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Breast cancer is one of the most prevalent forms of cancer globally and is among the leading causes of death in women.

Its heterogenic nature is a result of the involvement of numerous aberrant genes that contribute to the multi-step pathway

of tumorigenesis. Despite the fact that several disease-causing mutations have been identified, therapy is often aimed at

alleviating symptoms rather than rectifying the mutation in the DNA sequence. The Clustered Regularly Interspaced Short

Palindromic Repeats (CRISPR)/Cas9 is a groundbreaking tool that is being utilized for the identification and validation of

genomic targets bearing tumorigenic potential. CRISPR/Cas9 supersedes its gene-editing predecessors through its

unparalleled simplicity, efficiency and affordability.
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1. CRISPR/Cas9 System

A major breakthrough in the field of genomics is the development of the CRISPR/Cas9 technology that has revolutionized

gene editing in the 21st century. CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) was first identified

in Escherichia Coli in 1987 as a group of repeated fragments comprised of 29 nucleotides that are separated by

fragments of 32 nucleotides of unique varied sequence . This was shown to play a role in multiple cellular processes

including thermal adaptation , DNA repair  and chromosomal rearrangements . In addition, a comparable 24 to 40

nucleotide short palindromic repeat sequence interspaced by a 20 to 58 varied nucleotide sequence was later identified in

multiple species of bacteria and archaea, such as in Streptococcus pyogenes (S.pyogenes), Mycobacterium tuberculosis

and Haloferax Mediterranean . In 2005, researchers elucidated the homology between the short spacer fragments

found on the CRISPR locus and the DNA of prokaryotic invading pathogens. Research over the years showed that

CRISPR evolved with time as an adaptive immune system, protecting bacteria and archaea from foreign DNA invaders

such as viruses and plasmids .

The CRISPR/Cas systems are grouped into 2 classes, 6 types, and 33 subtypes indicated by the involvement of the

different Cas proteins within the CRISPR framework that either target DNA, RNA, or both . The classification is

summarized in Table 1  .

Table 1. Classification of the CRISPR/Cas Systems.

CRIPSR/Cas Systems

Class 1 2

Protein type Multiplex Single

Type I III IV II V VI

Corresponding
Cas protein Cas 3 Cas 10 Cas 8 Cas 9 Cas 12a, Cas 12c, Cas 13a Cas 13b,

Cas 13c

In 2013, scientists proposed the development of a targeted genome editing tool using the CRISPR/Cas9 technology found

in S. pyogenes . Specifically, the class 2 type II subgroup found in this species is most extensively employed for

genome editing due to its simplicity necessitating merely a single Cas protein, the endonuclease protein Cas9, along with

2 RNA components, CRISPR RNA (crRNA) and trans-activating CRISPR RNA (tracrRNA). The CRISPR/Cas9 system in

S. pyogenes (SpCas9) was further simplified to constitute two components, the Cas9 protein and a single guide RNA

(sgRNA) through the hybridization of crRNA and tracrRNA, enabling the manipulation of the eukaryotic genome .

Correspondingly, the immunity provided by the CRISPR/Cas9 system can be characterized into three phases: (1)

integration of phage or plasmid DNA into the CRISPR array, (2) CRISPR locus transcription to form pre-crRNA and

maturation into crRNA and formation of tracrRNA, and (3) DNA manipulation .
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The initial phase of CRISPR/Cas9 activity is the integration of short sequences of phage or plasmid DNA, termed

protospacer, into the host genome which serves as a cellular memory of past infections. This enables prokaryotes to

distinguish subsequent infections by these invaders as foreign, leading to silencing of the alien DNA. The acquired foreign

DNA constitutes the varied region, called spacer, found on the CRISPR loci . CRISPR spacer acquisition is mediated

by two core proteins, Cas1 and Cas2, which are the only proteins virtually found in almost all the identified CRISPR/Cas

systems . A stable complex is formed between these two proteins to initiate the adaptation process; Cas1 possesses

endonuclease activity that is necessary for spacer integration while Cas2 seems to play out a non-enzymatic role . It

has also been suggested that Cas9 plays a direct role in protospacer acquisition by recruiting Cas1 and Cas2 to potential

targets .

The second phase begins with the transcription of the CRISPR locus to generate pre-crRNA, a long RNA molecule that

contains sequences complementary to those of the spacers and repeats. The tracrRNA is the second RNA molecule

needed and is essential for pre-crRNA maturation, it is transcribed from a genomic locus located upstream of the CRISPR

locus . The tracrRNA contains a segment that is homologous to the cognate sequence of the CRISPR locus; therefore,

is able to bind to the 3′ end of the pre-crRNA forming a double-stranded RNA molecule . Subsequently, the pre-

crRNA:tracrRNA double-stranded RNA is cleaved by recruited cellular ribonuclease III (RNase III) responsible for the

recognition and cleavage of double-stranded RNA molecules . A second cleavage takes place whereby the 5′ end of

the RNA sequence is cut, yielding a mature crRNA:tracrRNA (gRNA) complex ready to associate with a Cas protein, with

each individual crRNA fragment containing a unique spacer sequence that is around 20 nucleotides in length . The

resulting gRNA complex binds to the Cas9 protein, creating a Cas9:gRNA effector complex capable of DNA interference

to complete the CRISPR mediated immunity. The Cas9 protein is a dual RNA-guided endonuclease enzyme having a bi-

lobed structure, the α-helical recognition (REC) lobe and the nuclease lobe, with the RNA complex situated in between.

