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Abstract

Cancer is one of the major causes of mortality worldwide, therefore it is considered a major health concern. Breast
cancer is the most frequent type of cancer which affects women on a global scale. Various current treatment strate-
gies have been implicated for breast cancer therapy that includes surgical removal, radiation therapy, hormonal
therapy, chemotherapy, and targeted biological therapy. However, constant effort is being made to introduce novel
therapies with minimal toxicity. Gene therapy is one of the promising tools, to rectify defective genes and cure vari-
ous cancers. In recent years, a novel genome engineering technology, namely the clustered regularly interspaced
short palindromic repeat (CRISPR)-associated protein-9 (Cas9) has emerged as a gene-editing tool and transformed
genome-editing techniques in a wide range of biological domains including human cancer research and gene
therapy. This could be attributed to its versatile characteristics such as high specificity, precision, time-saving and cost-
effective methodologies with minimal risk. In the present review, we highlight the role of CRISPR/Cas9 as a targeted

therapy to tackle drug resistance, improve immunotherapy for breast cancer.
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Introduction

Breast cancer (BC) is the most common cause of can-
cer-related death and also a second leading etiology of
mortality among women [1, 2]. Apart from its higher
occurrence in females with approximately 28% of new
cancers, relatively rare cases in males have also been
reported [3]. BC is a disorder with a high degree of het-
erogeneity and dysregulated signalling pathways, which
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may drive its onset and development [4]. Clinical heter-
ogeneityis caused by hereditary and somatic changes by
10% and 90% of BC cases, respectively [5]. The progno-
sis of metastatic BC is still a challenging task at the his-
topathological and molecular level [5]. BC metastasis is
influenced by abnormal gene expression, which results in
the activation of downstream signal pathways [6]. Ger-
mline mutations are more common in genes irrespective
of their penetrance sensitivity [7], while somatic varia-
tions are developed during life and include both genomic
mutations and epigenetic dysregulation [8]. These
changes at the genetic and epigenetic levels orchestrate
the cancer cell metabolic requirements such as altered
lipid metabolism, leading to enhanced cancer cell prolif-
eration and tumorigenesis [9]. However, CRISPR/Cas9 is
becoming a promising therapeutic tool, and its diverse
applications make it vital even in BC research [10]. The
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Cas9 nuclease associated with CRISPR allows for the pre-
cise insertion, correction, or removal of defective genes.
There are some existing limitations also associated with
this technique for all types of cancer; nonetheless, pro-
gress is being made to overcome them. Taken together,
the current review highlights the various therapeutic
approaches in BC through CRISPR/Cas9.

CRISPR/Cas9: the background

CRISPR/Cas system is a phenomenal gene-editing tool
and referred as genetic scissors. Its potential in precise
editing of the DNA revolutionized basic science research.
All CRISPR/Cas systems have three principal compo-
nents: (i) a guide RNA or CrRNA is a unique non-coding
RNA, which directs the CRISPR/Cas complex to the tar-
get DNA, (ii) auxiliary trans-activating crRNA named as
tractrRNA. CrRNA and tracrRNA fused to form chimera
is termed as single-guide RNA (sgRNA), (iii) The Cas
protein, an endonuclease that mediates the tailoring of
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target DNA sequences [10]. Further, Cas nuclease needs a
specific sequence, known as a protospacer adjacent motif
(PAM) to cleave the target DNA sequence (Fig. 1A).

To precisely manipulate the DNA sequences, sgRNA
plays a fundamental role in ensuring the editing at the
desired locus in the target. The sgRNA is composed of
two components known as scaffold sequence and ~ 20
nucleotide spacers. Scaffold sequence is very important
for Cas protein binding, and spacer sequence shares the
homology with the target sequence. The seed sequence
in the spacer is the first 10-12 nucleotides of sgRNA at
the 3’-end close to a PAM sequence that directs the Cas9
nuclease to the target sequence in the genome. The mis-
match in seed sequence aborts the interaction between
CRISPR/Cas and target DNA sequence, therefore abol-
ishing the DNA editing. Hence, sgRNA defines the target
and plays a crucial role in the specificity, efficiency, and
precision of the CRISPR/Cas-mediated gene manipula-
tions [11]. The optimal nucleotide length is required for
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the specificity and efficiency of sgRNA. Recent studies
also revealed that a sgRNA with fewer than 20 nucleo-
tides significantly reduced nonspecific DNA editing by
maintaining its efficiency [12]. Furthermore, another
study found that the formation of around 5 base pairs
in the sgRNA duplex can significantly improve CRISPR/
Cas9 knockout proficiency [13].

Structurally, the Cas9 peptide contains the recogni-
tion (REC) and nuclease (NUC) lobes [14]. The REC
lobe is vital for sgRNA and DNA binding, whereas the
NUC lobe is comprised of RuvC and the HNH domains
[14]. The HNH and RuvC domains have nuclease activ-
ity and nick the complementary and non-complemen-
tary target DNA strand, respectively, and create a DNA
double-strand break (Fig. 1B). It has been reported that
mutations may occur in both catalytic domains (D10A
for RuvC and H840A for HNH in S. pyogenes Cas9) and
results in the inactivated form of Cas9 known as catalyti-
cally dead Cas9 (dCas9), which is not capable of cleaving
the target DNA sequence like Cas9 (Fig. 1B). The binding
of dCas9/sgRNA to the target DNA sequence blocks the
RNA polymerase binding and interferes with the tran-
scription mechanisms [15].

