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Abstract 

The 2020 Nobel Prize in Chemistry was awarded to Emmanuelle Charpentier and Jennifer Doudna for the develop-
ment of the Clustered regularly interspaced short palindromic repeats/CRISPR-associated nuclease9 (CRISPR/Cas9) 
gene editing technology that provided new tools for precise gene editing. It is possible to target any genomic locus 
virtually using only a complex nuclease protein with short RNA as a site-specific endonuclease. Since cancer is caused 
by genomic changes in tumor cells, CRISPR/Cas9 can be used in the field of cancer research to edit genomes for 
exploration of the mechanisms of tumorigenesis and development. In recent years, the CRISPR/Cas9 system has 
been increasingly used in cancer research and treatment and remarkable results have been achieved. In this review, 
we introduced the mechanism and development of the CRISPR/Cas9-based gene editing system. Furthermore, we 
summarized current applications of this technique for basic research, diagnosis and therapy of cancer. Moreover, the 
potential applications of CRISPR/Cas9 in new emerging hotspots of oncology research were discussed, and the chal-
lenges and future directions were highlighted.
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Background
Cancer is a refractory disease with high mortality and 
global attention. The malignant tumor causes 1 out of 
6 deaths globally thus threatening lives of thousands of 
human beings [1]. Despite many exciting achievements 

in the field of cancer therapy, including surgery, radio-
therapy, chemotherapy, targeted biotherapy, and new 
combination therapies, high post-operative recurrence 
rates and radiation/chemotherapy resistance and harmful 
toxic side effects continue to be barriers to survival time 
and quality of life [2]. Studies have shown that cancer is a 
potentially fatal disease that accumulates multiple genes 
and alters epigenetics throughout the genome [3]. The 
mutation of genes in cancer usually drives the proceed-
ing of cancer and impacts the future of tumorigenesis [4]. 
During the past two decades, a large number of genes 
related to cancer initiation and progression have been 
identified by high-throughput sequencing technology [5, 
6]. Based on these progressions, gene editing technology 
holds a big promise for cancer treatment via adjustment 
of the expression and correction of mutations of genes, 
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which may lead to further breakthroughs in the field of 
precision oncology.

A number of techniques including zinc finger endo-
nuclease (ZFN) [7], transcription activator-like effector 
nuclease (TALEN) [8], and the Clustered regularly inter-
spaced short palindromic repeats/CRISPR associated 
nuclease (CRISPR/Cas) system, are applied to achieve 
gene editing. Due to its advantages of simple design, 
rapid implementation, low cost, and strong scalability, 
researchers consider CRISPR/Cas system as a revolution-
ary gene editing toolbox that has expanded to almost all 
genomic targets [9]. Particularly, this system has been 
widely used in cancer research, and has become a poten-
tial approach for cancer diagnosis and treatment [10, 11]. 
Winning the 2020 Nobel Prize in chemistry is a strong 
indication of the superiority of CRISPR gene editing.

In this review, we focused on how CRISPR/Cas gene 
editing technology opens new avenues for cancer basic 
research, diagnosis, and therapy. We also discussed the 
current limitations and speculated future directions of 
the CRISPR/Cas technology in cancer biology.

Development of the CRISPR/Cas9‑based gene 
editing tools
Mechanism of the classical CRISPR/Cas9 system
The CRISPR/Cas9 system is a heritable adaptive antivi-
ral immune system of prokaryotes that targets infectious 
invading viruses and bacteriophages and uses RNA-
guided nucleases to cut foreign genetic components [12, 
13]. It contains two compartments, one for Cas9 endonu-
clease and one for single-stranded guide RNA (sgRNA) 
[14]. The sgRNA directs the Cas9 endonuclease to cleave 
both DNA strands of the target gene in a sequence-spe-
cific manner. DNA cleavage occurs at a sequence 3 base 
pairs upstream of an “NGG” protospacer adjacent motif 
(PAM). The genome DNA is repaired by double-strand 
break (DNA-DSB) repair mechanisms after the cleav-
age [15]. Therefore, the utilization of the CRISPR/Cas9 
gene editing system achieves genome modifications by 
the introduction of small insertions or deletions (indels) 
through the relatively error-prone non-homologous end-
joining (NHEJ) or the high-fidelity homology-directed 
repair (HDR) [16] (Fig. 1).

Development of the CRISPR/Cas9 system and related gene 
editing tools
In 1987, Japanese scientists discovered some unknown 
tandem repeats in the Escherichia coli genome but did 
not explore their biological significance [17]. In 2002, 
these sequences were named as Clustered Regularly 
Interspaced Short Palindromic Repeats (CRISPR), but 
the significance of these sequences remained unknown 
[18]. In 2005, three research teams independently 

discovered the role of CRISPR loci in adaptive immu-
nity [19–21], then speculated that protospacer-adjacent 
motifs (PAMs) might direct the type II Cas9 nuclease to 
cleave DNA [21]. In 2007, Barrangou et  al. proved that 
the CRISPR system is indeed an adaptive immune sys-
tem and found that phage gene sequences incorporated 
by bacteria could change the bacteria’s resistance to 
phages [22]. In 2008, Brouns et al. found that non-coding 
RNA transcribed from the CRISPR proto-interregional 
sequence could guide Cas protein to the target-specific 
part of DNA to play a defensive role [23]. In 2011, Deltch-
eva et  al. revealed that trans-coding crRNA (tracrRNA) 
was involved in the pre-crRNA processing and matura-
tion process and their study revealed new pathways for 
crRNA maturation [24]. In 2012, in  vitro experiments 
demonstrated that mature crRNA formed a special dou-
ble-stranded RNA structure with tracrRNA through base 
complementary pairing, thus directing Cas9 protein to 
cause double-stranded fracture on the target DNA [15]. 
In 2013, Cong and Mali et al. applied the type II Cas sys-
tem to the cutting of DNA in mammalian cells [14, 25], 
which paved the way for the application of the CRISPR/
Cas9 system in genome modification. In the same year, 
the Cas9 protein mutant dCas9 (endonuclease-deficient 
Cas9), which had lost nuclease activity, was first devel-
oped [26]. Subsequently, the CRISPR activation (CRIS-
PRa) [27] (Fig.  2a) and interference (CRISPRi) [28] 
(Fig. 2b) tools were developed by fusing the dCas9 pro-
tein with transcription regulators that activate or inhibit 
gene transcription.

To overcome the problem of unexpected disruptions 
observed in the CRISPR/Cas9 gene editing system, 
Komor et  al. fused APOBEC (cytosine deaminase) with 
CRISPR/Cas9. This modified Cas9 makes the C → T (or 
G → A) conversion under the guidance of gRNA without 
causing DSB. This base editor could effectively correct a 
variety of point mutations in the genome [29] (Fig.  2c). 
Furthermore, the adenine bases Editor (ABE) that con-
verts A - T Base pairs to G - C Base pairs was developed 
[30]. The team further improved the single-base editing 
and the CRISPR/Cas9 systems, thus reducing greatly the 
miss rate of the single-base editor and improving the tar-
get range of spCas9 [31, 32]. Interestingly, Gilpatrick et al. 
used Cas9 and the adapter ligation to develop a nanopore 
Cas9-targeted sequence (nCATS) for third-generation 
nanopore sequencing through modifying the target DNA 
region and change the structure of the target genome, 
which can read long fragments at low cost [33]. Recently, 
a caged RNA strategy was developed that allows Cas9 to 
bind to DNA but does not cleave before light-induced 
activation. This method was named very fast CRISPR 
(vfCRISPR) and it creates double-strand breaks (DSBs) at 
the submicrometer and second scales. The vfCRISPR is 
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very accurate and can edit only one allele at a time, pro-
viding a basis for investigating complex genetic traits [34] 
(Fig. 3). Collectively, these improvements allowed for the 
transformation of the CRISPR/Cas9 editing tool from a 
blunt instrument to a precision instrument.