The latter is comprised of two nuclease domains, an HNH domain responsible for cleaving the complementary DNA

strand to crRNA and a RuvC-like domain which cleaves the non-complementary DNA strand. On the other hand, the REC

lobe contains an arginine-rich bridge that is essential for RNA interaction and joining the two lobes together .

Once Cas9 is activated by binding to the gRNA complex, it scavenges for any invading nucleic acid sequences that show

complementarity to the crRNA. Therefore, CRISPR/Cas9 initiates a double-stranded cleavage at a specified DNA

sequence site following base pairing of crRNA to the target site  (Figure 1).

Figure 1. An overview of the repair mechanism associated with induced Cas9 double-stranded DNA break. Cleavage is

induced by the binding of Cas9- gRNA complex to its complementary sequence on foreign DNA. In eukaryotes, this is

amended by either of two mechanisms: the error-prone Non-Homologous End Joining (NHEJ) or Homologous Repair

(HR), which is utilized for genome editing by providing a donor template. Created with Biorender.

However, the prospective target sequence is only valid if a short sequence known as Protospacer Adjacent Motif (PAM) is

present directly after the binding location of crRNA. The presence of PAM is the underlying factor that determines

preference between self and non-self DNA. Although the CRISPR array contains spacers that are identical to foreign

DNA, the CRISPR genome is not affected by its own mechanism as the spacers do not lie immediately next to a PAM
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sequence . In addition, the PAM sequence identified by Cas9 varies between microorganisms; SpCas9 specifically

recognizes 5′-NGG-3′ , resulting in a blunt-end double-strand break occurring upstream by three base pairs in the PAM

sequence . The guanine dinucleotide  of PAM found on the non-complementary strand aids in its recognition by

interacting with two crucial arginine residues. Further interactions form a bend in the target DNA assisting in the unwinding

of the helical structure which propagates cutting of the intruder DNA . This disruption in the invading pathogen is

deemed to be detrimental to its existence and is ultimately what provides protection for the prokaryote.

This guided interference into the DNA sequence inspired researchers to exploit the system with hopes of achieving

precise genome editing. Unfortunately, the CRISPR/Cas9 system in prokaryotes utilizes components not inherently

present in eukaryotes, prompting the need to optimize the S. pyogenes’ CRISPR/Cas9 system. The modifiable crRNA is

merged with the tracrRNa to form sgRNA, which works similarly to the gRNA complex as it guides Cas9 to the target

sequence site and triggers the cleavage of both DNA strands. The double-strand DNA breaks induced by Cas9 can then

be amended by one of two DNA repair pathways: either the non-homologous end joining (NHEJ) or the homology-directed

repair (HDR) . NHEJ ligates the broken ends together, however, this pathway is error-prone and could lead to

insertion/deletion (indel) mutations resulting in an ineffective gene. In contrast, HDR uses a neighboring homologous

sequence as a template to mend the break. This method can be exploited to potentially introduce targeted edits at a

precise location into the DNA sequence by providing a donor template attached to sgRNA for repair  (Figure 1).

As the machinery behind the whole CRISPR/Cas9 system relies on the complementarity between crRNA and the target

sequence, in addition to the presence of PAM , specificity is crucial when generating a sgRNA. In case the desired

target is inaccurately outlined, Cas9 can bind and cause an off-target cleave of the sequence, leading to unintended

mutations that could be consequential. However, as long as the target sequence is identified, several CRISPR software

tools are available to facilitate the design of an optimal sgRNA to achieve precise cleavage with minimal off-target effects

. Owing to the versatility in sequencing sgRNAs, attachment of the Cas9:gRNA complex to various sites is plausible.

This merits the CRISPR/Cas9 system to reconstruct a multitude of loci concurrently .

2. Potential CRISPR/Cas9 Targets

2.1. Genes Involved in Tumorigenesis

Mutations in the genes regulating several cellular processes, including but not limited to cell survival, proliferation, motility

and apoptosis, deregulate the gene normal function which, as a result, could promote uncontrolled cellular growth, giving

rise to tumor formation). Discussed below are critical genes involved in the pathogenesis of breast cancer with supporting

studies employing CRISPR/Cas9.