CRISPR/Cas9 based gene editing for breast cancer
therapy

CRISPR/Cas9 has been widely used in basic and trans-
lational research in the field of cancer biology. The
technique can be used to target oncogenes and tumour
suppressor genes (TSG) to reduce cancer progression
through various mechanisms. The target can be achieved
by knocking out, gene editing, repression, and epigenetic
modifications (Table 1). The mechanism of gene edit-
ing using the CRISPR/Cas9 tool involves either by non-
homologous end-joining (NHE]) or homology-directed
repair (HDR) pathway (Fig. 1C). NHE] pathway is more
frequent in most cell types and involves insertion or
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deletion of nucleotide bases randomly at the cleavage site
in double-strand breaks (DSBs). This is an error-prone
DNA repair pathway as it causes frame shift mutations,
leading to the synthesis of premature/non-functional
polypeptide. In contrast, HDR pathways are error-free
and use the homologous region of the donor DNA tem-
plate to rectify DNA damages [16]. CRISPR/Cas9 has
been effectively used for knocking out both cellular as
well as viral oncogenes in various cancer models such as
leukaemia [17], cervical cancer [18], prostate cancer [19],
endometrial cancer [20], ovarian cancer [21] and breast
cancer [22].

CRISPR/Cas9 targeting MYC gene
In a study by Schuijers et al. CRISPR/Cas9 to downreg-
ulate the MYC gene, which has been reported to have a
higher expression with a 30-50% increase in high-grade
breast cancers [23]. Therefore, cMYC has been consid-
ered as a foremost target in cancer therapy. However,
pharmacological inhibition of cMYC is challenging. Usu-
ally, super-enhancer genes are bound by MYC. Therefore,
the inhibitors of super enhancer might inhibit the cancer
cell proliferation, migration and invasion by suppressing
the MYC target genes such as CDK6 and TGFp2 [24].
Additionally, CRISPR/Cas9-mediated deletion of either
MYC enhancer-docking site or epigenetic modifications
of MYC regulatory elements has shown to impede TF
binding and decrease the levels of MYC protein expres-
sion. In vitro downregulation of MYC in cancer cells has
been associated with reduced cell proliferation [23].
CRISPR interference (CRISPRi) and CRISPR activation
(CRISPRa) are other arms of CRISPR/Cas, to repress or
activate genes. Specifically, the CRISPRi has been impli-
cated to suppress the oncogenes, whereas CRISPRa acti-
vates tumor suppressor genes (TSGs), and both of the
techniques can be employed in BC treatment. In CRIS-
PRa, a chimera of dCas9 could also be used, which is

Table 1 Recent studies highlighting different altered gene using CRISPR/Cas9 for BC therapy

Target Gene Cellline CRISPR approach Effects References
MYC Oncogene - CRISPR/Cas9-mediated mutagenesis Decreased MYC expression and cell proliferation [23]
CXCR7 and CXCR4 MDA-MB-231 CRISPR/Cas9 knockout decreased tumor cell proliferation, invasion, and [26]
tumor growth
PTEN SUM159 CRISPR activation Lowers cancer aggressiveness [27]
miRNA23b and miR27b  MCF-7 CRISPR/Cas9 knockout Decreased tumor growth [29]
MASTL Human mam- CRISPR-based interruption Restricts cell proliferation [37]
mary tumor cell
lines
FASN MCF-7 Type 2 CRISPR/Cas9 Inhibits cell proliferation, survival,growth, cell cycle, [39]
migration, cell adhesion, and DNA replication
CDK7 TNBC cell lines CRISPR/Cas9 genetic editing Inhibits cell growth and tumorigenesis [44]
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the combination of transcriptional activators, and dem-
ethylase [25]. The possible ways of TSGs downregulation
could be the hypermethylation at promoter site,which
lead to the dysregulation of many TSGs-associated TFs.
CRISPRa could activate these suppressed genes as well as
PTEN in SUM159 cells. PTEN is a TSGs, and its loss has
been reported to be more aggressive phenotypes of BC
[26]. CRISPR/Cas9 may demethylate the promoter while
activating the gene. The dCas9-TET chimera which is a
fusion of dCas9 with a Ten-Eleven Translocation (TET)
dioxygenasel (TET1CD) were utilized to demethylate the
BRCA1 promoter in vitro, which leads to activation and
upregulation of BRCA1 [27]. In other study by Lu A et al,,
found that, fusion of dCas9 with an R2 stem-loop, a short
RNA sequence that selects and impedes the DNA methyl
transferase 1 (DNMT1) protein expression, which results
in reduced cancer growth by increased demethylation
[28].

CRISPR/Cas9 targeting CXCR7 and CXCR4

Furthermore, Yang et al. used CRISPR/ Cas9 technol-
ogy to create either CXCR7 or CXCR4 knockout or
co-knockout in MDA-MB-231 breast cancer cells [29].
A clinical study reported that the higher expression
of CXCL12 and its receptors CXCR4 and CXCR7 has
been correlated with higher susceptibility to metastasis
and poor prognosis of TNBC [30]. CXCR4 and CXCR7
may stimulate cell motility, invasion, angiogenesis, and
tumorigenesis [31]. The findings in Yang et al. study also
revealed that co-knock out of CXCR4 and CXCR7 could
significantly suppress TNBC, suggesting the synergistic
role of CXCR4 and CXCR?7 in the advancement of TNBC
[29]. CRISPR/Cas9 could not only generate a knockdown
protein-coding gene but also edit or delete noncoding
RNA regions. Hannafon et al. created CRISPR/Cas9-
derived miR-23b and miR-27b miRNA knockout MCF-7
cell line, and they found the oncogenic potential of both
of these miRNAs but under certain circumstances, miR-
27b may adopt tumour suppressor activity as well [32].