CRISPR/Cas9 variations
Streptococcus pyogenes Cas9 (SpCas9) was the first to be 
used outside prokaryotic cells [15] and reprogrammed 
for genome editing in mammalian cells [14]. SpCas9 

targeting of DNA relies on the 20-nucleotide-long spacer 
and on the PAM 5′-NGG (N represents any nucleotide) 
[35]. In 2015, Kleinstiver et  al. obtained the SpCas9-
VRER variant with NGA and the SpCas9-VRER variant 
with NGCG recognition through the error-prone PCR 
strategy [36]. In the same year, Nishimasu et  al. identi-
fied the gene editing role of SaCas9 in mammalian cells; 
it recognizes the PAM of NNGRRT (N refers to A, T, C, 
G; R refers to A and G) and has excellent cutting activity 
and targeting accuracy [37, 38]. In 2018, Hu et  al. built 

Fig. 1 Mechanism of the CRISPR/Cas9 gene editing system. The single guide RNA (sgRNA) directs the Cas9 nuclease to a complementary sequence 
in the genome where Cas9 will induce a double strand break (DSB). The target genomic locus must be followed by a 5′-NGG-3′motif (protospacer 
adjacent motif, PAM) for Cas9 to function. DSB are repaired by non-homologous end joining (NHEJ), or by homology directed repair (HDR) in the 
presence of a DNA repair template, which can be exploited to introduce precise genetic modifications or exogenous sequences
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xCas9 3.7 variants that could identify NGG, NG, GAA, 
and GAT [39]. Furthermore, a more active SpCas9-NG 
variant was constructed in the Nureki laboratory, and 
the identified PAM sequence was extended to NG [40]. 
Recently, Walton et al. developed a SpCas9 variant SpRY 
that was almost completely liberated from the constraints 
of the sequence of PAM [41] (Table  1). These advance-
ments expanded the application scope and accuracy of 
the CRISPR/Cas9 system in genome editing.

Like CRISPR/Cas9, Cas12a (also known as Cpf1) has 
been applied to genome editing for its ability to gener-
ate targeted DSB [46] (Fig. 4a). However, Cas12a requires 
only crRNA guidance for DNA targeting, and its enzyme 

recognizes a T-rich PAM upstream of the target region 
and cleaves DNA at the PAM-distal site [47]. Chen et al. 
combined isothermal amplification of recombinase 
polymerase with LbCas12a to create a method called 
DNA Endonuclease Targeted CRISPR Trans Reporter 
(DETECTR), which achieves attomolar sensitivity for 
nucleic acid detection. They proved that DETECTR 
could rapidly and specifically detect HPV in human 
patient samples, providing a more efficient platform for 
nucleic acid-based diseases [46]. Therefore, Cas12a offers 
a novel approach to genome editing with its unique cut-
ting mechanism that enhances and extends the CRISPR 
toolkit.

Fig. 2 Schematic diagram of dCas9-based gene editing tools. a CRISPRa: Fusion of deactivated Cas9 (dCas9) with activation domain VP64 induces 
the expression of gene of interest. b CRISPRi: Fusion of dCas9 with repressor domain KRAB leads to inhibition of gene of interest. c Base editing: 
Fusion of dCas9 with adenosine deaminase or cytidine deaminase enable introduction of point mutation in the genome
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The type-V CRISPR effector Cas12b (formerly known 
as C2c1), is a dual-RNA-guided nuclease containing 
a single RuvC domain and requiring both crRNA and 
tracrRNA [48]. Cas12b generates staggered ends dis-
tal to the protospacer adjacent motif site in  vitro when 
reconstituted with the crRNA/tracrRNA duplex [49]. 
Importantly, Cas12b offers a smaller size than the most 
widely-used SpCas9 and Cas12a, making it suitable for 
in  vivo delivery of adeno-associated virus (AAV)-medi-
ated gene therapy [47, 50]. Moreover, Cas12b recognizes 

simpler PAM sequences than the small-sized Cas9, such 
as SaCas9 and CjCas9 [48], which can markedly expand 
the targeting range of the genome. Teng et  al. reported 
that AaCas12b can be used for mammalian genome 
engineering, enabling a variety of functional applica-
tions such as single and multiple genome-editing, gene 
activation, and generation of mutant mouse models [51]. 
Recently, a CRISPR/Cas12-based diagnostic tool for the 
rapid and visual detection of SARS-CoV-2 from extracted 
RNA from the patient sample has been reported [52]. 

Fig. 3 Development history of the CRISPR/Cas9-based gene editing tools. The “CRISPR” repeat sequence was reported in 1987 and named in 
2002. In 2012, in vitro experiments demonstrated that mature crRNA formed a special double-stranded RNA structure with tracrRNA by base 
complementary pairing, thus directing Cas9 protein to cause double-stranded fracture on the target DNA. In 2013, the type II Cas system was 
applied to the cutting of DNA in mammalian cells, which paved the way for the application of the CRISPR/Cas9 system for gene editing. Since then, 
the CRISPR/Cas9 technology developed rapidly, and several CRISPR/Cas9-based tools were generated for gene editing at both DNA and RNA levels 
by 2020

Table 1 Comparison of Cas9 variants

Year Variant of Cas9 PAM(5’to3’) Application References

2012 SpCas9 NGG Multiplex genome editing in mammalian cells. [14]

2015 SaCas9 NNGRRT Highly efficient genome-editing by the AAV-SaCas9-gRNA vector system. [42]

2015 SpCas9-VRER NGCG Modification of previously inaccessible sites in zebrafish embryos and human cells [36]

2017 CjCas9 NNNVRYM In Vivo Genome Editing with CjCas9 in TA Muscles of Dmd Knockout Mice [43]

2018 xCas9–3.7 NG, GAA, GAT Base substitution of C•G → T•A and A•T → G•C for the pathogenic mutation sites [39]

2018 SpCas9-NG NG Efficient and accurate genome editing in mouse zygotes and somatic culture cells [44]

2018 evoCas9 NGG Limits the unspecific cleavage of a difficult-to-discriminate off-target site and fully 
abrogated the cleavage of two additional off-targets

[45]

2020 SpRY PAM sequence has not 
been characterized

Precise editing to extend almost to the entire genome [32]
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These studies revealed the functional diversity achieved 
in different pathways of CRISPR/Cas evolution that fur-
ther extends the application of the CRISPR/Cas9.

The class II type-VI CRISPR/Cas13 system was found 
to be useful for RNA editing of eukaryotic cells [53, 54]. 
Cas13(C2c2) is guided by a single CRISPR RNA and can 
be programmed to cleave single-stranded RNA targets 
carrying complementary protospacer [55] (Fig. 4b). Fur-
thermore, the RNA Editing for Programmable Adeno-
sine to Inosine Replacement (REPAIR) system has been 
developed through the improvement of the Cas13 effec-
tor and can edit full-length transcripts containing patho-
genic mutations [56]. Functionally, the CRISPR effector 
Cas13 has effective antiviral ability for single-stranded 
RNA (ssRNA) viruses [57]. Besides, Cas13 is used as a 
tool to target and knockdown viruses and to investigate 
their replication, localization, and evolution. Particularly, 
the catalytic death mutant of Cas13 (dCas13) can be used 

to study viral RNA localization, and dCas13 fusion pro-
teins with RNA editing capabilities used to functionally 
characterize specific viral polymorphisms [48, 58]. These 
studies provided tools to visualize and interfere with 
virus replication with high precision.

In 2017, Gootenberg et al. developed a viral detection 
technology based on the CRISPR/Cas13 system that 
could make the cut RNA bands form visual clues and 
display them visually. They named it Specific High Sensi-
tivity Enzymatic Reporter Unlocking (SHERLOCK) [59]. 
SHERLOCK has since been applied in detecting RNA 
virus outbreaks such as Lassa fever, Ebola, Zika, and 
Dengue. It is cheaper and faster with improved efficiency 
of virus detection, hence helping to reduce the lethal-
ity of viruses. In the recent outbreak of novel coronavi-
rus SARS-COV-2 that posed a major challenge to global 
health, Zhang Feng’s team used SHERLOCK to design a 
new virus detection method to maximize the specificity 

Fig. 4 Schematic diagram of CRISPR/Cas12 and CRISPR/Cas13 systems. a CRISPR/Cas12: the crRNA directs the Cas12 nuclease to a complementary 
sequence in the genome where Cas12 will induce a double-strand break (DSB) of DNA. The target genomic locus must be followed by PAM for 
Cas12. b CRISPR/Cas13: the crRNA directs the Cas13 nuclease to a complementary sequence in the genome where Cas13 will induce a single-strand 
break of RNA. The target sequence must be followed by a protospacer flanking sequence (PFS) for Cas13
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and accuracy of detection. Moreover, Freije et  al. com-
bined the antiviral activity of Cas13 with its diagnostic 
capability to build a powerful and rapidly programmable 
diagnostic and antiviral system, named CARVER (cas13-
assisted restriction of virus expression and readout), to 
detect and eliminate RNA viruses in human cells [57]. 
Notably, researchers found that the CRISPR/Cas13d 
gene editing system delivered by adeno-associated virus 
AAV could edit and clear the new coronavirus, and this 
method could effectively deal with the possible mutation 
of the virus [60]. Taken together, Cas13 may be a poten-
tial tool for clinical diagnosis and treatment of diseases 
caused by viral infections.

