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a b s t r a c t

Breast cancer (BC) is the most common type of cancer in women at the global level and the highest mor-
tality rate has been observed with triple-negative breast cancer (TNBC). Accumulation of genetic lesions
an aberrant gene expression and protein degradation are considered to underlie the onset of tumorige-
nesis and metastasis. Therefore, the challenge to identify the genes and molecules that could be poten-
tially used as potent biomarkers for personalized medicine against TNBC with minimal or no
associated side effects. Discovery of the clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR associated protein 9 (Cas9) arrangement and an increasing repertoire of its new variants
has provided a much-needed fillip towards editing TNBC genomes. In this review, we discuss the CRISPR/
Cas9 genome editing, CRISPR Technology for diagnosis of (Triple-negative breast cancer) TNBC, Drug
Resistance, and potential applications of CRISPR/Cas9 and its variants in deciphering or engineering intri-
cate molecular and epigenetic mechanisms associated with TNBC. Furthermore, we have also explored
the TNBC and CRISPR/Cas9 genome editing potential for repairing, genetic modifications in TNBC.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and

Structural Biotechnology. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Triple-negative breast cancer (TNBC) is an HER-2-negative (hu-
man epidermal growth factor receptor 2), PR (progesterone
receptor)-negative, and estrogen receptor-negative (ER)-a negative
molecular subtype of breast cancer (BC) as shown in Fig. 1 [1].
Approximately 15–20% of all types of breast cancer are TNBC,
which is the most aggressive form of BC, growing and spreading
faster than other types [2], and is more common in younger
women less than 50 years [3]. Besides, TNBC has been reported
to be more common in cases of inherited BRCA DNA repair-
associated (BRCA) mutations. Common signs and symptoms of
triple-negative breast cancer include the presence of a mass or
lump of breast tissue, pain in the breast, skin in the nipple turning
inwards, or discharge from the nipple. Sometimes, it has been
shown to have spread to the lymph nodes near the collar bone,
causing a swelling [4]. There are various methods available for
the diagnosis of TNBC. For instance, 3D digital breast tomosynthe-
sis is a technique used for 3D mammography with X -rays produc-
ing a 3D structure of the breast, which helps in clarifying any
abnormalities detected in the breast mammogram [5]. Breast
radio-imaging technique such as magnetic resonance imaging
(MRI) is also helpful in the diagnosis of breast tumor, while the
breast ultrasound uses sound waves to examine the breast struc-
ture in mammography [6]. A breast biopsy is performed to allow
the histopathological analysis of the specimen under a microscope
and is used to test for identification of the status of ER, PR, and
HER-2 [7].

There are various stages of TNBC as shown in Fig. 1; more
specifically, abnormal cells are being defined as stage zero,
whereas stage one is identified as small specific localized cancer
not spread to or near the lymph node [8–10] In stage two, cancer
is in a moderate stage and not spread away from lymph nodes.
The cancer spread from the breast but not metastasized to specific
organs is considered stage four [11]. Accordingly, when metasta-
sized malignancies are proliferating in isolated organs, and once
the genetic and hormonal factors have been identified, then the
clinician would recommend the most effective treatment [12]. This
is significant because these hormone receptors, which are usually
found inside and on the surface of healthy breast cells, are acti-
Fig. 1. Classification and characteristic
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vated when exposed to the corresponding hormones and set off a
cascade of reactions in the cells to help them grow and function
properly [13]. In particular, ER, PR, and HER-2 hormones are known
to be involved in accelerating tumorigenesis, and because TNBC
lacks receptors for ER, PR, HER-2, most of the treatments are based
on hormone therapy, chemotherapy, and radiation therapy [14].
For example, one such approach is the dimensional computerized
radiation therapy (3DCRT), which is recommended for six week.
Radiation therapy depends on the technical expert [15]. The treat-
ment options for TNBC are very constrained due to hormone ther-
apy and drug targets not being sensitive and specific [16].
However, some common chemotherapeutic agents, such as
Cytoxan, taxol, fluorouracil, are typically used. Therefore, it is
urgently required to develop therapeutic options for the preven-
tion of TNBC [17]. A negative test report could be further evaluated
for TNBC using markers, such as cytokeratin 14, cytokine 5/6, low
expression of claudin-low/mesenchymal-like levels, high-level
expression of epithelial to mesenchymal transition (EMT) cells
[18]. Furthermore, in some cases, the expression of epidermal
growth factor (EGFR) and transmembrane glycoprotein Nmb
(GPNMB) has been shown in TNBC [19]. Hormone therapy for
positive-tested tumors could be carried out using receptor-
specific medicine for ERa+ and PR, whereas HRE-+ tested tumors
would be treated with HER-2+ therapy [14]. Sometimes these treat-
ments are ineffective in the case of TNBC [20]. As mentioned, TNBC
is more aggressive than other types of BC tumors, such as other ER-
negative BC, and has a very weak prognosis compared with other
positive tested tumors. Patients with TNBC are usually treated with
combination therapy or surgery [21]. Here, we discuss the CRISPR
genome editing, CRISPR Technology for the diagnosis of TNBC.
Drug Resistance in TNBC and CRISPR/Cas9 genome editing, and
future prospective.

2. Heterogenicity of TNBC and genome-based targeted therapy

TNBC is possessed histopathological differences and showing
heterogenicity at the transcriptomic level [1,4,13]. Early transcrip-
tomic profiling of breast cancer is devoted to classifying TNBC into
distinct clinical and molecular subtypes that could guide treat-
ment decisions [13,16]. Chemotherapy remains the only systemic
of Triple Negative breast cancer.
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therapeutic option for women with curable disease and was the
only option for metastatic [4,7]. Drug selection is dependent on
factors such as tumor burden, drug treatment options available,
and the presence of comorbidities [16,18,22]. Chemotherapy
approvals for the treatment of metastatic TNBC were based on
subgroup analysis of larger all-comer clinical trials (Table 2)
[4,19,21,23]. For metastatic breast cancer, taxanes (paclitaxel, doc-
etaxel, and albumin-bound paclitaxel), anthracyclines (doxoru-
bicin, pegylated liposomal doxorubicin, and epirubicin), anti-
metabolites (capecitabine and gemcitabine), and nontaxane
microtubule inhibitors (eribulin and vinorelbine) are preferred
single-agent options based on the National Comprehensive Cancer
Network guidelines. Other agents with activity are platinum salts
(carboplatin and cisplatin) and other microtubule inhibitors, such
as ixabepilone (Ixempra, Bristol-Myers Squibb) [23–29]. Some of
these agents may appear to induce more favorable activity in
TNBC populations [24–29]. However, different types of therapies
need to be developed through extensive clinical trials, which
could work better than currently available treatment approaches
[22]. Based on the gene expression studies of TNBC (Table 1)
and the common characteristics of cancers, several potential tar-
gets have been identified in studies from in vitro, in vivo, and clin-
ical trials are shown in Tables 2 and 3 [30–35]. The efficacy of
genomic-based targeted therapies in clinical trials in TNBC are
shown in table 2 [16,18,22,27,30–35]. In this context, we discuss
here the gene regulation in TNBC and the therapeutic option of
CRISPR/Cas9 mediated gene editing. Germline mutations in sev-
eral genes involved in TNBC have been discussed, including those
in BRCA1/2, BRIP1, PTEN, TP53, ATM, TERT, BARd1, and RAD51. BL-1
and BL-2 basal-like BC (BLBC) tumor sub-categories represent 80–
90% of TNBC and are known to be involved in enhanced cell cycle
progression and loss of checkpoint function due to increased pro-
liferation. Further, the BL-2 subtype has been shown to have a role
in the activation of EGFR and TP53 [36]. The subtype of mes-
enchyme stems-like is known to express the VEGFR2 (vascular
endothelial growth factor receptor 2) and be responsive against
inhibitors of mTOR and tyrosine kinase (TK) [37]. Patients with
the luminal androgen receptor (LAR) subtype are known to be
resistant to AR antagonists, such as bicalutamide [38]. In the case
of basal-like breast cancer (BLBC), deregulation of BRCA1 along
with overexpression of TP53 has also been reported [39].
Similarly, TP53 has been reported to be deleted or mutated in
60–80% of TNBC cases [40]. ER-negative TERT variants have also
Table 1
Potentially therapeutic targetable genes in TNBC.