CRISPR/Cas9 targeting cell cycle kinase MASTL

For the last few years, cell cycle kinase MASTL (also
called as Greatwall) has been an emerging player in
regulating Protein phosphatase 2A (PP2A) for mitotic
division. The altered expression and somatic mutations
of PP2A subunit B55 has been identified many cancers
including BC [33]. MASTL involves in phosphorylation
of two other proteins, endosulfine (ENSA) and ARPP19,
which further binds and inhibits PP2A-B55 complexes
[34]. Additionally, PP2A-B55 complexes has been also
shown to be influenced by CDK substrates phospho-
rylation [35]. Hence, inhibiting MASTL and reactivat-
ing PP2A is very important for maintaining the normal
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growth of cells by exiting mitotic cell division [36]. Alva-
res-Ferndndez et al. has demonstrated the inhibition of
MASTL kinase activity using CRISPR/Cas9 could reduce
cell proliferation in human cell lines as MASTL was
known to overexpress in cancer cells when compared to
non-cancerous cells in vivo [37]. Moreover, the inhibition
of MASTL using CRISPR/Cas9 could be an important
therapeutic approach in the management of BC.

CRISPR/Cas9 targeting FASN gene

FASN gene encodes fatty acid synthase for the de-novo
synthesis of fatty acids, which are primarily needed for
the production of phospholipids, and have been con-
sidered as an oncogene [9]. Reports have shown a posi-
tive correlation for FASN protein expression during
the progression of different cancers such as stomach,
lung, breast, prostate, colon, and ovarian carcinomas.
Increased FASN fulfils the phospholipids requirement
for dividing cancer cells and plays a crucial role in can-
cer cell development and proliferation, hence it may be
an appealing target for cancer therapy [38]. Furthermore,
the impact of CRISPR/Cas9-based FASN mutants has
also been evaluated in MCEF-7, a BC cell line. Results
demonstrated that mutant FASN exerts an inhibitory
effect on MCF-7 progression, implying that FASN muta-
tions have a non-redundant function in BC [39].

CRISPR/Cas9 targeting HER2 gene

Another oncoprotein HER2 has been delineated using
CRISPR and identified as a potential target for cancer
therapy. Additionally, HER2 in BC are of great impor-
tance as about one-fifth of BC patients have extra cop-
ies of the HER2 gene and its overexpression renders it
more aggressive in BC than other types of cancers. The
mutation in HER2 exon12 has been reported as a dom-
inant-negative mutant phenotype and may suppress the
HER2-MAPK/ERK pathway. This effect was potentiated
by the treatment of poly-ADP ribose polymerase (PARP)
inhibitors [40]. CRISPR/Cas9-mediated editing in one
copy of HER2 does not affect overall HER2 protein pro-
duction, indicating that incomplete HER2 mutations.

CRISPR/Cas9 targeting FOXA1

Fork-head box protein A (FOXA1) is pioneer tran-
scription factor, that regulates the organogenesis and
development of various malignancies including BC.
Transcriptional gene regulation is influenced by the
binding of transcription factors. FOXA1 binds approxi-
mately 90% of the total different genes available in the
human cancer genome. However, only around 17% of
this FOXA1 involves in transcriptional regulation of
genes and these functional FOXA1 are specific to types
of cancer cell [41]. FOXA1 marks genomic signatures in
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a cell-specific manner and regulates gene expression dif-
ferentially in different human cancer cell lines [42]. This
differential regulation could be due to varying epigenetic
regulations such as histone modifications. CRISPR/Cas9-
mediated editing of cell-specific FOXA1 regulation iden-
tifies the unique FOXA1 binding, genetic variations, and
potential epigenetic regulation. Additionally, CRISPR
technology has been employed in editing FOXA1 bind-
ing sites and manipulate the cell specific gene transcrip-
tion, which leads to reduced BC cancer progression [42].
TNBC is regulated by ubiquitous transcriptional process
and a few cyclin-dependent kinases (CDKs) and these
CDKs are investigated by CRISPR/Cas genome editing
tool [43]. The inhibition of CDK7 can target cancer cells,
leading to their apoptosis [44].

CRISPR/Cas9 targeting CDK7

The cyclin-dependent kinase 7 (CDK?7) is the catalytic
subunit of CDK-activating kinase (CAK), that involves
in catalysis process for phosphorylation of T loops and
activates other various cyclin-associated kinases such as
CDK1, CDK2, CDK4, and CDK6. CDK?7 has been shown
to be very crucial for the TNBC development and pro-
gression [45]. The CRISPR/Cas9-mediated inactivation
of the CDK7 gene in TNBC preferentially impedes cell
growth and tumour formation. CRISPR/Cas9 knock-outs
of other known CDKs (8, 9, 12, 13, and 19) have been cor-
related in transcriptional regulation, implying that CDK?7
is primarily important for sustaining and proliferation of
TNBC cells [44]. Using CRISPR/Cas9-mediated knock-
out of TNBC driver genes such as EGFR, FOSL1, FOXC1,
MYC, and SOX9 has revealed that CDK7 regulates these
TNBC driver genes, which are key in cell proliferation
[44]. These shreds of evidence suggest that CRISPR/Cas9
could be used as a therapeutic tool to target CDK7 in
controlling cancer cell growth.

