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Abstract 

Breast cancer (BC) is considered as the most frequent cancer among 

women and a significant contributor to mortality. The CRISPR/Cas9 

gene-editing tool has promising applications for BC drug resistance. It 

is a unique and creative approach that has lately attracted attention and 

can be used to fix gene alterations related to multidrug resistance. Recent 

research has effectively investigated and targeted particular genes linked 

to BC treatment resistance using CRISPR/Cas9 gene editing, including 

those linked to hormone receptor signaling, drug efflux transporters, and 

DNA repair pathways. The CRISPR/Cas9 technology's selective 

disruption or mutation of these genes provides valuable information 

about their role in resistance and paves the path for cutting-edge 

treatment options. CRISPR/Cas9 gene editing can overcome BC 

treatment resistance by identifying crucial genetic variables and 

revealing new therapeutic targets Despite the advantages, there are 

limitations in the study on CRISPR/Cas9-based gene editing for BC 

treatment resistance, for example, off-target effects and the 

improvement of delivery techniques are still major issues. Successful 

clinical translation depends on methods to improve the specificity and 

effectiveness of CRISPR/Cas9 editing and to solve these constraints. 

This review aims to explore the possibility of CRISPR/Cas9 gene 

editing as an innovative method of combating BC medication resistance. 

Keywords: Breast Cancer, CRISPR/Cas9, Drug Resistance. 

 

 

INTRODUCTION 

Millions of women around the world continue 

to face breast cancer (BC) as a serious health issue 
1. Although advances in targeted therapy have 

improved patient outcomes, medication resistance 

continues to be a significant barrier to successfully 

treating such life-threatening disease 2. Changes in 

some gene sequences and signaling pathways 

frequently result in resistance to BC medications, 

making treatment ineffective 3-5. To increase patient 

survival rates and achieve long-term remission, 

medication resistance must be overcome 6. A 

revolutionary technique called Clustered regularly 

interspaced short palindromic repeats/CRISPR-

associated protein 9 (CRISPR/Cas9) gene editing 

has recently emerged as a viable approach to 

address this challenge 7. 

In bacteria and archaea, the system of 

CRISPR/Cas9 naturally developed as an immune 

tool for fighting phage invasion and plasmid 

transmission 8. Once penetrated by an exogenous 
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phage or plasmid, bacteria or archaea obtain a 

portion of their genome to be inserted into the 

CRISPR spacer regions. When the bacteria get 

homologous DNA, transcription of the CRISPR 

region will begin. A single guide RNA (sgRNA) is 

produced by a sequence of maturation and 

processing steps. The sgRNA directs Cas9 to cut the 

DNA strand that breaks the homologous 

DNA spacer section. The short, guanine-enriched 

sequence known as protospacer-adjacent motifs, or 

PAMs, is necessary for the recognition of the 

sgRNA 8 (Figure 1).  

 
Figure 1. CRISPR/Cas system type II biology. (A) A depiction of CRISPR/genome Cas9's together with pertinent transcription- and 

translation-related products. (B) Site-specific gene editing using engineered CRISPR/Cas9. (C) ssRNA and dsDNA editing 

using the CRISPR/Cas system. 
 

CRISPR/Cas9 is a precise and effective gene 

editing technology that enables researchers to 

change particular genes within cell DNA 9. The 

Cas9 enzyme is guided by a guide RNA molecule 

to a specified genomic region, where it directs 

precise alterations, such as gene deletion, 

knockdown, or activation 10. It comprises two 

essential parts: the clustered regularly interspaced 

short palindromic repeats (CRISPR) and the 

CRISPR-associated protein 9 (Cas9) 11. The 

CRISPR sequence acts as a guide, targeting specific 

regions of the genome, whereas the Cas9 protein 

cuts the DNA precisely at the desired region, acting 

as a molecular scissors 12. This gives researchers the 

opportunity to either disrupt particular genes linked 

to medication resistance or introduce advantageous 

alterations to make cancer cells more susceptible to 

therapy. 

Researchers can deliberately edit particular 

genes linked to drug resistance processes by using 

CRISPR/Cas9 to precisely and effectively 

manipulate the genetic material within cells 13. By 
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facilitating the creation of novel therapeutic 

strategies, this ground-breaking technology has the 

potential to change the treatment approaches for 

BC. 

The CRISPR/Cas9 method has demonstrated a 

promised perspective in cancer treatment in cellular 

and animal models. The efficacy of CRISPR/Cas9 

technology in cancer treatment is currently being 

assessed in a number of ongoing clinical trials 14,15. 

Nevertheless, research has indicated that this 

method can also be utilized to increase the potency 

of targeted therapy and chemotherapy. Drug 

resistance is a major concern in cancer treatment 

since it is believed to be the cause of 90% of cancer 

patients' deaths 16. While much remains unknown 

about how cancer cells develop drug resistance, 

recent research has pointed to a large variety of 

genes involved in drug efflux, DNA repair, 

apoptosis, and several cellular signaling pathways 

as potential causes 17. Promising achievements in 

reducing drug resistance and boosting the 

efficiency of anticancer treatments have been 

achieved by targeting some of these genes using 

CRISPR/Cas9 technology. This study first provides 

a brief history of drug resistance and its key 

mechanisms in cancer, then discusses several 

strategies for treating drug resistance in BC. 

Subsequently, it explores the main ways of 

CRISPR/Cas9 technology's potential to eradicate 

drug resistance in breast cancer. Furthermore, it 

highlights the main limitations of the use of 

CRISPR/Cas9 system and the main strategies to 

overcome them. However, to overcome the 

challenges of employing CRISPR/Cas9 technology 

in BC resistance to therapies, more research is 

needed. 

CRISPR/CAS9-BASED GENE EDITING ADVANCEMENTS 

A single mutation may result in a number of 

different diseases, such as sickle cell anemia. As a 

consequence, it is critical to create sensitive, 

efficient, and concentrated approaches for repairing 

mutated genes. Zinc-finger nucleases (ZFNs) and 

transcription activator-like effector nucleases 

(TALENs) were utilized alongside other targeted 

genome editing techniques to suppress certain DNA 

sequences 18,19 and CRISPR-associated protein 9 

(Cas9) is the third-generation gene-editing 

technique that is most often used 20. Based on the 

composition and function of Cas-proteins, the 

relatively new CRISPR/Cas genome editing 

technology is categorized into two classes: Class I 

and Class II; while class I systems have several 

Cas-protein complexes, class II systems contain 

just one Cas-protein complex. Although Type II 

CRISPR/Cas-9 is a very basic structure, it has been 

extensively explored and used in genetic 

engineering 21. 

Cas9 should be combined with guide RNA in 

order to recognize and cleave DNA at specified 

sites. Thus, two components form the 

CRISPR/Cas9 system: a Cas9 endonuclease and a 

single-stranded guide RNA (sgRNA) 22. When 

sgRNA attaches to the target sequence, Cas9 

correctly cleaves the DNA to create a DSB (Figure 

2). Upon the occurrence of a DNA-DSB, DNA-

DSB repair mechanisms initiate genome repair. 

This method provides various advantages, 

including high stability, rapid action, and low 

antigenicity response induction 8,23.  

The CRISPR/Cas9 system enables precise 

targeting of nearly any genomic locus for the 

correction of disease-causing mutations or 

silencing of genes linked to disease development by 

modifying the nucleotide sequence of a short 

section of guide RNA 24 (Figure 3).  

In recent years, the CRISPR/Cas9 genome 

editing system has proven to be a successful 

method for targeting and changing genes, including 

gene replacements, gene insertions/deletions, and 

single base pair conversions 25. This approach is 

more advantageous and beneficial than ZFNs and 

TALENs 26. More recently, Streptococcus pyogenes 

type II CRISPR-Cas9 has emerged as a critical tool 

for targeted genome editing in a broad variety of 

species, including bacteria, yeast, Drosophila, 

zebrafish, mosquitoes, mice, plants, and mammals 
27. The CRISPR-Cas9 technique has gained traction 

in biomedical and therapeutic applications, as well 

as in the development of animal model systems 28. 

After claiming that CRISPR gene editing could be 

a "possible functional cure for chronic HIV," 

Excision BioTherapeutics was granted FDA 
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approval on September 15, 2021, to conduct the 

first human research using CRISPR gene editing as 

a treatment for HIV. Genome editing has never 

before been tried in humans, but that all changes 

now. 

 
Figure 2. The illustration shows the mechanism of gene editing by CRISPR/Cas9 through homologous recombination and 

nonhomologous end-joining. 
 

BREAST CANCER and THERAPEUTIC RESISTANCE 

According to global cancer statistics, BC has 

exceeded lung cancer as the most prevalent cancer 

globally, accounting for 11.7% of all cases and 

6.9% of deaths 29. Breast cancer treatment choices 

are many and often include a combination of 

modalities based on the tumor's stage and biology, 

as well as the patient's acceptance and tolerance. 

Surgical procedures, radiation therapy, and 

systemic therapy (chemotherapy, endocrine 

therapy, and biologic and targeted therapy) are 

examples of such interventions 30. Chemotherapy is 

often indicated for people who are at high risk of 

developing problems. Patients with BC who have 

tumors that express HER2 are treated with HER2-

targeted treatment in conjunction with 

chemotherapy. The majority of individuals with 

illnesses that are HR-positive should get endocrine 

hormone treatment 31. 

Drug resistance is the most frequent reason for 

treatment failure in the complex field of BC 

therapy. Many BC tumors that respond initially to 

chemotherapy recur and acquire resistance to 

numerous anticancer drugs with varied structures 

and mechanisms of action, a condition referred to 

as “multidrug resistance” (MDR). This is mostly 
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caused by genetic changes that impact the 

efficiency and unfavorable effects of chemotherapy 

and other adjuvants 32. Numerous processes, 

including increased drug efflux, genetic factors, 

growth factors, enhanced DNA repair ability, and 

increased xenobiotic metabolism, may contribute to 

resistance 33. When the efflux of chemotherapy 

medications from cancer cells is increased, drug 

accumulation in tumor cells is diminished. Because 

of this, chemotherapeutic drug resistance develops 

at a much higher rate than previously thought 34. 

The classic method for preventing the growth of 

acquired drug resistance is to combine agents with 

distinct targets. 

 
Figure 3. A schematic representation of the CRISPR/Cas9 genome editing system. The CRISPR/Cas9 technology allows for 

precision targeting of certain genomic loci to fix mutations that cause cancer or silence genes. By changing the nucleotide 

sequence of a short guide RNA, Cas9 protein can be guided to the appropriate genomic spot, allowing for precise DNA 

sequence editing." 

Nonetheless, since each drug's mechanism of 

action is complex and interdependent, its impact is 

difficult to predict. Another strategy in MDR 

instances is to increase the anticancer drug's 

specificity to decrease the likelihood of developing 

resistance 35. If resistance factors are eliminated 

using gene editing techniques such as the 

CRISPR/Cas9 system, which may be better 

compared to other gene editing technologies, 

anticancer drugs can be reused 36. 

CRISPR/ CAS9'S POTENTIAL ROLE in BREAST 
CANCER DRUG RESISTANCE 

CRISPR/Cas9 has demonstrated considerable 

promise in a number of biotechnology and medical 

fields. Even though it hasn't been thoroughly 

investigated, it shows promise as a viable tactic to 

deal with the problem of drug resistance. Several 

applications of CRISPR/Cas9 in the context of drug 

resistance are listed below: 

Drug Efflux  

Estimates indicate that the 48 ABC genes in the 

genetic code are divided into seven subfamilies, 

each of which serves a distinct function (ABCA-

ABCG) 37. They include ABCB1, ABCC1, and 

ABCG2. These transporters significantly enhance 

the development of MDR for cancer chemotherapy 
38. The MDR1 (P-glycoprotein, ABCB1) ABC 

transporter P-glycoprotein, or ABCB1, was 

discovered to be highly expressed in BC cell lines 

with MDR for the first time 39. This gene is 

expressed in the gastrointestinal tract, pancreatic 

ductulus, liver, and kidney, as well as the 

endothelial cells that comprise the blood-brain 

barrier (BBB). When ABCB1 is active, it may 

dramatically impair the net absorption and 

penetration of a wide variety of therapeutic 
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substances into healthy cells in the gut, kidneys, 

and liver. The expression of ABCB1 in breast 

cancer varies significantly across people 40. 