Application of the CRISPR/Cas system in cancer 
research
Cancer initiation and progression involved in mutations 
and dysregulated expression of a series of genes [61], 
including oncogenes, tumor suppressor-genes, chem-
oresistant genes, metabolism-related genes, and cancer 
stem cell-related genes. The ultimate goal of cancer treat-
ment is to restrain tumor growth and progression by spe-
cifically correcting mutations and restoring expression of 
dysregulated genes [62]. The CRISPR/Cas9 gene editing 
system has been widely used in the basic research of can-
cer, and some encouraging progress has been achieved.

DNA‑based knockout/in
Oncogenes
Oncogenes are regulated differently from normal genes 
and can promote malignant transformation of normal 
cells [63]. The CRISPR/Cas9 system provides a valid 
measure for deletion, interfering with the expression, 
and changing the activity of oncogenes, thereby inhib-
iting tumor growth [64]. The CRISPR/Cas9-mediated 
knockout of CD133 downregulated vimentin expres-
sion in colon cancer cells, significantly reduced cell pro-
liferation and colony formation, and showed significant 
inhibitory effects on cell migration and invasion [65]. 
Knockdown of miR-3064 using CRISPR/Cas9 technol-
ogy significantly inhibited the proliferation, invasion, 
and tumorigenic capacity of pancreatic cancer (PC) 
cells [66]. Besides, using CRISPR/Cas9 knockdown of 
oncogenic mutant EGFR alleles, the growth and pro-
liferation of lung cancer cell lines H1975, A549, and 
H1650 were found to be inhibited, and the tumor size 
of xenografted mice implanted with H1975 or A549 
cells was reduced [67]. Knockdown of the FAK gene in 
NSCLC cells with KRAS mutations using CRISPR/Cas9 
resulted in detectable DNA damage and increased sen-
sitivity to radiotherapy [68]. Furthermore, the CRISPR/
Cas9-mediated deletion of the E3 ubiquitin ligase 

UBR5 in an experimental murine model of triple-nega-
tive breast cancers (TNBC) remarkably inhibited tumor 
growth and metastasis in vivo [69] (Fig. 5a). These stud-
ies indicated that the CRISPR/Cas9 gene editing system 
is an effective tool for identifying oncogene and evalu-
ating the therapeutic potential of oncogene targeting.

Tumor‑suppressor genes
Inactivation of tumor suppressor genes is a signifi-
cant feature in the initiation and progression of cancer 
[70]. The silencing, deficiency, or mutation of tumor-
suppressor gene activates oncogenes, leading to tumor 
initiation and progression [71]. Notably, the application 
of the CRISPR/Cas9 system has reformed a revolution 
in cancer research by enabling the rapid validation of 
tumor-suppressor gene in vitro and in vivo.

The mutation of NF2 (Neurofibromin 2), a gene to 
inhibit tumorigenesis, was found in malignant pleural 
mesothelioma (MPM). Compared to the untreated cells, 
an NF2-knockout human mesothelial cell line, MeT-5A 
(NF2-KO) showed enhanced migration and invasion 
abilities [72]. Similar phenomenon was observed on 
MFN2 (mitochondrial GTPase mitofusin-2) knockout 
cells in lung cancer via CRISPR/Cas9 [73]. Deletion 
of multiple tumor suppressor genes (including p53, 
Nf1, Pten, and Ptch1) in the mouse brain by CRISPR/
cas9 resulted in the development of glioblastoma [11]. 
The loss of LATS1/2 in many mouse cancer cell lines 
through CRISPR/Cas9 significantly increased anchor-
age-independent growth in pancreatic cancer Panc02, 
prostate cancer MyC-Cap, breast cancer 168FARN and 
67NR cells, and growth of colon cancer CT26, glioma 
GL261, and bladder cancer MB49 [74] (Fig. 5a). These 
studies showed that the use of CRISPR/Cas9 technol-
ogy is able to identify tumor-suppressor gene.

Furthermore, CRISPR/Cas9 technology has shown 
cancer therapeutic benefit by repairing inactivated 
tumor-suppressor genes. Moses et al. used the CRISPR/
dCas9 in combination with the trans-activator VP64-
p65-Rta (VPR) to activate PTEN expression in cancer 
cells with low-level PTEN expression. Results showed 
that the PTEN expression level was increased in mela-
noma and TNBC cell lines by the dCas9-VPR system, 
and the activation of PTEN obviously inhibited down-
stream oncogenic pathways [75]. Artegiani et al. found 
that after loss-of-function of BAP1 by CRISPR/Cas9 
in normal human cholangiocyte organoids, the cells 
became more motile and fused with other organoids, 
features that resemble the metastatic invasion of can-
cer. Interestingly, they restored the catalytic activity of 
BAP1 in the nucleus and rescue the cellular and molec-
ular alterations [76].
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Chemotherapy resistance genes
The development of resistance of cancer cells to chemo-
therapeutic drugs is a major obstacle to cancer treatment. 
The main mechanism of chemoresistance is dysregula-
tion of chemoresistance related genes [77]. Therefore, 
identifying chemoresistance related genes and modu-
lating their expression levels or functions are key to the 
elimination of chemoresistant cancer cells.

CRISPR/Cas9-mediated knockdown of NRF2 in a lung 
cancer cell xenograft mouse model had enhanced sensi-
tivity to cisplatin and carboplatin [78]. Furthermore, Gao 
et  al. found that CRISPR/Cas9-mediated knockdown of 
SKA3 enhanced the sensitivity of laryngeal cancer cells to 
cisplatin in preclinical model [79]. Knockdown of RSF1 
using CRISPR/Cas9 technology significantly increased 
the sensitivity of H460 cells to paclitaxel [80]. In con-
trast, knockdown of ERCC1 decreased the sensitivity of 
lung cancer cell lines to cisplatin [81]. The knockdown of 

aurora B (AURKB) in NSCLC cell lines by CRISPR/Cas9 
also restored the expression of the tumor suppressor 
gene TP53 and sensitivity to cisplatin and paclitaxel [82]. 
Therefore, the use of CRISPR/Cas9 technology enable to 
identify and validate chemoresistant genes, which are of 
great significance in the clinical treatment of cancer.

Metabolism‑related genes
Tumor cells are dependent on an adequate supply of 
energy to support proliferation, migration, and invasion 
as occurs with metastatic cells. The research suggested 
that metabolic reprogramming, the regulation of energy 
metabolism to promote rapid cell growth and prolif-
eration, is the new Hallmark of cancer [63]. Cancer cells 
tend to favor the “Warburg effect”, which promotes glyco-
lysis or aerobic glycolysis, even in the adequate supply of 
oxygen [83]. In addition to glucose metabolism disorders, 
abnormal lipid metabolism, amino acid metabolism, 

Fig. 5 Applications of CRISPR/Cas9-based gene editing tools for basic research of cancer. a CRISPR/Cas9-mediated knockout or knockin was 
applied to identify and verify of functional gene, including oncogene, tumor-suppressor gene, chemoresistant gene, metabolism-related gene, and 
cancer stem cell-related gene. b CRISPR/Cas9 library screen for drug target and functional gene. c Application of the CRISPR/Cas13 system for RNA 
targeting. d In vivo biotinylated dCas9 protein was used for interaction research, and dCas9 protein fused with fluorescent markers such as GFP was 
used for imaging analysis
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mitochondrial biogenesis, and other bioenergy metabo-
lism pathways also exist in cancer cells [84]. Therefore, 
understanding the energy metabolism mechanism might 
provide us with new ideas to target energy production 
pathways in cancer treatment.