2.1.1. BRCA1

The BRCA1 gene is expressed in a number of tissues, including ovarian and breast tissue. Acting as a tumor suppressor,

it is involved in multiple cellular regulatory pathways including gene transcription regulation, ubiquitination, cell-cycle

progression and DNA-damage response; the latter being a pathway in which BRCA1 plays a pivotal role . Such

versatility in its role is a result of possessing multiple functional domains that aid in checkpoint regulation, single-strand

annealing (SSA), HR and NHEJ . These include the N-terminal RING (Really Interesting New Gene) domain, the BRCT

(BRCA1 C-terminal) domain and exon regions 11–13. Site I and Site II are Zn2+ binding loops responsible for stabilizing

RING finger structures; containing four cysteine and three cysteine residues with one histidine residue, respectively.

Mutations in the cysteine residues result in altered functions such as decreased ubiquitin ligase activity, which has been

shown to increase cancer risk . The BRCT domain in BRCA1 functions to regulate interactions of phosphoproteins

with BRCA1 as well as facilitating non-phosphoprotein interactions with DNA binding. Mutations of a residue would

therefore hinder the role of BRCA1. Such is the case of BRCA1 falling into the “similarity trap” (Figure 2) . Normally,

53BP1 (p53 binding protein I) has a higher affinity to phosphorylated p53 than BRCA1. Mutated BRCT domains in BRCA1

reverse the affinity between 53BP1 and BRCA1, which then alters p53 function, possibly precipitating cancer .
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Figure 2. Reversal of affinities between mutated BRCA1 and 53BP1 towards phosphorylated p53.

Furthermore, several variants and non-coding regions are yet to be discovered owing to the complexity within the BRCA1

genomic structure. A study implementing the CRISPR-mediated cytosine Base Editor 3 (BE3) to induce targeted T: A

conversions from C: G assessed the functionality of variants of uncertain significance (VUSs) and identified loss-of-

function (LOF) variants through high-throughput screens; which can aid in the reclassification of BRCA1 (VUSs). The

HAP1 cell line was used to introduce LOF mutations, however prior to that, to demonstrate the feasibility of the

experiment, transfection of BRCA1-targeting gRNAs into HAP1-Cas9 cell lines was carried out to derange BRCA1.

Since changes in cell viability due to loss-of-function (LOF) mutations in BRCA1 variants can be used to assess the

function of BRCA1, targeted deep sequencing was used to measure mutation frequencies, where the relative indel

frequencies decreased substantially with time. BE3-expressing HAP1 (HAP1-BE3) and Cas9-expressing HAP1 (HAP1-

Cas9) cell lines were generated with lentiviral particles. After inducing nucleotide substitution mutations by HAP1-BE3 cell

lines, a collective gRNA targeting BRCA1 library was designed to accomplish CRISPR-based high-throughput screens

.

2.1.2. BRCA2

Multiple studies have demonstrated an overlap between cancer outcomes and BRCA1/BRCA2 carriers  despite the

lack of homology between these genes . The BRCA2 domains are essentially associated with RAD51; a protein related

to homologous repair (HR) . DNA repair mechanisms are maintained by BRCA2 through its cyclin-dependent kinase

(CDK) interaction with RAD51 to aid in HR—an established role of BRCA2 . In addition, BRCA2 protects nascent

strands during replication from degradation .

Paradoxically, however, the transmission of replication stress responsible for precancerous lesions to the succeeding cell

cycle due to BRCA2 deficiency causes missegregation, as 53GP1 nuclear bodies are formed at the G1 phase. This

eventually causes cell inviability as the p53-dependent G1 is seized, as was demonstrated by Feng W. and Jasin M.

through CRISPR/Cas9-mediated gene targeting of BRCA2 . These results point out a potential barrier that must be

tamed for the commencement of tumorigenesis.

2.1.3. HER2

The Human Epidermal Growth Factor 2 (HER2 or HER2/neu or ERBB2) gene is an oncogene that encodes for the HER2

protein, a membrane receptor tyrosine kinase that is one member of four in the ERBB family (HER1-4) found on breast

cells. Amplification of HER2 and the resulting overexpression of its protein is found to be important in the carcinogenesis

of the HER2-positive breast cancer subtype . The HER2 signaling pathway, among others, is a major driver of tumor

cell proliferation and survival in this breast cancer subtype, and an effective therapeutic target of the monoclonal antibody

trastuzumab . The HER2 protein, along with the other ERBB family members, consists of three domains: an

extracellular, transmembrane and intracellular domain. Once a ligand binds to the extracellular domain, the HER protein

will dimerize and result in autophosphorylation of the intracellular domain, which in turn interacts with other signaling

molecules that initiate the activation of a variety of downstream signaling pathways involved in cell proliferation, survival

and opposes apoptosis. Interestingly, the HER2 protein does not have an associated ligand but rather relies on

heterodimerization with any of the other three HER proteins or homodimerization when overexpressed for activation .

