineering design of Cre-Loxp system. 

Though the positive frequency is relatively low to 
cause Pten and p53 indels (4.0 ± 0.1% for Pten and 6.4 ± 
0.1% for p53), respectively, this method is sufficient to 
generate liver tumors.  

Future aspects 
With the fast progression of the CRISPR-based 

engineering system in cancer biology. we prospect 
this technology will change general picture in cancer 
research, provide new approaches for personalized 
therapy, or contribute to gene therapy, 
immunotherapeutic applications, genetic disorder 
treatment, and etc.  

The efficiency and simplicity of CRISPR-Cas9 
system may accelerate application to gene therapy in 
the future. Current works show CRISPR-Cas9 
permanently correct gene mutations in the liver of an 
adult mouse model, partly cured hereditary 
tyrosinemia and rescued the body weight loss 
phenotype [82]. It has also been shown that monkey 
and mouse could be genetically modified by injecting 
Cas9 mRNA and sgRNAs into adult organ or zygote 
[83, 84].  

Some new systems may provide alternative 
possibilities in gene editing. A very recent report 
showed Natronobacterium gregoryi Argonaute (NgAgo) 
as an engineer nuclease with comparable efficiency 
and specificity for genome editing to Cas9 [85]. This 
system seems to have a supper application potential 
than CRISPR-Cas9 since it does not require PAM, 
whereas the PAM is vital for Cas9 to unwind the 
target sequence. However, NgAgo is currently under 
serious challenge, as many scientists claimed that they 
failed to see any endonuclease activities under 
various experimental conditions. The fact that 
laboratories worldwide could not repeat it, at least 
currently, casting a doubt that NgAgo could serve as 
an alternative gene-editing strategy to the popular 
CRISPR-Cas9 system [86].  

As it currently stands, CRISPR-Cas9 system may 
sometimes suffer an off-target problem by generating 
DSBs at non-specific sites [87]. Considering that the 
gnome modifications introduced by CRISPR-Cas9 are 
permanent, it could be a serious limitation, if the 
problem is not solved, for the use of CRISPR-Cas9 as 
therapy. To overcome this, a number of new 
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techniques have been developed for better designing 
Cas9 nuclease and sgRNA, finding target sequences, 
avoiding off-targets, as well as for monitoring 
off-target and on-target effects [88, 89]. 

With endeavors of researchers in the whole 
world, the genome-wide specificities should be 
further improved; and the CRISPR-Cas9 system 
should be becoming a more preferable technology 
that can be applied in all fields of life sciences. We 
believe it will be a big evolution in gene therapy for 
cancer and genetic diseases.  
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