Common markers expressed in high levels in cellular 
hypoxia, glucose transporter-1 (GLUT-1) and hypoxia-
inducible factor-1α (HIF-1α), have been associated with 
the biological behavior of cancer [85, 86]. Under the 
hypoxic stress condition, these two proteins are impor-
tant for glucose uptake and glycolysis in laryngeal cancer 
cells [87]. Lu et al. conducted HIF-1α and GLUT − 1 gene 
knockout in HEp-2 cells by CRISPR/Cas 9 system, lead-
ing to decreased proliferation, migration, and invasion. 
They found that HIF-1α and GLUT-1 gene knockout 
resulted in a significant reduction in glucose uptake and 
lactic acid of HEp-2 cells [88].

Using an impartial genome-wide CRISPR/Cas9 screen, 
Gallipoli et  al. revealed that glutaminase (GLS) exist-
ing in glutamine metabolism as a primary enzyme had 
a synthetically lethal effect with FLT3 tyrosine kinase 
inhibitors (TKI) treatment. Subsequently, combined with 
complementary metabolomic and gene-expression analy-
sis, they indicated that there is a metabolic dependency 
relationship between glutamine metabolism and FLT3 
internal tandem duplication (FLT3ITD) cells in acute 
myeloid leukemia (AML) after FLT3 TK inhibition. They 
used these approaches to explore AML subtypes driven 
by other tyrosine kinases (TK) activating mutations and 
verified the possibility of GLS as a clinically therapeutic 
target in AML [89].

The chemotherapeutic drug methotrexate is cytotoxic 
through inhibition of the synthesis of nucleotides which 
inhibit the DHFR enzyme (dihydrofolate reductase) that 
produces tetrahydrofolate (THF) and reduces its poten-
tial efficiency thereby leading to cell death. Kanarek et al. 
conducted a CRISPR/Cas9-based screening that gen-
erated FTCD, an encoded enzyme that is essential for 
histidine catabolism (formimidoyltransferase cyclode-
aminase). They found that the absence of multiple genes 
in the histidine catabolism pathway significantly reduced 
sensitivity to methotrexate in cultured cancer cells. Thus, 
the flow through the histidine degradation pathway 
could be increased by dietary supplementation of histi-
dine in vivo, which enhances the sensitivity of leukemic 
xenografts to methotrexate [90] (Fig.  5a). This applica-
tion of CRISPR/Cas technology in tumor metabolism has 
brought new insights into the treatment of cancer.

Cancer stem cell‑related genes
Cancer stem cells (CSC) are self-renewing cells in tumors 
that can produce heterogeneous tumor cells, which play 
critical roles in cancer initiation, progression, recurrence, 

and therapeutic resistance [91]. Since CSC may be 
derived from oncogene reprogramming and the dynamic 
characteristics of cancer cells, the identification of CSC-
related gene is speculated to generate new cancer treat-
ment targets [92]. Nowadays, the application of CRISPR 
technology in tumor stem cells has provided a new direc-
tion for clinical tumor treatment.

Ovarian cancer stem cells (OCSC) lead to a poor prog-
nosis of ovarian cancer. Nanog has been identified as 
the key gene that maintains CSC pluripotency and self-
renewal capability [93]. Androgen receptors (AR) are 
involved in the malignant behavior of other tumors [94]. 
Ling et al. constructed a green fluorescent protein (GFP) 
labeled Nanog cell model in ovarian cell lines (A2780 and 
SKOV3) using the CRISPR/Cas9 system, they found that 
the interaction of Nanog with the AR signaling axis may 
induce or contribute to the regulation of OCSC [95]. In 
another study, Yang et  al. used CRISPR/Cas9 technol-
ogy to knockdown the transcription factor YB-1 gene 
in cancer stem cells. They observed that the absence of 
YB-1 inhibited the proliferation of breast cancer and 
melanoma stem cells, leading to cell cycle arrest, apop-
tosis, and irreversible differentiation [96]. In colorectal 
cancer, aberrant Wnt signaling is critical for the develop-
ment and maintenance of cancer stem cells [97]. Zhan 
et  al. found that APC truncation mutations generated 
by CRISPR/Cas9 and MEK inhibitors synergistically 
enhanced Wnt responses in a CRC model. Using CRC-
like organs derived from patients, they demonstrated that 
MEK inhibition leads to an increased Wnt activity and 
enhanced genetic markers associated with stemness and 
cancer recurrence [98]. This provides a potential solution 
for the treatment of colorectal cancer. Hwang et al. used 
CRISPR/Cas9 to knockdown REG4 in colorectal cancer 
spheres containing both APC and KRAS mutations, and 
results showed that knockdown of REG4 inhibited Wnt/
β-linked protein signaling and thus effectively suppressed 
CSCs properties [99].(Fig.  5a). These findings explored 
the regulatory mechanisms of cancer stem cell stemness 
from multiple perspectives and provide new ideas for the 
CSC targeting treatment of cancer.

Using CRISPR/Cas9 library for screening functional genes 
in cancer cells
Cancer cell genomes carry a diversity of genetic aber-
rations that accumulate from congenital and acquired 
mutations and are triggered by successive clonal expan-
sions [63]. Identifying the genes that drive tumor evolu-
tion can clarify the initiation and development of cancer 
[3]. Large-scale genomic screening is a powerful tool to 
detect the mutated genes that cause various cancers [63]. 
Using CRISPR to perform functional genomic screening 
can reveal phenotype changes after drug treatment or 
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other stimulation, thereby identifying new target for can-
cer treatment [100].

Large-scale screening using CRISPR/Cas9 knockout 
libraries is widely used in gene loss-of-function studies. 
In 2014, Shalem et  al. constructed a sgRNA library tar-
geting 18,080 genes in the human genome and named it 
Genome-wide CRISPR/Cas9 knockout Library (GecKO). 
Using this system, they screened candidate genes that 
respond to vemurafenib (a therapeutic RAF inhibitor) 
in the human melanoma cell line A375, and six candi-
date genes were identified, including NF1, MED12, NF2, 
Cul3, TADA2B, and TADA1 [101]. In 2015, Chen et  al. 
performed a genome-wide CRISPR/Cas9-mediated loss-
of-function screen in a mouse model of tumor evolu-
tion. They used a lentiviral mouse sgRNA library named 
mGeCKOa, which containing 67,405 sgRNAs targeting 
20,611 protein-coding genes and1175 microRNA precur-
sors. A total of 5 protein-coding genes and 2 microRNAs 
were identified as metastasis-suppressive genes, includ-
ing Nf2, Pten, Cdkn2a, Trim72, Fga, miR345, and miR-
152 [102].

The tumor suppressor gene ATRX is frequently 
mutated in a variety of tumors, including hepatocellular 
carcinoma (HCC) and glioma [103, 104], and has a mini-
mal response to current therapies. Liang et  al. revealed 
that the checkpoint kinase WEE1 was a potential thera-
peutic target for ATRX mutant cancers using CRISPR/
Cas9 whole-genome screening technology. Subsequent 
experiments revealed that treatment with the WEE1 
inhibitor AZD1775 robustly inhibited the growth of sev-
eral ATRX-deficient HCC cell lines in  vitro, as well as 
in  vivo xenografting. Thus, the discovery of a synthetic 
lethal relationship between WEE1 and ATRX could 
be widely used for therapeutic applications in human 
tumors [105]. Additionally, researchers used the CRISPR/
Cas9 library screening technique to knockout more than 
3000 genes involved in T-cell metabolism. They tested 
the function of these genes in a mouse anti-tumor ACT 
(Adoptive cell therapy) model and found that damage to 
the gene encoding the REGNASE-1 enzyme caused more 
T-cells to infiltrate tumor tissue. Subsequently, they used 
CRISPR/Cas9 knockout library to destroy about 20,000 
genes in REGNASE-1-deficient CD8+ T cells. Their 
study indicated that the loss of REGNASE-1 protein pro-
longs the survival of anti-tumor CD8+ T cells, enhances 
their function, and enable T cells to fight cancer better 
and more effectively [106]. Moreover, Zhu et  al. devel-
oped a CRISPR/Cas9 strategy using paired gRNAs (pgR-
NAs) for large segment deletions to identify functional 
long non-coding RNAs in cancer cells. By applying this 
method, the researchers identified 51 lncRNAs that posi-
tively or negatively regulate the growth of human cancer 
cells [107]. Subsequently, the same team developed an 

alternative loss-of-function screen for 10,996 multiple 
exon lncRNA splice sites in chronic myeloid leukemia 
cells K562 and identified 230 lncRNAs associated with 
cell survival or proliferation [108] (Fig. 5b).