In addition, heterodimers with the HER2 protein possess the greatest signaling activity, as it has the strongest kinase

activity .
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Targeting of HER2 via CRISPR/Cas9 led to inhibition of cell proliferation and carcinogenesis of breast cancer cells. Exons

5, 10 and 12 of HER 2 were specifically targeted by selective gRNAs, these exons exist in all HER2 isoforms and are

responsible for encoding parts of the extracellular domain. Cas9, along with three gRNA, was introduced into HER2+

breast cancer cell lines BT-474 and SKBR-3 and the HER2- breast cancer cell line MCF-7. The co-expression of Cas9

and gRNAs substantially suppressed cell growth in HER2+ cell lines but not in HER2- cell lines, a result that is

comparable to that obtained from trastuzumab treatment. In addition, the introduction of Cas9 and gRNAs to a soft agar

colony formation assay caused a considerable reduction in colony formation. These results indicate that utilizing

CRISPR/Cas9 to target HER2 yields decreased cell proliferation and carcinogenesis, though the effect is limited to

HER2+ cell lines .

2.1.4. TP53

A widely acknowledged tumor suppressor is the p53 protein, encoded by the TP53 gene. Regrettably, mutations in this

gene account for half of the cancer cases, making this the most commonly mutated gene in cancer . In many

instances, an amino acid substitution in the p53 protein ensues from one nucleotide mutation in the TP53 gene. These are

usually frameshift mutations with the resulting protein possessing non-functional tumor-suppressing and diminished

transcriptional activity . Additionally, the mutation stimulates oncogenesis and can affect advanced cancer stages and

cancers unresponsive to treatments . Some malignancies, despite possessing the wild-type (WT) TP53 gene, generate

multiple cancers with inactive p53 proteins. Post-translational modifications through overexpression of epigenetic

regulators in this protein damage its tumor-suppressive properties. Reactivating p53 by inhibiting the contributing

epigenetic factors such as methyltransferases and Aurora A kinases could prove to be beneficial towards cancer

suppression .

However, studying the effect of inducing Cas9 expression in cells, Enache et al. observed p53 pathway activation in Cas9-

expressing cell lines. When WT TP53 expressing and TP53 LOF mutated cell lines were compared, the former cell line

was most commonly found to have the pathway activated, undeniably because the well-established role of p53 in TP53

LOF cell lines is inactivated. However, not only was there an increase in the number of cells with DNA DSBs upon Cas9

expression but, in addition to other genes, TP53 mutations were observed in Cas9 expressing cell lines. The study also

indicated that upon Cas9 expression, cells harnessing the TP53 LOF mutation paradoxically showed increased cell

growth; an effect exclusive to TP53 and not in other tumor-suppressing genes, indicating a possible limitation when

conducting experiments on TP53 with Cas9 . In this context, it is important to note that findings on targeting TP53 with

CRISPR/Cas9 could be extended to other types of cancers knowing that TP53 is a commonly mutated gene in various

types of cancer.

2.1.5. TP53PB1

Since the concept of defective DSB repair by the LOF of BRCA1 protein aids in chemotherapy of BRCA1/2 deficient

cancers by hyper-sensitizing cells to Poly (ADP-ribose) polymerase (PARP) inhibitors, a study  set out to understand

the mechanisms by which resistant clones of PARP inhibitors arise, specifically focusing on the loss of 53BP1-encoded by

the TP53BP1 gene and its associated co-factors. It is important to note that the chief binding partner of BRCA2, the

PALB2 (partner and localizer of BRCA2) gene colocalizes with BRCA2 and aids in its stabilization .

It encodes for the PALB2 proteins which bind to BRCA1 and BRCA2 proteins, thereby facilitating the repair of DSBs

through homologous recombination . Specifically, PALB2 links the BRCA complex (BRCA1-PALB2-BRCA2-RAD51),

hence aiding the role of RAD51 in the strand invasion step of homologous recombination . This breast cancer

susceptibility gene, therefore, is vital to maintaining the integrity of the genome. Lack or dysfunction thereof would

predispose to breast cancer . Nonetheless, the role of 53BP1 in the multiple HR stages was characterized in depleted

cells of BRCA1, PALB2 or BRCA2 by short-interfering RNA (siRNA) technology, where HR repair was shown to be strictly

inhibited.

However, the depletion of 53BP1 did not restore HR in PALB2 or BRCA2 deficient cells. On the contrary, HR was

enhanced in BRCA1/53BP1 depleted cells. To determine whether such disproportional preferences in HR repair could be

on account of partial 53BP1 depletion, CRISPR/Cas9 mediated knockout (KO) of the 53BP1 gene was performed,

followed by HR assays. PALB2 depletion almost entirely abolished HR both in 53BP1-sufficient and 53BP1-KO cells,

indicating that 53PB1 loss reinstates HR in BRCA1 deficient cells, but not in PALB2 deficiency .

