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ARTICLE INFO ABSTRACT

Cancer is one of the most leading causes of death and a major public health problem, universally. According to
accumulated data, annually, approximately 8.5 million people died because of the lethality of cancer. Recently, a
novel RNA domain-containing endonuclease-based genome engineering technology, namely the clustered reg-
ularly interspaced short palindromic repeat (CRISPR)-associated protein-9 (Cas9) have been proved as a pow-
erful technique in the treatment of cancer cells due to its multifunctional properties including high specificity,
accuracy, time reducing and cost-effective strategies with minimum off-target effects. The present review in-
vestigates the overview of recent studies on the newly developed genome-editing strategy, CRISPR/Cas9, as an
excellent pre-clinical therapeutic option in the reduction and identification of new tumor target genes in the
solid tumors. Based on accumulated data, we revealed that CRISPR/Cas9 significantly inhibited the robust tumor
cell growth (breast, lung, liver, colorectal, and prostate) by targeting the oncogenes, tumor-suppressive genes,
genes associated to therapies by inhibitors, genes associated to chemotherapies drug resistance, and suggested
that CRISPR/Cas9 could be a potential therapeutic target in inhibiting the tumor cell growth by suppressing the
cell-proliferation, metastasis, invasion and inducing the apoptosis during the treatment of malignancies in the
near future. The present review also discussed the current challenges and barriers, and proposed future re-
commendations for a better understanding.

Keywords:
CRISPR/Cas9
Genome editing
RNA editing
Solid tumor
Off-target
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1. Introduction

Globally cancer is considered one of the major leading causes of
death. In 2018, approximately 9.6 million people had died because of
cancer. Cancer is characterized by the heterogeneity and accumulation
of different genetic mutations and alternations, including modification
in epigenetic factors (DNMT1), variation in genes like multidrug re-
sistance genes (MDR1/Pgp and ABC), activation in tumor suppressor
(TP53) and oncogenes (RAS) [1]. The tumor heterogeneity is categor-
ized into intratumoral and intertumoral heterogeneity. Intratumoral
heterogeneity mainly occurs due to the unequal circulation of geneti-
cally distinct tumor subpopulations across single or different disease

* Correspondence authors.

sites. In contrast, intertumoral heterogeneity is associated with patients'
specific factors such as patients-somatic profile and germline alterna-
tions. Intertumoral heterogeneity also circulates between patients har-
boring tumors of the same histological type [2]. However, genetic in-
stability generated several critical substrates for tumor heterogeneity
that are maintained by specific therapeutic processes. Resultingly, this
heterogeneity triggers the site-specific response and ultimately provides
the seeds for the development of cancer resistance [3].

During the past few decades, different therapies, including im-
munotherapy, targeted antibodies, hormone therapy, chemotherapy,
targeted drug therapy, stem cell transplant, and surgery have been in-
troduced into the medical field for the betterment of prognosis in cancer
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patients, which significantly eradicate or condense the cancerous cells
and upsurges the maximum lifespan of about only five years [4,5]. Even
after these therapies, cancer continues to evolve and ultimately give
rise to molecular heterogeneity attributed to various molecular events
like epigenetic, genetic, phenotypic, and transcriptomic alternations.
However, due to their several limitations, including toxicity, high cost,
and adverse effects (affect the healthy cells and caused the partial or
complete loss of organ functions) these therapies did not improve as
much survival of patients. Because of the multi-step existence of cancer,
the prevention and treatment of cancer are difficult. So, it is pre-
requisite to study its prognosis, pathogenesis, etiology, and phenotypes
to improve the existing therapies and develop a new treatment [6].

In recent years, a genome editing engineering technology has been
proposed for the cancer treatment that can target any gene in the af-
fected area and make knock-in and knock-out alternations. DNA do-
main binding conventional techniques, including transcriptional acti-
vator-like effector nuclease (TALENS), and zinc finger nuclease (ZFNs)
have greatly influenced in molecular biology for engendering animal,
cellular cancer models, and therapy investigations. But because of their
complexity and time-consuming strategies, their widespread use has
been restricted [1,7,8]. However, RNA interference (RNAi) is con-
sidered a great establish for gene expression in cancer therapy research,
but due to its temporary knockdown effects, it needs to be continuously
administrated to gain the acceptance level of knockdown [9]. In the
present days, a new RNA domain-containing endonuclease-based
genome engineering tool, namely the clustered regularly interspaced
short palindromic repeat (CRISPR)-associated protein-9 (Cas9) have
been developed for cancer treatment that gained a significant amend-
ment in the gene expression and gene therapy due to its simplicity, and
less time-consuming target abilities with high accuracy and efficiency
[10].

Solid tumors (see glossary; Supplementary material) including
breast, lung, liver, prostate, and colorectal cancer are the most common
types of tumors, that showed less progress toward their treatment by
gene therapies as compared to non-solid tumors like leukemia. Thus,
with the development of CRISPR/Cas-9, this situation rapidly changed.
Previously published data suggested that CRISPR/Cas-9 can effectively
target the cancer cells and suppress tumor growth by inducing apop-
tosis and inhibiting cell proliferation and metastasis [11,12]. The single
guide-RNA (sgRNA), endonuclease enzyme Cas-9 are the two funda-
mental components of the CRISPR system that guided the CRISPR
technology to treat the cancer cells. Cas-9 protein induced double-
stranded DNA breaks (DSBs) at target sites. It initiates the DNA repair
process by non-homologous end joining (NHEJ) repair mechanism of
insertion and deletion of a small part of a sequence. However, Cas-9 can
also practice another way for repair mechanism, including homology-
directed repair (HDR) using template DNA. CRISPR/Cas-9 technique
was first applied in animal and mammalian cells six years ago. It was
used as the most ingenious and versatile strategy against cancer ex-
hibiting and treatment explorations [13,14].