CRISPRi (CRISPR inhibition) is another important 
CRISPR/Cas9-based technology that was developed 
for loss-of-function screening in cancer research. Since 
CRISPRi functions only in a small range (1 kb) around 
the target transcription start site (TSS) [109], and dCas9 
blocks only 23 bp of the targeted sequence [37], CRIS-
PRi can interfere precisely with any lncRNA gene. Liu 
et  al. developed a CRISPRi library targeting 16,401 
lncRNA loci to screen cell lines, including iPSCs (human 
induced pluripotent stem cells), and transformed cell 
lines. They identified 499 loci that are required for robust 
cell growth [110]. Jost et al. used a CRISPRi/a-mediated 
chemogenetic screen to identify a target of antican-
cer drug Rigosertib. Their results indicated that tubulin 
with structure-directed mutations at the interface with 
rigosertib developed resistance to rigosertib, and it was 
determined that rigosertib kills cancer cells by desta-
bilizing microtubules [111]. This work confirmed the 
importance of CRISPR-based chemical gene screening in 
identifying physiologically relevant targets for drugs. Raf-
feiner et al. used a pooled library screen of dCas9 fused 
to the efficient transcriptional repression domain of the 
MXD1 protein to identify non-coding sites required 
for the growth of the human lymphoblastoid cell lines 
P493–6 and RAMOS. The study also provides additional 
CRISPRi-based tools to facilitate genetic perturbation 
of noncoding targets [112] (Fig.  5b). In summary, these 
approaches open the door to both coding and non-cod-
ing RNA screening.

In contrast to pooled libraries for knockdown screen-
ing, sgRNAs in CRISPR activation (CRISPRa) libraries 
target the promoter sites of target genes. CRISPRa in par-
ticular has enormous potential for the elucidation of drug 
resistance mechanisms in cancer cells, which are thought 
to arise frequently from gain-of-function events. The use 
of CRISPRa screening in BRAF (V600E) melanoma cells 
for resistance to the BRAF inhibitor PLX-4720 not only 
reproduced previously known resistance mechanisms, 
such as EGFR and ERK pathway activation but also 
revealed novel resistance mechanisms regarding G pro-
tein-coupled receptors [113]. Furthermore, Melanoma 
was screened for CRISPRa library and positively selected 
by the BRAF protein kinase inhibitor vemurafenib (PLX). 
EGFR, PCDH7, ITGB5, ARHGFE1, BCAR3, GPR35, and 
TFAP2C were identified as PLX-resistant genes. Activa-
tion of these genes may be related to the ERK pathway, 
leading to PLX resistance [114]. Moreover, research-
ers constructed a genome-wide CRISPRa library tar-
geting 14,701 lncRNA genes. By screening with this 
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library, lncRNA GAS6-AS2 was found to lead to Ara-C 
resistance in multiple cancers, including AML [100]. In 
a recent study, Wang et al. developed new cancer immu-
notherapy, MAEGI (Multiple Activation of Endogenous 
Genes as Immunotherapy), which uses CRISPR activa-
tion technology to directly activate endogenous mutant 
genes, amplify specific signals from cancer cells, and 
induce effective adaptive anti-tumor immunity. This is 
a versatile and highly scalable strategy that is effective 
against multiple cancer types, including those currently 
resistant to immunotherapy [115] (Fig. 5b). Collectively, 
CRISPRa library screening provides more advanced 
strategies for tumor research and is a good guide for the 
clinical treatment of cancer.

Application of CRISPR/Cas13 for RNA targeting in cancer
With the development of gene editing technology, 
researchers demonstrated that the class 2 type VI RNA-
guided RNA-targeting CRISPR/Cas effector Cas13 
(previously known as C2c2) can be engineered for mam-
malian cell RNA knockdown [58] (Fig. 5c). This technol-
ogy is also increasingly being used in cancer research. Qi 
et al. built a light sensor that effectively induced Cas13a 
protein expression after blue light irradiation. They select 
the lncRNA Metastasis-associated Lung Adenocarci-
noma Transcript  1 (MALAT1) as the functional target. 
Their results showed that the expression of MALAT1 
was significantly downregulated by the light-switchable 
CRISPR/Cas13a system in bladder cancer cells [116]. 
Recently, Wang et  al. overexpressed the LwCRISPR/
Cas13a by lentivirus in glioma cells reveals that crRNA-
EGFP induces a “collateral effect” after knocking down 
the target gene in EGFP-expressing cells. This study 
expands the application scope of the CRISPR/Cas13a 
system [117]. Taken together, these studies demonstrated 
that the CRISPR/Cas13a system provides a new approach 
for RNA manipulation in cancer cells.

Using CRISPR/dCas9 for interactions and visualization 
research
Importantly, identifying molecules associated with 
genomic regions of interest in  vivo helps to understand 
locus function (Fig. 5d). Researchers have established an 
enChIP (engineered DNA-binding molecule-mediated 
ChIP) system that uses catalytically inactive dCas9 to 
purify genomic sequences designated by specific gRNAs 
[118]. For example, enChIP was used for biochemical 
analysis of epigenetic regulation and transcription at spe-
cific genomic loci in living cell lines including HT1080 
(a human fibrosarcoma cell line) and K562 (a human 
leukemia cell line) [119]. Recently, a CRISPR affinity 
purification in  situ of regulatory elements (CAPTURE) 
system has been developed to identify locus-specific 

chromatin-regulating protein complexes and long-
range DNA interactions. The CAPTURE system can 
isolate chromatin interactions at a single-copy genomic 
locus using an in  vivo biotinylated dCas9 protein and 
sequence-specific guide RNAs [120] (Fig.  6a). The abil-
ity of CAPTURE to allow the isolation and analysis of the 
factors that regulate DNA offers multiple possibilities for 
studying how different proteins control genomic function 
in cancer cells and stem cells. It also provides an entirely 
new avenue for discovering new drug targets.

Visualization of chromosome dynamics and shapes in a 
live cell is very important in the field of cell biology. The 
copy number of a specific chromosome in cancer cells 
is usually abnormal, so detecting the chromosome copy 
number can help cancer diagnosis. In the interphase, 
each chromosome exists in its nuclear region and can be 
imaged by fluorescence in situ hybridization (FISH) using 
sequence-specific probes of different colors [121]. None-
theless, such chromosome mapping is only applicable to 
fixed cells and cannot be dynamically monitored in live 
cells. Recently researchers fused catalytically inactivated 
Cas9 (dCas9) with fluorescent markers (such as GFP) 
turning dCas9 into a customizable DNA marker that is 
compatible with live cell fluorescence microscopy [121] 
(Fig.  6b). CRISPR-based imaging has many advantages 
over other imaging technologies because gRNA is easy to 
design and implement, thereby it can be programmed for 
different genomic sites and can detect multiple genomic 
sites at the same time [122]. Alternatively, gRNA and pro-
tein-interacting RNA aptamers can be fused, the latter 
will recruit specific RNA binding proteins (RBP) labeled 
with fluorescent proteins to visualize target genomic sites 
[123]. Therefore, the fluorescent CRISPR system has been 
used for the dynamic tracking of genomic loci and map-
ping of chromosomes in living cells. In a recent study, 
Artegiani et al. developed a new tool called CRISPR-hot 
(CRISPR/Cas9-mediated homology-independent orga-
noid transgenesis) that fluoresces and visualizes specific 
genes in human organs. They used CRISPR-hot to insert 
fluorescent tags into the DNA of human-like organs 
[124]. These new techniques open a wide outlook for 
studying the real-time dynamic cellular processes in the 
cell, tissues, and even organs.