The aforementioned partial nature of HR depicts that in BRCA1 deficiency, 53PB1 is not proficiently displaced from the

chromatin nearby the DSBs . It is still bound to nucleosomes and acknowledged by multiple chromatin-interacting

proteins. Loss of 53PB1, on the other hand, exposes its now-vacant nucleosome surfaces for interaction with scarce or

even factors avidly binding to the surfaces, such as PALB2.
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Briefly, the lack of 53BP1 in BRCA1 deficiency creates a preferable setting for the recruitment of PALB2. Therefore, it was

shown that deficient cells of BRCA1/53BP1 led to the accumulation of PALB2 into the damaged DNA foci. Such findings

elucidate the role of DNA repair by PALB2 in clinically significant BRCA1/53BP1 deficient cells .

2.1.6. MKI67

Ki-67 is a widely used oncogenic biomarker as it is exclusively expressed in proliferating the cells of vertebrates . This

nuclear protein, encoded by MKI67, is utilized to grade tumors in histopathology and can be used as a prognostic marker

. However, recent studies have invalidated the claims of Ki-67 playing a role in cancer proliferation . Since

the proliferation of Ki-67 is controlled by regulators of the cell cycle such as CDKs and B-Myb , Ki-67 in itself is

not overexpressed in cancers. Nevertheless, Ki-67 might prove to be essential in carcinogenesis by other means. Its

ability to organize heterochromatin is evident by the disruption of nucleoli and centromeres in Ki-67 KOs and the formation

of heterochromatin ectopically in its overexpression .

Widespread changes in the transcriptome were observed upon the knockout of Ki-67, which indicated that, instead of Ki-

67 directly governing specific transcription factors, it interacts with multiple chromatin regulators to give such ‘global

transcriptome changes’. This was tested on cell lines simulating TNBC . CRISPR/Cas9 mediated gene KO of MKI67

showed no change in the proliferation rates of the tested cell line but rather, the KO caused a genome-wide alteration in

the gene expression. In addition, being an intrinsically disordered protein (IDP), the study also concluded that the

expression of Ki-67 has an impact on contributing pathways involved in carcinogenesis, ranging from initiation and

progression to metastasis. Consequently, the lack of enzymatic activities within the IDP will prove to be an obstacle in the

context of finding therapeutic targets. However, inhibiting its effectors and interacting proteins could deem to be of

therapeutic value . Similar to TP53, as MKI67 is a proliferation maker in various malignancies, findings on targeting

MKI67 by CRISPR/Cas9 can have broader applications that encompass several types of cancers.

2.2. Genes Involved in Metastasis

A major life-threatening problem of cancer cells, particularly those of breast cancer, is their tendency to metastasize to

remote tissues across the body, making them responsible for the majority of cancer-related mortalities . The metastatic

process begins with the tumor cells departing from their site of origin, followed by intravasation into the bloodstream

through the extracellular matrix (ECM)  where the circulating tumor cells (CTC) work to overcome several cellular

obstacles including defensive immune cells. It then attaches to a secondary site, where it has to acclimate for its survival

and further develop into a secondary tumor . Epithelial-to-Mesenchymal Transition (EMT) is suggested to aid the

metastatic process by decreasing the polarity of epithelial cells, yielding an aggressive mesenchymal cell that has the

ability to migrate and invade with decreased susceptibility to apoptosis .

2.2.1. MIEN1

Migration and invasion enhancer 1 (MIEN1), until recently named C35 or C17orf37, is a novel breast cancer oncogene

that is extensively expressed in all types of breast cancers primarily in HER-2 and luminal B subtypes . MIEN1 is

present specifically in the ERBB2 amplicon and is fundamental in regulating the migration and invasion of cancer cells .

MIEN1 is involved in several pro-metastatic signaling processes including gene expression through Protein kinase B (Akt)

activation . Physiologically, MIEN1 is associated with the formation of filopodia to accelerate cellular motility during

tumor dissemination, in addition to controlling cell apoptosis. Despite this, the exact part MIEN1 plays in tumorigenesis

and metastasis remains ambiguous. In its C-terminal, MIEN1 constitutes a CAAX motif that acts as a substrate for

prenylation, which is the process of covalently adding hydrophobic isoprenoid groups post-translationally to proteins,

enhancing their hydrophobicity and accelerating the migration of cells. MIEN1 is prenylated by the enzyme

Geranylgeranyltransferase-I (GGTase-I), subsequently promoting protein–inner membrane interactions along with

directional migration . The CRISPR/Cas9 tool was employed for precise targeting in MIEN1 gene deletion of MDA-MB-

231 breast cancer cell lines where a segment of the gene was knocked using a two sgRNA co-transfection approach to

ensure stability. Based on the results, this co-transfection leads to elevated on-target efficiency whereby most of the cell

lines demonstrated no expression of the MIEN1 protein. Moreover, the results also inferred no apparent discrepancies in

tumor proliferation, morphology or vitality between the MIEN1 KO cells and the original cell lines. The study illustrated the

significance of further research into the specifics of MIEN1-mediated oncogenesis in order to substantiate its prospects as

a clinical target and biosignature in breast cancer and how CRISPR could be integral in this process .