CRISPR/Cas9 targeting UBR5

UBR5 is a nuclear phosphoprotein, has been found
upregulated in TNBC samples and a key regulator in the
pathway involved in developing resistance for endocrine
therapy in TNBC via upregulation of unfolded proteins
and reduced degradation of ERa, an important protein
for TNC development and progression [46]. Further-
more, CRISPR/Cas9-driven knockout of E3-Ubiquitin
Ligase (UBR5) deregulate the tumor growth and metasta-
sis in vivo murine mammary model of TNBC [47]. Hence
UBR5 has been considered as a driver for tumor growth
and metastasis in BC.

CRISPR/Cas9 activates tumor suppressor genes
FOXP3 is a X-linked tumor suppressor genes, and het-
erozygous mutation in FOXP3 has been shown to
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develop BC in the mice model [48]. In BC, the expres-
sion of FOXP3 were reduced, thus by utilizing CRISPRi/a
technology, endogenous FOXP3 could be reactivated to
upregulate their expression, which lead to reduced BC
growth [49]. Also, it has been reported that breast orga-
noids could be developed from normal breast epithelial
subsets, which can be altered genetically using CRISPR/
Cas9 to form tumors. CRISPR/Cas9 was employed to
edit four tumor suppressor (P53, PTEN, RB1, and NF1)
genes in breast organoids, resulting into the development
of ER-a luminal breast cancer [50], which indicated that
the inactivation of these four tumor suppressor genes
are key drivers in generating BC under in vivo condition.
Thus, CRISPRi/a-driven activation of these tumor sup-
pressor genes may provide a better understanding for its
regulatory pathways in designing treatment strategy in
the management of BC.

CRISPR/Cas based immunotherapy

The impaired immune mechanism is a key factor in
tumour development. Cancer cells employ various strate-
gies to avoid the defence mechanism through interfering
immune cell function and rendering the tumour micro-
environment immune-compromised. Therefore, to target
the cancerous cells, enhanced immune system has been
considered as an important strategy (Table 2). CRISPR/
Cas-based genetic alteration has been attempted to
resolve a few concerns associated with immune dysfunc-
tion for various perspectives [51]. CRISPR/Cas9 has been
employed to enhance the anti-tumor immunity against
BC via following mechanism (Fig. 2).

CRISPR/Cas 9in T cell-based immunotherapy

Currently targeting T-lymphocytes to treat cancer is very
appealing as this exhibits the propensity to differentiate
between self and non-self due to their vast T cell reper-
toire. Usually, immunotherapy, the patient T cells are
engineered to express T cell receptor (TCR) and Chi-
meric Antigen Receptors T cells (CAR T cells) to rec-
ognize Tumour-Associated Antigen (TAA) [52]. This
process is time-consuming and mostly depends upon
the nature of patients’ T-cells [51, 53]. CRISPR/Cas9 has
been utilized to replace the TCR with CAR by introduc-
ing the CAR gene into the T-cell receptor o constant
(TRAC) locus [53]. The ectopic CAR expression in T cells
could improve T cell potency, reduce terminal differenti-
ation, and depletion of lymph nodes in a mouse model of
AML [51]. Hence this CRISPR/Cas 9 could also utilized
to enhance T-cell potency to tumor growth of BC.

CRISPR/Cas 9 in producing genetically modified T cell
Moreover, T lymphocytes can be genetically modified
for expressing cancer antigen-specific T cell receptors
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Table 2 Application of CRISPR in immunotherapy and drug sensitization by targeting different genes
Target Gene Cell/Cell line/ Animal Model Effects References
Replacement of TCR with CAR  T-cells Improves T cell potency, reduce terminal differentiation, and [51,53]
depletion of lymph nodes
SIRP-a silencing Macrophages Incapable of receiving “do not eat me”signal leading to the [54]
destruction of cancer cells
p38 Mouse models of established tumors  Improve T cell anti-tumor functionalities for ACT [56]
Cdk5 knockout TNBC Downregulated PD-L1 expression [57]
Tumor growth inhibition in murine melanoma
Lung metastasis suppression in TNBC
PI3K - Overcomes chemo-resistance [69]
APLNR deletion Animal models Reduces the sensitivity and efficacy of checkpoint blockade [73]
MALAT1 promoter deletion BT-549 TNBC model Increases susceptibility to paclitaxel and doxorubicin [77]
MDR1 MCF-7/ADR cells Elimination of doxorubicin resistance [80]
RLIP disruption - RLIP downregulation induces apoptosis via both drug-dependent  [90]
and drug-independent mechanisms
Loss of drug TNBC treatment &
resistance R > prevention
HER2 funptional P -~ TGF-B-Smad3-
domains < g TMEPA1 axis

Inhibition of cancer
growth

L Induces mutations in

Specific targeting

©
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SOXR

—
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Fig. 2 Application of CRISPR/Cas9 system in the treatment of cancer: A Knock-out of various oncogenes whose overexpression or dysregulation
leads to either resistance to therapy or cancer proliferation. B Genes RLIP and MDR1 are responsible for drug resistance in BC are disrupted using
CRISPR/Cas for restoration of drug sensitivity. C T-cells are used for immunotherapy in BC, CRISPR/Cas has been applied in T-cells for CAR gene
insertion, TCR gene removal, and SIRP-a disruption and therefore improving its potency. D Mutation in HER2 (human epidermal growth factor
receptor 2) and FASN (Fatty acid synthase) induced by CRISPR/Cas9, leads to inhibition of growth of cancer cells. E TGF-Smad3-TMEPAI axis plays a
role in cancer cells by enabling them to escape TGF-mediated growth inhibition and the functional domains of HER2 are required for carcinogenic
activity, hence their specific targeting through CRISPR/Cas results in TNBC treatment and loss of drug resistance respectively
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(TCR). To rule out the effect of endogenous TCRs in
recognizing the cancer cells, the endogenous TCR-f
has been knocked out from the recipient cells using
CRISPR/Cas9. The CRISPR-edited T cells have demon-
strated thousand times more responsiveness towards
cancer antigens as compared to the normal TCR-trans-
duced T cells [54]. Similarly, CAR T-cells have been
modified with CRISPR/Cas9 to generate inhibition-
resistant universal CAR-T cells [55].