The principal objective of the present review is to investigate the
potential therapeutic properties of CRISPR/Cas9 against solid tumors,
including breast, lung, liver, colorectal, and prostate cancer. The pre-
sent review also investigates the structure, mechanism, current chal-
lenges and future prospective, and delivery of CRISPR/Cas9 to the
target site. Furthermore, in the present comprehensive review, many
genetic mutations in genes regarding cancer treatment by CRISPR/Cas9
are discussed to gain the focus of the researcher for the translation of
laboratory-research to clinics.

2. Advantages of genome editing CRISPR/Cas9 technology

In the molecular biology field, the genome editing is usually carried
out by binding the sequence of specific DNA binding domain to a non-
specific binding domain which allows precise and efficient alternations
of a gene of interest by DNA double-strand breaks (DSBs) via
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stimulating the DNA repair mechanism [15]. The emerging evidence
suggested that the efficiency of genome editing have been improved by
programmable nucleases that used to correct the mutations in several
diseases such as sickle cell disease, several combined immunodeficiency
(SCID), cancer, and hemophilia [16]. Conventionally, two different
genome editing techniques such as transcription activator-like effector
nucleases (TALENs) and zinc-finger nucleases (ZFNs) have been ex-
tensively used for DNA repair by targeting the gene of interest. The
efficiency of these techniques entirely depends on specificity and affi-
nity of nucleases [17]. Traditionally, TALENs and ZFNs editing tech-
nologies were used to target several oncogenes like human Papilloma-
virus oncogenes. A study showed that Compo-Zr ZFNs significantly
targeted the E6 gene in HPV-16 cell lines with the editing activity of
50% but showed less activity in CaSki and SiHa cervical cell lines. Si-
milarly, TALENSs effectively edited the E7 gene in SiHa cells but did not
show the desirable activity in other cell lines [16]. Recently, a study
revealed that ZFNs significantly removed the HIV-1 pro-viral DNA and
gave a new hope to target the other viral genomes in single or combine
form (TALEN/ZFN) [18]. Although these genome editing techniques
showed somehow better results, but these both techniques exert off-
target effects and also very time taking and less efficient techniques. So,
there was a need to develop a highly efficient and accurate technique to
compensate the old ones [19].

Based on the emerging achievement of CRISPR/Cas9 in the mole-
cular field, this technique has superiority over the other conventional
genome editing techniques such as transcriptional activator-like ef-
fector nuclease (TALENSs), and zinc finger nuclease (ZFNs) due to its
limited off-target effects and less time-consuming target ability. The
CRISPR-Cas9 only required the short complementary sequence of sg-
RNA to target the DNA, which is a relatively cost-effective and much
easier method than conventional tools (TALENs, ZFNs, and RNAi) to
edit desired part of DNA [20,21]. According to the accumulated data,
the CRISPR/Cas9 system was initially identified by the prokaryotic
(Escherichia coli) adaptive immune system, which is considered good
anti-phages and antiviruses system [22]. CRISPR/Cas9 comprises three
distinct prime components, including CRISPR RNA (crRNA), trans-ac-
tivating CRISPR RNA (tracrRNA), and endonuclease Cas-9 [23].

CRISPR/Cas9 possess several distinct variants (dCas9, CRISPR-X,
CRISPR-a, and CRISPR-i), which can perform various functions under
different circumstances, for instance, deactivated Cas-9 (d-Cas9) can be
used to target the epigenome (see glossary) by suppressing the enzy-
matic activities of HNH domains without disrupting the sequence [1].
Similarly, another study reported that CRISPR-I significantly blocked
the endogenous genes, including CXCR-4 and CD-71 in the HelLa cells
[24]. The literature reported that the CRISPR/Cas9 has the highest
genome editing proficiency than all conventional techniques, including
ZFNs and TALEN, and more than 79% effectiveness of CRISPR/Cas9 is
recorded to edit the human pluripotent stem cells (PSCs; see glossary)
[25]. The emerging evidence revealed that CRISPR/Cas9 tool effec-
tively targeted at the DNA level and resulted in the temporary or per-
manent inactivation of genes, which make it best genome editing
technique with less off-target effects as compared to the RNAi technique
[26,27].

Based on the multi-step transmutation progression of cancer, there
is a need to develop a new multifunctional therapeutic drug/tool.
However, count on the ability of CRISPR/Cas9 to edit the multiple
genes at a time, this technique is considered as a direct and parallel
target and recognized as an efficient test center tool against cancer-
associated genomic mutations both in vivo and in vitro studies [26,27].

3. Structure and mechanism of CRISPR/Cas9 system

The accumulated data suggested that CRISPR/Cas9 system com-
prises three main components including Cas9 protein with DNA en-
donuclease activity, a single guided RNA (sgRNA), and a tracrRNA,
which makes attraction with Cas9 (see Fig. 1) [28]. The sgRNA contains
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Fig. 1. The structure and mechanism of action of CRISPR/Cas9 technology. The CRISPR/Cas9 is an emerging gene-editing technology that is used by scientists to edit
the gene to treat lethal diseases like cancer. Usually, CRISPR/Cas9 technology is consists of two main parts including single-guided RNA (sgRNA) and Cas9 protein.
The sgRNA (contain a sequence complementary to target DNA) directed the Cas9 protein toward targets and Cas9 is an enzyme that cut off the DNA. The specific part
of DNA that is affected by a disease like cancer, acts as a target or template DNA (step 1). The sgRNA and Cas9 stick together and seek out the target DNA downstream
to the specific protospacer adjacent motif (PAM) (step 2). The Cas9-sgRNA complex recognized the PAM of the effected genome and bound to target DNA (step 3).
The Cas9 unzipped the double-strand of target DNA at 3 or 4 nucleotides upstream of the PAM sequence and guided RNA matches the complementary sequence. If the
complementary sequence matched, the Cas9 used the molecular scissors to cut the affected part of the target DNA and insert the healthy or desired part of DNA (step
4-5). The double-strand break (DSB) is repaired by enzymes in two ways, either by homologous recombination (HR) or non-homologous end-joining (NHEJ). In the
present figure, the DNA is repaired by the HR method (step 6). Finally, if all the process succeeds, cancer (but not limited to cancer) patient become healthy (step 7)