2.2.2. CX3CR1

CX3 chemokine receptor 1 (CX3CR1) is a protein encoded by the CX3CR1 gene and has been implicated in the

dissemination of cancer cells and facilitation of cell survival and viability . The only chemokine ligand of CX3CR1 is

Fractalkine (FKN or CX3CL1), found expressed as either a transmembrane protein or a soluble protein, where it functions
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as a chemoattractant . Therefore, the interaction between FKN and CX3CR-expressing CTC is crucial to the

precipitation of secondary cancer lesion formation in the skeleton and other soft-tissue organs . Examination of breast

cancer specimens of luminal A, luminal B, HER2 and TNBC subtypes all indicated comparable expression of CX3CR1 .

Breast cancer patients with bone metastasis show no correlation to breast cancer subtypes, which implies the large role of

CX3CR1 in skeletal dissemination .

A CRISPR-mediated silencing of CX3CR1 transcription in MDA-MB-231 cell lines led to the ablation of in vitro CX3CR1

protein expression. Upon the introduction of these cells in mice, there was a significant reduction in skeletal and lung

metastasis . Comparable results were obtained from FKN knockout transgenic mice (also grafted with MDA-MB-231)

indicating that CX3CR1 is directly involved in the lodging of breast cancer cells to the bone . Therefore, interfering

with the pairing of CX3CR1 with FKN, through the deletion of CX3CR1, can drastically limit the capability of breast cancer

circulating tumor cells to disseminate and cause secondary tumors , particularly in the bones.

2.2.3. CXCR2

Interleukin 8 (IL-8 or CXCL8) is a chemoattractant cytokine secreted from various cells such as leukocytes, endothelial

cells, fibroblasts and malignant tumor cells under certain environmental stressors and takes part in malignant cell

migration, proliferation and angiogenesis . IL-8 produces an effect upon binding to its receptors, CXC chemokine

receptors 1 and 2 (CXCR1 and CXCR2), which are heterodimeric receptors primarily expressed on immune cells such as

neutrophils, but may also be present on the surface of various tumor cells . Binding with CXCR2 (encoded by the

CXCR2 gene) facilitates cell migration  and is therefore reported to play a vital role as a receptor for tumor metastasis

.

A significant increase in proliferation and migration was observed in MDA-MB-231 cell lines in conditioned media of

fibroblasts and macrophages treated by tumor-conditioned media (TCM) of TNBC. This suggests that the migration and

proliferation of TNBC cells is enhanced by the crosstalk among TNBC cells and either fibroblasts or macrophages.

Several factors were secreted in conditioned media of fibroblasts and conditioned media of macrophages that were

treated with tumor-conditioned media of TNBC. However, the secretion and expression of IL-8 was highly upregulated by

both fibroblasts and macrophages, suggesting it could be a key factor that fosters TNBC cell proliferation and migration. A

CRISPR/Cas9 mediated knockout of CXCR2 in MDA-MB-231 cell lines led to a significant decrease in tumor cell

proliferation and migration, compared to the wild-type TNBC cell line. A decrease in metastasis was also observed in the

xenograft mouse model. Therefore, these observations indicate that the IL-8-CXCR2 axis is involved in TNBC cell growth

and metastasis through crosstalk of TNBC cells, fibroblasts and macrophages .

2.2.4. CXCR4 and CXCR7

CXC Motif Chemokine Ligand 12 (CXCL12), otherwise known as Stromal Cell-Derived Factor 1 (SDF1), is a chemokine

protein that can regulate cell proliferation, motility and angiogenesis through its interaction with CXC Chemokine Receptor

4 (CXCR4) and CXC Chemokine Receptor 7 (CXCR7) . In addition, it is also highly expressed in organs such as the

bone marrow, liver and lungs, allowing simple metastasis of breast cancer cells to such organs . CXCR4 is a

transmembrane G-protein coupled receptor encoded by the CXCR4 gene. Attachment of CXCL12 to CXCR4 activates a

plethora of downstream signaling pathways resulting in various responses such as cell proliferation, survival, and

migration . The CXCL12/CXCR4 axis is said to have a critical role in breast cancer metastasis .