CRISPR/Cas 9 in screening primary T cells

T cells are driving player among available effective
immunotherapies for cancers, and their anti-tumor
property depend upon their involvement in cell expan-
sion, differentiation, oxidative stress, and genomic
stress. Using genetic based CRISPR/Cas9 screening of
primary T cells, disrupted 25 T cell receptor-driven
kinases were identified. [56]. Of them they found p38
kinase as a central regulator for cell expansion, differ-
entiation, and oxidative stress. The higher p38a levels
resulted in rigorous cellular expansion, minimal oxi-
dative, genomic stress, and terminal differentiation.
Therefore, the pharmacological inhibition of p38 could
enhance the anti-tumour activity of T cells, indicating
its potential to be a therapeutic agent for cancer [56].

CRISPR/Cas 9 in targeting PD-L1

Besides others, monoclonal antibody-based target-
ing of programmed death-ligand 1 (PD-L1) on tumour
cells has been a promising approach for cancer treat-
ment for the last many years. In tumour cells, higher
expression of PD-L1 has been reported, and the inter-
action between programmed cell death 1 receptor
(PD1) present on immune cells and its ligand PD-L1
may promote immune evasion and formation of the
immunosuppressive tumour microenvironment. The
approach employing monoclonal antibodies to block
the engagement of PD-L1 with PD-1 in a clinical trial
has not been very promising though it provided the
future scope to develop cancer therapeutics, which
might improve the clinical trial results. Deng et al. have
shown that CRISPR-Cas9-assisted downregulation
of PD-L1 levels on tumour cells by knocking out the
Cdk5 gene might also significantly inhibit murine mela-
noma growth and suppress lung metastasis in TNBC
[57]. Further, a substantial increase in T cell-mediated
immune responses in the tumour microenvironment,
with increased CD8 + T cells and decreased regulatory
T cells population was also noted. Hence, this could be
an alternative therapeutic strategy based on immune
checkpoint blockade.
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CRISPR/Cas9-mediated alteration of macrophages
Immunological macrophages have been known for vari-
ous roles in cancers. The interaction of macrophage
signal-regulatory protein alpha (SIRP-a) with a glycopro-
tein CD47 direct signal for “do not eat me’, which helps
cancer cells to grow during immune evasion [54]. The
induced CD47 expression has been reported in various
cancers such as ovarian carcinoma, murine myeloid leu-
kaemia, and leukemic stem cells [58]. Therefore, employ-
ing CRISPR/Cas9-mediated alteration of macrophages
lacking signal-regulatory protein alpha (SIRP-a) could
be a novel strategy to combat BC. This could be achieved
via the inability of receiving the “do not eat me” signal
by altered macrophages from the cancer cells, leading to
their phagocytosis [54] (Fig. 2).

CRISPR/Cas9 in anti-tumor immunity

Immunotherapy has revolutionized cancer therapy.
Although, existing immunotherapies have several limi-
tations. To overcome this, multiplexed activation of
endogenous genes as an immunotherapy (MAEGI), was
employed as a novel immunotherapeutic approach that
induces anti-tumor immunity via CRISPRa (CRISPR
activation)-mediated multiplexed activation of endog-
enous genes. This results into the presentation of tumor
antigens, leading to dramatic increase in anti-tumor
immune responses. Utilizing this technology as a cell-
based vaccination approach, efficacy of prophylaxis and
therapeutic property of vaccines could be enhanced.
Further, this treatment strategy may also lead to remod-
elling of the tumor microenvironment and enhanced T
cell recruitment. Hence, MAEGI could be a more versa-
tile therapeutic approach in enhancing potent immune
responses against breast cancer than current available
therapies [59].

Role of CRISPR/Cas in overcoming chemoresistance
BC is categorized mainly into four subtypes according
to various markers such as progesterone receptor (PR),
estrogen receptor (ER), ERBB2 (HER2), p53, and Ki-67
[60]. Chemotherapeutic resistance has been evidenced
in approximately 30% of BC patients with ER-positive
subtypes [61]. Hence, targeting the driver genes involved
and understanding of mechanisms for drug resistance are
very crucial for clinicians to prescribe the potential drugs
for BC therapy. These could be achieved either by knock-
ing down the driver genes or by sensitizing BC cells to
chemotherapy. CRISPR/Cas9 is being utilized not only
to find new therapeutic targets but also to investigate
the causes of drug resistance in cancer chemotherapy
(Table 2).
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CRISPR/Cas9 in neutralizing drug resistance factor
CRISPR/Cas9 technology could be one of the choices
in mitigating resistance of these factors through multi-
ple ways, such as targeting membrane transporters and
enhancing DNA repair and efflux mechanisms [62]. A
mouse model, the function of transporter resistance
protein has been shown to improve through CRISPR/
Cas9 [63]. Likewise, the PTEN-knockout can elevate
the expression of ATP-binding cassette G subfamily
(ABCQG) transporter proteins [64]. The reduced level of
PTEN has been associated with enhanced cancer sensi-
tivity to mTOR inhibitors and could be a potential target
for CRISPR/Cas9-mediated gene editing in BC [65, 66].
Patients with defective BRCA1/2 genes have poor DNA
repair capacity and are more susceptible to developing
BC [67]. This is in line with a recent study that reported
tamoxifen-resistant BC cells display resistance to DNA-
damaging therapy due to elevated levels of BRCA1 [68].
Previously, BRCA1 expression has been correlated to a
poor prognosis in patients with early BC, which suggests
that CRISPR/Cas9 targeting PI3K may be a promising
approach to combat chemo-resistance, as PI3K inhibi-
tion resulted in impaired BRAC1/2 gene and sensitize BC
cells to drugs responses [69].