Molecular subtype Pathways Potentially target

Basal-like p53 pathway TP53 mutant, a ga
PI3K/PTEN pathway PTEN mutant/loss,
RB1 pathway RB1 mutant /loss,

low RB1 expressio
ER-negative AKT signaling PIK3CA, AKT1, PTEN

Cell-cycle regulation RB1, CDKN2A
Chromatin function KMT2C, ARID1A, NC
DNA damage and apoptosis TP53, BRCA1, BRCA
MAPK signaling NF1, MAP3K1, MAP
Tissue organization CDH1, MLLT4
Transcription regulation TBX3, RUNX1, GATA
Ubiquitination USP9X, BAP1
Other ERBB2, SMAD4, AG

Neoadjuvant chemotherapy
(triple-negative)
Genomic alteration

Cell cycle RB1 loss, CDKN2A
CCND2 amp, CCN D

PI3K/mTOR pathway PTEN mut/loss, PIK
AKT3 amp, RAPTOR

Growth factor receptor IGF1R amp, EGFR a
amp

RAS/MAPK pathway KRAS amp/gain, BR
DNA repair BRCA1 truncations
JAK2/STAT3 pathway JAK2 amp
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been detected in TNBC [30]. Besides, studies have shown that
downregulation of the PTEN and TP53 genes are very common
during the development of TNBC, with both genes being closely
related due to the functional interaction of their proteins [31].
Loss of the expression of PTEN has been reported to promote
tumorigenesis and inactivate the expression of TP53, leading to
restricted mesenchymal features and poor clinical outcomes
[41]. Experts from the field of breast cancer have made efforts
to explore novel molecular therapeutic targets. However, TNBC
remains very challenging, with the highest mortality rate among
all types of breast cancer. Based on the protein expression of
HER-2, BC tumors can be HER-2-positive or -negative [42].

All types of BC are tested for estrogenic receptor a positive
(ERa+), progesterone receptor (PR), and HER-2+ [43]. In case the
pathological report comes out positive for all above types of recep-
tor, this would suggest the involvement of many receptors in the
development of the tumor, whereas, if it is negative, this would
mean that only a few or none type of receptors had any involve-
ment [44]. The impact of the combined inactivation of these tumor
suppressors, which frequently occurs in BC, is made more severe in
the case of TNBC as shown in Fig. 1. Furthermore, these BC tumors
are resistant to targeted therapy due to the lack of expression of ER
and HER-2.

The identification of the clustered regularly interspaced short
palindromic repeats (CRISPR)/ CRISPR associated protein 9 (Cas9)
system and an increasing repertoire of its therapeutic application
have provided a much-needed fillip towards editing of the gen-
omes of BC tumors. CRISPR DNA sequences are known to be mainly
found in bacteria. These sequences derived from bacteriophages
have been reported to play a major role in destroying viruses.
The Cas9 enzyme recognizes and cleaves specific target CRISPR
sequences. This naturally occurring gene editing facility has been
demonstrated to have a wide application in the treatment and
early diagnosis of diseases [45].
3. CRISPR genome editing

The CRISPR/Cas9 system has three mechanisms; a single guide
RNA (sgRNA), which is specific to a target sequence of DNA; Cas9
protein with DNA endonuclease activity; and a tracrRNA that inter-
acts with Cas9 [55]. The Rec-I protein component is known to help
in the binding of the gRNA [55,56]. The PAM-Sequences (proto-
able genes References

in of MDM2 [40,46]
INPP4B loss, PIK3CA mutant [28,41,46]
CCNE1 amplification (amp), high expression of CDKN2A,
n

[46,47–49]

, PIK3R1, FOXO3 [47,48,49]
[46,47]

OR1, PBRM1, KDM6A ]50]
2 [50,51]
2K4, KRAS [52,53]

[2,13,18,53]
3, ZFP36L1, MEN1 [33–35,53]

[53]
TR2 [53,54]
loss, CDKN2B loss, CDK4 amp, CDK6 amp, CCND1 amp,
3 amp, CCNE1 amp, AURKA amp

[30–35, 47–49,54]

3CA mut/amp, PIK3R1 mut/amp, AKT1 amp, AKT2 amp,
amp, RICTOR amp, TSC1 truncations/mut

[28,41,47,48]

mp, MET amp, KIT amp, FGFR1 amp, FGFR2 amp, FGFR4 [26,34,37,38,49]

AF amp/gain, RAF1 amp/gain, NF1 truncations [47–49,51]
/loss/mut , BRCA2 truncations/loss/mut, ATM mut [25,50]

[50–53]



Table 2
Efficacy of genomic-based targeted therapies in clinical trials in TNBC.

Drug Targeted Mechanism Targeted Patient Status Efficacy Clinical trial
ID

Buparlisib at PI3K inhibitor Patients with HER-2 Negative, Metastatic TNBC or
Without PI3K Activation (BELLE-4)

Randomized
phase III

PFS (full population): 8.0
vs. 9.2 (HR, 1.18.
95% CI, 0.82–1.68)

NCT01572727

Ipatasertib AKT inhibitor Metastatic TNBC Randomized
phase II

PFS (PIK3CA/AKT1/PTEN -
altered): 9.0 vs.
4.9 (HR, 0.44; 95% CI,
0.20–0.99; P = 0.041)

NCT02162719

MK2206 AKT inhibitor Any tumor ER/PgR status, any HER-2/neu Randomized
phase II

pCR (all): 35.2 vs. 21.1
NCT01042379
pCR (TNBC): 40.2 vs.
22.4

NCT01042379

Temsirolimus mTORC1
inhibitor

Metastatic metaplastic
TNBC

Phase I ORR (PI3K-activated):
31 (95% CI, 16–50)

NCT00761644

Everolimus mTORC1
inhibitor

Patients With Stage II or Stage III TNBC Phase II pCR (all): 36 vs. 48
(P = 0.41)

NCT00930930

Panitumumab K-ras and PI3K-activating
mutations, EGFR, PTEN, and p53

Metastatic metaplastic
TNBC

Phase II PFS (all): 4.4 (95% CI,
3.2–5.5)