[8,113,114].

a crucial function in the specificity, efficiency, and accuracy of the
CRISPR/Cas9 tool. The first 10-12 nucleotides of sgRNA at 3" end next
to a proto-spacer adjacent motif (PAM; see glossary) known as seed
sequence directed the Cas9 protein in the genome editing performance
by binding to the target sites [29]. The recent evidence also suggested
that the truncated sgRNA with less than 20 nucleotides effectively
minimized the off-target effects of about 5000 folds without losing ef-
ficiency [22]. In addition, another study also reported that the devel-
opment of about 5 base pairs in sgRNA duplex excellently enhanced the
knockout proficiency of CRISPR/Cas9 [23]. Cas9 is a CRISPR class 2
isolated (Streptococcus pyogenes) protein guided by RNA-guided nu-
clease and responsible for DNA double-strand destruction [11]. Cas9
protein contains two lobes, including alpha and nuclease lobes. The
nuclease lobe consists of two extra domains, including RuvC and HNH
domain. The RuvC (retrovirus integrase protein) cuts the non-targeted
DNA double strands, whereas the HNH cleaved the specifically targeted
strand of DNA. Both of these domains usually formed a DSB (double-
strand break), but due to mutation at D10A and H840A in RuvC and
HNH domains respectively, results in deactivation of Cas9 (dCas9)

[31,32].

4. The potential therapeutic target effects of CRISPR/Cas9 in solid
tumors

In the past few years, due to the specificity, efficiency, and accuracy
of CRISPR/Cas9, this genome editing tool is excessively used in the
research laboratories, which helped the researchers to detect the role of
different oncogenes in the cancer cells [33]. The tumor-suppressor
genes (ETS1, CPEB2, BRCA1, PGCla, TP53, MiR-1205, and SOX15)
comprise their significant role in tumorigenesis, which can suppress cell
mitigation, cell proliferation, enhance cell differentiation, and down-
regulate the cancer progression [34,35]. CRISPR/Cas9 technology tar-
geted these tumor-suppressor genes to inhibit or reduce the tumor-
igenesis by restoring the activities of tumor-suppressor genes [36].
CRISPR/Cas9 barcoding technology is used to identify the cancer het-
erogeneity and its therapeutic targets against different cancer cells
[37]. Herein, we discussed the novel molecular therapeutic effects of
CRISPR/Cas9 technology in the treatment of most accruing solid
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Fig. 2. The application of newly emerged gene-editing technology (CRISPR/Cas9) in the treatment of different solid cancers. The novel gene-editing technology,
namely CRISPR/Cas9, effectively targeted the oncogenes, drug-resistance, and tumor-suppressor genes in the treatment of various solid tumors, including breast,
lung, liver, prostate, and colorectal cancers from the past couple of years. Based on accumulated data, the CRISPR/Cas9 has been used in knockout/delete the various
oncogenes in different cancer treatments as present in a green box. The brown box represents the activation of different tumor suppressor genes. The orange box
characterizes the inhibition/suppression of drug-resistance genes by CRISPR/Cas9 in solid tumors [31,35,45,70,74,115-128]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

cells including the appearances of progenitor or stem cells [39]. Breast
epithelium is composed of four different subtypes based on the estrogen
receptor (ER) expression, including luminal A, luminal B, Her2-en-
riched, and triple-negative breast cancer (TNBC) [40]. The luminal
subtypes (ER-positive) are the most lethal and common forms of breast
cancer (70%) with 30% resistance to endocrine therapies in infected
patients [41]. However, a reduction of breast cancer is crucial, parti-
cularly in re-occurrence. Recently, CRISPR/Cas9 has proved a new,

cancers, including breast, lung, colorectal, prostate, and liver cancers.

4.1. Breast cancer

Breast cancer is a common leading cause of death among women,
comprising 30% of all new diagnosis tumors, globally. The molecular
profile of breast cancer reveals the heterogeneity and existence of

several cancer subtypes with clinical consequences [38]. One of the
major challenges of the breast tumor is the complexity of cancer, as
cancer is not the form of a single cell; instead, it is composed of diverse

revolutionary, and an effective therapeutic target in the treatment of
breast cancer cells (see Fig. 2).
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Mintz et al. [42] performed an experiment to treat the breast tumor
(BRCA1m and PARP1m) and check the therapeutic proficiency of dif-
ferent chemotherapies synergy with CRISPR/Cas9, both in 2D and 3D
tumor-chip models. They reported that both BRCAlm and PARP1m,
triple-negative breast cancer (TNBC), cell lines were more sensitive
with three different chemotherapeutic drugs, including docetaxel,
gemcitabine, and doxorubicin in the 2D tumor culture model as com-
pared to 3D tumor-chip model. Similarly, another study revealed that
the non-viral delivery of sgRNA (a component of CRISPR) into
HCC1806 and MCF10A cell lines significantly knockout both alleles of
APOBEC3G genes in the treatment of breast cancer via blocking the
conversion of the G1 to S phase in the cell cycle and inhibiting the cell
proliferation [43]. Yang and his research group exposed that CRISPR/
Cas9 technology successfully deleted the individual and co-knockout of
CXCR7 and CXCR4 genes (both alleles) in the TNBC cell line (MDA-MB-
231) during the treatment of breast cancer by suppressing the tumor
cell proliferation, invasion, tumor growth, and invasion [44].