In addition to CXCR4, CXCL12 can also bind to CXCR7, a receptor that is overexpressed within the primary tumors

vascular system and holds a more elaborate role in breast cancer progression . CXCR7 fosters tumor angiogenesis

by its influence on cancer cells to secrete vascular endothelial growth factor (VEGF) and promoting metastasis by

augmenting cancer cell adhesion to endothelial and fibrin cells . Overexpression of CXCR7 in breast cancer

tissue promotes cell proliferation, invasion and metastasis, particularly to the lungs . Moreover, CXCL12 along with its

receptors CXCR4 and CXCR7, are overexpressed in TNBC compared to other subtypes and are correlated to metastasis

and poor prognosis .

The CRISPR/Cas9 system was utilized to perform single-gene knockout and co-knockout of CXCR4 and CXCR7 genes in

the TNBC cell line MDA-MB-231. The single-gene knockout of either CXCR4 or CXCR7 led to no protein expression and

caused a significant inhibition of TNBC growth, proliferation, invasion and migration in vitro. However, co-knockout of

CXCR4 and CXCR7 caused a more substantial decrease effect as opposed to single-gene knockout, suggesting a

synergistic relationship between the two receptors in TNBC progression. These results indicate that CXCL12, CXCR4 and

CXCR7 all have an important role in TNBC progression; therefore, co-knockout of both receptors may be a possible

therapeutic target in TNBC treatment .

2.2.5. MAP3K11
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The mitogen-activated protein kinase (MAPK) pathway is involved in the regulation of multiple cellular processes including

survival, proliferation, differentiation, motility and apoptosis . This signal transduction is highly regulated by a relay of

three protein kinases, MAP kinase kinase kinase (MAP3K), MAP Kinase Kinase (MAP2K) and MAP kinase (MAPK). The

activated MAPK proteins can phosphorylate substrates within the cytosol or regulate transcription factors through nuclear

translocation. Alteration or overexpression of these MAPK proteins or their upstream regulators results in upregulation of

the signal transduction pathway leading to a sustained activation signaling for cancer cells .

Mixed-lineage kinase (MLK3) is a MAP3K that has been shown to be overexpressed in TNBC and is critical for its

metastasis . In addition, MLK3 is able to activate the activator protein 1 (AP-1) transcription factor—a heterodimer

comprised of JUN, FOS, Activating transcription factor (ATF) and MAF that regulates gene expression and controls

numerous cellular processes. Furthermore, the FOS-related antigen 1 (FRA1) belonging to the FOS family of proteins is

regulated by MLK3 and is found in high amount in TNBC cells and plays relevant roles in tumor cell proliferation and

invasion . In addition, FRA1 regulates matrix metalloproteinase (MMP) 1 and 9, which are zinc-dependent

endopeptidases involved in the degradation of extracellular matrix protein, aiding in cancer cell invasion and metastasis

by remodeling the extracellular matrix . All these factors that facilitate TNBC metastasis are regulated by MLK3

signaling. CRISPR/Cas9 depletion of MLK3 in highly metastatic murine TNBC 4T1 cells led to reduction of FRA-1 and

consequently MMP1 and MMP9, which resulted in impairment of tumor cell invasion and migration .

2.2.6. TNFRSF11B

Osteoprotegerin (OPG) is a cytokine belonging to the Tumor Necrosis Factor (TNF) superfamily encoded by the

TNFRSF11B gene and is broadly known for its pre-emptive role in osteoclastic regulation through the RANK Ligand

(RANKL). This ligand is released by osteoblasts and normally binds to the RANK receptors found on the surface of

osteoclasts. OPG interacts with RANKL thereby inhibiting the interaction between the ligand and receptor, as a result

diminishing both bone reabsorption and osteoclast development . Comprehensive research suggests that OPG is an

important tumor modulator and studies on breast cancer cell lines have shown a 40% expression of OPG compared to

normal breast cells . During early tumor development, OPG works by interacting with TNF-Related Apoptosis-Inducing

Ligand (TRAIL; TNFSF10), another cytokine that is known to promptly induce apoptosis in cell lines. The interaction

between OPG and TRAIL blocks the process of apoptosis in tumor cells enhancing their survival  Gene

modifications in OPG as well as its target RANKL has previously been conducted in animal models using the

CRISPR/Cas9 system for research pertaining to bone defects  and perinatal brain injury . More recently, in vitro

studies involving OPG gene KO with the help of CRISPR/Cas9 have also been accomplished in MCF-7 breast cancer cell

lines. OPG KO has been shown to inhibit the protein expression of Fatty Acid Synthase (FASN), an essential enzyme that

is involved in the fatty acid biosynthetic pathway and is vital for breast cancer existence .

2.2.7. UBR5

The Ubiquitin-Proteasome System (UPS) is a crucial regulator of cell signaling and proteostasis essential for cellular

processes such as protein catabolism, apoptosis and cell cycle progression. Ubiquitination is a common post-translational

modification (PTM) that involves activation, conjugation and ligation through the action of E1 ubiquitin-activating enzymes

(E1), E2 ubiquitin-conjugating enzymes (E2) and E3 ubiquitin-ligase (E3), respectively in a sequential manner . E3

Ubiquitin ligase holds a key position within the UPS as it recruits an E2 ubiquitin-conjugating enzyme and catalyzes the

ubiquitination of a protein substrate. Such conjugated proteins may take part in oncogenesis .