Additionally, BC cells overexpress a protein 

(MRPI) that enhances the resistance to anticancer 

drugs 41. 

Multidrug resistance is frequently caused by 

ATP-binding cassette (ABC) transporters, which 

remove drugs from tumor cells before the 

development of therapeutically active 

concentrations. ABC transporters regulate the 

distribution, absorption, and excretion of numerous 

chemical substances 42. ABCB1 expression may be 

used as a biomarker to predict the efficacy of 

anticancer medication, according to a study done in 

women with breast cancer 43. These efflux pumps 

may be inhibited through knockout techniques, 

restoring the efficacy of already available 

medications and obviating the need for novel 

treatments. 

Resistance to one anticancer drug increases 

cancer cells' resistance to other anticancer drugs. In 

most cases, chemotherapy fails because of 

multidrug resistance 44. Thus, reversing ABC-

mediated multidrug resistance utilizing the 

CRISPR/Cas9 system is possible and has been 

successfully employed, and this technology may 

assist in re-sensitization to current medicines in 

vitro or in vivo. MDR1 has been effectively 

disrupted utilizing the CRISPR/Cas9 system in 

doxorubicin (DOX) resistant MCF-7/ADR cells, 

and sensitivity has been restored 45. Plasmid 

therapy decreased MDR1 protein expression by 

25%, but increasing the plasmid dosage did not 

result in a substantial drop in MDR1 protein 

expression 46 (Figure 4). This finding implies that 

drug resistance in BC cells may be defeated by 

utilizing the CRISPR/Cas9 system as a gene editing 

tool to remove a drug resistance-related gene. 

According to the data, cells transfected with 

sgRNAs become more vulnerable to DOX in an 

ovarian cell line because the CRISPR/Cas9 system 

reduces the expression of P-gp, a glycoprotein 

encoded by the ABCB1 gene in humans. As a 

consequence, the target gene was efficiently 

downregulated, and the cell line A2780/ADR was 

edited using this method to restore its nonmalignant 

phenotype 47. Chemotherapeutic compounds that 

target ABCB1 substrates are more sensitive in 

MDR cancer cells, and knocking ABCB1 down 

boosts doxorubicin and other anticancer drugs’ 

intracellular accumulation.  

CRISPR/Cas9 might be a significant tool in the 

study and eradication of MDR cancers, and this 

work sheds insight on and provides vital clues 

about its prospective uses 48. In MDCK cells, after 

the successful knockout of endogenous Mdr1 

(Abcb1) by CRISPR-Cas9, a cell line with no 

cMdr1 background was established. Therefore, the 

use of CRISPR-Cas9 technology in the study of 

drug transport mechanisms is strongly encouraged 
49. 

The efficacy of breast cancer treatment drugs is 

influenced by the ATP-binding cassette efflux 

transporter (ABC) 50. Numerous biological 

variables influence the function or production of 

BCRP in BC, including the pro-inflammatory 

cytokines IL-1, TNF-α, IL-6, and INF 51. In drug-

resistant MCF-7 BC cells, extracellular vesicles 

containing ABCB1, ABCG2, and ABCC2 sequester 

anticancer drugs, preventing them from reaching 

their intracellular targets 52. Lymphatic metastasis, 

tumor size, and poor pCR have been linked to high 

BCRP/ABCG2 expression 53. Different anticancer 

agents, such as anthracyclines, mitoxantrone, 

flavopiridol, and antifolates, are all known to be 

resistant to BCRP, which is found in a wide range 

of tumors 54. For this reason, CRISPR/Cas9 could 

be utilized to identify drug-resistant genes in breast 

cancer, which could lead to a new approach to 

treatment 55. Also, if resistance factors can be 

eliminated, anticancer agents can be more effective. 

Deletion of Pik3ca and Pik3cb led to the 

downregulation of P-gp/ABCD1 and 

BCRP/ABCG2 transporters, which allowed human 

epidermoid carcinoma and non-small cell lung 

cancer MDR cells to become drug-responsive again 

after CRISPR-Cas9 deletion of these genes. As a 

consequence, gene knockdown using 

CRISPR/Cas9 is very precise and advantageous, 

making it ideal for studying BCRP-mediated 

therapy resistance in BC 56. 
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Figure 4. Multidrug-resistant cells (MCF-7/ADR) were transfected with a plasmid for Cas9-sgRNA expression, and the Cas9-sgRNA 

ribonucleoprotein complex was delivered intracellularly using either a PTD peptide or Lipofectamine. 
 

Apoptosis Inhibition 

Normal breast development requires a balance 

of proliferation and cell death, and tumor growth is 

most likely the consequence of both excessive 

proliferation and decreased cell death. The 

activation of various intrinsic and extrinsic 

signaling pathways is necessary for the initiation of 

cell death, and these pathways are often 

dysregulated in cancer 57.It is critical to understand 

how proliferation and apoptosis interact in order to 

comprehend how chemotherapy, radiation, and 

hormone therapies impact tumor development or 

regression. Apoptosis can be induced by any or all 

of these methods. Inhibition of apoptosis is a key 

mechanism for increasing chemotherapy resistance 

in cancer cells. Apoptosis is mediated by proteins 

like members of the Bcl-2 family and the tumor 

suppressor p53, which are typically dysregulated in 

MDR malignancies, while IAPs, which are 

involved in caspase in activation, are typically 

overexpressed in malignant tumors 58. In addition, 

PI3K/AKT survival pathways, which are closely 

linked to the development of resistance, are often 

involved 59,60. Increased Bcl-2 expression has been 

correlated with drug resistance in BC 61, either 

antagonists or inhibitors of Bcl-2 proteins may be 

able to overcome this resistance 62.  

A critical function for PI3K/AKT as a critical 

link in modifying breast cancer multidrug 

resistance. When activated, P-glycoprotein (P-gp, 

ABCB1), multidrug resistance-associated protein 1 

(MRP1, ABCC1), and BC resistance protein 

(ABCG2) were found to be effective ABC 

transporters that effectively expressed the 

PI3K/AKT pathway in the biological basis of 

cancer, inhibiting chemotherapy response and 

facilitating drug excretion. The PI3K/AKT pathway 

regulates apoptosis, which influences MDR by 

inhibiting this process, and aberrant PI3K/AKT 

signaling activation also leads to an increase in Bcl-

2 expression, which results apoptosis inhibition and 

MDR 63. Endocrine resistance is related to PI3K 

activation in BC, discovering PI3K inhibitors an 

interesting method for reversing endocrine 

resistance. Through amplification of the PI3K/AKT 

pathway, extranuclear ER signaling contributes 

considerably to endocrine therapy resistance 64. 

By concentrating on the BCL-2 family's role in 

a number of human malignancies, researchers were 
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able to develop inhibitors that specifically target 

certain BFL-1 and BCL-w proteins in a study 

experiment to assess BH3 mimetic sensitivity. 

Additionally, a CRISPR/Cas9 screen revealed that 

BFL-1 and BCL-w enhance resistance to all tested 

BCL-2, BCL-XL, and MCL-1 inhibitors 65. MCL-1 

inhibitor S63845 was reprogrammed in breast 

cancer cell lines utilizing S63845-resistant cells 

when combined with CRISPR/Cas9 technology. As 

a whole, these studies support the clinical testing of 

MCL-1 inhibitors in BC 66. hnRNPA2/B1 has been 

demonstrated to stimulate tumor development in 

vitro and in vivo by participating in a number of 

signaling pathways. CRISPR-CAS9 knockout of 

this gene in MCF-7 cells has been applied; included 

are the PI3KAKT and STAT3 pathways. It is 

possible to treat BC by targeting the hnRNPA2/B1 

or STAT3 pathways 67. The CRISPR-Cas9-based 

genome editing technique completely knocked out 

ARID1A in BT474 cells, which activated the 

expression of ANXA1 and increased the 

trastuzumab resistance. According to the findings 

of Berns et al., ANXA1 may be a potential target 

for the therapy of HER2-targeting antibody 

resistance (Figure 5) 68. 

 
Figure 5. Shows how breast cancer treatment resistance develops in both intrinsic and extrinsic mechanisms and how a genome 

editing technology based on CRISPR/Cas can eliminate this obstacle.   
 

Drug Target Alteration with Epigenetic Modifications 
in Breast Cancer  

A therapy's efficacy is determined by its 

molecular target and any alterations to that target, 

such as mutations or changes in expression levels, 

which can lead to drug resistance in cancer. Human 

epidermal growth factor receptor 2 (HER2), an 

EGFR family receptor tyrosine kinase, is highly 

expressed in BC patients, and resistance to 

inhibitors targeting this kinase may develop with 

prolonged use. Resistance to chemotherapy and 

molecularly targeted therapies is currently a 

significant limitation to cancer research progress. In 

addition to altering specific pharmacological 

targets, drug resistance can also be induced by 

modifying the signal transduction system 

responsible for drug activation. Anticancer 

medications often exploit interactions with 

intracellular target proteins to induce lethal effects 

on cancer cells. Disrupting the normal function 

and/or expression of these enzymes leads to 

reduced medication effectiveness 60,69. Tamoxifen's 

effect on breast cancer patients is reduced by 

changes in estrogen and progesterone receptor 

expression levels. Stopping cancer cell 

proliferation by targeting particular proteins 
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involved in tumor formation is possible with 

targeted therapy. If the medications' targets are 

altered during targeted treatment, this might lead to 

drug resistance. Drug targets may be altered by 

secondary mutations or epigenetic changes in the 

expression levels of the target protein. The use of 

estrogen receptor suppressors in BC therapy is 

another example of how altering the medication 

target can produce resistance. Resistance to 

hormone treatment is commonly attributed to 

epigenetic alterations 69,70. 

Existing medicines are unable to destroy cancer 

stem cells (CSCs), also known as cancer starting 

cells, because of increased resistance to treatment 

regimens. The triple-negative subtype of breast 

cancer is more prone to recurrence and metastasis, 

and it is a poor prognosis subtype of heterogeneous 

breast cancer. The TNBC is characterized by the 

lack of progesterone and estrogen receptors (PR 

and ER), as well as the absence of HER2 

overexpression 71. Only a minority of the overall 

number of cancer cells in a tumor mass is assumed 

to be CSCs; however, because of their resistance to 

therapy, they can potentially self-renew and 

differentiate 72. There is evidence that WAVE3 

contributes to the growth and metastasis of BC, 

promotes the self-renewal of CSCs, and regulates 

CSC-specific gene transcription in triple-negative 

breast cancer (TNBC) by interacting with the 

transcription factor Y-box-binding protein-1 (YB1), 

a CSC maintenance gene. CRISPR/Cas9 

knockdown of WAVE3 reveals the WAVE3/YB1 

signaling axis as a regulator of CSC-mediated 

resistance to therapy and provides a potential 

therapeutic window for TNBCs. Additionally, by 

precisely targeting BCSCs, targeting WAVE3 may 

be employed as a potential therapeutic method for 

treating metastasis in patients with TNBC 

malignancies 73,74. 