Hannafon and co-workers reported that the lentiviral delivery of
CRISPR/Cas9 (sgRNA) into the xenografted nude mice (see glossary)
significantly knockout both alleles of miRNA (miR-27b and miR-23b
genes on chromosome 9) in the MCF7 mammary tumor cells to reduce
tumor growth by inducing the cell-proliferation and mitigation at the
endpoint by using a ki-67 marker (cell cycle marker) [45]. Similarly,
another study exposed that in vivo lentiviral delivery of CRISPR/Cas-
mediated somatic genome in mice successfully reduced the breast
tumor susceptibility in triple-negative breast cancer (TNBC; see glos-
sary) cell lines of p53 and K14Cre [46]. Alvares-Fernandez et al. [47]
stated that during in vivo study, the CRISPR-based interruption of
MASTL kinase effectively condensed the cell-proliferation in humans
mammary tumor cell lines and showed its highest expression in cancer
cells as a contrast to normal cells. However, the suppression of MASTL
could be an excellent target option in the treatment of breast cancer.
Hence, the preclinical studies of breast cancer with CRISPR/Cas9 lead
to identifying many new proteins and genes that could bring significant
treatment outcomes in breast tumor suppression.

4.2. Liver cancer

Liver cancer is aligned as the fourth leading cause of deaths among
both women and men of all cancer-related mortalities, globally. Unlike
BRAF mutations in melanoma and EFGR mutation in lung tumors, the
significant mutations in a liver tumor are still undruggable. Different
therapies, including inhibitors (sorafenib and THZ1) are recently used
in the treatment of liver cancer, but they are limited to drug resistance
and molecular targets [48]. Currently, the new emerging genome
editing technique, namely CRISPR/Cas9, is showing admirable results
in the identification of new genes (CDK7, CD44, and Nf1) as therapeutic
targets in the treatment of liver tumor [49]. The effect of CRISPR/Cas9
in the different liver tumor's oncogenes, tumor-suppressor genes, and
drug resistance genes are presented in Fig. 2.

Wang et al. [50] reported that an in vitro lentiviral delivery of
sgRNA (a component of the CRISPR system) into two cell lines of liver,
including Huh7 and Hep38, identified a cyclin-dependent kinase
namely CDK7 (see glossary) as hits during the screening by next-gen-
eration sequence. They also revealed that CRISPR/Cas9-mediated CDK7
significantly affected the cell-proliferation activity of Huh7 and Hep38
cell lines in both long-term colony formation assays and short-term
IncuCyte cell-proliferation assay. Hence, CDK7 is identified as an im-
portant therapeutic target in the treatment of hepatocellular carcinoma
by the CRISPR/Cas9 genome-editing tool. Similarly, Han and co-
workers [51] stated that lentiviral delivery (in vivo) of sgRNA and Cas9
into C3A-iCSCs stem cell effectively knockout the CD44 gene (tran-
scriptional regulatory gene) in the liver tumor by promoting the dif-
ferentiation and cancer stem cells assessed by ChIP-qPCR.

Wang et al. [52] performed both in vitro and in vivo studies with
CRISPR/Cas9 to investigate the limitations with the synergistic effects
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of selumetinib and sorafenib (see glossary) drugs during the liver tumor
treatment. They exposed that inhibition of ERK2 (MAPK1) alerted
several liver tumor cell lines to sorafenib and suggested that patients
with high basal p-ERK (> 30% of all liver tumors) are most likely to
assistance from such synergistic treatment. Therefore, the inhibition of
kinases, including ERK and MEK could be a potent therapeutic target in
the treatment of liver carcinoma. In addition, Song and his research
group potently revealed that Plxnb1, B9d1, Flrt 2, and Nf1 genes are the
liver tumor-suppressor genes using CRISPR/Cas9 technology. They ex-
posed that the lentiviral delivery of sgRNA and Cas9 into p53 and MYC-
Cas9 liver cells successfully knockout the NF1 gene in the mouse liver
model. They also reported that the inactivation or suppression of these
genes (previously thought they are not related to a liver tumor) by
CRISPR/Cas9 leads to the acceleration of liver tumors in mice and
upregulates the liver progenitor cell markers namely SOX9 and
HMGA2. However, for the first time, they founded that Plxnb1, B9d1,
Flrt 2, and Nf1 are the liver tumor-suppressive genes by using CRISPR/
Cas9 technology [53]. However, the simultaneous inhibition of SOX9
and HMGAZ2 might be a potent therapeutic target in the reduction of
liver carcinoma. Similarly, Zhu et al. [54] deleted the IncBRM gene in
the Huh7 and Hep3B cell lines of a liver tumor by using CRISPR/Cas9
technology and reported that knockout of IncBRM gene impaired the
serial sphere formation without affecting the expression of neighboring
genes, which suggested that IncBRM gene perform its role in trans. They
suggested that the IncBRM gene could also serve as a biomarker (see
glossary) for the analysis and drug discovery against liver cancer.

4.3. Lung cancer

Lung tumor is the most leading cause of cancer-related deaths, both
in women and men with frequent metastasis and recurrence [55]. Ac-
cording to emerging evidence, several genes, including JUN, FOS,
ROS1, ERBB2, RAS, RAF1, and MYC are considered as lung-tumor-as-
sociated proto-oncogenes. Similarly, APC, MCC, RB, CDKN2A, TP53,
and NM23 are known as cancer-suppressor genes in the lung tumor (see
Fig. 2). A recent study reported that both oncogene overexpression and
gene mutations are involved in lung tumor growth. However, the uti-
lization of recently developed gene-editing technology (CRISPR/Cas9)
could significantly remove lung cancer by targeting the tumor-sup-
pressive genes, genes associated with therapies by inhibitors, onco-
genes, and genes associated with chemotherapy drug resistance
[35,56].

Most recently, Lu and co-workers performed a clinical trial-based
experiment (NCT02793856) to investigate the feasibility and safety of
CRISPR/Cas9-mediated T-cell therapy in the treatment of lung cancer
by targeting the PD-1 gene. They revealed that the median overall
survival rate was 42.6 weeks (CI: 95%, 10.3-74.9 weeks), with 0.05%
off-target effects in 18 patients accessed by next-generation sequence.
They also claimed that the lifespan of gene-editing T-cell was short,
which suggested limited off-target effects, and proved that CRISPR/
Cas9 genome editing technology is clinically feasible for lung tumor
treatment [57]. However, in the future, more clinical trials should be
performed to treat lung cancer. Similarly, Perumal et al. [58] experi-
mented on Slug/Snail non-small lung cancer cells (NSLC; see glossary)
by CRISPR/Cas9 genome editing tool. They reported that non-viral
delivery (plasmid) of Cas9 into NCI-H460 and A549 cell lines of lung
carcinoma effectively knockout the PTEN gene using Epithelial-me-
senchymal transition (EMT) marker. They revealed that the knockout of
the PTEN gene showed high invasion, metastasis, and cancer cell
growth than a PTEN wild type by promoting the expression of phos-
phorylation of GSK-3f and AKT pathway while suppressing 3-catenin.
Hence, the inactivation of the PTEN gene could be contributed to the
EMT marker by regulating the translocation of B-catenin (see glossary)
in the lung carcinoma treatment.