Application of CRISPR/Cas9 in cancer diagnostics
Early detection and treatment of cancer can reduce mor-
tality and improve the life quality of patients after treat-
ment. Although several techniques are widely used for 
cancer detection, they need improvements in terms of 
sensitivity, specificity, and speed. Therefore, identifying 
sensitive genes through genetic diagnosis is key to the 
prevention of cancer [125] (Fig.  7a). To overcome these 
problems, Gootenberg et al. established a CRISPR-based 
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diagnostic system called SHERLOCK (Specific High 
Sensitivity Enzymatic Reporter UnLOCKing). This sys-
tem consists of the RNA-guided RNase Cas13a (induces 
robust non-specific single-stranded DNA (ssDNA) 
trans-cleavage as a collateral effect) and a reporter signal 
(released after RNA cleavage), which showed high sensi-
tivity in mutation detection of BRAF V600E and EGFR 
L858R in mammalian cells [59]. Another similar system 
named DETECTR (DNA endonuclease-targeted CRISPR 
trans reporter) consists of Cas12a and recombinase poly-
merase amplification (RPA) and is used as a detection 
tool to screen for viral infections in cancer and to amplify 
micro-samples. The system is rapid and inexpensive 
for detecting high-risk HPV types, such as HPV16 and 
HPV18, in samples infected with many different types of 
HPV [46, 126].

miRNAs are involved into many diseases and have 
potential value in the diagnosis and treatment of cancer. 
However, in view of the complexity, the available miR-
NAs detection methods have low sensitivity and are of 
high cost thus, need for improvement. It has been shown 
that a new isothermal amplification platform based on 
CRISPR/Cas9 technologies can be used for efficient 
detection of miRNAs [127]. This was the first time the 

CRISPR/Cas9 method has been used for miRNA detec-
tion. The further development of CRISPR detection tech-
nology will provide a rapid, scalable, and high-resolution 
platform for the diagnosis of cancer.

Application of CRISPR/Cas9 in cancer therapy
In addition to making rapid progress in basic research 
of oncology, CRISPR/Cas-mediated genome editing also 
has broad prospects in cancer treatment. Tumorigen-
esis is a multistep process involving complex interactions 
between cancer cells and the host immune system [128]. 
The combination of the CRISPR/Cas technique with can-
cer immunotherapy and its application to combating car-
cinogenic virus infection offers great promise.

Chimeric antigen receptor T(CART) cells
Cancer immunotherapy is another widely recognized 
treatment after surgery, chemotherapy, and radiation 
therapy. Adoptive T cell immunotherapy, especially chi-
meric antigen receptor (CAR) T cell therapy, has ushered 
in a new era of cancer therapy, especially after the FDA 
approved Kymriah and Yescarta (CD19-oriented CAR T 
cells in B-cell leukemia and lymphoma) [129] (Fig.  7b). 
Clinical trials have shown that CAR T-cell therapy can 

Fig. 6 Schematic diagram of dCas9-based methods for molecular interactions and visualization research. a dCas9 mediated capture of chromatin 
complex and downstream analysis. b dCas9-mediated imaging of genomic elements in living cells
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alleviate clinical symptoms in patients with a variety of 
hematologic and solid cancers, particularly in relapsed/
refractory acute lymphoblastic leukemia (ALL) and mul-
tiple myeloma, providing hope of a cure for patients with 
relapsed and refractory hematologic cancers [130–132]. 
Although the widely used autologous CAR T cells have 
shown promising results in cancer treatment, there are 
still limitations that affect their therapeutic efficacy. 
The combination with CRISPR/Cas9 technology would 
bridge the gap in T-cell engineering.

An MSKCC (Memorial Sloan Kettering Cancer Center) 
group has used CRISPR/Cas9 technology to construct 
more effective CAR-T cells using targeted insertion of the 
CAR gene delivered to specific locations. It is a precise 
method that kills cancer cells in the long term, is safer, 
and enhances the effectiveness of T cells [133]. Research-
ers have developed novel antigen-specific immunothera-
pies using CAR-T cell-based combined with CRISPR/

Cas9 technology. They used the CRISPR/Cas9 tool to 
remove a specific protein called CD33 from healthy cells. 
Healthy stem cells that lacked CD33 were able to func-
tion normally as well, making CD33 a unique marker for 
leukemia cells and enabling CAR-T cell therapy to easily 
identify and attack cancer cells [134].

Researchers at the University of Pennsylvania con-
ducted a human clinical trial in which they used CRISPR 
technology to delete two genes, TCRα (TRAC) and 
TCRβ (TRBC), encoding the endogenous T cell recep-
tor (TCR) chain in T cells to reduce TCR mismatch and 
enhance the expression of a synthetic cancer-specific 
TCR transgene (NY-ESO − 1). They then deleted a third 
gene encoding PD-1 (PDCD1) to enhance antitumor 
immunity. This approach may help avoid host-mediated 
immunity and thus provide patients with an anti-leuke-
mic effect without the fear of graft-versus-host disease 
(GVHD). This was the first demonstration of the ability 

Fig. 7 Applications of CRISPR/Cas9 gene editing tools for diagnosis and therapy of cancer. a Using CRISPR/Cas9-based diagnostic system 
SHERLOCK and DETECTR for detecting cancer. b CRISPR/Cas9 edits immune cells in vitro, and then these cells were administrated to patients to 
combat against cancer. c Knockout of inhibitory receptors PD-1 by CRISPR/Cas9 technology improves the efficacy of cancer immunotherapy. d Viral 
genome-specific Cas9-sgRNA eliminates oncogenic virus. e Establishing in vivo tumor model with multiple gene mutations with CRISPR/Cas9 gene 
editing tools
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of CRISPR/Cas9 technology to target multiple human 
genes simultaneously [135]. In a study using CRISPR/
Cas9 to disrupt GM-CSF, CART19 cells deficient in 
GM-CSF were constructed with enhanced cellular func-
tion, increased antitumor activity, and improved overall 
survival. Additionally, after neutralizing GM-CSF using 
lenzilumab, there was durable control of leukemia and 
reduced cytokine release syndrome (CRS) and neuroin-
flammation in patient-derived xenografts. They plan to 
conduct a phase II clinical study using a combination of 
lenzilumab and CART19 cell therapy [136]. These stud-
ies confirm the feasibility of CRISPR/Cas9 gene editing in 
cancer immunotherapy.

PD‑1/PD‑L1 targeted therapy
Programmed death ligand 1 (PD-L1) is an important 
immunosuppressive molecule, which can down-regulate 
the immune system’s response to avoid autoimmune dis-
eases [137, 138] (Fig. 7c). PD-L1 is expressed in a variety 
of immune and cancer cells. By interacting with PD-1 on 
T cells, PD-L1 inhibits the activity and growth of T cells, 
promotes the exhaustion of T cells, and induces apopto-
sis of activated T cells to help tumor cells to escape host 
immunity [139, 140]. Therefore, inhibiting the interaction 
between PD-1 and PD-L1 through inhibitors can allow T 
cells to kill and eliminate tumor cells normally, a treat-
ment strategy that is effective for anti-tumor immunity. 
Cyranoski et al. conduct the first CRISPR human trial to 
treat patients with metastatic non-small cell lung can-
cer who had failed to respond to chemotherapy, radia-
tion, and other therapies with CRISPR-edited T cells 
(knockout PD-1 gene) [141, 142]. They recently pub-
lished the results of the latest trial demonstrating the 
safety and feasibility of CRISPR gene-edited T cells tar-
geting PD-1 in a cohort of patients with advanced lung 
cancer(NCT02793856) [143]. Besides, there are clinical 
trials (NCT02867345, NCT02863913, NCT04417764, 
NCT03081715, NCT02867332) of CRISPR-mediated 
PD-1 gene knockout in patients with prostate cancer, 
bladder cancer, hepatocellular Carcinoma, advanced 
esophageal cancer and metastatic renal cell carcinoma 
associated with treatment [144]. Additionally, it is 
reported that destroying PD-1 enhances the anti-tumor 
activity of CAR-T cells against hepatocellular carcinoma 
in vivo, and improves the persistence and infiltration of 
CAR T cells in tumors [145]. He et al. delivered CRISPR/
Cas9 plasmids to the tumor nucleus through the use of 
an Aptamer/peptide-functionalized vector to knockout 
the β-catenin, thus downregulating the expression of 
PD-L1 on tumor cells. They found that the PD-L1 medi-
ated immune escape and immunosuppression of cancer 
was reversed [146]. These studies provided strategies to 
reverse tumor immune escape and immunosuppression. 

The developed genome-editing delivery system has broad 
research and application prospects for cancer treatment.