Breast cancer, which is ER-positive, has been 

discovered to have endocrine resistance, which has 

been connected to treatment resistance in the illness 

and includes ER receptors. The transcription of the 

estrogen receptor 1 (ESR1) gene and the 

proteasome-dependent degradation of the ER 

protein control the expression of ER. Hormone 

treatment resistance in breast cancer is caused by 

mutations in the Esr1 gene. About 50% of all 

endocrine resistance instances are caused by a 

mutation in ESR1 75,76, as a possible mechanism for 

tamoxifen resistance, lower ESR1 mRNA 

expression levels have been suggested 77. ESR1 

mutations in HR-positive BC occur almost 

exclusively following the administration of 

aromatase inhibitors in a metastatic setting 76. 

Therefore, ER inhibition may reduce relapse and 

prolong the patient's life. By "knocking in" ESR1 

gene mutations and expressing them under the 

estrogen receptor's endogenous promoter, a new 

model of ESR1 mutations has been developed for 

endocrine therapy resistance, notably to aromatase 

inhibitors 78. On MCF7 breast cancer cells, 

CRISPR/Cas9 genome editing was employed to 

demonstrate the significance of ER mutations and 

the use of knock-in mutational models for 

investigating new treatment methods for endocrine-

resistant BC caused by ER mutations 79. 

Furthermore, CDK8 inhibition by CRISPR/CAS9 

knockout suppresses estrogen-dependent 

transcription and the growth of estrogen receptor-

positive BC 80. In PIK3CA, mutated-ER+ B 

inhibitors BC of PI3K are active, and through the 

use of CRISPR/Cas9-based sgRNA knockout 

screens, various negative regulators of mTORC1 

have been identified, the loss of which confers 

resistance to PI3K inhibition. This shows the 

function of restored mTOR signaling in conferring 

resistance to PI3K inhibition and proposes 

therapeutic strategies to inhibit or reverse this 

resistance 81. 

Furthermore, it has been shown that HER2 

mutations in human BC cells result in multidrug 

resistance. Chemoresistance in MCF7 has been 

related to Akt1 activation by HER2/PI-3K, 

indicating that this protein might serve as a novel 

biological target for therapy to enhance the 

prognosis of women with BC 82. Trastuzumab was 

found to be ineffective against P95HER2-positive 

breast tumors 83. It is possible to use the 

CRISPR/Cas9 system to target the mutated form of 

HER2 in order to disrupt or inactivate it. 

Trastuzumab in breast cancer sensitivity was shown 

to be reduced when HER2 or non-HER receptors 

were activated 84. In a breast cancer cell line, the 
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CRISPR/Cas9 system directly targeted and 

inhibited the HER2 mutation and exerted its effect 

through a dominant negative mutation, which may 

show the anti-cancer effects of HER2-targeting by 

CRISPR/Cas9 85. By reactivating or sensitizing 

tumors to anti-HER2 TKI therapy, CRISPR/Cas9 

deletion of HER2 and CDK12 may considerably 

improve the prognosis of patients with HER2-

positive BC 86. 

Drug Interaction and Activation 

Drug-drug interactions (DDIs) have the 

potential to compromise clinical treatment by 

inducing an adverse event or modifying the clinical 

response adversely. Treatment may also be paused 

if the dose of a medication has to be altered in order 

to prevent or reverse an undesirable DDI or if either 

drug needs to be discontinued. The CDK4/6 

inhibitors are utilized in patients with hormone 

receptor-positive BC. Mechanisms for drug 

inactivation can reduce the amount of free drug that 

can bind to its intracellular target 87. It has been 

demonstrated that cancer drugs are inactivated by 

CYP450 class I metabolizing enzymes 88. 

Inactivation of the pRB and p53 pathways in breast 

cancer predicts resistance to anthracyclines and 

mitomycin in vivo 89. 

It has been demonstrated that combinatorial 

CRISPR-Cas9 genetic interaction mapping 

effectively identifies a large number of 

therapeutically significant genetic interactions in 

cancer. Observed differences in genetic interaction 

between cell lines via systematic CRISPR could be 

reproduced to a large extent as drug-drug 

interactions 90,91. Knowledge of the causes of DDI, 

in combination with a comprehensive 

understanding of patient/drug-specific features, 

may therefore, serve as the basis for determining 

the optimal treatment options for BC patients. The 

CRISPR-Cas9 technology, which is extensively 

utilized to generate animal models of absorption, 

distribution, metabolism, and excretion (ADME), 

may also be used to examine the mechanism of drug 

resistance associated with DDIs in humans, as well 

as drug inactivation 92. It has been proven that an 

erlotinib-docetaxel interaction is possible and that 

docetaxel acts on erlotinib in rats through the 

CYP3A enzyme 92,93. Additionally, when used in 

combination with quizartinib to treat malignant 

lesions, pharmacological ABCB1/ABCG2 

inhibitors decrease quizartinib's brain accumulation 

in mice 94. 

Epithelial-Mesenchymal Transition (EMT)  

Cancer cells may become more mobile as a 

consequence of the stimulation of EMT-

transcription factors (EMT-TFs), enhancing their 

potential to disseminate and form tumor clusters 

that can then migrate collectively within a tumor 

bed 95. During the EMT, epithelial cells revert to a 

front-back polarity, lose their epithelial 

differentiation, gene expression profile, and 

morphology, release their lateral cell junctions and 

connections to the basal substrate, and elongate in 

order to become motile and invasive. Tumor cell 

tractability EMT is regulated by Snail family 

members, which are transcription factors. 

Additionally, it has been associated with cancer-

related characteristics such as an increase in 

apoptosis resistance and immunosurveillance 

evasion, as well as the potential to grow endlessly 
96,97. Chemoresistance has been linked to the 

expression of Snail family proteins in BC 98. 

Potential therapeutic targets for EMT genes could 

be identified through the use of CRISPR/Cas9 gene 

editing. 

CRISPR/Cas9 gene editing allows the 

identification of genes involved in EMT, which can 

lead to the development of therapeutic 

interventions. When the EMT genes in human 

ovarian cancer (RMG-1) cells were altered using 

CRISPR/Cas9, it was shown that Snail1 was 

important 99. CRISPR/Cas9-mediated 

CPEB2 knockdown in the MCF10A cell line causes 

an increase in EMT  and increased tumor sphere 

formation 100. Reductions in EMT, migration, and 

invasion were observed in in vitro, and tumor 

metastasis was inhibited when Kindlin-2 was 

knocked down in CRISPR/Cas9-derived MDA-

MB-231 cells and 4T1 cell lines in a mouse 

xenograft model 101. Genetic editing of AGTR-1 

using CRISPR/Cas9 was shown to inhibit DNA 

repair and regulate EMT in triple-negative cell 

lines. Losartan treatment reduced the protein 
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expression of EMT markers. In addition, the study 

noted that there is no published data demonstrating 

the effectiveness of losartan in this tumor type 102. 

Further, Table 1 showed different CRISPR/Cas9 

applications that targeted several genes to 

overcome drug resistance. 

Table 1. Several applications of CRISPR/Cas9 in the context of drug resistance. 

Model 
Medicine to 

test 
Target/delivery Intervention The study's findings Ref. 

MCF7-Cell line PI3Kα 

inhibitors 

sgRNA 

screen/ 
Lentivirus 

 

CRISPR/Cas9 sgRNA knockout 

screens 

Numerous negative regulators of mTORC1 have been 

found using CRISPR/Cas9-based sgRNA knockout 
screens, the loss of which provides tolerance to PI3K 

inhibition. This demonstrates the importance of restoring 

mTOR signaling in giving resistance to PI3K inhibition and 
suggests therapeutic options for preventing or reversing 

this resistance. 

81 

MCF7-Y537S anti-

estrogen tamoxifen 

and fulvestrant-
resistant breast 

cancer cell lines 

 

Tamoxifen and 

fulvestrant 

/ CDK7 
inhibitor, 

THZ1 

CDK7 in 

MCF7-

Y537S cells 
 

The gene-editing tool CRISPR-Cas9 

was utilized to introduce one allele of 

tyrosine 537 into MCF7 breast cancer 
cells in the ESR1 gene, and CDK7 

inhibitor was used to limit CDK7 

phosphorylation and proliferation in 

Cell line: MCF7-Y537S 

New treatment techniques may be examined via the use of 

knock-in mutational models, and CDK7 inhibition may be 

used to treat endocrine-resistant breast cancer that is driven 
by ER mutations. ER mutations play a vital role in 

endocrine resistance development. 

79 

In vivo and in vitro 
use of xenografts 

derived from cells 

or patients. 

Anti-HER2 
TKIs 

(lapatinib) 

 

HER2/ 
CDK12 

CRISPR/Cas9 knockout technique for 
inhibition of HER2/ CDK12 

Inhibiting the HER2/CDK12 axis with CRISPR/Cas9 
gene-editing technology, tumors become more susceptible 

to anti-HER2 TKI therapy. 

86 

Xenograft mouse 
model 

- HnRNPA2/B
1 

 

CRISPR-CAS9 knockout of 
hnRNPA2/B1 in MCF-7 cells 

In vitro and in vivo, the STAT3 pathway regulates apoptosis 
and autophagy in breast cancer MCF7 cells. Therefore, 

inhibiting the hnRNPA2/B1 or STAT3 pathways may be 

utilized to treat breast cancer. 

67 

The ATCC 
provided the 

MCF7, BT474, 

SKBR3, HCC1954, 
and ZR75.1 breast 

cancer cell lines 

cultured in DMEM 
with 8% FCS and 

1% 

penicillin/streptom
ycin. 

Trastuzumab ARID1A 
 

knockout of ARID1A in BT474 cells When ARID1A was entirely knocked out, activating 
ANXA1 expression in BT474 cells increased trastuzumab 

resistance. According to the findings of this investigation, 

ANXA1 may provide a novel target for the therapy of 
HER2-targeting antibody resistance. 

68 

Cell lines BT-474, 

SKBR-3, and 
MCF-7 from ATCC 

were used in this 

study. 

Trastuzumab ERBB2/retro

virus 
 

In order to edit the HER2 (ERBB2) 

gene, CRISPR/Cas9 technology is 
employed in BC cells that have been 

amplified with HER2, which is a target 

for the monoclonal antibody 
trastuzumab. 

CRISPR/Cas9 technology has been used to limit HER2 

proliferation and tumorigenicity by directly targeting and 
suppressing HER2 mutations (proliferation and 

tumorigenicity). 

85 

PDX tumor models 

in vivo and triple-

negative and 
HER2-amplified 

cell lines in vitro. 

Both docetaxel 

and anti-HER2 

therapies, as 
well as MCL-1 

inhibitor 

S63845 alone. 

MCL-1 MCL-1 inhibitor S63845 in 

combination with CRISPR/Cas9 

technology in breast cancer cell lines 
using S63845-resistant cells 

MCL-1 has been identified as a target in TNBC and HER2-

amplified breast tumors, and S63845 has demonstrated 

promising activity in PDX models as an MCL-1 inhibitor. 
These findings provide a solid foundation for future clinical 

research. 

66 

RNA-guided 
endonuclease 

(RGEN) systems 

pre-treated resistant 
MCF-7/ADR cells 

Doxorubicin mdr1 gene/ 
Cas9-sgRNA 

plasmid or the 

Cas9-sgRNA 
ribonucleoprot

ein complex 

down-regulate mdr1 gene by 
CRISPR/Cas9 

 

After disrupting MDR1 utilizing the CRISPR/Cas9 
technology, drug resistance and sensitivity were restored in 

resistant MCF-7/ADR cells. As a consequence, Cas9-

mediated gene disruption represents a potentially useful 
technique for overcoming cancer cells' resistance to several 

medicines. 

46 

MDR cell lines 

KBV200 and HCT-
8/V overexpressing 

ABCB1 

Vincristine and 

doxorubicin 

ABCB1-

/lentivirus 
 

CRISPR/Cas9-mediated ABCB1 KO ABCB1 has been knocked out by the CRISPR/Cas9 system 

in MDR cancer cells, increasing the sensitivity of ABCB1 
substrate chemotherapeutic drugs, giving light and offering 

vital insights on the prospective uses of CRISPR/Cas9 in 

the research and elimination of MDR cancer. 