A study revealed that knockout of AMPK (al and a2) signaling
pathway by CRISPR/Cas9 technology in murine lung tumor (KRAS
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gene) significantly reduced the size of lung carcinoma cells [59]. Si-
milarly, Cheung et al. [60] experimented using CRISPR/Cas9 genome
editing technology to target the point mutation in lung tumors (EGFR).
They reported that CRISPR/Cas9 involved in specific genome targets in
L858R mutant cells and suggested that this novel strategy could be used
to target the specific area of lung cancer (15 to 35%) with T > G,
A > G,and C > G point mutations. Moreover, the lentiviral delivery
of Cas9 into A549 cell lines effectively knock out the MYC gene, which
resultingly revealed that the silencing of long non-coding RNA EPIC1
(Inc-EPICI) by CRISPR/Cas9 that significantly reduced the cell-pro-
liferation, tumor size, and cancer cell survival [61]. Another study
showed that the knockout of p107 and closely related p130 genes by
CRISPR/Cas9 strategy effectively enhance the cancer progression (see
glossary). They also suggested that this novel strategy could be feasible
and safe to tumor suppressor genes in small cell lung cancer (SCLC; type
of lung cancer), which might be anticipated in the development of a
novel potential drug against the progression of lung carcinomas [62].

4.4. Colorectal cancer

Because of high-prevalence, genetic physiognomies (MSI, BRAF,
NRAS, and KRAS), and clinic-pathogenesis of colorectal cancer, it has
attained the much attention during the past couple of decades, which
imitated the preliminary step toward precision medicine [63,64].
Conventionally, several anti-tumor agents, including anti-VEGF and
anti-EGFR have been used against colorectal cancer, but they are lim-
ited to restrained efficiency and metastatic settings [65]. However,
most recently, the CRISPR/Cas9 has proven as a revolutionary tech-
nique in the molecular biology and oncology research field due to its
multifunctional strategies, including high accuracy in genome editing
and high specificity [66]. The effect of CRISPR/Cas9 in the different
colorectal oncogenes, tumor-suppressor genes, and drug resistance
genes are presented in Fig. 2.

Blanas et al. [67] activates the transcriptional expression of Fut4 and
Fut9 genes in a murine colorectal tumor cell line (MC38), by using the
de-novo gene (see glossary) expression system as CRISPR/dCas9-VPR.
They reported that introduction of these genes (Fut4 and Fut9) into
murine cell lines lead to the neo-expression of functional Lewis-antigen
on the cell surface and effected the expressions of sialylation, core-fu-
cosylation, and antennary of N-glycans in murine cell line (MC38)
glycovariants. Hence, CRISPR/dCas9 could be a promising strategy for
gene transcription during the treatment of colorectal cancer and gly-
cobiology in the near future. Similarly, Hsu and his research group
grow the HPV16* (anal cancer-derived gene) into immunodeficient
mice to check could CRISPR/Cas9 suppress anal cancer growth by
targeting the HPV16 (E6 and E7) genes or not. They revealed that the
adeno-associated virus (AAV) delivery of Cas9/sgRNA (a component of
CRISPR) into mice effectively reduced the anal tumor size by targeting
the HPV16 (E6 and E7) genes and suggested that CRISPR/Cas9 might be
a potential option in the treatment of HPV-induced cancers in humans
[68].

Li et al. [69] demonstrated that the lentiviral delivery of Cas9/
sgRNA into CaCO-2 cell line successfully knock out the Par3L protein in
colorectal tumor cells by inhibiting the cell-proliferation, inducing
apoptosis, and activating the expression of signaling cascade-3. They
observed that Par3L proteins are more sensitive to anti-tumor che-
motherapies and suggested that the inactivation of Par3L might be a
potential target by CRISPR/Cas9 technology in colorectal cancer cell
survival by suppressing the AMPK signaling transduction (see glos-
sary). Wan and co-workers revealed that hyaluronic acid (HA)-asso-
ciated CP/Ad-SS-GD/RNP nano-complexes delivery in cancer effective
mice efficiently inhibited the colorectal cancer cell growth and metas-
tasis by targeting the KRAS mutant gene [70].
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4.5. Prostate cancer

Prostate cancer is ranked as the second most leading cause of
cancer-related deaths among men, a commonly diagnosed tumor in
European men. The development of tumor size leads to many genomic
alternations, including a mutation in function and structure of the
genome, and these alternations depend on the tumor size and cancer-
cell types [71]. Conventionally different strategies, including che-
motherapies, have been used against these alternations, but they re-
main poorly characterized [72]. However, the CRISPR/Cas9 proves as a
potential target against prostate cancer due to its limited off-target ef-
fects and high accuracy [10].