BR5, a member of the E3 ligase family, has been overexpressed in the TNBC subtype unlike luminal A and B subtypes.

Consequently, there may be a correlation between advanced clinical cancer stages with the expression of UBR5.

Nonetheless, a successful knockout of the UBR5 in 4T1 and B16 cells was attained and showed characteristic

morphological changes adapted by the epithelial cells into the mesenchymal shape that aids in the EMT. On the contrary,

E-cadherin expression was entirely abolished in 4T1 cells devoid of UBR5. Since this protein plays a role in acquiring the

invasive properties during EMT and assists in the advancement of late-stage breast cancer, its loss impairs the

Mesenchymal-Epithelial Transition (MET) and hence the ability to settle into secondary organs. Additionally, decreased

angiogenesis was observed in histological findings of the 4T1/ubr5-/- tumor 8 days post its inoculation. In short, the UBR5

gene plays a role in the enhancement of initial phases of tumor migration and invasion while limiting the later steps of

metastatic colonization .

The different stages involved in the carcinogenesis of breast cancer with respect to some of the contributing genes are

illustrated in Figure 3, and an overview of the potential therapeutic targets for breast cancer studied in literature employing

the CRISPR/Cas9 technology is represented in Table 2.
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Figure 3. The different stages involved in carcinogenesis of breast cancer with respect to some of the contributing genes.

Table 2. An overview of the potential therapeutic targets for breast cancer studied in literature employing the

CRISPR/Cas9 technology.

Gene Protein
Encoded Role in Breast Cancer

Associated
Subtype of
Breast Cancer

CRISPR/Cas9
Application Results Ref.

BRCA 1 BRCA1 Lacks DSB repair
ability TNBC

Nucleotide
substitution
through BE

Successful
identification of LOF

variants

BRCA 2 BRCA2 Lacks DSB repair
ability ER+ and HER2- KO Cell inviability

HER2 HER2 Promotes cell
proliferation HER2+ KO

Suppressed cell
proliferation and
tumorigenesis

TP53 p-53 Deregulates cell cycle TNBC and/or
HER2+

Cas9 expressed
in cell lines

Cas9 induces TP53
mutation

TP53BP1 53BP1 Lacks DSB repair
ability TNBC KO

Restoration of HR in
BRCA1 and P53BP1

deficient cells

MKI67 Ki-67
Promotes initiation,

progression,
metastasis

N/A KO
Wide-spread

transcriptome
changes

MIEN1 MIEN1
protein

Promotes initiation,
metastasis TNBC KO

No effect on cell
viability and tumor

proliferation

CX3CR1 CX3CR1
Promotes skeletal and

soft tissue organ
metastasis

Luminal A&B,
HER2+, TNBC

Transcription
silencing

Reduction in skeletal
and lung metastasis

CXCR2 CXCR2

Promotes cell
proliferation,

migration,
angiogenesis

TNBC KO

Suppressed cell
proliferation,
migration and

metastasis

CXCR4 and
CXCR7

CXCR4 and
CXCR7

Promotes cell
proliferation, invasion,

metastasis
TNBC

Single-gene
knockout and co-

knockout

Suppressed cell
proliferation,
invasion and

migration

MAP3K11 MLK 3 Promotes metastasis TNBC KO
Suppressed cell

invasion and
migration

TNFRSF11B OPG Blocks apoptosis HR+ KO
Inhibited protein

expression of Fatty
Acid Synthase

UBR5 Ubr5 Aids EMT TNBC KO
Induced apoptosis

and suppressed
metastasis
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Gene Protein
Encoded Role in Breast Cancer

Associated
Subtype of
Breast Cancer

CRISPR/Cas9
Application Results Ref.

CDK4 CDK4 Cell proliferation TNBC and
HER2+ KO

Suppressed viability,
clono-genicity,

migration

MFN2 MFN2

Suppress cancer
progression via

mTOR2/Akt signal
inhibition

HR+ KO
Promotes cell

viability, invasion,
colony formation

APOBEC3G APOBEC3 APOBEC3 induced
mutagenesis HER2+ KO Suppressed cell

proliferation

MARK4 MARK4
Inhibits Hippo

signaling leading to
cell proliferation

TNBC KO
Suppressed cell
proliferation and

migration

MASTL MASTL Promotes proliferation HR+ and TNBC KO
Suppressed

proliferation and
tumor growth

MELK MELK Tumorigenesis
regulator TNBC KO

CRISPR/Cas9-
Mediated

Mutagenesis

MFGE8 MFGE8 Mediator of breast
cancer tumorigenesis TNBC KO

Restored sensitivity
to COX-2 selective

inhibitor
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