NCT00894504

Cetuximab EGFR/HER-2
inhibitor

Locally advanced/
metastatic HER-2-
negative

Phase II EFS (TNBC EGFR + ):
4.2 vs. 4.9
EFS (TNBC EGFR � ):
5.2 vs. 4.3

NCT00075270

Cobimetinib RAS/
MAPK; MEK1/2
inhibitor

Metastatic TNBC Phase II PFS (intent-to-treat):
5.5 vs. 3.8 (HR, 0.73;
95% CI, 0.43–1.24;
P = 0.25)

NCT02322814

Ruxolitinib JAK1/2 inhibitor, JAK2 amplifi Metastatic TNBC
or IBC of any
subtype

Phase II PFS (all): 1.2 (95% CI,
0.97–1.84)

NCT01562873

PF-03084014 NOTCH Patients with Advanced Breast Cancer Phase II ORR: 16 (95% CI,
4.5–36.1)

NCT01876251
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spacer adjacent to motif) and arginine bridge helix play a signifi-
cant role in the binding of the target DNA. The crRNA-tracrRNA
(trans-acting CRISPR RNA) used for single guided RNA (sgRNA)
genetic engineering [56]. The gRNA binds to the target site in the
genome and directs the Cas9 protein. The Cas9 protein is an
RNA-guided nuclease discovered in the CRISPR type II adaptive
immunity system of Streptococcus pyogenes and it is responsible
for cleaving double-strand DNA [57]. The efficiency of the
CRISPR/Cas9 complex can be influenced by several factors, such
as sequence, length, the genomic locus of the target, chromatin
accessibility, nucleosomes, and other components around gRNA-
binding sites and secondary structure, of gRNAs, can influence their
efficiency and specificity [58]. The gRNA sequence has a crucial role
in the efficiency, specificity, and accuracy of CRISPR/Cas9- medi-
ated genome editing Truncated gRNAs with shorter complemen-
tary nucleotides (less than20) can reduce off-target effects by
5000-fold without sacrificing on-target efficiency. Moreover,
extending the gRNA duplex by 5 base pairs can significantly
improve the knockout efficiency [55–59]. Different versions of
CRISPR-associated nucleases are currently under development,
greatly expanding the CRISPR-based toolbox for genome editing
[60] . Cpf1 is an RNA-guided endonuclease that belongs to the class
2 CRISPR-Cas’s system, the same as Cas9 The Cas 9 protein, which
leads to recognition and cleavage of targeted DNA, contains six
components: RuvC, HNH, PAM Interacting, Bridge, REC II, and
REC I [55]. The RucC and HNH domains help in breaking the target
sequences; the break-in target sequence mainly occurs via two
mechanisms: the homologous direct repair mechanism (HDR)
and nonhomologous end-joining (NHEJ) [58]. The TALEN (tran-
scription activator-like effector nucleases) is a category of restric-
tion enzymes used in genetic engineering to cleave target
sequences; this is done through effector DNA-binding domains
for specific HDR target sequences, to repair target DNA sequences
for gene editing, whereas NHEJ is used for gene editing through
2387
insertions or deletions [59,60,61]. Usually, NHEJ can either repair
the break sequences or induce a frameshift mutation by using
sgRNA and Cas9; hence a highly sensitive and specific break of
any target can be easily achieved, as shown in Fig. 2. The CRISPR/
Cas9 system has several advantages over ZFN and TALENs in terms
of its simplicity, flexibility, and affordability [64]. The most impor-
tant difference is that the CRISPR system relies on RNA–DNA recog-
nition, rather than on the protein–DNA-binding mechanism [64].
Therefore, it is more achievable and easier to construct a cus-
tomized CRISPR/Cas9 complex by only changing the gRNA
sequence instead of engineering a new protein. The target
sequence needs to be immediately upstream of a PAM sequence
(50-NGG-30) [56]. This short sequence occurs approximately once
every eight base pairs in the human genome, which makes it pos-
sible to design several gRNAs for one specific target gene [61,65].
Experts from the field have explored the possibilities of using
CRISPR-Cas9 variants for diagnosis and treatment purposes [62].
The CRISPR-based system has been used to diagnose miRNA (mi-
croRNA), circulating tumor DNA, cell-free DNA (cfDNA), and
tumor-specific biomarkers [65,66]. Moreover, CRISPR could be
altered for increased accuracy, sensitivity, and specificity to
minimize off-target effects [63]. The CRISPR-Cas system is catego-
rized into various types: type-I utilizes the Cas3 protein, type -II
uses Cas-9, and type-III utilizes Cas-10 [64]. Further, the CRISPR
system is also divided into 2 classes; class I contains the crRNA-
effector complexes (multisubunit), whereas class II is the single-
subunit protein system [65,66]. Important TNBC genes have been
knocked out in several studies to produce a TNBC model for the
various subtypes of the disease [67].

Accordingly, TNBC treatment and resistance genes that might
have been disrupted could be repaired by CRISPR [68]. These devel-
opments could assist with the existing challenging problems
observed in TNBC, thereby furthering the current era of precision
medicine. Experts from this field have generated various models



Table 3
Clinical trials that use CRISPR/Cas9 genome-editing technologies.

Clinical status Target Interventions Status Clinical Trials
Gov
Identifier

Programmed Cell Death-1 Knockout Engineered T Cells in Patients
With Previously Treated Advanced Esophageal Squamous Cell
Carcinoma by CRISPR

To evaluate efficiency and safety of
PD1 in regulating T cells

PD1-KO in regulating
T cells immunity

Completed NCT03081715

Stem Cells in NF1 Patients With Tumors of the Central Nervous System To screen and identify alleviating
drugs of diseases

Collection of stem
cells

Phase –I
Ongoing

NCT03332030

Mesothelin-positive solid tumors To evaluate efficiency and safety of
edited antimesothelin CAR-T cells

PD1-KO anti-
mesothelin CAR-T
cells

Completed NCT03545815

Muscle-invasive bladder To evaluate efficiency of PD1-KO T
cells

PD1-KO T cells Phase -I
Completed

NCT02863913

Cell Therapy for High Risk T-Cell Malignancies Using CD7-specific CAR
Expressed On Autologous T Cells (CRIMSON)

To evaluate efficiency and safety of
CAR/28zeta CAR-T cells

CAR/28zeta CAR-T
cells, Flu, CTX

Phase -I NCT03690011

CRISPR-Cas9 Gene-Editing CAR-T Cells efficiency and safety of CD19 and
CD20/CD22 CAR-T cells

CD19 and CD20 or
CD22 CAR-T cells

Phase I/II NCT03398967

CRISPR-Cas9 Gene-Editing CAR-T Cells Targeting CD19(UCART019) in
Patients With Relapsed or Refractory CD19 + Leukemia and
Lymphoma

To monitor GVHD of allogeneic TCR-
and B2M-disrupted CD19 CAR-T
cells

TCR- and B2M-
disrupted CD19 CAR-
T cells

Phase I & II NCT03166878

CRISPR Gene Edited to Eliminate Endogenous TCR and PD-1 (NYCE T
Cells)

To evaluate efficiency and safety of
CAR-T cells

TCRendo and PD1,
CAR-T cells.