48 

BC cells from 
human MDA-MB-

231 

- WAVE3 WAVE3 was knocked out using 
CRISPR/Cas9, and a relationship 

between WAVE3 and Y-box-binding 

protein-1 (YB1) was established. 

WAVE3/YB1 signaling axis is a regulator of CSC-
mediated resistance to treatment, and this work suggests 

WAVE3/YB1 as a novel therapeutic window for TNBCs. 

73 

 

sgRNA single guide RNA, CDK7 cyclin-dependent kinase 7, HER2 Human epidermal growth factor receptor 2, CDK12 cyclin-

dependent kinase 12, HnRNPA2/B1 heterogeneous nuclear ribonucleoprotein A2/B1, ARID1A AT-rich interactive domain-containing 

protein 1A, ERBB2 erb-B2 receptor tyrosine kinase 2, MCL-1 myeloid cell leukemia-1, ABCB1 ATP binding cassette subfamily B 

member 1, WAVE3 wiskott‑aldrich syndrome verprolin‑homologous protein 3, TNBCs triple negative breast cancer, BC breast cancer, 

MDR multidrug resistance, RGEN RNA-guided endonuclease. 
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APPROACHES to CRISPR DELIVERY  

The delivery of Cas9 into cells is critical in 

gene editing. CRISPR-Cas9 gene editing therapies 

are delivered in vivo via delivery vectors or 

physical methods. Several different kinds of non-

viral vectors have been created for in vivo CRISPR-

Cas9 use (Table 2). There are several different types 

of nanoparticles in this category: lipids, polymers, 

lipid nanoparticles, peptides, and inorganic. 

Electroporation and microinjection are the two 

most commonly used methods for delivering 

CRISPR/Cas9 technology to target cells in clinical 

trial studies 103. The microinjection approach may 

be used to inject plasmid DNA with both the Cas9 

protein and the sgRNA, as well as inject the Cas9 

protein with the sgRNA. For example, cargo can be 

delivered directly to a target site inside the cell 

using a microscope and needle 104. In zebrafish 
105,106, mouse 107 RNP has been successfully 

microinjected into embryos. In addition, other 

organisms were successfully administered RNP 

using this technique, including the olive fruit fly 108,  

for limb regeneration 109. High-voltage pulses may 

create nanometer-sized breaches in the cellular 

membranes of suspended cells by electroporation, 

enabling components with hydrodynamic 

diameters of several nanometers to enter the cell 

and conduct effective gene editing 110,111. Due to its 

simplicity and high efficacy, electroporation is 

currently one of the most popular commercial gene 

transfection techniques. This technique has been 

used to successfully introduce the CRISPR system 

into a variety of cell types with varying degrees of 

success 112.  

Table 2. Delivery systems of CRISPR-Cas9 for target gene editing. 

CRISPR-Cas 

Form 
Delivery System Study Objective Target 

Level of target 

gene after 

delivery system 

Mechanism of action Ref. 

Plasmid DNA Non-viral vector MCF-7 cells, 

MCF-7/DDP 

ERCC1 Knockdown Drug sensitivity was dramatically increased, and 

ERCC1 mRNA levels were lowered in the 

cisplatin-resistant MCF-7 cell line by the dual-

targeted polyplexes harboring CRISPR/Cas9 

plasmids. 

113 

CRISPR/Cas9 pCR4-TOPO TA -MCF7 cell line 

-Nude mice 

miR-23b, 

miR-27b 

Knockdown MiR-23b and miR-27b are knocked out using 

CRISPR/Cas9 in MCF7 cells and nude mice, 

which suppresses the growth of breast tumors. 

114 

CRISPR/Cas9 - MCF-HGH, 

MDA-MB-468 

cell lines 

LINC00511, 

BCL2, 

SURVIVIN 

Knockdown Through the suppression of antiapoptotic genes, 

LINC00511 knockdown procedures using 

CRISPR/Cas9 improved the apoptosis of BC 

cells. 

115 

CRISPR/Cas9 Using ultrasound 

and artificial 

nanobubbles (Gas 

Vesicles, GVs) 

Modified 4T1 

cell (4T1-Cas9-

hyg stable cell 

line) 

Cdh2 Knockdown To prevent tumor invasion and metastasis, an 

ultrasound in conjunction with GVs may be an 

efficient way to carry out CRISPR/Cas9 gene 

editing on the Cdh2 gene. 

116 

CRISPR-Cas9 

plasmid 

Chitosan-based 

delivery 

- VEGF Knockdown BC invasion potential and breast cancer stem 

cell viability can both be decreased by using 

chitosan/VEGF CRISPR/Cas9 

plasmid/protamine complexes to lower VEGF 

expression. 

117 

ERCC1 excision repair cross-complementing 1, BCL2 B-cell lymphoma 2, Cdh2 cadherin-2, VEGF vascular endothelial growth 

factor A, CRISPR clustered regularly interspaced short palindromic repeats, GVs gas vesicles. 
 

Because of its greater transfection efficiency 

and wider application to a broader spectrum of 

cells, viral vector-mediated nucleic acid 

transduction has emerged as the preferred technique 

for CRISPR/Cas9 genome editing. Adenovirus 

(AV), lentivirus (LV), and adeno-associated viruses 

(AAV) are among the most common viral vectors 

118. AAVs are the most extensively used vectors for 

CRISPR genome editing due to their low 

immunogenicity relative to other viruses and 

minimal toxicity in animal models. They have been 

authorized for multiple human clinical studies in 

gene augmentation therapy 119. CRISPR/Cas9 and 

AAV vectors have been used in mouse studies for 
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genome editing in vivo in the brain 120,121, muscle 
122, retina 123-126, liver 127-130, heart 131-133, and lung 
134,135,  using an AAV vector and CRISPR/Cas9 as 

an antiviral against Orth-poxviruses 136. Another 

vector often utilized in clinical trials is the 

lentivirus, which can infect both proliferating and 

non-dividing cells. Clinical experiments have 

shown that when utilized for ex vivo transduction, 

lentivirus outperforms other vectors 137. Many 

studies have been undertaken employing the 

CRISPR-Cas9 system for gene editing in human 

hematopoietic stem and progenitor cells using 

lentiviruses 138, delivery of CRISPR/Cas9 to Huh7 

tumors through a lentiviral vector with a modified 

tropism for hepatic tumors 139, and sickle cell 

disease gene therapy 140. For genome editing in vivo 

using adenovirus, retrovirus, and herpes simplex 

virus, there are a number of limitations. Adenoviral 

vectors (AVs) have a large packing capacity, which 

allows them to contain all of the components 

required for genome editing, including the Cas 

protein and one or more sgRNAs. If the AV genome 

does not integrate into the host genome, re-

expression of Cas9 and sgRNA may decrease off-

target effects 118,137.  

CRISPR/CAS9 LIMITATIONS and CHALLENGES  

While CRISPR/Cas9 technology is incredibly 

promising, it is now impossible to employ 

efficiently in medicine because of technological 

hurdles.  

Off Targets 

Apart from the fact that Cas9 binds to genomic 

sites that are not intended for cleavage, posing a 

significant obstacle to CRISPR/Cas9 genome 

editing, sgRNA's ability to recognize genomic sites 

with a few nucleotide mismatches frequently 

results in on-target and off-target mutations during 

DSB repair. Off-target effects may result in a deadly 

genetic mutation if they are severe enough. Off-

target effects may be classified into two types: those 

induced by sequence similarity between target loci 

and those caused by off-target sites located 

elsewhere in the genome 141-144. While eradicating 

off-target effects is not feasible, it is conceivable to 

minimize off-target effects while maintaining high 

effectiveness and minimal off-targets in crucial 

locations by choosing only on-target sgRNAs that 

are highly efficient and have few or no off-targets 
145.  

A number of approaches have been taken to 

reduce the number of off-target mutations; it may 

be possible to avoid or minimize off-target 

mutations by selecting specific target regions and 

optimizing Cas9 and guide RNA 146. It has been 

suggested that approaches for genome-wide off-

target detection, such as CRISPR amplification and 

off-target CRISPR amplification, would soon 

enable the accurate and sensitive detection of 

editor-induced off-target changes 147. To minimize 

off-target effects while increasing on-target 

mutagenesis, a synthetic switch was constructed 

that controls Cas9 expression in both transcription 

and translation 148. 

Homology Efficiency 

This is the second most significant challenge 

facing the widespread use of CRISPR/Cas9 gene 

editing in clinical settings. The adoption of 

homology-directed recombination (HDR) or non-

homologous end-joining (NHEJ)-induced indel 

creation repair procedures has a major impact on 

the final results of gene editing 141,149. Precise 

genome editing may be achieved by enhancing 

HDR efficiency by suppressing the NHEJ pathway 
149. Precision gene editing using CRISPR-Cas9 and 

HDR was accomplished by demethylating histone 

H2A-K15 150. Histone deacetylase inhibitors may 

enhance homology-directed DNA repair mediated 

by CRISPR/Cas9 151. An anti-CRISPR protein-

based CRISPR-Cas9 activation technique has been 

shown to improve the accuracy of genome editing 

in situations where HDR is prominent. Cell cycle-

dependent activatable systems may be used in a 

variety of additional CRISPR-Cas systems and 

anti-CRISPR combinations 152-154. A new approach 

suggests that Cas9 RNPs encapsulated in poly-L-

glutamic acid (PGA) nanoparticles might boost the 

efficacy of CRISPR/Cas9 gene editing 155.  

DNA Damage and Toxicity 

There is a chance that CRISPR/Cas9 may 

induce DNA damage, making it dangerous. 

CRISPR-Cas9 genome editing, for instance, 

induces a p53-mediated response to DNA damage. 
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DNA damage induces cell cycle arrest, which can 

then lead to apoptosis 156. The elimination of DNA 

damage necessitates the development of safer 

CRISPR/Cas9 applications. CRISPR safety has 

been addressed in a number of ways; transiently 

blocking p53-linked genes with non-redundant 

functions in CRISPR-induced DDR has been 

hypothesized as a feasible technique; these genes 

could serve as new pharmacological targets for 

modifying the CRISPR-p53 response. Additionally, 

cells with mutations in these genes may be more 

susceptible to DNA damage caused by CRISPR 157.  

Immunogenic Toxicity  

Apart from technological issues, CRISPR/Cas9 

gene therapy, like other kinds of gene therapy, 

raises concerns about immunogenic toxicity. Anti-

Cas9 antibodies reveal an immune response to 

intracellular bacterial proteins. In patients with 

preexisting anti-Cas9 CD8+ cytotoxic T 

lymphocytes, it may be more difficult to prevent 

immunological destruction of CRISPR-Cas9-

corrected cells, thereby reducing the likelihood of 

anti-Cas9 formation during CRISPR-Cas9 gene 

therapy. Charlesworth et al. found that human 

volunteers acquired anti-Cas9 antibodies against 

the two most often employed bacterial orthologs, 

Staphylococcus aureus (SaCas9) and Streptococcus 

pyogenes (SpCas9), prior to participating in their 

research. Additionally, Cas9-based medicines have 

been linked to an increased incidence of 

Staphylococcus infections in hospitals 158. Anti-

SaCas9 and anti-SpCas9 antibodies were found in 

10% and 2.5% of 200 human serum samples in the 

USA population respectively 159. 

Delivery System 

There are various limits or downsides to the 

delivery of CRISPR-Cas9 gene editing. Adenovirus 

(AV), lentivirus (LV), and adeno-associated viruses 

(AAV) are among the most common viral vectors 

that have been utilized to deliver gene editing tools 

to mice despite the fact that they sometimes induce 

immunological toxicities 118. To address this, 

adenoviral vector safety and efficacy may be 

greatly improved by reducing the host immune 

response, therefore providing new opportunities for 

the creation of more effective viral vectors. 