CRISPR in identifying mechanism of drug resistance
CRISPR-Cas9-dependent genome-wide screening has
also been used to find the drug resistance mechanisms to
protein kinase inhibitors in TNBC cell lines. Studies have
reported that anaphase-promoting complex (cyclosome)-
associated with TTK protein kinase acts as an inhibitor
of BC cell lines [70]. In another study using CRISPR/
Cas9, the genome-wide assessment to screen cytotoxic
T-cells for tumour cell resistance could potentially assist
in evaluating the metabolic activities based upon tumour
genetics networks [71]. High-throughput analyses of
the CRISPR/Cas9-based library are very promising in
assessing the genes mutations for treatment failures with
high accuracy and precision [72]. Additionally, in cancer
immunotherapy, a genome-scale CRISPR/Cas9-based
library containing around 123,000 single guide RNAs
(sgRNA) have been employed to disrupt genes in mela-
noma cells to simulate the T cell-based therapy to over-
come drug resistance developed due to loss-of-functional
mutations [73]. Furthermore, CRISPR/Cas9 has been
applied to identify the loss of functional mutation in ape-
lin receptor (APLNR), involved in immunotherapeutic
resistance. Since APLNR interacts with JAK1 and mod-
ulates IFN-y responses in cancers, and its deletions can
reduce the efficiency of T cell therapy [73].

Furthermore, genome wide CRISPR/Cas9 knockout
has been utilized to identify two key regulatory (mTOR
and Hippo) pathways involved in tumorigenesis of
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TNBC under in vivo xenograft model. In this study, Dia
et al. highlighted that mTORC2/RICTOR and Sestrin3/
GATOR2/WDR59 are very important in enhancing
TNBC pathogenesis [74]. Hence, CRISPR/Cas9 could be
an important approach in circumventing tumorigenesis
and reducing tumor load for BC.

The germline genetic variants also influence the drug
metabolic pathways. The report has shown that single
nucleotide polymorphisms (SNP) in the zinc finger pro-
teins (ZNF423) gene acts as a predictive indicator for the
responsiveness to ER modulator drugs in BC patients
[75]. In another study, CRISPR/Cas tool was employed to
generate wild-type cells from ERa positive ZR75-1 cells
containing the rs9940645 variant, which shows more
responsiveness to different drugs such as raloxifene,
olaparib, and cisplatin in BC patients [75]. The genetic
alterations in T47D and MCF7 cancer cells with ESR1
mutations have resulted in the resistance to fulvestrant,
raloxifene, and 4-Hydroxytamoxifen (4-OHT) drugs
under in vitro conditions [76]. Hence CRISPR/Cas9 sys-
tem could play a crucial role in sensitizing the cancer
cells to drug response, which could further aid in improv-
ing the patient outcomes.

CRISPR/Cas9 in sensitizing the cells to drugs

The deletion of the MALAT-1 promoter in the BT-549
TNBC model using CRISPR/Cas9 increased susceptibil-
ity to paclitaxel and doxorubicin, proposing its role in
imparting resistance to the IncRNA transcriptional por-
trait. Additionally, it also emphasizes a MALAT1-coordi-
nated complex regulatory network for TNBC resistance
to neoadjuvant chemotherapy (NAC) [77]. Smad2 and
Smad3 protein levels have been shown to be altered in
numerous TNBC cell lines in comparison to normal
mammary epithelial cells, signifying their possible cru-
cial role in cancer cells escaping TGF-mediated growth
inhibition. Thus, the CRISPR/Cas9 system may be very
effective for the treatment and prevention of TNBC by
selectively targeting the TGF-Smad3-TMEPAI axis [78].
Researchers also reported that a mutant variant of a cel-
lular oncogene could be changed to an inactive form by
the CRISPR/Cas9 system. In this regard, CRISPR/Cas9
has been aimed to target the tyrosine kinase domain,
which could be utilized to modify the Src family of onco-
genes, required for tyrosine kinase activity to transform
into an oncogenic form. Also, CRISPR/Cas9 has been
utilized in disrupting the functional domains of HER2,
needed for its carcinogenic activity, which assists in over-
coming treatment resistance [79].