Phase -I trial
completed

NCT03399448

CRISPR-Cas9 mediated PD-1 knockout-T cells from autologous origin D-1 Knockout EBV-CTLs for
Advanced Stage EBV Associated
Malignancies

T cells Phase -II and
III trial
completed

NCT03044743

A Dose-escalation Phase I Trial of PD-1 Knockout Engineered T Cells for
the Treatment of Metastatic Renal Cell Carcinoma

To evaluate efficiency and safety of
PD1-KO T cells

IL-2, CTX, PD1-KO T
cells

Phase -I
COmpleted

NCT02867332

CRISPR Cas9 in the laboratory (PD-1 Knockout T cells) PD–1 T cells Phase-I
Completed

NCT02867345

CRISPR Cas9 in the laboratory (PD-1 Knockout T cells). PD–1 T cells Phase-I
Completed

NcT02793856

CRISP-Cas9 system and EBV-CTL was generated in the laboratory (PD-1
Knockout EBV-CTL).

Stage IV gastric arcinoma; Stage IV
nasopharyngeal carcinoma; Stage IV
T cell lymphoma

Drug: fludarabine,
cyclophosphamide,
interleukin-2

Phase-I
Completed

NCT03044743

Trial in Patients With Metastatic Gastrointestinal Epithelial Cancer
Administering Tumor-Infiltrating Lymphocytes in Which the Gene
Encoding CISH Was Inactivated Using the CRISPR/Cas9 System

CISH, inactivated TIL Drug:
cyclophosphamide,
fludarabine,
aldesleukin

Phase-I/II
Completed

NCT04426669

Genome-wide CRISPR Screen for Host Factors Associated With
Norovirus Infections in Stem Cell-derived Human Intestinal
Enteroid Model

Host factors of norovirus Duodenal biopsy;
saliva

Phase-I/II
Completed

NCT03342547

CRISPR/Cas9-HPV16 E6/E7T1 or CRISPR/Cas9-HPV18 E6/E7T2 HPV-related cervical TALEN, CRISPR/Cas9 Phase-I/II
Completed

NCT03057912
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for exploring the molecular basis of TNBC [69]. Furthermore, its
clinical application has been challenged by the deficiency of sensi-
tive and specific delivery approaches for in vivo therapeutic gen-
ome editing tools. As such, a CRISPR-based designed approach
was shown to reduce the growth and development of TNBC, and
reduce their growth rate in mice up to 77% without any toxic effect
on healthy tissues [70]. The CRISPR barcoding technology has also
been used to screen for tumor growth and development [71], while
genome-wide CRISPR-Cas-9 analysis has been used to detect
potential therapeutic targets in TNBC as shown in table 3. There-
fore, we discussed new potential molecular targets for TNBC using
CRISPR-Cas-9, which demands the need for investigations of other
unknown targets of CRISPR/Cas9. The CRISPR/Cas9 system could be
useful in editing hot mutated regions in genes, thus enhancing the
efficacy of drugs for clinical applications against TNBC.
4. CRISPR technology for diagnosis of TNBC

The common methods used for the diagnosis of TNBC include
mammography (gold standard), MRI, sonography, and ultrasound.
These techniques are with their limitations, for example, mammo-
grams are used for local diagnosis but are not useful for metastatic
BC, while ultrasound has been reported to not be reliable in the
identification of BC [72]. Similarly, MRI, which has a high sensitiv-
ity of over 94, has limited applicability. Therefore, more reliable
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methods are required to detect and diagnose breast cancer [73].
A new diagnostic tool for breast cancer could be developed by
using the CRISPR/Cas system. The CRISPR/Cas-based approach
could be applied for target ctDNA in the ultrasensitive detection
of target DNA-PCR [52]. Gene-specific non-target DNA is removed
using the Cas9 protein and cpf1, and then Cas9 and Cpf1 would rec-
ognize different PAM sequences [74]. Therefore, this PCR approach
could detect different new oncogenic mutations. Experts from the
field have developed a CRISPR-based PCR for the detection of onco-
genic specific mutations. In this approach, CRISPR-based PCR onco-
genic mutations are detectable at different PAM sites [56,75].
Furthermore, this approach could reduce the requirement for inva-
sive methods and help early diagnosis of genetic mutations [76].
TNBC tumors have been shown to change their genotypes in
response to the regulation by hormone receptors [77]. These muta-
tions could be monitored using a CRISPR/Cas-based diagnostic
approach using a chip for point-of-care diagnosis [78]. This combi-
nation would be more sensitive and specific with their limitations
[79]. For instance, extensive work is required before CRISPR/Cas-
based diagnostics are applied in clinical settings [79]. These might
also provide clinicians with a piece of more relevant information
for a patient with TNBC, which could then help in providing more
effective treatment. Therefore, CRISPR/Cas-based diagnostics tools
could be useful for point-of-care diagnosis.

The Hart lab has developed an 18,000 CRISPR-based polled
library for protein-coding genes by using cell lines, which



Fig. 2. Genome editing techniques CRISPR/Cas9.
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has been demonstrated to be helpful in diagnosis and treat-
ment [80]. The CERES (cut-elimination by resolution) method
is used to analyze gene-specific levels from CRISPR-Cas9, for
the copy number-specific effect, thus decreasing the false-
positive results [81]. Experts from the field have also devel-
oped a computational approach to take part in CRISPR/Cas9
2389
screens originating from various types of libraries. These
libraries were used to analyze data from>80 types of CRISPR/
Cas9 panels in human cancer cells [82]. The CRISPR system
has allowed for analogous and combinatorial genome-wide
screening in live animals, allowing for the identification of
tumor-causing genes [83].
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5. Triple-negative breast cancer and CRISPR/Cas9 genome
editing

CRISPR/Cas9-based genetically engineered and cell-specific
delivery systems have been employed to gain more advanced
approaches for drug resistance mechanisms [84,85]. In addition,
several TNBC models have been used, either consisting of cell lines
derived from TNBC xenografts or transgenic genetically modified
mice [86], the clinical outcome and limitations of which have been
extensively analyzed. Researchers have also developed the applica-
tion of microfluidic devices for 3D models. So, currently, TNBC
diagnosis and treatment models have been limited by the transfor-
mation of the TNBC genome that is comprised of mutations and
genomic reorganizations that unavoidably result from the progress
of TNBC through clonal selection [2]. Presently, considerable
research is going on to identify various protein biomarkers for
early diagnosis and treatment [87]. For instance, EGFR is known
to play important role in angiogenesis, inhibition of apoptosis,
metastatic spread, and its expression in TNBC has been shown to
create challenges in diagnosis and treatment. The protein expres-
sion profile of TNBC (estrogen receptors, progesterone receptors,
and excess HER-2 protein) and non-TNBC tumors have been com-
pared by researchers, and several proteins were identified to be
either upregulated or downregulated, with the upregulated pro-
teins being more important for therapeutic interest [88]. Upregu-
lated proteins in TNBC are classified into various groups, based
on their activities, such as EGFR proteins (role in angiogenesis),
metabolic proteins (glutathione S-transferase, pyruvate kinase,
glucosidase, and fatty acid synthesis), transcription and translation
controlling proteins, cell adhesive proteins (Catherine), heat shock
proteins, and keratins [89]. These upregulated proteins were ana-
lyzed in TNBC tumors and shown to regulate the response to cellu-
lar stress [90]. VEGF (Vascular endothelial growth factor) is
commonly found in six isoforms, with the VEGF165 isoform being
more common, and showing affinity to VEGFR-1, VEGFR-2, VEGFR-
3, VEGFR-1, resulting in endothelial cell survival, migration, and
proliferation [91] In patients with TNBC, the level of VEGF, which
is a target for bevacizumab, was found to be significantly higher.
Many researchers have observed that the levels of cytokines are
higher in TNBC than in other types of BC [92].