Immunogenicity may be reduced in vivo by using 

poly (lactic-glycolic) acid copolymer as an 

encapsulant for recombinant adenovirus 160. The 

delivery of CRISPR/Cas9 technology is restricted 

by AAVs' low cargo capacity, which is a significant 

constraint; as a consequence, devising a method for 

using AAV vectors to accomplish cell type-specific 

CRISPR activity is crucial 161, which implies that 

when AAVs are utilized for delivery, they can be 

encoded on distinct vectors in order to overcome 

this issue 162,163. The immune response of the host 

influences the delivery effectiveness of AVV 

vectors. Therefore, techniques that minimize the 

host immune response to viral vectors enhance 

delivery 163,164. As an alternative to viral delivery, 

lipid nanoparticles (LNPs) are easily accessible, 

affordable to manufacture, and highly compatible. 

While LV and AdV vectors have a greater package 

capacity for transport than AAV vectors, an 

immunological response or inflammation in the 

host may potentially provide substantial hurdles for 

AdVs and LVs 161,165,166.   

Although electroporation may be utilized in 

vivo for certain target tissues, it is most often 

performed ex vivo. Electroporation uses a high-

voltage shock to permeabilize cell membranes, 

which is toxic and may result in the permanent 

permeabilization of cells treated with 

electroporation. Damage to cells and a high degree 

of technical proficiency and physical dexterity are 

two additional drawbacks of microinjection 167,168. 

One method of cell engineering uses a technique 

called microfluidic squeezing, which relies on a 

temporary mechanical membrane breach to 

transport chemicals to cells; alternatively, it may be 

applicable 169. 

CONCLUSIONS and PERSPECTIVES 

The development of CRISPR/Cas9 gene 

editing technology has created new opportunities 

for combating BC medication resistance. The 

potential of CRISPR/Cas9 as a formidable tool for 

understanding the genetic and molecular 

mechanisms behind drug resistance and 

discovering important genes and pathways 

implicated in BC resistance has been highlighted in 

this review.  CRISPR/Cas9 offers a platform for the 
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creation of novel treatment approaches by precisely 

modifying gene expression and function, allowing 

researchers to understand the mechanisms 

underlying resistance. 

The studies covered in this review have shown 

the successful use of CRISPR/Cas9 gene editing in 

identifying and focusing on particular genes linked 

to BC treatment resistance, including those 

involved in DNA repair pathways, hormone 

receptor signaling, and drug efflux transporters. 

These discoveries have improved our 

comprehension of the mechanisms underlying drug 

resistance while also laying the framework for the 

creation of personalized therapeutic strategies that 

can go around resistance and enhance patient 

outcomes. 

The use of CRISPR/Cas9 gene editing as a 

fresh approach to combating BC medication 

resistance is incredibly promising. CRISPR/Cas9-

based techniques have the potential to completely 

change how BC is treated by elucidating the 

molecular causes of resistance and locating new 

therapeutic targets. However, further research and 

advancements are required to optimize these 

aspects and improve the clinical translation of 

CRISPR/Cas9 technology. 

Conflict of Interest 

The authors declared that they have no conflict 

of interests.  

REFERENCES 

1. Woof VG, McWilliams L, Howell A, Evans DG, French 

DP. How do women at increased risk of breast cancer 

make sense of their risk? An interpretative 

phenomenological analysis. British Journal of Health 

Psychology. 2023; 

2. Cao Y, Li Y, Liu R, Zhou J, Wang K. Preclinical and Basic 

Research Strategies for Overcoming Resistance to 

Targeted Therapies in HER2-Positive Breast Cancer. 

Cancers. 2023;15(9):2568.  

3. Hussen BM, Hidayat HJ, Ghafouri-Fard S. Identification 

of expression of CCND1-related lncRNAs in breast 

cancer. Pathology - Research and Practice. 2022/08/01/ 

2022;236:154009. 

doi:https://doi.org/10.1016/j.prp.2022.154009 

4. Ghafouri-Fard S, Sohrabi B, Hussen BM, et al. Down-

regulation of MEG3, PANDA and CASC2 as p53-related 

lncRNAs in breast cancer. Breast Disease. 2022;41:137-

143. doi:10.3233/BD-210069 

5. Murad R, Avanes A, Ma X, Geng S, Mortazavi A, 

Momand J. Transcriptome and chromatin landscape 

changes associated with trastuzumab resistance in 

HER2+ breast cancer cells. Gene. 2021/10/05/ 

2021;799:145808. 

doi:https://doi.org/10.1016/j.gene.2021.145808 

6. Mahmood D, Aminfar S. Efficient Machine Learning and 

Deep Learning Techniques for Detection of Breast Cancer 

Tumor. BioMed Target Journal. 05/03 2024;2:1-13. 

doi:10.59786/bmtj.211 

7. Chira S, Nutu A, Isacescu E, et al. Genome editing 

approaches with CRISPR/Cas9 for cancer treatment: 

critical appraisal of preclinical and clinical utility, 

challenges, and future research. Cells. 2022;11(18):2781.  

8. Li T, Yang Y, Qi H, et al. CRISPR/Cas9 therapeutics: 

progress and prospects. Signal Transduction and Targeted 

Therapy. 2023/01/16 2023;8(1):36. doi:10.1038/s41392-

023-01309-7 

9. Jacinto FV, Link W, Ferreira BI. CRISPR/Cas9‐mediated 

genome editing: From basic research to translational 

medicine. Journal of cellular and molecular medicine. 

2020;24(7):3766-3778.  

10. Zhang H, Qin C, An C, et al. Application of the 

CRISPR/Cas9-based gene editing technique in basic 

research, diagnosis, and therapy of cancer. Molecular 

Cancer. 2021;20:1-22.  

11. Kato-Inui T, Takahashi G, Hsu S, Miyaoka Y. Clustered 

regularly interspaced short palindromic repeats 

(CRISPR)/CRISPR-associated protein 9 with improved 

proof-reading enhances homology-directed repair. 

Nucleic Acids Research. 2018;46(9):4677-4688.  

12. De A, Biswas A. Elucidative PAM/target sequence for 

CRISPR/Cas-9 activity in breast cancer using a 

computational approach. International Journal of 

Innovative Science and Research Technology. 

2020;5(7):872-876.  

13. Wan F, Draz M, Gu M, Yu W, Ruan Z, Luo Q. Novel 

Strategy to Combat Antibiotic Resistance: A Sight into the 

Combination of CRISPR/Cas9 and Nanoparticles. 

Pharmaceutics 2021, 13, 352. s Note: MDPI stays neutral 

with regard to jurisdictional claims in published …; 2021. 

14. Khalaf K, Janowicz K, Dyszkiewicz-Konwińska M, et al. 

CRISPR/Cas9 in Cancer Immunotherapy: Animal Models 

and Human Clinical Trials. Genes (Basel). Aug 11 

2020;11(8)doi:10.3390/genes11080921 

15. Zhan T, Rindtorff N, Betge J, Ebert MP, Boutros M. 

CRISPR/Cas9 for cancer research and therapy. Semin 

Cancer Biol. Apr 2019;55:106-119. 

doi:10.1016/j.semcancer.2018.04.001 

16. Bukowski K, Kciuk M, Kontek R. Mechanisms of 

Multidrug Resistance in Cancer Chemotherapy. Int J Mol 

Sci. May 2 2020;21(9)doi:10.3390/ijms21093233 

17. Haider T, Pandey V, Banjare N, Gupta PN, Soni V. Drug 

resistance in cancer: mechanisms and tackling strategies. 

Pharmacol Rep. Oct 2020;72(5):1125-1151. 

doi:10.1007/s43440-020-00138-7 

18. Zhang Y, Showalter AM. CRISPR/Cas9 Genome Editing 

Technology: A Valuable Tool for Understanding Plant Cell 

Wall Biosynthesis and Function. Review. Frontiers in 

Plant Science. 2020-November-20 

2020;11(1779)doi:10.3389/fpls.2020.589517 

19. Singh V, Gohil N, Ramírez García R, Braddick D, Fofié 

CK. Recent Advances in CRISPR-Cas9 Genome Editing 

Technology for Biological and Biomedical Investigations. 

J Cell Biochem. Jan 2018;119(1):81-94. 

doi:10.1002/jcb.26165 

20. Gaj T, Gersbach CA, Barbas CF, 3rd. ZFN, TALEN, and 

CRISPR/Cas-based methods for genome engineering. 

Trends Biotechnol. Jul 2013;31(7):397-405. 

https://doi.org/10.1016/j.prp.2022.154009
https://doi.org/10.1016/j.gene.2021.145808


Hussen B. et al.  BioMed Target Journal 

 

BioMed Target Journal. 2024, 2(2): 1-20  16 

doi:10.1016/j.tibtech.2013.04.004 

21. Asmamaw M, Zawdie B. Mechanism and Applications of 

CRISPR/Cas-9-Mediated Genome Editing. Biologics. 

2021;15:353-361. doi:10.2147/BTT.S326422 

22. Bodai Z, Bishop AL, Gantz VM, Komor AC. Targeting 

double-strand break indel byproducts with secondary 

guide RNAs improves Cas9 HDR-mediated genome 

editing efficiencies. Nature communications. 

2022;13(1):1-15.  

23. Li H, Yang Y, Hong W, Huang M, Wu M, Zhao X. 

Applications of genome editing technology in the targeted 

therapy of human diseases: mechanisms, advances and 

prospects. Signal transduction and targeted therapy. 

2020;5(1):1-23.  

24. Hussen BM, Rasul MF, Abdullah SR, et al. Targeting 

miRNA by CRISPR/Cas in cancer: advantages and 

challenges. Military Medical Research. 2023/07/17 

2023;10(1):32. doi:10.1186/s40779-023-00468-6 

25. Singh V, Gohil N, Ramirez Garcia R, Braddick D, Fofié 

CK. Recent advances in CRISPR‐Cas9 genome editing 

technology for biological and biomedical investigations. 

Journal of cellular biochemistry. 2018;119(1):81-94.  

26. Karimian A, Azizian K, Parsian H, et al. CRISPR/Cas9 

technology as a potent molecular tool for gene therapy. 

Journal of cellular physiology. 2019;234(8):12267-

12277.  

27. Zhang Y, Showalter AM. CRISPR/Cas9 genome editing 

technology: a valuable tool for understanding plant cell 

wall biosynthesis and function. Frontiers in Plant Science. 

2020;11:589517.  

28. Khwatenge CN, Nahashon SN. Recent advances in the 

application of CRISPR/Cas9 gene editing system in 

poultry species. Frontiers in Genetics. 2021;12:627714.  

29. Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 

2020: GLOBOCAN estimates of incidence and mortality 

worldwide for 36 cancers in 185 countries. CA: a cancer 

journal for clinicians. 2021;71(3):209-249.  

30. Cheung K-L. Treatment strategies and survival outcomes 

in breast cancer. MDPI; 2020. p. 735. 

31. Nielsen DL, Andersson M, Kamby C. HER2-targeted 

therapy in breast cancer. Monoclonal antibodies and 

tyrosine kinase inhibitors. Cancer treatment reviews. 

2009;35(2):121-136.  

32. Catalano A, Iacopetta D, Ceramella J, et al. Multidrug 

resistance (MDR): A widespread phenomenon in 

pharmacological therapies. Molecules. 2022;27(3):616.  

33. Khan MM, Torchilin VP. Recent Trends in Nanomedicine-

Based Strategies to Overcome Multidrug Resistance in 

Tumors. Cancers. 2022;14(17):4123.  

34. Chen J, Yu X, Liu X, Ni J, Yang G, Zhang K. Advances in 

nanobiotechnology-propelled multidrug resistance 

circumvention of cancer. Nanoscale. 2022; 

35. Karthika C, Sureshkumar R, Zehravi M, et al. Multidrug 

resistance of cancer cells and the vital role of p-

glycoprotein. Life. 2022;12(6):897.  