CRISPR/Cas9 in screening drug resistance gene
Ha et al. utilized CRISPR/Cas9 technology to target mul-
tidrug resistance protein 1 (MDR1) in cancer cells in an
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attempt to eradicate doxorubicin resistance [80]. After
disrupting MDR1 using Cas9-sgRNA, doxorubicin was
delivered to MCF-7/ADR cells, leading to the recovery
of drug sensitivity, which suggests that the drug potency
could be enhanced by inducing mutation in drug-resist-
ant genes using CRISPR/Cas9. Furthermore, CRISPR/
Cas9 technique has been proposed also for genome-
scale deletion and transcriptional activation screen-
ing and possesses immense potential for drug-resistant
gene screening in a shorter duration [81]. As evidenced
by CRISPR/Cas9, the germline mutations in the BRCA1
gene could be overcome through somatic alternative
splicing, leading to therapeutic resistance to cancer [82].
It has been reported that TNBC is diagnosed in at least
one-third of patients with BRCA1 mutations [83]. TNBC
is the most aggressive type of cancer and is tough to cure
not only due to the lack of molecular target receptors but
also the presence of BRCA1 mutations causing chemo-
therapeutic drug resistance elevating risks of disease
recurrence. However, the synthetic lethal pair of BRCAI,
the poly (ADP-ribose) polymerase 1 (PARP1) gene, has
been shown as conserved in mostly BRAC1 mutated
(BRCA1m) cancer cells and seems to be a promising
pathway in sensitizing these cells to chemotherapy. Using
CRISPR/Cas9 technology, the generated PARP1-deficient
TNBC cell lines, i.e., MDA-MB-231 (BRCA1 wild-type)
and MDA-MB-436 (BRCA1m) results in their increased
sensitization, leading to reduced dose essential for thera-
peutic efficacy of the drugs [84]. This also revealed that
TNBC cells co-expressing BRCA1m and PARP1m were
highly vulnerable to three chemotherapeutic BC drugs
such as doxorubicin, gemcitabine, and docetaxel, in a 2D
culture environment than their wild-type counterparts
[84].

Researchers developed a CRISPR/Cas9-mediated
knock-in mutational model to examine the resistance
mechanisms of metastatic BC to anti-ER treatments.
Because the ER has been identified as the main driving
factor for BC progression, and its decreased activity has
been demonstrated in reducing the risk of relapse and
increasing patient survival [43]. Despite this, cancers can
develop resistance to anti-ER therapy while still being
ER-positive, cancer cells were sensitive to treatment in
many circumstances [85]. Mutations in ER genes, which
are uncommon in primary BC, have been associated with
drug resistance [86]. Estrogen receptor gene 1 (ESR1)
has been revealed as the most common gene in patients
who had undergone endocrine therapy for advanced
BC [87]. Furthermore, treatment-induced resistance
implies that ESR1 mutations develop resistance under
treatment-selective stress [88]. To understand this, the
CRISPR-Cas9 system was utilized for genome editing to
make ESRI a single allele at mutated amino acid residue,
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tyrosine 537 in ER-sensitive MCF7- BC cell line [89]. This
suggested that ER mutation plays a crucial role in drug
resistance during chemotherapy for BCs.

The major multi-specific MAP transporter, which car-
ries the anti-cancer drugs outside to cancer cells has been
identified as Ral-interacting protein (RLIP). The abnor-
mal expression of RLIP causes therapeutic resistance in
a variety of malignancies. In BC cells transduced with
LV vectors containing RLIP sgRNAs, the Cas9 expres-
sion damage the RLIP gene, thereby limiting BC cell
proliferation under both in vitro and in vivo conditions.
RLIP downregulation induces apoptosis via both drug-
dependent and independent pathways, and these findings
suggest that RLIP may be a viable target for killing cancer
cells [90] (Fig. 2).

Advancement in CRISPR/Cas9

The homology-directed repair mechanism (HDR) in
comparison to NHE] is more specific and is predomi-
nantly employed to generate gene knock-in for tar-
geted gene editing [91]. NHE] is functional during the
complete cell cycle, whereas the HDR pathway works
only in S and G2/M phases [92], which limits the HDR-
driven gene editing in actively dividing cells, restricting
its therapeutic potential because stem cells are obtained
in a dormant stage [93]. To overcome this, the advanced
technique homology-independent targeted integration
(HITI) may be utilized to produce gene knock-ins in both
dividing and non-dividing cells using NHE]J [16]. HITI
is a more efficient technique in producing gene knock-
ins than HDR. Nonetheless, these different restrictions
should be sorted out before HITT utilize in clinical sett-
up. For example, the knock-in capacity of HITI is very
low approximately less than 5% in dormant cells [94],
and also off-target effects (OTEs) of Cas9 may cause
transgene insertion at non-target sites as well. Therefore,
using specifically selected Cas9/gRNA target sequences
and highly specific Cas9 nuclease, this kind of OTEs with
HITI could be minimized [95].

An alternative, end-joining technique MME] (micro-
homology-mediated end-joining) may be also utilized
in CRISPR/Cas9 system for genome alteration. MME]
is activated when there is microhomology (5-25 bp)
upstream and downstream of DSBs [96]. This permits
two microhomology sequences to be annealed, leading to
the elimination of the intervening sequence [96]. Nakade
et al. have established an MME]J-based technique for tar-
geted knock-in of transgenes, named precise integration
into target chromosome (PITCh) [96]. Cas9 cleavage of
the PITCh donor vector and the genome reveals their
microhomology sequences, triggering MME]J-mediated
incorporation of transgenes into the genome at the DSBs
[96]. MME] is functional while HDR is dormant during
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the M and early S phase [97], moreover, MME] is 2-3
times more efficacious than HDR in accomplishing tar-
geted transgene knock-in [96].

Base editing can facilitate the conversion of the four
transition mutations, but not transversion mutations.
Anzalone et al. have described a dynamic prime-editing
technique that can perform targeted insertions, dele-
tions, and conversions of all 12-pointmutation combi-
nations scans the requirement of a donor template [98].
Prime editing necessitates the use of two elements- Cas9
nickase and a prime editing guide RNA (pegRNA) which
is an extended variant of sgRNA including a primer bind-
ing site to enable hybridization of the 3’ end of the sliced
genomic DNA and a reverse transcriptase (RT) template
carrying the desired modification to provide a template
for the generation of the modified information [98]. The
catalytically inhibited Cas9 nickase is linked to an RT and
forms a single-strand snip in genomic DNA to enable
the 3’ end nick and attach to the primer binding site of
the pegRNA [98]. Hence, the RT reverse transcribes the
sequence data, comprising the edit from the RT template
to the DNA [98]. Concerning efficiency, genotoxicity,
and adaptability in gene editing, prime editing seems to
be stronger than other editing techniques at the moment
[98]. Nonetheless, more research into this method in
different cell types, as well as refinement of the delivery
strategy is required.