TP53 gene mutations are associated with low chemotherapy
response, expressing TP63 and TP73 proteins in TNBC [93]. Overex-
pression of TOP2A in TNBC has been reported to cause reduced
sensitivity to anthracyclines; this enzyme plays a major role in
transcription by creating a DSB and rejoining them, altering the
topology of DNA. As such, mutations in this gene lead to altered
protein function [94]. Heat shock proteins (HSPd) are cellular chap-
erons that regulate posttranslational modifications and help main-
tain the levels of AKT, RAF-1, and cyclin-dependent kinase-4 (CDK-
4). Once a mutation occurs in this important gene, the correspond-
ing protein is disrupted by the proteasome. The PU-H71 anticancer
drug is known to cause resistance in TNBC using a similar mecha-
nism [95]. Proteasome deprivation of major cellular proteins could
be a target for cancer therapy and drug resistance progression [96].
TNBC is an immensely combative form of BC with high levels of
genetic heterogeneity affected by specific transcription and hor-
mone signaling [97]. For example, ERa upon ligation with its estro-
gen ligand is activated and binds to the transcription regulatory
element near to the promoters or enhancers of target genes [98].
Distant estrogen response elements (DEREs) regulate transcription
of the target gene through chromatin interactions and act as a hot
spot region for ER-a-positive luminal BC [99]. Therefore, ERa-DERE
complex loci could be a potential target for transcriptional factor
modulation by CRISPR/Cas9 [100]. The UBR5 E3-ubiquitin ligase
is known to be a key regulator for the growth and metastasis of
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TNBC [101]. CRISPR/Cas9-based knockout of UBR5 was shown to
diminish tumor progression and metastasis in a murine model of
TNBC (Table 4) [102]. Very rare mutations have been identified
in the poly (ADP-ribose) polymerase family member 3 (PARP3)
gene in endocrine therapy [103]. The PARP3 protein is a major dri-
ver of BC, as activation of PARP3 has been linked with tumor pro-
gression [104]. Accordingly, TGFb-induced epithelial-to-
mesenchymal transition (EMT) could be used for CRISPR/Cas9-
mediated editing in the absence of PARP3, to inhibit the tumor
growth of TNBC cells as well EMT via the Rictor/mTORC2 signaling
pathway, which might be a major drug target for BC [105]. The
annexin protein was also observed to be highly expressed during
the progression of TNBC tumors [17,54,77]. RICTOR plays a major
regulator constituent of the mTORC2 complex, it can affect the cell
proliferation and migration by over activation of AKT, which regu-
lates the activity of Rac1 by triggering the Rac-GEF Tiam 1, Increase
the expression level of RAC1 lead to metastatic and chemotaxis of
the cell [28,41]. An alternate signaling pathway led to the destruc-
tion of the Rac1 inhibitor RhoGDI2, after activation of AKT [47].
Researcher from the field investigated that mTORC2 acts as an
important link between metabolization of glucose and EGFR-TKI
resistance [52,84]. Furthermore, the mTOR Downstream region of
mNF-kB is linked with therapy resistance by blocking the apoptosis
process [24,28]. CRISPR/Cas 9 based reprogramming of mTORC2
could lead to reducing resistance therapy [106]. It is thought that
this mechanism does not dissolve after inhibiting AKT phosphory-
lation, but this process can be altered by knocking down RICTOR.
RICTOR-mediated Akt phosphorylation (s473) can maintain the
survival of HER-2-amplified breast cancer cells [107,108]. RICTOR
ablation led to lapatinib-mediated apoptosis in HER-2-improved
breast cancer cells, After the knockdown of RICTOR by using
CRISPR/Cas9, the sensitivity of lapatinib-resistant cells to drugs
can be improved in an extremely beautiful and delicate manner
[108,109]. This process will make it more sensitive to RICTOR/
mTORC2 targeting and that the combined use of TKIs and dual
mTOR the inhibitor is an effective therapeutic strategy [28,107].
A researcher from the field has targeted both the complex mTORC1
and mTORC2 by including ATP competitive TKI, targeting PI3K
[108]. Furthermore, most of these targeted drugs are under clinical
trials, mTORC1 and mTORC2 combined regimen show more sensi-
tive and specific effects. RICTOR act as an effector component of
PI3K/AKT/mTOR, which is extremely confined for patient’s assis-
tance from targeted drugs [41,48,107].

The findings from these studies led to the foundation that
highly proliferative and metastatic BC cells are likely using these
genomic and transcriptional profiles; therefore, these programs
acting as cancer drivers, which could be targeted by gene-editing
technologies, constituting the future of personalized cancer
medicine.
6. TNBC drug resistance and CRISPR/Cas9

The emergence of drug resistance leads to failure of drugs and
poor prognosis, and thus needs development of new and effective
modalities are urgently needed to overcome multidrug resistance
of cancers and improve outcomes [138]. The treatment of breast
cancer is also associated with drug resistance, which poses a major
challenge to the control of diseases [138,139]. Cell or tissue-
specific drug delivery is very challenging. Multidrug resistance in
BC is known to occur via multiple mechanisms, usually causing a
genetic shift [139,140], as shown in Fig. 2. Mutations in the wild-
type alleles of HER-1 and HER-2 have been shown to lead to
changes in signaling pathways. For instance, regulated ERa and
ERc have been reported to reduce the response against the therapy
of TNBCs [106], while kinase domain mutations activate HER-2 and



Table 4
Possible target of CRISPR-Cas9 system against drug-resistant molecules in TNBC.

Molecular Target Mechanism Regulation Application references

Cripto-1 Receptor for the TGF signaling pathway Mutated proteins are often found in TNBC maturation of notch receptors [110]
UBR5 E3 ubiquitin-protein ligase is actively involved

in BC
Regulation in proliferation Common in TNBC and is

associated with high risk
[111]

ETV6-NTRK3
combination
gene

Transcriptional repressor NTRK3 is a membrane anchored tyrosine
kinase

Secretary breast carcinoma
diagnostic biomarker

[112]

KDM(5A,5B,5C,6B) KDM5A deletion inhibits cell growth in RB-
negative human cancer cell lines

Association between expression of histone
demethylases

Inhibits cell growth in RB-
negative human cancer cell lines

[113]

BRD4 Recognizes and binds acetylated histones to
maintains epigenetic regulation

Sustains TNBC migration and invasion Tumors of both TNBC subtypes [114]

ATK1 Substantially increased in tumor proliferation
pathways

Play important role in metastases and
observed among the differentially
expressed genes,

AKT3 is a potential target for
TNBC treatment as combination
therapy

[115]

MAP3K1 Phosphorylating kinase enzymes integrating
cellular receptor responses

Regulates apoptosis Allelic frequency Analysis for BC [116]

SHCBP1 Actively participate in cell signaling pathways
and proliferation

malignant MCF-7 Acts as a positive regulator of FGF
signaling in neural progenitor
cells.

[117]

BRM/BRG1 BRG1 is the catalytic subunit that disrupts
chromatin target promoters

Overexpressed in breast cancer SWI/SNF complexes following
the loss of a single subunit.