36. Cui Z, Tian R, Huang Z, et al. FrCas9 is a CRISPR/Cas9 

system with high editing efficiency and fidelity. Nature 

communications. 2022;13(1):1-12.  

37. Chu P-Y, Tzeng Y-DT, Tsui K-H, Chu C-Y, Li C-J. 

Downregulation of ATP binding cassette subfamily a 

member 10 acts as a prognostic factor associated with 

immune infiltration in breast cancer. Aging (Albany NY). 

2022;14(5):2252.  

38. Feyzizadeh M, Barfar A, Nouri Z, Sarfraz M, Zakeri-

Milani P, Valizadeh H. Overcoming multidrug resistance 

through targeting ABC transporters: lessons for drug 

discovery. Expert Opinion on Drug Discovery. 

2022;17(9):1013-1027.  

39. Gote V, Nookala AR, Bolla PK, Pal D. Drug resistance in 

metastatic breast cancer: tumor targeted nanomedicine to 

the rescue. International journal of molecular sciences. 

2021;22(9):4673.  

40. He J, Fortunati E, Liu D-X, Li Y. Pleiotropic Roles of ABC 

Transporters in Breast Cancer. Int J Mol Sci. 

2021;22(6):3199. doi:10.3390/ijms22063199 

41. Tang P, Wu J, Ma Q, et al. Enrichment of CD44+/CD24+ 

cells predicts chemoresistance in luminal breast cancer. 

2022; 

42. Gameiro M, Silva R, Rocha-Pereira C, et al. Cellular 

models and in vitro assays for the screening of modulators 

of P-gp, MRP1 and BCRP. Molecules. 2017;22(4):600.  

43. Oba T, Izumi H, Ito K-I. ABCB1 and ABCC11 confer 

resistance to eribulin in breast cancer cell lines. 

Oncotarget. 2016;7(43):70011-70027. 

doi:10.18632/oncotarget.11727 

44. Liang C, Zhao J, Lu J, et al. Development and 

characterization of MDR1 (Mdr1a/b) CRISPR/Cas9 

knockout rat model. Drug Metabolism and Disposition. 

2019;47(2):71-79.  

45. Ha JS, Byun J, Ahn D-R. Overcoming doxorubicin 

resistance of cancer cells by Cas9-mediated gene 

disruption. Scientific Reports. 2016/03/10 

2016;6(1):22847. doi:10.1038/srep22847 

46. Ha JS, Byun J, Ahn DR. Overcoming doxorubicin 

resistance of cancer cells by Cas9-mediated gene 

disruption. Sci Rep. Mar 10 2016;6:22847. 

doi:10.1038/srep22847 

47. Norouzi-Barough L, Sarookhani M, Salehi R, Sharifi M, 

Moghbelinejad S. CRISPR/Cas9, a new approach to 

successful knockdown of ABCB1/P-glycoprotein and 

reversal of chemosensitivity in human epithelial ovarian 

cancer cell line. Iran J Basic Med Sci. 2018;21(2):181-

187. doi:10.22038/IJBMS.2017.25145.6230 

48. Yang Y, Qiu J-G, Li Y, et al. Targeting ABCB1-mediated 

tumor multidrug resistance by CRISPR/Cas9-based 

genome editing. Am J Transl Res. 2016;8(9):3986-3994.  

49. Simoff I, Karlgren M, Backlund M, et al. Complete 

Knockout of Endogenous Mdr1 (Abcb1) in MDCK Cells 

by CRISPR-Cas9. Journal of Pharmaceutical Sciences. 

2016/02/01/ 2016;105(2):1017-1021. 

doi:https://doi.org/10.1016/S0022-3549(15)00171-9 

50. Lee J, Kim J, Kang J, Lee HJ. COVID-19 drugs: potential 

interaction with ATP-binding cassette transporters P-

glycoprotein and breast cancer resistance protein. Journal 

of Pharmaceutical Investigation. 2022:1-22.  

51. Szczygieł M, Markiewicz M, Szafraniec MJ, Hojda A, 

Fiedor L, Urbanska K. Systemic Mobilization of Breast 

Cancer Resistance Protein in Response to Oncogenic 

Stress. Cancers. 2022;14(2):313.  

52. Xavier CP, Belisario DC, Rebelo R, et al. The role of 

extracellular vesicles in the transfer of drug resistance 

competences to cancer cells. Drug Resistance Updates. 

2022:100833.  

53. Zhang YS, Yang C, Han L, Liu L, Liu YJ. Expression of 

BCRP/ABCG2 Protein in Invasive Breast Cancer and 

Response to Neoadjuvant Chemotherapy. Oncology 

Research and Treatment. 2022;45(3):94-101.  

54. Assaraf YG. The role of multidrug resistance efflux 

transporters in antifolate resistance and folate 

homeostasis. Drug Resistance Updates. 2006;9(4-5):227-

246.  

55. Vaghari-Tabari M, Hassanpour P, Sadeghsoltani F, et al. 

https://doi.org/10.1016/S0022-3549(15)00171-9


Molecular Mechanisms of Breast Cancer Drug Resistance and CRISPR/Cas9… BioMed Target Journal 

  

BioMed Target Journal. 2024, 2(2): 1-20  17 

CRISPR/Cas9 gene editing: a new approach for 

overcoming drug resistance in cancer. Cellular & 

Molecular Biology Letters. 2022;27(1):1-29.  

56. Zhang L, Li Y, Wang Q, et al. The PI3K subunits, P110α 

and P110β are potential targets for overcoming P-gp and 

BCRP-mediated MDR in cancer. Molecular Cancer. 

2020/01/17 2020;19(1):10. doi:10.1186/s12943-019-

1112-1 

57. Kashyap D, Garg VK, Goel N. Intrinsic and extrinsic 

pathways of apoptosis: Role in cancer development and 

prognosis. Adv Protein Chem Struct Biol. 2021;125:73-

120. doi:10.1016/bs.apcsb.2021.01.003 

58. Pistritto G, Trisciuoglio D, Ceci C, Garufi A, D'Orazi G. 

Apoptosis as anticancer mechanism: function and 

dysfunction of its modulators and targeted therapeutic 

strategies. Aging (Albany NY). Apr 2016;8(4):603-19. 

doi:10.18632/aging.100934 

59. Parton M, Dowsett M, Smith I. Studies of apoptosis in 

breast cancer. BMJ. 2001;322(7301):1528-1532. 

doi:10.1136/bmj.322.7301.1528 

60. Housman G, Byler S, Heerboth S, et al. Drug resistance in 

cancer: an overview. Cancers (Basel). Sep 5 

2014;6(3):1769-92. doi:10.3390/cancers6031769 

61. Davis JM, Navolanic PM, Weinstein-Oppenheimer CR, et 

al. Raf-1 and Bcl-2 induce distinct and common pathways 

that contribute to breast cancer drug resistance. Clinical 

Cancer Research. 2003;9(3):1161-1170.  

62. Young A, Bu W, Jiang W, et al. Targeting the Pro-survival 

Protein BCL-2 to Prevent Breast CancerBCL2 Blockade 

Prevents Breast Cancer. Cancer Prevention Research. 

2022;15(1):3-10.  

63. Liu R, Chen Y, Liu G, et al. PI3K/AKT pathway as a key 

link modulates the multidrug resistance of cancers. Cell 

Death Dis. 2020;11(9):797-797. doi:10.1038/s41419-020-

02998-6 

64. Dong C, Wu J, Chen Y, Nie J, Chen C. Activation of 

PI3K/AKT/mTOR Pathway Causes Drug Resistance in 

Breast Cancer. Front Pharmacol. 2021;12:628690-

628690. doi:10.3389/fphar.2021.628690 

65. Soderquist RS, Crawford L, Liu E, et al. Systematic 

mapping of BCL-2 gene dependencies in cancer reveals 

molecular determinants of BH3 mimetic sensitivity. 

Nature Communications. 2018/08/29 2018;9(1):3513. 

doi:10.1038/s41467-018-05815-z 

66. Merino D, Whittle JR, Vaillant F, et al. Synergistic action 

of the MCL-1 inhibitor S63845 with current therapies in 

preclinical models of triple-negative and HER2-amplified 

breast cancer. Sci Transl Med. Aug 2 

2017;9(401)doi:10.1126/scitranslmed.aam7049 

67. Gao LB, Zhu XL, Shi JX, Yang L, Xu ZQ, Shi SL. 

HnRNPA2B1 promotes the proliferation of breast cancer 

MCF-7 cells via the STAT3 pathway. J Cell Biochem. Apr 

2021;122(3-4):472-484. doi:10.1002/jcb.29875 

68. Berns K, Sonnenblick A, Gennissen A, et al. Loss of 

ARID1A Activates ANXA1, which Serves as a Predictive 

Biomarker for Trastuzumab Resistance. Clin Cancer Res. 

Nov 1 2016;22(21):5238-5248. doi:10.1158/1078-

0432.Ccr-15-2996 

69. Yi L, Li J. CRISPR-Cas9 therapeutics in cancer: 

promising strategies and present challenges. Biochim 

Biophys Acta. Dec 2016;1866(2):197-207. 

doi:10.1016/j.bbcan.2016.09.002 

70. Holohan C, Van Schaeybroeck S, Longley DB, Johnston 

PG. Cancer drug resistance: an evolving paradigm. Nat 

Rev Cancer. Oct 2013;13(10):714-26. 

doi:10.1038/nrc3599 

71. Hubalek M, Czech T, Müller H. Biological Subtypes of 

Triple-Negative Breast Cancer. Breast Care (Basel). Mar 

2017;12(1):8-14. doi:10.1159/000455820 

72. Dzobo K, Senthebane DA, Ganz C, Thomford NE, 

Wonkam A, Dandara C. Advances in Therapeutic 

Targeting of Cancer Stem Cells within the Tumor 

Microenvironment: An Updated Review. Cells. 

2020;9(8):1896. doi:10.3390/cells9081896 

73. Bledzka K, Schiemann B, Schiemann WP, Fox P, Plow EF, 

Sossey-Alaoui K. The WAVE3-YB1 interaction regulates 

cancer stem cells activity in breast cancer. Oncotarget. 

2017;8(61):104072-104089. 

doi:10.18632/oncotarget.22009 

74. Wang W, Kansakar U, Markovic V, Sossey-Alaoui K. 

Wave3 tyrosine phosphorylation activates the invasion-

metastasis cascade of triple negative breast cancer tumors 

through the maintenance of the cancer stem cell niche. 

AACR; 2020. 

75. Dustin D, Gu G, Fuqua SAW. ESR1 mutations in breast 

cancer. Cancer. Nov 1 2019;125(21):3714-3728. 

doi:10.1002/cncr.32345 

76. Brett JO, Spring LM, Bardia A, Wander SA. ESR1 

mutation as an emerging clinical biomarker in metastatic 

hormone receptor-positive breast cancer. Breast Cancer 

Research. 2021/08/15 2021;23(1):85. 

doi:10.1186/s13058-021-01462-3 

77. Kim C, Tang G, Pogue-Geile KL, et al. Estrogen receptor 

(ESR1) mRNA expression and benefit from tamoxifen in 

the treatment and prevention of estrogen receptor-positive 

breast cancer. J Clin Oncol. 2011;29(31):4160-4167. 

doi:10.1200/JCO.2010.32.9615 

78. Hermida-Prado F, Jeselsohn R. The ESR1 Mutations: 

From Bedside to Bench to Bedside. Cancer Res. Feb 1 

2021;81(3):537-538. doi:10.1158/0008-5472.Can-20-

4037 

79. Harrod A, Fulton J, Nguyen VTM, et al. Genomic 

modelling of the ESR1 Y537S mutation for evaluating 

function and new therapeutic approaches for metastatic 

breast cancer. Oncogene. 2017/04/01 2017;36(16):2286-

2296. doi:10.1038/onc.2016.382 

80. McDermott MS, Chumanevich AA, Lim CU, et al. 

Inhibition of CDK8 mediator kinase suppresses estrogen 

dependent transcription and the growth of estrogen 

receptor positive breast cancer. Oncotarget. Feb 21 

2017;8(8):12558-12575. doi:10.18632/oncotarget.14894 

81. Cai Y, Xu G, Wu F, et al. Genomic alterations in PIK3CA-

mutated breast cancer result in mTORC1 activation and 

limit the sensitivity to PI3Kα inhibitors. Cancer Research. 