Most recently, Fenner and his research group [73] demonstrated
that the knockout of ER-B gene by CRISPR/Cas9 in mice genome ef-
fectively involved in regulating the prostate tumor size and act as a
tumor-suppressor gene, that suggested its (ER-f gene) role in the pros-
tate cancer which was previously not reported. Hence, the study
claimed the role of ER-} gene as a repressor gene in the prostate tumor
androgen receptor, which could be led to the discovery of novel and
better drugs against the lethality of prostate tumors. Batir et al. [74]
revealed that lentiviral delivery of sgRNA (a component of CRISPR/
Cas9) into human prostate tumor cell line (PC-3), successfully repaired
the TP53 414delC mutation, caused by mutant tumor protein, p53, at
the rate of 26% with ssODN2 by inhibiting the cell-proliferation of PC-3
cell. However, the utilization of CRISPR/Cas9 in repairing the muta-
tions carried by alternations in the genome during prostate cancer could
be a potential target soon. Yoshikawa and his research group observed
the knockout of PTEN (Phosphatase and tensin homolog) from murine
prostate tumor cells by CRISPR/Cas9 that leading to the activation of
cyclin D1 expression, and RAC-alpha serine/threonine-protein kinase
phosphorylation, which suggested that the knockout of PTEN in pros-
tate tumor mobilize many critical genes for cancer cell survival [75].

The emerging evidence suggested that an in vitro lentiviral delivery
of sgRNA (a component of CRISPR/Cas9) effectively targets the an-
drogen receptor (AR) in a prostate cancer cell line. They revealed that
the inactivation of AR by CRISPR/Cas9 technology successfully in-
hibited the prostate tumor cell size by inhibiting cell proliferation and
promoting apoptosis. Hence, it is suggested that CRISPR/Cas9 could be
a revolutionary and potential technique against prostate tumors in the
upcoming time [76]. Similarly, Ye et al. [77] demonstrated that the
lentiviral delivery of CRISPR/Cas9 into the human xenograft mouse
model (PC-3) significantly inactivated the GPRC6A receptor. They
suggested that the knockout of the GPRC6A receptor by CRISPR/Cas9
might be resulted in reducing the prostate cancer cell size by inhibiting
the mitigation and cell proliferation.

The applications of CRISPR/Cas9 in the treatment of different solid
cancer cells, including breast, lung, liver, colorectal, and prostate are
presented in Table 1.

5. Other Cas family members

Besides to Cas9 protein, researchers are also constantly trying to
develop the new members of CRISPR system. Recently some CRISPR-
associated (Cas) proteins such as Cas12a, Cas12b, Casl3a, and Cas13b
proteins have been developed and studied to minimize the off-target
effects and enhance genome editing efficiency of CRISPR system.
Casl2a is a simpler and smaller RNA-guided endonuclease protein as
compare to Cas9 [19]. The type V of CRISPR/Cas system (Casl2a and
Cas12b) represent some unique characteristics that make them distin-
guish from Cas9. The type V proteins members possess the RuvC nu-
clease domain instead HNH domain to identify the site-specific T-rich
PAM (5’) sequence just upstream to target region. In addition, Cas12
nucleases built staggered DSBs distal to PAM sequence unlike to Cas9
that helped to generate the unique knock-in strategies for genome
editing through HNEJ mechanism [78].

A study revealed that Casl12a (also known as Cpfl) showed less off-
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Table 1 (continued)

Reference

CRISPR effect Mechanism

Screening/verification

Vector

Study type

Cell line/gene

Target choice

Cancer type

[72]

Inhibit MYC levels to suppress metastasis and

invasion of lung cancer growth

Knockout of ERRa

Chromatin immunoprecipitation,

bioinformatic analysis

Lentiviral

PC3, DU145, 293FT In vivo

ERRa, PGCla

Prostate

cancer

[112]

Inhibit cell proliferation, and cell migration

capacity, promote drug sensitivity

Knockout of NANOG and

NANOGP8

Western blot analysis

pX330 vector

In vivo

DU145

NANOG,NANOGP8

[771

Block ERK, mTOR, and AKT phosphorylation,

and inhibit promoted cell proliferation

Activation of GPRC6A

RT-PCR, Western blot

Lentiviral

In vitro

PC-3, LNCap, DU145, 22Rv1

GPRC6A

[76]

Induce apoptosis and inhibit cell proliferation
CRISPR/Ca9 KO the PTEN gene in APTEN cell
line to check the role of PTEN in prostate

cancer

Inhibition of AR

Lentiviral PCR

Plasmid

In vitro
In vivo

LNCaP

AR

[75]

Knockout of PTEN

DNA sequencing, western blotting

APTEN, 2924 V, PSA

PTEN

[74]

Induce apoptosis, inhibit cell proliferation

Knockout of both alleles of

TP53

Flow cytometry, Immuno-

Plasmid

In vitro

PC-3 (CRL-1435 and ATCC)

TP53

fluorescence analysis, gPCR

TNBC: triple-negative breast cancer; KO: knockout; AVV: adeno-associated vector.
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target effects and could be used in gene therapy soon to target the gene
of interest. Most recently, Gier et al. [79] observed that lentiviral de-
livery of Acidaminococcus Casl2a (AsCas12a) in RN2c12 cell line suc-
cessfully showed the double knockout screening against epigenetic
regulators. They also revealed that this screen showed the tight inter-
actions between Kat6a and Jmjd6, Brd9 and Jmjd6, and Brpf1 and Jmjd6
genes in leukemia cells. Similarly, Yoon et al. [80] demonstrated that
intratumoral delivery of oAd/Casl2a/crEGFR effectively showed the
highly accurate and efficient editing activity in a tumor-specific gene by
targeting epidermal growth factor receptor (EGFR) gene with fewer off-
target effects via inducing the apoptosis and inhibiting the tumor cell
proliferation. In addition to Cas12s, Cas12b or C2c1 is 1129 aa (3.4 kb)
in size. Unlike to Cas12a, Cas12b requisites both trancrRNA and crRNA
to form a complex for genome editing. The emerging evidence revealed
that due to small size of Cas12b, it could easily be delivered to the
target site by viral vector and Cas12b produced a long sticky end after
double-strand DNA editing which could be expected to enhance the
efficiency of ligation after DNA break [81]. It is also noteworthy that
Cas12b is very sensitive and effective to single-base mismatch of about
20 nucleotides that make it highly specific CRISPR/Cas12b system [82].
Like to type V CRISPR/Cas system, the type VI also possesses two
important Cas nucleases such as Cas13a and Cas13b. These two proteins
also carried some unique features, unlike Cas9, these proteins cleaved
the ssRNA instead of DNA because they have no catalytical DNA do-
main. Recently, studies stated that Cas13 proteins possess two identi-
fied highly conserved prokaryotic and eukaryotic nucleotide-binding
domains containing specific RNA cleavage site [78,83]. Zhao et al. [84]
stated that bacterial Casl13a and CRISPR-RNA (crRNA) showed the
successful knockout effects in mutant KRAS mRNA expression with the
knockout efficiency of about 94%. They also observed that in vitro de-
livery of CRISPR/Casl3a effectively knock down the KRAS-G12D
mRNA expression (70%) via inducing the apoptosis and inhibiting the
tumor cell proliferation. Fan et al. [85] reported that liposomes delivery
of CRISPR/Casl3a into BCa cells significantly inhibited the bladder
tumor genes and observed that codon-optimized LwaCas13a plays an
important role in the target site regulation. Similarly, Li and co-workers
[86] designed the dm®ACRISPR by fusing the ALKBH; to C or N-term-
inal of inactive Cas13b with the help of six amino acids sequence such
as GSGGGG to target the RNA demethylation. They found that
dm®ACRISPR successfully targeted the N®-methyladenosine demethy-
lation in cytochrome bs form A (CYBsA) mRNA which was responsible
for coding the oncoproteins including EGFR and suggested that
dm®ACRISPR could be a potential target to inhibit the tumor cell pro-
liferation. Although some recently emerged Cas protein systems such as
Cas12 and Cas13 showed the remarkable results in the tumor field, but
still extensive research is required to properly understand the me-
chanism of action, efficiency and off-target effects of these nucleases.