[118]

MDR1 Encodes a drug efflux pump involved with drug
resistance

Sensitize breast cancer cells to
chemotherapy

MDR1 drug mutation [119]

PIK3CA Interaction with the AKT and mTOR pathways regulates cell growth, survival PI3K inhibition as part of a
combination therapy

[120]

GATA3 A pattern of GATA3 antibody reactivity in
estrogen receptor

Regulates epithelial cell differentiation Immunohistochemical
evaluation of GATA3 expression

[121]

MAG13-AKT3
(fusion gene)

MAG13 regulates cell activate AKT activity. AKT3 regulates proliferation, Enriched in TNBC [122]

PTEN Phosphate and tensin homolog tumor
suppressor gene

Cell Cycle Regulation Mutational analysis [123]

BRCA1/2 Tumor suppressor genes and maintain genetics
stability, actively involved in DNA damage
response

Linked with oestrogen-receptor (ER)
negative

Germline Mutational analysis [124]

miR-21 Interact with PTEN lead to drug resistance Regulates cellular proliferation Confers resistance to
chemotherapy

[125]

LSD1 Transcriptional corepressor through
demethylation of histone 3 lysine 4 (H3K4)

Modulates the growth of breast cancer
cells

targeting LSD1 is an emerging
option for the treatment

[126]

KRAS GTPase that signals messages between the
extracellular space and the nucleus

control cell growth, cell maturation, and
cell death

KRAS mutations found in breast
cancer

[127]

Molecular targeted agents
SAHA p57 Reverses drug resistance Pancreatic ductal

adenocarcinoma
[128]

Trastuzumab HER-2 Reverses drug resistance Breast cancer Multiple myeloma [129]
Bortezomib Rpn13 Inhibits proliferation Breast cancer Multiple myeloma [130]
Imatinib ASXL1 Enhances in differentiation ability Chronic myelocytic leukemia [131]
Ispinesib Kinesin-5 A133P Resistance mechanism Cervical cancer [132]
Cytotoxic agents
Cisplatin p53, CTR Induces cell cycle arrest and inhibits

cancer cells growth
Oesophageal adenocarcinoma [133]

Epirubicin MLL Reverses drug resistance Bladder cancer [134]
Paclitaxel Rsf-1 Reverses drug resistance Lung cancer [135]
Doxorubicin P-glycoprotein Increases sensitivity to doxorubicin Breast cancer [136]
Immunotherapy
T cell therapies PBAF Enhances sensitivity to immunotherapy Melanoma [137]
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cause the progression of multiple solid cancers. Posttranslational
modifications in EGFR and HER-2 activated by PI3K, AKT, mTOR,
and MAPK cell signaling pathways have been shown to cause drug
resistance as shown in Fig. 3 [141].

As such, the CRISPR/Cas9 mediated technology could be used to
prevent the resistance factor, by targeting membrane transport
proteins and enhancing DNA repair and the efflux mechanism
[142]. Experts from the field have enhanced the efficacy of trans-
porter resistance protein by using CRISPR/Cas9 in a mouse model
[143]. Similarly, inactivation of PTEN was reported to increase
the expression of ABCG2 [144]. Suppression of the function of PTEN
which increased the chance of breast cancer sensitivity to mTOR
inhibitors, as shown in Figs. 3 and 4, could be a potential target
for CRISPR/Cas9 targeted gene editing in breast cancer [145]. Per-
sons with genetic mutations in the BRCA1 or BRCA2 genes have
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faulty DNA repair and an increased risk of developing BC and other
cancers [146]. A researcher from the field observed that tamoxifen-
resistant BC cells were resistant to DNA-damaging chemotherapy
because of upregulated BRCA1 [147]. The expression of BRCA1
has also been associated with a worse prognosis of patients with
early breast cancer as discussed earlier, indicating the potential
use of CRISPR/Cas9 targeting PI3K to reverse chemoresistance
[148] as shown in table 4.

Genome-wide screening of CRISPR-Cas9 bases has provided
information regarding mechanisms of drug resistance to protein
kinase inhibitors in TNBC cell lines. Studies have identified the
anaphase-promoting complex/cyclosome, which is closely linked
with the TTK protein kinase and acts as an inhibitor in breast can-
cer cell lines [149]. Screening of cytotoxic T-cells using a CRISPR-
Cas9 genome-wide analysis for resistance to tumor cells would



Fig. 3. Chemotherapy Resistance in Triple-Negative Breast TNBC.

Fig. 4. Probable targets of CRISPR/Cas9 in Drug resistance mechanism in TNBC, the target is shown as.
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also help to enhance the interpretation of metabolic activities
based on tumor genetics networks [150]. High-throughput analysis
of the CRISPR-Cas9-based library was used to analyze mutations
for clinical drug resistance with high sensitivity and specificity
[151]. Regarding cancer immunotherapy, a genome-scale CRISPR-
Cas9 library comprised of about 123 000 sgRNAs was exploited
to agitate genes in melanoma cells to mimic loss-of-function muta-
tions implicated in the resistance to a T-cell-based therapeutic
approach. The functional loss of the apelin receptor (APLNR) was
shown to decrease the sensitivity and efficacy of the checkpoint
blockade in animal models [152].

Furthermore, P-glycoproteins, also known as multidrug resis-
tance protein 1 (MDR1), could be edited using CRISPR/Cas9 to
recover drug sensitivity and specificity during the progression of
BC [35]. Regulatory elements of AKT and ataxia-telangiectasia
and Rad3-related (ATR), such as CDC25A have been reported to
be significant components of drug resistance [29]. The VP64 tran-
scriptional activator could be targeted using multiple sgRNA at
the same time in the promoter region to identify the resistant gene
[153,154]. Various types of long noncoding RNAs (lncRNAs) have
been demonstrated to be involved in cell signaling pathways and
posttranscriptional regulation. For example, the HOX transcript
antisense RNA (HOTAIR) and the increased expression of miR-
200 were found to regulate metastasis in BC [155]. The loss of
miR-200c, because of a p53 mutation, could upregulate the moesin
oncogene and thus promote BC. Studies showed that moesin might
play a role in metastasis and drug resistance of BC [156]. Bousquet
et investigated pathological response after chemotherapy in TNBC
observed that hypoxia increased drug resistance of autophagic
TNBC stem-cells, and showed that molecular or chemical inhibition
of the autophagic pathway was able to reverse chemoresistance
[106].