2021;81(9):2470-2480.  

82. Knuefermann C, Lu Y, Liu B, et al. HER2/PI-3K/Akt 

activation leads to a multidrug resistance in human breast 

adenocarcinoma cells. Oncogene. 2003/05/01 

2003;22(21):3205-3212. doi:10.1038/sj.onc.1206394 

83. Scaltriti M, Rojo F, Ocaña A, et al. Expression of 

p95HER2, a truncated form of the HER2 receptor, and 

response to anti-HER2 therapies in breast cancer. J Natl 

Cancer Inst. Apr 18 2007;99(8):628-38. 

doi:10.1093/jnci/djk134 

84. Nahta R, Yu D, Hung MC, Hortobagyi GN, Esteva FJ. 

Mechanisms of disease: understanding resistance to 

HER2-targeted therapy in human breast cancer. Nat Clin 

Pract Oncol. May 2006;3(5):269-80. 

doi:10.1038/ncponc0509 

85. Wang H, Sun W. CRISPR-mediated targeting of HER2 

inhibits cell proliferation through a dominant negative 

mutation. Cancer Lett. Jan 28 2017;385:137-143. 



Hussen B. et al.  BioMed Target Journal 

 

BioMed Target Journal. 2024, 2(2): 1-20  18 

doi:10.1016/j.canlet.2016.10.033 

86. Li H, Wang J, Yi Z, et al. CDK12 inhibition enhances 

sensitivity of HER2+ breast cancers to HER2-tyrosine 

kinase inhibitor via suppressing PI3K/AKT. European 

Journal of Cancer. 2021/03/01/ 2021;145:92-108. 

doi:https://doi.org/10.1016/j.ejca.2020.11.045 

87. Longley D, Johnston P. Molecular mechanisms of drug 

resistance. The Journal of Pathology: A Journal of the 

Pathological Society of Great Britain and Ireland. 

2005;205(2):275-292.  

88. Xu Y, Villalona-Calero MA. Irinotecan: mechanisms of 

tumor resistance and novel strategies for modulating its 

activity. Ann Oncol. Dec 2002;13(12):1841-51. 

doi:10.1093/annonc/mdf337 

89. Knappskog S, Berge EO, Chrisanthar R, et al. 

Concomitant inactivation of the p53- and pRB- functional 

pathways predicts resistance to DNA damaging drugs in 

breast cancer in vivo. Molecular Oncology. 2015/10/01/ 

2015;9(8):1553-1564. 

doi:https://doi.org/10.1016/j.molonc.2015.04.008 

90. Shen JP, Zhao D, Sasik R, et al. Abstract PR08: 

Combinatorial CRISPR-Cas9 reveals many cancer 

synthetic lethal interactions are private to cell type. 

AACR; 2017. 

91. Lu J, Liu J, Guo Y, Zhang Y, Xu Y, Wang X. CRISPR-

Cas9: A method for establishing rat models of drug 

metabolism and pharmacokinetics. Acta Pharmaceutica 

Sinica B. 2021/10/01/ 2021;11(10):2973-2982. 

doi:https://doi.org/10.1016/j.apsb.2021.01.007 

92. Lu J, Shao Y, Qin X, et al. CRISPR knockout rat 

cytochrome P450 3A1/2 model for advancing drug 

metabolism and pharmacokinetics research. Sci Rep. 

2017/02/20 2017;7(1):42922. doi:10.1038/srep42922 

93. Qin X, Lu J, Wang P, Xu P, Liu M, Wang X. Cytochrome 

P450 3A selectively affects the pharmacokinetic 

interaction between erlotinib and docetaxel in rats. 

Biochem Pharmacol. 2017/11/01/ 2017;143:129-139. 

doi:https://doi.org/10.1016/j.bcp.2017.07.013 

94. Wang J, Gan C, Retmana IA, et al. P-glycoprotein 

(MDR1/ABCB1) and Breast Cancer Resistance Protein 

(BCRP/ABCG2) limit brain accumulation of the FLT3 

inhibitor quizartinib in mice. International Journal of 

Pharmaceutics. 2019/02/10/ 2019;556:172-180. 

doi:https://doi.org/10.1016/j.ijpharm.2018.12.014 

95. Dudas J, Ladanyi A, Ingruber J, Steinbichler TB, 

Riechelmann H. Epithelial to Mesenchymal Transition: A 

Mechanism that Fuels Cancer Radio/Chemoresistance. 

Cells. 2020;9(2):428. doi:10.3390/cells9020428 

96. Yastrebova MA, Khamidullina AI, Tatarskiy VV, 

Scherbakov AM. Snail-Family Proteins: Role in 

Carcinogenesis and Prospects for Antitumor Therapy. 

Acta Naturae. Jan-Mar 2021;13(1):76-90. 

doi:10.32607/actanaturae.11062 

97. Huang J, Li H, Ren G. Epithelial-mesenchymal transition 

and drug resistance in breast cancer (Review). Int J Oncol. 

Sep 2015;47(3):840-8. doi:10.3892/ijo.2015.3084 

98. Li W, Liu C, Tang Y, Li H, Zhou F, Lv S. Overexpression 

of Snail accelerates adriamycin induction of multidrug 

resistance in breast cancer cells. Asian Pac J Cancer Prev. 

2011;12(10):2575-80.  

99. Haraguchi M, Sato M, Ozawa M. CRISPR/Cas9n-

Mediated Deletion of the Snail 1Gene (SNAI1) Reveals 

Its Role in Regulating Cell Morphology, Cell-Cell 

Interactions, and Gene Expression in Ovarian Cancer 

(RMG-1) Cells. PLoS One. 2015;10(7):e0132260. 

doi:10.1371/journal.pone.0132260 

100. Tordjman J, Majumder M, Amiri M, Hasan A, Hess D, 

Lala PK. Tumor suppressor role of cytoplasmic 

polyadenylation element binding protein 2 (CPEB2) in 

human mammary epithelial cells. BMC Cancer. 

2019/06/11 2019;19(1):561. doi:10.1186/s12885-019-

5771-5 

101. Sossey-Alaoui K, Pluskota E, Szpak D, Schiemann WP, 

Plow EF. The Kindlin-2 regulation of epithelial-to-

mesenchymal transition in breast cancer metastasis is 

mediated through miR-200b. Sci Rep. 2018/05/09 

2018;8(1):7360. doi:10.1038/s41598-018-25373-0 

102. Moschetta-Pinheiro MG, Colombo J, Godoy BLV, Balan 

JF, Nascimento BC, Zuccari D. Modulation of Epithelial 

Mesenchymal Transition after AGTR-1 Gene Edition by 

Crispr/Cas9 and Losartan Treatment in Mammary Tumor 

Cell Line: A Comparative Study between Human and 

Canine Species. Life (Basel). Dec 18 

2021;11(12)doi:10.3390/life11121427 

103. Lino CA, Harper JC, Carney JP, Timlin JA. Delivering 

CRISPR: a review of the challenges and approaches. 

Drug Deliv. 2018;25(1):1234-1257. 

doi:10.1080/10717544.2018.1474964 

104. Yip BH. Recent Advances in CRISPR/Cas9 Delivery 

Strategies. Biomolecules. 2020;10(6):839. 

doi:10.3390/biom10060839 

105. Kotani H, Taimatsu K, Ohga R, Ota S, Kawahara A. 

Efficient Multiple Genome Modifications Induced by the 

crRNAs, tracrRNA and Cas9 Protein Complex in 

Zebrafish. PLoS One. 2015;10(5):e0128319. 

doi:10.1371/journal.pone.0128319 

106. Liu P, Luk K, Shin M, et al. Enhanced Cas12a editing in 

mammalian cells and zebrafish. Nucleic Acids Res. May 

7 2019;47(8):4169-4180. doi:10.1093/nar/gkz184 

107. Kim K, Ryu SM, Kim ST, et al. Highly efficient RNA-

guided base editing in mouse embryos. Nat Biotechnol. 

May 2017;35(5):435-437. doi:10.1038/nbt.3816 

108. Meccariello A, Tsoumani KT, Gravina A, et al. Targeted 

somatic mutagenesis through CRISPR/Cas9 

ribonucleoprotein complexes in the olive fruit fly, 

Bactrocera oleae. Arch Insect Biochem Physiol. Jun 

2020;104(2):e21667. doi:10.1002/arch.21667 

109. Fei JF, Schuez M, Knapp D, Taniguchi Y, Drechsel DN, 

Tanaka EM. Efficient gene knockin in axolotl and its use 

to test the role of satellite cells in limb regeneration. Proc 

Natl Acad Sci U S A. Nov 21 2017;114(47):12501-12506. 

doi:10.1073/pnas.1706855114 

110. Fajrial AK, He QQ, Wirusanti NI, Slansky JE, Ding X. A 

review of emerging physical transfection methods for 

CRISPR/Cas9-mediated gene editing. Theranostics. 

2020;10(12):5532-5549. doi:10.7150/thno.43465 

111. Liang X, Potter J, Kumar S, et al. Rapid and highly 

efficient mammalian cell engineering via Cas9 protein 

transfection. J Biotechnol. Aug 20 2015;208:44-53. 

doi:10.1016/j.jbiotec.2015.04.024 

112. Qin W, Wang H. Delivery of CRISPR-Cas9 into Mouse 

Zygotes by Electroporation. Methods Mol Biol. 

2019;1874:179-190. doi:10.1007/978-1-4939-8831-0_10 

113. Tavazohi N, Mirian M, Varshosaz J, Shirani-Bidabadi S, 

Sadeghi HMM, Khanahmad H. Fabrication and 

evaluation of a dual-targeting nanoparticle mediated 

CRISPR/Cas9 delivery to combat drug resistance in 

breast cancer cells. Journal of Drug Delivery Science and 

Technology. 2023:104628.  

114. Hannafon BN, Cai A, Calloway CL, et al. miR-23b and 

miR-27b are oncogenic microRNAs in breast cancer: 

evidence from a CRISPR/Cas9 deletion study. BMC 

https://doi.org/10.1016/j.ejca.2020.11.045
https://doi.org/10.1016/j.molonc.2015.04.008
https://doi.org/10.1016/j.apsb.2021.01.007
https://doi.org/10.1016/j.bcp.2017.07.013
https://doi.org/10.1016/j.ijpharm.2018.12.014


Molecular Mechanisms of Breast Cancer Drug Resistance and CRISPR/Cas9… BioMed Target Journal 

  

BioMed Target Journal. 2024, 2(2): 1-20  19 

cancer. 2019;19(1):1-12.  

115. Azadbakht N, Doosti A, Jami M-S. CRISPR/Cas9-

mediated LINC00511 knockout strategies, increased 

apoptosis of breast cancer cells via suppressing 

antiapoptotic genes. Biological procedures online. 

2022;24(1):1-15.  

116. Gao R, Luo Q, Li Y, et al. Biosynthetic Nanobubble-

Mediated CRISPR/Cas9 Gene Editing of Cdh2 Inhibits 

Breast Cancer Metastasis. Pharmaceutics. 

2022;14(7):1382.  

117. Canak-Ipek T, Avci-Adali M, EKENTOK ATICI C, 

ŞALVA E, ÖZBAS S. Chitosan-based delivery of 

CRISPR-Cas9 plasmid in breast cancer stem cells. 