Combating carcinogenic virus infection
The CRISPR/Cas9 system has an antiviral role in bacte-
rial adaptive immunity and thus great potential for the 
defense and clearance of infected viruses [147]. Carci-
nogenic viral infections are one of the causes of cancer 
and commonly include hepatitis B virus (HBV) and hepa-
titis C virus (HCV) in liver cancer, human papillomavi-
rus (HPV) in laryngeal cancer [126], and Epstein-Barr 
virus (EBV) in nasopharyngeal carcinoma, Hodgkin’s 
lymphoma, and Burkitt’s lymphoma [148]. The use of 
Cas9-sgRNA, which can specifically recognize the viral 
genome, directly targets oncogenic viral genes or genes 
required to maintain viral replication. This results in 
mutations in the viral genome and suppression of onco-
genic viral gene expression thereby inducing cancer cell 
death. Consequently, fighting viral infection and elimi-
nating cancer through CRISPR/Cas technology provides 
new ideas for the treatment of cancers associated with 
viral infection (Fig. 7d).

The occurrence of cervical cancer is mainly caused by 
HPV. HPV-related tumors are attributed to HPV E6 and 
E7 proteins, which are involved in the malignant trans-
formation of cervical cancer and the maintenance of 
the malignant phenotype [149]. In HPV16 and HPV-18 
positive cervical cancer cells, knockdown of the E6 and 
E7 genes with CRISPR/Cas9 restored cellular tumor 
suppressor p53 and retinoblastoma (Rb) protein levels, 
resulting in cell death and apoptosis [150]. Similar results 
were also observed when the HPV-16 E6 and E7 genes 
were knockdown in a nude mouse model of cervical can-
cer cells, and tumor growth was inhibited [151].

The development of hepatocellular carcinoma (HCC) is 
closely related to HBV infection of hepatocytes, in which 
HBV covalent closed-loop DNA (cccDNA) plays a crucial 
role [152]. Therefore, the removal of cccDNA from hepat-
ocytes is necessary to cure HBV infection. A number of 
studies have demonstrated that CRISPR/Cas9-mediated 
HBV DNA editing can effectively reduce cccDNA in cells 
and mouse models and inhibit viral production [153–
156]. Recently, using CRISPR/Cas9 technology, research-
ers found that the lncRNA PCNAP1 enhances HBV 
replication by regulating miR-154/PCNA/HBV cccDNA 
signaling, explaining the mechanism of the effect of lncR-
NAs on HBV replication and HCC [157]. Besides, the 
targeted cut mouse p53 and Pten genes were delivered to 
the liver tissue of adult HBV transgenic mice through the 
CRISPR/Cas9 system, and tumors were found in the liver 
of the mice. This observation proved that CRISPR/Cas9-
mediated somatic p53 and Pten mutations can accelerate 
the occurrence of primary hepatocellular carcinoma in 
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adult HBV transgenic mice [158]. HCV can also promote 
the development of HCC. Price et al. designed Francisella 
novicida Cas9 (FnCas9) to precisely target the viral RNA 
genome of HCV through RNA-guided RNA recognition, 
to reduce the production of viral proteins and inhibit 
HCV infection [159]. Since FnCas9 can target both RNA 
and DNA, this multifunctional endonuclease may be able 
to fight multiple types of viruses at the same time, such as 
HBV and HCV.

EBV is related to a variety of human malignancies, and 
studies have used the CRISPR/Cas9 system to target EBV. 
When using Cas9/gRNA transfected Burkitt lymphoma 
human cells to target EBNA-1, LMP-1, or EBNA-3C 
genes, the cell proliferation and the viral load are signifi-
cantly reduced [160] and almost a complete clearance 
of the latent EBV infection occurs [161]. Moreover, the 
researchers conducted a human genome-wide CRISPR/
Cas9 screen in Burkitt’s lymphoma B cells to system-
atically analyze the host factors regulating the EBV pro-
liferative infection cycle for the first time and deeply 
characterized the molecular mechanism of EBV switch-
ing from latent infection to viral proliferative infection 
cycle. Multiple drug therapeutic targets were identified, 
which laid the foundation for tumor cell-transient immu-
notherapy targeting EBV infection [162]. These studies 
proved the potential of CRISPR/Cas9 in preventing and 
treating cancer virus infections.

Application of CRISPR/Cas9 in cancer modeling
CRISPR/Cas9 enables in  vivo construction of tumor 
models with multiple genetic mutations to better model 
complex human diseases (Fig.  7e). Since the emergence 
of homologous recombination or random transgenic 
integration, transgenic mice have been the gold standard 
for cancer modeling studies [163]. The use of laboratory 
mice to mimic human cancers through remodeling (xen-
ografting) can be used for both basic oncology research 
to functionally infer cancer genes and for anti-cancer 
drug screening [164]. The fast and precise CRISPR/Cas9 
technology enables researchers to create mouse mod-
els of cancer with specific genetic modifications, allow-
ing a more objective study of multistep carcinogenesis. 
In 2017, Huang et al. created a mouse model of sarcoma 
using CRISPR/Cas9 technology successfully [165]. Blasco 
et al. created a mouse model that mimics non-small-cell 
lung cancers (NSCLC). A specific chromosomal translo-
cation involving the genes Eml4-Alk, which is present in 
approximately 5–7% of these tumors, was achieved, using 
a lentiviral CRISPR/Cas9 vector. Employing this system, 
almost all mice developed lung cancer 8 weeks after the 
procedure [166]. Disruption of the tumor suppressor 
genes Pten and P53 in mouse liver by CRISPR/Cas9 has 
created a mouse model that generates liver tumors with a 

cancer phenotype similar to that of mice made with con-
ventional Cre-loxP technology [167]. These models allow 
for the study of potential mechanisms of tumorigen-
esis and progression while exploring various therapeutic 
approaches.

Patient-derived xenograft (PDX) animal models can 
enable exogenous growing of human tumors and provide 
an indispensable preclinical tool for oncology research 
[168]. Mice are the most widely used host for human 
PDX models; nevertheless, the small size of mice limits 
the growth of xenografts, which in turn affects sample 
collection and drug evaluation. Thus, the researchers 
used the CRISPR/Cas9 technique to knockout Rag1, 
Rag2, and n Il2 in Sprague Dawley (SD) rats to develop 
a new rat model with significantly impaired lymphoid 
organ development. The SD-RG rats with severe immu-
nodeficiency overcame the above shortcomings and have 
successfully been developed into a PDX model of lung 
squamous cell carcinoma in which the grafts reproduced 
the histopathological features of the primary tumor in 
multiple passages. This has great potential to be used as a 
new model for cancer research [169].

Zebrafish have been used for the study of different 
types of cancers, such as skin cancer [170, 171] pancre-
atic cancer [172], breast cancer [173], leukemia [174], 
glioma [175], and lung cancer [176]. With the help of the 
CRISPR/Cas9 system, zebrafish has obtained a flexible, 
cheap, and easy tool in research that can generate mosaic 
knockout or lines on demand. This will improve the 
analysis of tumor suppressor genes that are difficult to 
study and make the development of a more complicated 
Zebrafish cancer model possible [177]. Ablain et al. used 
CRISPR technology in their study to create a zebrafish 
model of genetic SPRED1-deficient mucosal melanoma 
and found that SPRED1 plays a tumor suppressor role. 
These findings provide a rationale for MAPK (mitogen-
activated protein kinase) inhibition in SPRED1-defi-
cient melanoma and suggest a new zebrafish modeling 
approach that can be used to rapidly study genetic muta-
tions occurring in human cancers [178]. These emerg-
ing modeling approaches could allow for a more efficient 
investigation of cancer genes in vitro and in vivo.