CRISPR/Cas9-mediated MALAT1 promoter deletion in BT-549
TNBC model enhanced sensitivity to paclitaxel and doxorubicin,
suggesting a role for MALAT1 in conferring resistance to the
lncRNA transactional portrait and highlighted a complex regula-
tory network orchestrated by MALAT1 in the context of TNBC resis-
tance to NAC therapy [157]. Screening of several TNBC cell lines
showed altered Smad2 and Smad3 protein levels compared to nor-
mal mammary epithelial cells, suggesting the possibility that it
could play an important role in the escape of cancer cells from
TGF-b mediated growth inhibition [54]. Selective targeting of
TGF-b-Smad3-TMEPAI axis by CRISPR-Cas9 system may be benefi-
cial in triple-negative breast cancer therapy and prevention [54]. A
researcher from the field investigated that the TMEPAI participated
in the regulation of mRNA expression levels in drug efflux trans-
porters (P-gp, BCRP, and multidrug resistance-associated protein.
MEPAI knockout (KO) cells were previously developed from a TNBC
cell line, Hs578T (wild-type/WT), using a CRISPR-Cas9 system
[106,109]. mRNA expression of P-glycoprotein (P-gp) and breast
cancer resistance protein (BCRP) was significantly increased in
Hs578T-KO compared with that in Hs578T-WT cells [158]. Lian
et al., investigated A genome-wide CRISPR screening to identify
candidates involved in paclitaxel-resistant TNBCs. In vitro and
in vivo genetic and cellular analyses explained the essential role
of the MITR/MEF2A/IL11 axis in paclitaxel resistance and provided
a novel therapeutic strategy for TNBC patients to overcome poor
chemotherapy responses [159]. Lian et al. investigated A
genome-wide CRISPR screening to identify candidates involved in
paclitaxel-resistant TNBCs. in vitro and in vivo genetic and cellular
analyses explained the essential role of the MITR/MEF2A/IL11 axis
in paclitaxel resistance and provided a novel therapeutic strategy
for TNBC patients to overcome poor chemotherapy responses
[159]. Resistance to PARPi greatly hinders therapeutic effectiveness
in TNBC, the mechanisms of PARPi resistance, including increased
expression of MDR1, dissociation of PARP1 and PARG, HR restora-
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tion, and restoration of replication fork stalling, all reverse the DNA
replication pressure and hinder the high sensitivity to PARPi treat-
ment [160]. The CRISPR/Cas9 based approach could be useful in
generating a knockout or knock-in TNBC genome and reverse the
drug resistance as shown in Figs. 3 and 4.
7. CRISPR and immunotherapy in TNBC

Immune destruction is one of the important mechanisms of the
tumorigenesis process. Tumor cells can prevent immune effector
cells via the secretion of extrinsic factors affecting the tumor
microenvironment (TME) [137]. Tumour-specific CD8+ T cells are
the main target, while immune checkpoint inhibitors have
enhanced the discovery of novel targets [48,49]. CRISPR/Cas-
mediated genetic manipulation has strived to address some of
the challenges regarding immune systemmisfunctioning from var-
ious prospects [68,84,161]. T cell-based immunotherapy is attribu-
ted to the implementation of ex vivo manipulated T lymphocytes
aiming to eliminate tumors with TCR-engineered T lymphocytes
and Chimeric Antigen Receptors T cells (CAR T Cells) as its main
strategies [137]. In CAR T cell therapy, T cells can be derived from
patients (autologous) or an allogeneic donor [152]. Using autolo-
gous T cells is a time-consuming process and largely depends on
the quality and quantity of autologous T cells harvested from the
patient [161,162]. One of the substantial barriers in using allo-
geneic T cells in the presence of endogenous MHC class I and
TCR on donor’s T lymphocytes, which cause alloreactivity and
graft-versus-host disease (GVHD), respectively [137,152,162].

CRISPR/Cas9 is used to insert the CAR gene and remove the TCR
gene concurrently by introducing the CAR gene into the TRAC locus
[162]. They observed a regular CAR expression in T cells, increased
potency of T cells, and decreased terminal differentiation and
exhaustion in the mouse model of AML [161]. CRISPR/Cas9 tech-
nology was employed to knock out PDCD1, TRAC, and beta-2-
microglobulin (b2M), which encodes the accessory chain of MHC
class I in CD19 or PSCA CAR T cells [162]. In a similar study on
EGFRvIII-targeted CAR T cells and their triple gene-edited CAR, T
cells displayed an enhanced profile in preclinical glioblastoma
models [48,68]. Gene knock-out of PD-1 in Car T cells using CRISPR
technology was also assessed against glioblastoma, hepatocellular,
and K562 tumor cell lines and demonstrated enhanced anti-tumor
activity, reduced exhaustion, and augmented killing power in Car T
cells [163]. The role of programmed cell death 1 (PD-1) receptor-
ligand (PD-L1 or PD-L2) interaction was highlighted as a major
inhibitor pathway that may be hijacked by tumors to suppress
immune control [164]. Atezolizumab is an engineered and human-
ized monoclonal antibody against PD-L1, which stimulates the T
cell activity against cancer cells by inhibiting the binding to the
PD-L1 receptors by activating an antitumor immune response
without inducing antibody-dependent cellular cytotoxicity
[163,164].
8. CRISPR/Cas 9 delivery

The clinical outcome of CRISPR/Cas 9 delivery is mainly depen-
dent on its effective potential to target more precise delivery meth-
ods [60,143]. CRISPR/Cas9 system is the gRNA are delivered as DNA
or RNA molecules associated with the other nucleases [143]. The
Cas9 and sgRNA are delivered as ribonucleoprotein (RNP), a combi-
nation of Cas9 mRNA and sgRNA [60]. Plasmids are easily con-
structed, Delivery of the mRNA and sgRNA likewise evades the
essential for nuclear localization and primes to transient Cas9
expression with condensed off-target effects [148,156]. Viral and
nonviral vector delivery systems are used. Electroporation,microin-
jection, hydrodynamic injection, and self-assembled nanoparticles
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(NPs), were used in ex vivo gene-editing as nonviral delivery tech-
niques [148]. CRISPR/Cas9 systems have been used in investigations
in vitro or in vivo by using combinational methods such as electro-
poration, injection, and nanoparticles [135]. Nonviralmethods have
unique advantages over viral vector delivery systems, due to their
transient expression patterns [165,166]. Viral vectors have the
potential for the delivery of CRISPR/Cas9 in vivo in comparison to
traditional non-integrated viral-based gene therapy and transgene
expression is required for repeated dose, consistent genome editing
is achieved by transient expression of CRISPR/Cas9 with a single
administration [165]. The limited investigation has been carried
out nonviral vectors in the clinical research stages [165]. Research-
ers from the field used lipids and gold nanoclusters as platforms for
CRISPR/Cas9 system delivery to tumor cells [168]. Liposome-
templated hydrogel nanoparticles are used by investigators to tar-
geted delivery of CRISPR/ Cas9 in vivo for cancer, andwhich canpen-
etrate the blood–brain barrier encouragingly [174]. Exosomes are
used as a deliver CRISPR/Cas9 system in cancer cells effectively.
Therefore, even a systemic delivery vector can efficiently deliver
CRISPR/ Cas9 to cancer cells withminimum side effects. A consider-
ate thoughtful of the cancer cell drug development and influences
between diverse cellular trails in cancer cells is obligatory for
emerging well-organized therapeutics, particularly because that
each type of breast cancer has its cellular regulation and genetic
influence [169]. CRISPR/Cas9 has shown high levels of efficiency,
specificity, and stability, requirements of the viral vectors for deliv-
ery of CRISPR/Cas9 might not be as strict as previously required
[165,166]. The preferred viruses for the delivery of nucleases are
AdVs (Adenovirus), integrase-defective lentiviruses (IDLV), and
adeno-associated viruses (AAVs) [166]. More importantly, modified
AdV vectors have shown more effective than IDLV for donor DNA
delivery [165]. The disadvantage is the expression level of the
coxsackie-adenovirus receptor (CAR) on the tumor cell surface,
which controls the effectiveness of delivery using AdV vectors.
The CAR expression level has a negative associationwith tumor cells
[167]. IDLVs have been successfully used to deliver CRISPR/Cas9 and
its donor template in vitro. Approximately 6–11% gene knock-in
was achieved in hematopoietic stem and progenitor cells (HSPCs)
[165]. Wrapping CRISPR/Cas9 into the suitable AAV (adeno-
associated virus) serotype for targeted delivery is a proficient
approach for cancer gene therapy. Various rAAV (Recombinant
Adeno associated viruses) vectors have been industrialized for clin-
ical trials for the treatment of an inherited retinal disease [168].
IDLVs have been used to co-deliver nucleases such as ZFNs, TALENs,
and HDR donor templates into various types of cells with relatively
high efficiency (>20%). Therefore, IDLV-mediated gene editing can
cause off-target gene modifications [165,167]. Reduce the expres-
sion of CAR on the tumor cell and nonappearance of precise recep-
tors meaningfully confines the clinical application of AdV vectors
in cancer cell therapy [167]. AdV vectors to tumor-specific cell sur-
faces such as EGFR and VEGFR can be selected for more specific tar-
gets [165–168]. Nonviral vectors have been used for CRISPR/ Cas9
delivery in vitro and in vivo, cationic liposomes have been effec-
tively used to deliver CRISPR/Cas9 to the inner ear in mousemodels
[165]. In another study, lipid-based vectors and AAVs
accomplished > 6% gene repair in liver cells [168,169]. Various stud-
ies have shown that CRISPR/Cas9 is proficient in editing genes with
high precision and competence [171–173]. Precisely deliver CRISPR/
Cas9 to TNBC is still themain impediment [171]. Delivery of CRISPR/
Cas9 to tumor cells with such precision could accelerate the use of
CRISPR-based cancer gene therapy from bench to bedside [168].