Limitations of CRISPR/Cas9
CRISPR/Cas9 genome editing, which targets coding and
non-coding region on chromosomes, has proven to be a
valuable method for basic research as well as therapeutic
applications in BC. Though, it has been also linked to pro-
moting carcinogenesis. On the other hand, CRISPR/Cas9
causes both genotoxicity and immunotoxicity, in which,
genotoxicity has been associated with off-target effects.
This technological challenge has delayed the develop-
ment of CRISPR/Cas9-based cancer therapeutics, since
these issues cause mutations that may be carcinogenic to
humans [43]. Other challenges have been also associated
with the mode of delivery for CRISPR/Cas9 within tar-
get cells. Currently, there are two delivery methods i.e.,
viral and bacteriophage-derived vectors being employed
for the CRISPR/Cas9, which may cause genotoxicity and
cellular toxicity [99]. To overcome this, the encapsula-
tion of the CRISPR/Cas9 system inside lipopolymer with
cell-specific aptamer could be an excellent method for
its delivery, which could enable cancer-specific target-
ing and reduce toxicity as compared to standard viral and
non-viral delivery methods [100].

The lack of antigen-specific T-cells focused against the
Cas9 protein is one of the major issues in engaging the
CRISPR/Cas9 technology for therapeutic medications.
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Chew recently investigated the potential immunological
risks of CRISPR/Cas9 generated medications in clini-
cal trials [101]. Another recent study found that human
cells had pre-existing and adaptive immunological
responses to bacteria-derived Cas9 proteins [102]. This
raises serious concerns regarding the efficacy and, more
prominently, the safety of the CRISPR/Cas9 method in
treating diseases. Hence, further research is needed to
fully understand the role of Cas9-specific T-cells during
immunotherapy. These investigations should also look
towards creating a Cas9 that can evade the host immune
system or at the very least fusion of an immune-compro-
mised molecule into the Cas9-harboring cassette [103].

The CRISPR/Cas9 technology has a few other draw-
backs also such as off-target alterations, which may be
highly deleterious. Also, CRISPR/Cas9 genome editing in
living cells is fraught with dangers due to the lack of spec-
ificity. Off-target cleaving processes have been examined
comprehensively, and a set of fundamental criteria for
limiting off-target effects in research has emerged. For
resolving the low-editing efficiency of CRISPR/Cas9 in
some specific loci, a “pop-in/pop-out” approach has been
designed by Cech et al. for enhancing edited clones that
have undergone homologous recombination [104]. This
can also be utilized for the screening of effective gene
manipulation, particularly for inaccessible loci. To reduce
off-target effects, sgRNA should be designed with high
precision, particularly at the 5’end sequence [103]. On
the other hand, Cas9 activityis regarded as a critical ele-
ment in identifying the off-target effect. The higher the
Cas9 activity, the greater the number of off-targets due
to non-specific cleavage. Thus, modifying Cas9 activity
could benefit by decreasing off-target effects [105]. On-
target is often determined by various notable parameters,
such as gRNA design, Cas9 structure, gRNA/Cas9 ratio,
and ultimately target site originality [106]. Several tech-
niques have been proposed to address the off-targeting
problem, including reducing gRNAs to 20 bases, which
might boost specificity by 5000-fold [95]. Switching the
electric polarity of Cas9’s two domains, HNH and RuvC,
to minimize off-target editing may be more precise with
a lower off-target score [107]. The introduction of Cas9
in its protein form instead of as Cas9-plasmid DNA
improves on-target performance and diminishes off-tar-
get alteration [108].

Future prospects and conclusion

CRISPR/Cas9 is a ground breaking tool, which has
been employed to treat various diseases including
cancers. Since, it possesses characteristics of simple
genome editing skills in the terms of cost-effectiveness,
high specificity, precision, and shorter time duration
without the need for multi-functional mice colonies.
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Hence, it gained a huge interest in the scientific world
especially in the field of cancer biology. The use of the
CRISPR/Cas9 system raises various social and ethical
concerns, not only for human beings but also for other
organisms and the environment, such as safety for its
use in genetic enhancement [79]. Ethical issues have
been raised regarding the prospect of human germline
genome editing such that the genetic information can
be transmitted down through generations via gametes,
first embryo divisions, or fertilized eggs. However, a
few concerns need to be addressed such as off-target
effects and delivery methods. The CRISPR/Cas9 tech-
nology has been adopted by modern researchers pri-
marily for the suppression of oncogenes and activation
of TSGs in mouse models. To note, the development of
BC is not only ascribed to genetic alterations but also
epigenetic changes, which could be tackled through
CRISPR methodology.

Moreover, the possibilities of gene therapy using
CRISPR/Cas9 remain a promising even though a few
technical obstacles exist in targeting cancer genes.
CRISPR/Cas9-based techniques will hopefully become
a better tactic in the future personalized medicine to
deal with the complexities of various tumours and can-
cer drug resistance. Notwithstanding, the effectiveness
of CRISPR/Cas9-mediated therapy will rely on care-
fully designed sgRNA, monitoring of potential off-tar-
get effects, and efficient delivery. From fundamental
research to clinical implementation, this technique
has opened promising possibilities for the treatment of
chemotherapeutic drug resistance.
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