6. Delivery of CRISPR/Cas9

After the discovery of the CRISPR/Cas9 genome editing technique,
the delivery of CRISPR-components remains a major challenge.
According to emerging evidence, the viral vector has been used over the
decades in reverse genetic engineering (see glossary) to deliver the
oncogene to the tissue to induce tumors. Initially, for this purpose,
different viral-vectors have been used, but among all, the recombinant
retroviral vectors got considerable attention due to their minimum off-
target effects, high specificity, and accuracy to target cell genome. Since
the repurposing of the CRISPR system into biotechnology, the viral
vectors were rapidly developed for the delivery of sgRNAs or Cas9 to
the target cell genome [87]. Initially, the lentiviral libraries were
pooled to deliver the CRISPR components due to the substantial size of
the Cas9 gene (4.1 kb), which could efficiently fit into the lentivirus
[88,89]. Nevertheless, several major concerns, including mutagenesis
and immunogenicity are associated with the use of adenoviral and
lentiviral vectors as the Cas9 ribonucleoproteins delivery method (see
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Fig. 3. The schematic representation of viral and non-viral delivery systems of CRISPR-components inside the cell for genome editing. The delivery of CRISPR-
components is one of the most important steps in the genome editing strategy to minimize the off-target effects. The CRISPR-components, including sgRNA,
ribonucleoproteins, and Cas9 are delivered to the target site in two common ways, either by viral vectors (lentiviral and adenoviral) or non-viral delivery system
including DNA plasmids, nanoparticles, polymers, and micro-injection. In the non-viral delivery system, the DNA plasmids, nanoparticles, and polymers containing
CRISPR-components cross the cell membrane (light red) either by endocytosis or pore formation and formed the endosomal escape (red and green) inside the cell.
The endosomal escape released the CRISPR-components inside the cell (grey box), which enter into the nucleus (pink) and recognized the target site and finally
activated the tumor-suppressor genes or suppressed the oncogenes. Similar to non-viral delivery, the viral delivery performed the same function, but viral deliveries
are associated with the use of adenoviral and lentiviral vectors as a Cas9 ribonucleoprotein delivery method [129,130]. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

Fig. 3) [90].

Besides to viral vectors, the plasmid DNA is known as another al-
ternative method for the delivery of CRISPR components as sgRNA and
Cas9 for the genome editing approach in vitro and in vivo studies. In
recent years the standard molecular cloning techniques have been used
to develop the plasmid, including cell-type-specific transcriptional tar-
geting elements, diverse Cas9 structures, and different sgRNAs [91,92].
But the emerging evidence associated with the several problems with
the plasmid DNA delivery system, including plasmid DNA, enhances the
perseverance time of CRISPR RNPs inside the cell, which results in
improve off-target ability. Besides, the plasmid DNA persuades the
mutagenesis effects when active promoter elements implanted into the

host genome [93,94].

Although the viral vectors have been a significant option in the
delivery of CRISPR component, there is a need to develop a vector with
both clinical and pre-clinical studies delivery strategies and restricted
payload size. One of the major concerns with adeno-associated viruses
(AAV) is the packing of Cas9 into separate viral particles, which re-
sultingly reduced the accuracy [95]. However, to tackle this problem,
the scientist has discovered another effective delivery method of
CRISPR components known as non-viral delivery to target the genome,
as presented in Fig. 3. The emerging evidence processed that the non-
viral delivery method has superiority than viral-vectors and plasmid
DNA methods due to high packing ability, fewer adverse-effects, high
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accuracy, and spatiotemporal specificity. Different types of materials,
including graphene oxide, liposome, metal framework, gold nano-
particles, and cationic polymers, have shown promising results in the
delivery of CRISPR/Cas9 components [96,97]. Recently, the cationic
polymers (see glossary) have received considerable attention due to the
effective delivery method during the treatment of cancer cells by the
CRISPR/Cas9 tool. Wan et al. [70] efficiently prepared the supramo-
lecular polymer delivery system (in vitro) by binding the disulfide-
bridge gunidyl adamantine (Ad-SS-GD) with beta-cyclodextrin poly-
ethyleneimine (CP). They reported that this nano-complex Ad-SS-GD/
CP/RNP effectively released the Cas9 ribonucleoproteins (Cas9 RNPs)
to the intracellular environment by breaking the disulfide bonds during
the treatment of colorectal cancer and 293 T cells. However, the de-
livery of sgRNA and Cas9 as a ribonucleoprotein complex (RNP) is still
challenging, especially in vivo with the count of affluence of denatura-
tion and encapsulation difficulties [90].