Nanoparticles are novel vehicles for CRISPR delivery compared
to viral vectors and organic lipid and polymeric NPs [60,174].
Nanoparticles are commonly used with other suitable cationic
polyethyleneimines, which help in transfection efficiency [174].
Researchers are used polymeric nanoparticles in delivering siRNA
2394
to liver cancer cells [60]. Modification of cationic polylactides with
PEG was done to prepare PEG to block cationic CPLA copolymer
(PEG-b-CPLAs) for delivery of plasmid DNA into different cell lines
[171,174]. PEGylation of these nanocomplexes proficiently pro-
tected them from the extracellular environment and prohibited
accumulation and consequent permission via RES [60,168]. The
investigator from the field explored that disulfide-modified hya-
luronic acid (HA-SS-COOH) coated PEI/DNA complexes afforded a
greater degree of shielding and higher transfection efficiency as
compared to both DNA-PEI and DNA-PEI-HA, personalized nano-
formulation has the potential to deliver the CRISPR/Cas9 cargo
based on target [168,174]. AuNPs (gold nanoparticles) can pene-
trate cells via a membrane synthesis procedure, avoiding potential
lysosomal degradation [166,170]. RNP binding has been achieved
by binding a thiol-modified crRNA to the AuNP and reacting the
resulting AuNP-crRNA with Cas9 to form the RNP [166,]. Transfer
of the large CRISPR/Cas9 plasmid directing the gene has been desig-
nated using lipid-encapsulated TAT-coated AuNPs in vitro and
in vivo melanoma tumors [166]. These Cas9-AuNCs possibly will
simplify genome editing in systems where the Cas9, sgRNA, tem-
plate for HDR is delivered separately. Nevertheless, the develop-
ment of CRISPR delivery systems will benefit from the widespread
clinical research that has already been conducted [166]. NPs have
been established as delivery agents for gene therapy, and demon-
strate excessively probable for the delivery of CRISPR/Cas9 systems
[174]. Their dimensions for multi-functionalization permit for effi-
cient delivery of all CRISPR/Cas9 systems. Before implementation of
CRISPR/Cas9 systems deliverymust be investigated in experimental
animals based on delivery potential [169,174].

9. Limitations of CRISPR/Cas9 system application

CRISPR/Cas9 systems have still some current limitations [156].
To enhance the sensitivity and specificity of a target sequence,
thousands number of sgRNAs have been analyzed to create online
tools to enable the identification of sensitive and specific guide
RNAs for target sequences. The variants of Cas9 protein have been
designed to increase the malleable and precision of genome editing
[106]. Nevertheless, the molecular mechanisms underlying
increase gRNA efficiency are not well known, there are some pre-
diction values for guide activity in target genes [106,156]. To over-
come the limitations of CRISPR/Cas9 for some target loci, a
researcher from the field has developed a method to improve the
engineered clones, which can also be used for screening of target
genes [175]. CRISPR/Cas9 system for clinical treatment is the exis-
tence of antigen-specific T-cells directed against Cas9 protein
[156,167]. To eliminate the effects of off-target, however, more sci-
entific investigations are required to categorize and rule out the
survival of SpCas9-specific T-cells through recombinant Cas9
[167]. There is a limitation in the CRISPR/Cas9 therapeutic
approach due to target site recognition by PAM sequences.
Researchers from the field had developed Cas 9 derivatives with
modified Pam sequences by using advanced. SpCas9 PAM variants
are more specific with fewer off-target effects [170]. The major
challenge of CRISPR/Cas9 has to minimize off-target effects. Vari-
ous approaches have been employed to test off-targets. Off-target
effects should be identified with the help of advanced bioinformat-
ics tools by searching the genome sequences contenting miss
matches to the target, which are mainly followed by PAM
sequences [172]. Furthermore, genome-wide analysis of off-
target identification is provided vital insight into more specificity.

10. Future perspective

New targeted therapies are needed to improve the survival of
TNBC patients. The molecular liabilities of subgroups of TNBC need
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to be identified to discover new therapeutic targets. The CRISPR/
Cas9 technology has facilitated an attractive paradigm shift in gene
editing for clinical and therapeutic intervention through the gener-
ation of various CRISPR/Cas9 based high-throughput screens. For
instance, this technology was used for an efficient replacement of
the hot spot region of the mutated sequence, which led to the sup-
pression of tumor progression, reduction of drug resistance, and
improvement of drug efficiency. CRISPR-based gene medicines,
immunotherapy, or synthetic molecules have been used in emerg-
ing areas of cancer therapy; besides, recent advancements in the
field have used CRISPR/Cas9 plasmids, sgRNAs, and mRNA for TNBC
therapy. Although, CRISPR is highly specific, economically sustain-
able, and is a high throughput technique, on the other hand, its
application involves measured risk of countering the toxic immune
response of Cas protein, off-target effects, limitation of delivering
the edited cells back into TNBC patients. Findlay et al., have inves-
tigated 4000 variants in a cancer-associated gene by using CRISPR/
Cas9, which could help the identification of people at risk of BC
[112]. Drost et al. have observed the mutation profiles of experi-
mental models using CRISPR to modify human stem cells to have
the genetic signature of cancer [171]. Moses et al. used a CRISPR/
Cas9 based targeted activation of PTEN, which could substitute
the current therapeutic approaches in BC [146]. Hu et al., utilized
CRISPR/Cas9 based engineered the programmed cell death-1 (PD-
1) gene locus in human primary T-cells, subsequent in a meaning-
fully abridged PD-1 inhabitant. The probable benefit of immune
checkpoint mutation with CAR T-cells in monitoring solid tumors
and delivering a substitute CAR T-cell policy for adoptive transfer
therapy [173]. In conclusion, there is the potential application of
the CRISPR/Cas9 system in the diagnosis and treatment of triple-
negative breast cancer and its translation from the lab to the clin-
ical setting.
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