Application of CRISPR/Cas system in a new 
emerging hotspot of oncology
RNA modification mediated by N6-methyladenosine 
(m6A) influences practically the whole post-transcrip-
tional processes. Emerging evidence reveals that m6A 
modification is correlated with tumor initiation, prolif-
eration, differentiation, invasion, metastasis, and survival 
rate [179]. Furthermore, the regulators of m6A modifica-
tion function as oncogenes or tumor suppressors in vari-
ous cancers [180, 181]. However, previous RNA biology 
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methods cannot distinguish the effect of individual m6A 
modifications. Recently, based on the CRISPR/Cas9 tech-
nology, Liu et al. developed a robust approach that ena-
bles m6A accession and erasure at the specific site via 
recognition of homologous sequence from cellular RNAs. 
They engineered fusions of dCas9 with m6A methyl-
transferases METTL3 and METTL14 and found that the 
resultant m6A ‘writers’ enable comparison of the action 
of single-site methylation by distinct mRNA regions. In a 
further study, they used m6A ‘erasers’ via fusing CRISPR/
Cas9 with ALKBH5 or FTO to achieve RNAs demethyla-
tion in a specific site [182]. Latest, Wilson et  al. devel-
oped a targeted RNA methylation (TRM) system based 
on the RNA-targeting ability of CRISPR/Cas13 in com-
bination with RNA methyltransferases generated m6A. 
They indicated that site-specific incorporation of m6A 
into different cellular compartments is guided by fusion 
of dCas13 with the METTL3 methyltransferase domain. 
They also established that the cytoplasmic localization 
of the METTL3:METTL14 methyltransferase complexes 
domain and cytoplasm-localized fusions with a modi-
fied METTL3:METTL14 methyltransferase complex can 
direct site-specific m6A incorporation in distinct cel-
lular compartments [183]. The TRM is a targeted epig-
enome engineering tool used to reveal and analyze the 
functions of individual m6A modifications. Utilization 
of these tools will facilitate mechanistic understand-
ing and clinical trials of malignant tumors in a way of 
epitranscriptome.

Long non-coding RNAs (lncRNA) are considered to be 
the main “dark matter” in the genome. Numerous studies 
have shown that these RNAs may participate in a series 
of important physiological activities in cells and are also 
closely related to the initiation and progression of can-
cers [184]. The interaction between RNA binding pro-
teins (RBP) and lncRNAs determines the function and 
fate of RNA molecules. Therefore, accurate identification 
of lncRNA interacting proteins in living cells can help us 
in revealing the molecular mechanism of some complex 
human diseases better [185]. Recently, using CRISPR/
CasRx-based RNA targeting and proximity labeling to 
characterize specific long non-coding RNAs (lncRNAs) 
binding proteins in primary cells, Yi et  al. established 
the CRISPR-assisted RNA-protein interaction detection 
method (CARPID). The detection method was applied 
in nuclear lncRNA XIST and captured a range of known 
interacting proteins and plentiful unidentified binding 
proteins [186]. This tool can be used to detect the RNA-
binding proteins that are significantly involved in tumo-
rigenesis, and these protein molecules may serve as drug 
targets for treating tumor-related diseases.

The CRISPR/Cas adaptive immune defense systems 
in some cases can protect against specific sequences of 

foreign DNA or RNA. However, phages have not been 
eliminated by the evolution of defense systems in the 
bacterial host, suggesting that there are genes in some 
phages that encode antagonistic bacterial CRISPR/Cas 
immune system products. Expectedly, recent studies 
have discovered a group of bacteriophage proteins, anti-
CRISPRs (Acrs), that can inactivate certain CRISPR sys-
tems [187, 188]. Nakamura et  al. evaluated the activity 
of a panel of Acrs in mammalian cells using both CRIS-
PRi and CRISPRa. Their results clearly suggested that 
AcrIIA4 is a potent regulator of (d) Cas9 activity in vari-
ous cell types. Moreover, AcrIIA4 benefits from its small 
size which enables easy incorporation into a range of 
environments and it can efficiently inhibit CRISPR activ-
ity when it is fused to other gene products via abounding 
linkers [189]. These studies indicated that anti-CRISPR 
proteins could act as preferable tools for the generation 
of more advanced dynamic control over gene regulation 
by regulating CRISPR activity in cancer research, thus 
providing more approaches for overcoming the complex 
features of cancer.

Conclusions and perspectives
In just a few years, the CRISPR/Cas9 has emerged 
and advanced rapidly as a stable, efficient, simple, and 
extensively used gene editing technology. Actually, 
the CRISPR/Cas9 has fundamentally impacted many 
fields, such as agriculture, biotech, and biomedicine, 
but no field has felt a more profound impact than can-
cer research as evidenced by the accumulating data in the 
fast-growing publications. The capacity to implement the 
genome rapidly and accurately opened the windows for 
a new and more elaborate outlook on the mechanisms 
of tumorigenesis and progression. More importantly, 
CRISPR/cas9 gene editing technology hold big promise 
for cancer therapy. However, several challenges remain 
before this technology can be used in clinical treatment 
of cancer safely and efficiently.

Firstly, the off-target effect of CRISPR/Cas9 gene 
editing technology has always been a major concern. 
Therefore, improvement of the specificity and the tools 
for off-target detection is required for safe therapeutic 
uses of CRISPR/Cas9. Many efforts have been made for 
increasing specificity, including development of more 
prioritizing sgRNA designer by integrating of multiple 
factors [190], discovery and use of more specific Cas9 
variants, limiting the time of CRISPR/Cas9 activity, use 
of inducible Cas9 variants, and use of anti-CRISPR pro-
teins [191]. Furthermore, techniques such as GUIDE-Seq 
[192], CIRCLE-Seq [193], and CHANGE-seq [194] that 
can detect low-frequency mutations have been devel-
oped. Further studies are needed to fully understand the 



Page 17 of 22Zhang et al. Mol Cancer          (2021) 20:126  

principles that govern CRISPR/Cas9 specificity, and to 
improve off-target detection sensitivity.

Secondly, on-target mutagenesis was occurred fre-
quently in double-strand breaks induced by single-guided 
RNA/Cas9, such as large deletions (over many kilobases) 
and complex genomic rearrangements at the targeted 
sites, thus will elicit long-range transcriptional conse-
quences and may have pathogenic consequences [195] . 
Therefore, the technology of precise spatiotemporal con-
trol of CRISPR/Cas9 activity in cells and complex condi-
tions will be beneficial, such as cell-specific promoters, 
small molecule activation/inhibition, bioresponsive deliv-
ery carriers and optical/ultrasonic/thermal/magnetic 
activation of the CRISPR/Cas9 system [196]. In addition, 
it is necessary to perform comprehensive genomic analy-
sis to identify cells with normal genomes before clinical 
applications.

Thirdly, efficient, safe and targetable delivery of the 
CRISPR/Cas9 system in vivo is also a huge challenge for 
clinical application. To overcome this problem, novel 
delivery strategies and control mechanisms is required. 
Fortunately, a series of viral and nonviral delivery systems 
were developed for gene editing in diverse tissues, and 
these methods all show certain advantages and disadvan-
tages [197–199]. Recently, multifunctional nanoparticles 
with tumor pH response, active EGFR targeting, and 
nuclear localization provided new idea for overcoming 
the delivery problem of the CRISPR/Cas system [200]. 
Looking ahead, a delivery system that enable to deliver 
the CRISPR/Cas9 components for tissue- and cell-type-
specific gene editing with safety and efficiency is ideal for 
clinical translation.

Fourthly, another challenge for CRISPR/Cas9 applica-
tion is the human body’s immune response to the bac-
teria-derived Cas9 protein. Charlesworth et  al. detected 
antibodies against Cas9 in human serum by ELISA 
(enzyme-linked immunosorbent assay). Results showed 
that both SaCas9 and SpCas9 antibodies were existed in 
78 and 58% of subjects, respectively. Furthermore, they 
also found anti-SaCas9 and anti-SpCas9 T cells in 78 and 
67% of subjects, respectively [201]. These data indicated 
that there are preexisting humoral and cell-mediated 
adaptive immune responses to Cas9 in humans that may 
compromise efficiency of gene editing. Therefore, opti-
mizing vector, dose, administration route, and immune 
suppression are potential approaches to perfect the 
CRISPR/Cas9 gene editing in vivo.

Finally, the DNA double-strand break caused by 
CRISPR/Cas9 can activate the p53 pathway, induce a 
p53-mediated DNA damage response and cell cycle 
arrest, thus leading to failure of gene editing [202, 203] . 
Nevertheless, recent studies revealed that although Cas9-
induced p53 pathway activation alters cellular sensitivity 

to both genetic and chemical perturbations [204], careful 
experimental design and thorough data analysis made it 
is possible to get useful results even in cells with func-
tional p53 protein [205]. In addition, it has been demon-
strated that the single Cas9 nickase approach, which does 
not rely on double-stranded DNA breaks, is expected to 
circumvent this risk [206]. To usher a golden age of the 
CRISPR/Cas technology in cancer research, diagnosis 
and treatment, continuous efforts are needed to over-
come the above challenges in future.
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