7. Current challenges and future directions

Cancer is one of the leading causes of death and the most studied
field during the past few decades due to its complexity, heterogeneity of
the disease, and high epidemiology among humans. The multi-mutated
and multigenic characteristics of cancer give them a unique hetero-
geneity ability that could exist differently in different cancer-affected
patients with the same cancer type. However, this unique characteristic
of heterogeneity triggered the major challenge for clinical rehabilita-
tion [98]. The specific, accurate, and simple genome editing ability of
CRISPR/Cas9 attained the special attention of the scientific community
around the globe, especially during the last five years in the cancer
biology field. The discovery of Cas9 nuclease has broadened the era of
molecular biology, specifically to treat the multifunctional genes of
cancer. The modern researchers have been using the CRISPR/Cas9
technology, particularly in suppressing the oncogenes in mice models in
terms of cost-effective, high specificity, accuracy, and time length
without applying multifunctional colonies of mice [99].

No doubt, the CRISPR/Cas9 proved as a revolutionary tool and
showed remarkable results in the treatment of cancer cells, but there
are also still a few challenges that should be improved on urgent bases.
One of the major challenges during the synthesis of the CRISPR system
is to reduce the off-target effects of Cas9 nuclease [100]. The Cas9
nuclease is a promising factor to control the off-target characteristics
and undesirable adverse effects of the CRISPR system. To regulate the
off-target challenge of Cas9, the researchers should investigate the
different physical or chemical agents, but not limited to tetracycline
and doxycycline, as a promising approach to develop the desired ex-
pression of Cas9. In addition, the various online tools are available for
the assistance of researchers to design sgRNA with minimum off-target
effects to promote specificity toward the cell genome editing [101,102].
Recently few genome editing variants of the CRISPR system, including
truncated sgRNA, Cas9 nickase, and interaction of Fokl with dCas9,
proved as a promising tool in the reduction of off-target effects
[22,103].

In addition to minimizing the off-target effects, the in vivo delivery
system of Cas9 should also extend its application to the cervix and
stomach to locate and treat the more cancers. The enormous size of
Cas9 is associated with packing problems, particularly in low im-
munogenic adeno-associated viral (AAV) vectors, which are excessively
used in the in vitro and in vivo gene deliveries [104]. The most recent
studies claim that the persistent binding of Cas9 nuclease with DSBs
suppressing the entry of repair proteins to the target site, which re-
sultingly plummeting the repair efficiency. This remains the rate-lim-
ited step in a Cas9-DSB complex in the genome editing in vivo [105].
However, the translocating RNA polymerase could be used to dislocate
the template bounded Cas9, only after RNA polymerase locates the
DSBs from an exact direction [104,106]. Moreover, there are still some
oncogenic genomic variations, including chromothripsis, aneuploidy,
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and LINE-1-mediated genome mutation, that are difficult to treat with
the current version of the CRISPR/Cas9 system. However, the muta-
genic efficiency of CRISPR/Cas9 should be improved in the near future
by designing the potent Cas9, develop efficient delivery methods with
prevailing sgRNA [103,107].

8. Concluding remarks

In summary, the present review made a comprehensive discussion
on the structure, function, delivery, current challenges and future di-
rection of CRISPR/Cas9 to treat solid tumors, including breast, lung,
liver, colorectal, and prostate. Because of the multi-step existence and
epigenetic variations of cancer, the prevention and treatment of cancer
cells are difficult. So, there is a need to develop a multifunctional target
against cancer. Recently, RNA domain-containing endonuclease-based
genome engineering technology, namely the clustered regularly inter-
spaced short palindromic repeat (CRISPR)-associated protein-9 (Cas9)
has led to the identification and reduction of tumor-associated genes
(PTEN, CD44, IncBRM, ROS1, TP53, MCC, Fut4, HPV16*, and
APOBEC3G) due to its rapid immunological response, specificity, opti-
mization of delivery systems, high efficiency, and less off-target ability.
Based on the latest findings, the present review also observed that
CRISPR/Cas9 successfully identified the new latent targets, including
CDK7, Nf1, Plxnb1, B9d1, FIrt 2, PD-1, EGFR, Inc-EPICI, p107, Par3L, and
ER-f genes during the tumor cell study. But some challenges, including
reducing the off-target effects of Cas9 and delivery method of sgRNA to
target cells, are still associated with the performance of CRISPR/Cas9
technology. However, it is recommended to improve the optimization
of Cas9 and minimize the off-target effects to meet the prerequisite for
potential therapeutic targets in the oncology research field. In addition,
to minimizing the off-target effects, the in vivo delivery system of Cas9
should also extend its application to the cervix and stomach to locate
and treat the more cancers.

9. Outstanding questions

1. CRISPR/Cas9 is an efficient timesaving genome editing technology,
but currently, genome editing results are based on in vivo and in vitro
studies. So, more clinical trials should be carried on in the near
future for a better understanding of its mechanism.

2. One of the major concerns about CRISPR/Cas9 technology is its off-
target effects. Some studies have raised the question of its off-target
effects. It is suggested that more research should be conducted to
fully aware of its off-target effects.

3. Could polymers as deliver vector instead of lentiviral and adenoviral
reduce the off-target effects of CRISPR/Cas9?

4. Based on the accumulated data, we noticed that CRISPR/Cas9 ef-
fectively regulates the apoptosis pathway. Could CRISPR/Cas9
technology use as a potential therapeutic target in the treatment of
age-related diseases, including diabetes and cardiovascular, by
regulating the apoptosis and mitochondrial-derived peptide like
humanin?

5. Could the use of CRISPR/Cas9 as genome editing technology reduce
the risk of COVID-19?

6. Could the use of chemical agents like tetracycline and doxycycline
prove as a potential agent in the reduction of off-target effects of the
current version of CRISPR/Cas9 during its synthesis?
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