Journal of Research in Pharmacy. 2023;27(1) 

118. Cheng H, Zhang F, Ding Y. CRISPR/Cas9 Delivery 

System Engineering for Genome Editing in Therapeutic 

Applications. Pharmaceutics. 2021;13(10):1649. 

doi:10.3390/pharmaceutics13101649 

119. Xu CL, Ruan MZC, Mahajan VB, Tsang SH. Viral 

Delivery Systems for CRISPR. Viruses. 2019;11(1):28. 

doi:10.3390/v11010028 

120. Tervo DG, Hwang BY, Viswanathan S, et al. A Designer 

AAV Variant Permits Efficient Retrograde Access to 

Projection Neurons. Neuron. Oct 19 2016;92(2):372-382. 

doi:10.1016/j.neuron.2016.09.021 

121. Torregrosa T, Lehman S, Hana S, et al. Use of 

CRISPR/Cas9-mediated disruption of CNS cell type 

genes to profile transduction of AAV by neonatal 

intracerebroventricular delivery in mice. Gene Therapy. 

2021/08/01 2021;28(7):456-468. doi:10.1038/s41434-

021-00223-3 

122. Pickar-Oliver A, Gough V, Bohning JD, et al. Full-length 

dystrophin restoration via targeted exon integration by 

AAV-CRISPR in a humanized mouse model of Duchenne 

muscular dystrophy. Molecular Therapy. 2021/11/03/ 

2021;29(11):3243-3257. 

doi:https://doi.org/10.1016/j.ymthe.2021.09.003 

123. Ruan GX, Barry E, Yu D, Lukason M, Cheng SH, Scaria 

A. CRISPR/Cas9-Mediated Genome Editing as a 

Therapeutic Approach for Leber Congenital Amaurosis 

10. Mol Ther. Feb 1 2017;25(2):331-341. 

doi:10.1016/j.ymthe.2016.12.006 

124. Hung SS, Chrysostomou V, Li F, et al. AAV-Mediated 

CRISPR/Cas Gene Editing of Retinal Cells In Vivo. 

Invest Ophthalmol Vis Sci. Jun 1 2016;57(7):3470-6. 

doi:10.1167/iovs.16-19316 

125. Yu W, Mookherjee S, Chaitankar V, et al. Nrl knockdown 

by AAV-delivered CRISPR/Cas9 prevents retinal 

degeneration in mice. Nat Commun. Mar 14 

2017;8:14716. doi:10.1038/ncomms14716 

126. Gumerson JD, Alsufyani A, Yu W, et al. Restoration of 

RPGR expression in vivo using CRISPR/Cas9 gene 

editing. Gene Therapy. 2021/07/14 

2021;doi:10.1038/s41434-021-00258-6 

127. Yang Y, Wang L, Bell P, et al. A dual AAV system enables 

the Cas9-mediated correction of a metabolic liver disease 

in newborn mice. Nat Biotechnol. Mar 2016;34(3):334-8. 

doi:10.1038/nbt.3469 

128. Jarrett KE, Lee CM, Yeh YH, et al. Somatic genome 

editing with CRISPR/Cas9 generates and corrects a 

metabolic disease. Sci Rep. Mar 16 2017;7:44624. 

doi:10.1038/srep44624 

129. Ohmori T, Nagao Y, Mizukami H, et al. CRISPR/Cas9-

mediated genome editing via postnatal administration of 

AAV vector cures haemophilia B mice. Sci Rep. Jun 23 

2017;7(1):4159. doi:10.1038/s41598-017-04625-5 

130. Stone D, Long KR, Loprieno MA, et al. CRISPR-Cas9 

gene editing of hepatitis B virus in chronically infected 

humanized mice. Molecular Therapy - Methods & 

Clinical Development. 2021/03/12/ 2021;20:258-275. 

doi:https://doi.org/10.1016/j.omtm.2020.11.014 

131. Guo Y, VanDusen NJ, Zhang L, et al. Analysis of Cardiac 

Myocyte Maturation Using CASAAV, a Platform for 

Rapid Dissection of Cardiac Myocyte Gene Function In 

Vivo. Circ Res. Jun 9 2017;120(12):1874-1888. 

doi:10.1161/circresaha.116.310283 

132. El Refaey M, Xu L, Gao Y, et al. In Vivo Genome Editing 

Restores Dystrophin Expression and Cardiac Function in 

Dystrophic Mice. Circ Res. Sep 29 2017;121(8):923-929. 

doi:10.1161/circresaha.117.310996 

133. Hana S, Peterson M, McLaughlin H, et al. Highly 

efficient neuronal gene knockout in vivo by CRISPR-

Cas9 via neonatal intracerebroventricular injection of 

AAV in mice. Gene Therapy. 2021/11/01 

2021;28(10):646-658. doi:10.1038/s41434-021-00224-2 

134. Platt RJ, Chen S, Zhou Y, et al. CRISPR-Cas9 knockin 

mice for genome editing and cancer modeling. Cell. Oct 

9 2014;159(2):440-55. doi:10.1016/j.cell.2014.09.014 

135. Liang S-Q, Walkey CJ, Martinez AE, et al. AAV5 

delivery of CRISPR-Cas9 supports effective genome 

editing in mouse lung airway. Molecular Therapy. 

2021/10/23/ 

2021;doi:https://doi.org/10.1016/j.ymthe.2021.10.023 

136. Siegrist CM, Kinahan SM, Settecerri T, Greene AC, 

Santarpia JL. CRISPR/Cas9 as an antiviral against 

Orthopoxviruses using an AAV vector. Sci Rep. 

2020/11/09 2020;10(1):19307. doi:10.1038/s41598-020-

76449-9 

137. Behr M, Zhou J, Xu B, Zhang H. In vivo delivery of 

CRISPR-Cas9 therapeutics: Progress and challenges. 

Acta Pharm Sin B. Aug 2021;11(8):2150-2171. 

doi:10.1016/j.apsb.2021.05.020 

138. Yudovich D, Bäckström A, Schmiderer L, Žemaitis K, 

Subramaniam A, Larsson J. Combined lentiviral- and 

RNA-mediated CRISPR/Cas9 delivery for efficient and 

traceable gene editing in human hematopoietic stem and 

progenitor cells. Sci Rep. 2020/12/28 2020;10(1):22393. 

doi:10.1038/s41598-020-79724-x 

139. Lee S, Kim Y-Y, Ahn HJ. Systemic delivery of 

CRISPR/Cas9 to hepatic tumors for cancer treatment 

using altered tropism of lentiviral vector. Biomaterials. 

2021/05/01/ 2021;272:120793. 

doi:https://doi.org/10.1016/j.biomaterials.2021.120793 

140. Uchida N, Drysdale CM, Nassehi T, et al. Cas9 protein 

delivery non-integrating lentiviral vectors for gene 

correction in sickle cell disease. Molecular Therapy - 

Methods & Clinical Development. 2021/06/11/ 

2021;21:121-132. 

doi:https://doi.org/10.1016/j.omtm.2021.02.022 

141. Kang XJ, Caparas CIN, Soh BS, Fan Y. Addressing 

challenges in the clinical applications associated with 

CRISPR/Cas9 technology and ethical questions to 

prevent its misuse. Protein & Cell. 2017/11/01 

2017;8(11):791-795. doi:10.1007/s13238-017-0477-4 

142. Naeem M, Majeed S, Hoque MZ, Ahmad I. Latest 

Developed Strategies to Minimize the Off-Target Effects 

in CRISPR-Cas-Mediated Genome Editing. Cells. 

2020;9(7):1608. doi:10.3390/cells9071608 

143. Wang X, Tu M, Wang Y, et al. Whole-genome sequencing 

reveals rare off-target mutations in CRISPR/Cas9-edited 

grapevine. Horticulture Research. 2021/05/01 

2021;8(1):114. doi:10.1038/s41438-021-00549-4 

https://doi.org/10.1016/j.ymthe.2021.09.003
https://doi.org/10.1016/j.omtm.2020.11.014
https://doi.org/10.1016/j.ymthe.2021.10.023
https://doi.org/10.1016/j.biomaterials.2021.120793
https://doi.org/10.1016/j.omtm.2021.02.022


Hussen B. et al.  BioMed Target Journal 

 

BioMed Target Journal. 2024, 2(2): 1-20  20 

144. Zhang X-H, Tee LY, Wang X-G, Huang Q-S, Yang S-H. 

Off-target Effects in CRISPR/Cas9-mediated Genome 

Engineering. Molecular Therapy - Nucleic Acids. 

2015/01/01/ 2015;4:e264. 

doi:https://doi.org/10.1038/mtna.2015.37 

145. Vicente MM, Chaves-Ferreira M, Jorge JMP, Proença JT, 

Barreto VM. The Off-Targets of Clustered Regularly 

Interspaced Short Palindromic Repeats Gene Editing. 

Review. Frontiers in Cell and Developmental Biology. 

2021-September-17 

2021;9(2392)doi:10.3389/fcell.2021.718466 

146. Cho SW, Kim S, Kim Y, et al. Analysis of off-target 

effects of CRISPR/Cas-derived RNA-guided 

endonucleases and nickases. Genome Res. 

2014;24(1):132-141. doi:10.1101/gr.162339.113 

147. Kang S-H, Lee W-j, An J-H, et al. Prediction-based highly 

sensitive CRISPR off-target validation using target-

specific DNA enrichment. Nature Communications. 

2020/07/17 2020;11(1):3596. doi:10.1038/s41467-020-

17418-8 

148. Shen C-C, Hsu M-N, Chang C-W, et al. Synthetic switch 

to minimize CRISPR off-target effects by self-restricting 

Cas9 transcription and translation. Nucleic Acids 

Research. 2018;47(3):e13-e13. doi:10.1093/nar/gky1165 

149. Yang H, Ren S, Yu S, et al. Methods Favoring Homology-

Directed Repair Choice in Response to CRISPR/Cas9 

Induced-Double Strand Breaks. Int J Mol Sci. 

2020;21(18):6461. doi:10.3390/ijms21186461 

150. Bashir S, Dang T, Rossius J, Wolf J, Kühn R. 

Enhancement of CRISPR-Cas9 induced precise gene 

editing by targeting histone H2A-K15 ubiquitination. 

BMC Biotechnology. 2020/10/23 2020;20(1):57. 

doi:10.1186/s12896-020-00650-x 

151. Li G, Zhang X, Wang H, et al. Increasing CRISPR/Cas9-

mediated homology-directed DNA repair by histone 

deacetylase inhibitors. Int J Biochem Cell Biol. Aug 

2020;125:105790. doi:10.1016/j.biocel.2020.105790 

152. Matsumoto D, Tamamura H, Nomura W. A cell cycle-

dependent CRISPR-Cas9 activation system based on an 

anti-CRISPR protein shows improved genome editing 

accuracy. Commun Biol. 2020;3(1):601-601. 

doi:10.1038/s42003-020-01340-2 

153. Watters KE, Fellmann C, Bai HB, Ren SM, Doudna JA. 

Systematic discovery of natural CRISPR-Cas12a 

inhibitors. Science. Oct 12 2018;362(6411):236-239. 

doi:10.1126/science.aau5138 

154. Marino ND, Zhang JY, Borges AL, et al. Discovery of 

widespread type I and type V CRISPR-Cas inhibitors. 

Science. Oct 12 2018;362(6411):240-242. 

doi:10.1126/science.aau5174 

155. Nguyen DN, Roth TL, Li PJ, et al. Polymer-stabilized 

Cas9 nanoparticles and modified repair templates 

increase genome editing efficiency. Nat Biotechnol. Jan 

2020;38(1):44-49. doi:10.1038/s41587-019-0325-6 

156. Haapaniemi E, Botla S, Persson J, Schmierer B, Taipale 

J. CRISPR-Cas9 genome editing induces a p53-mediated 

DNA damage response. Nat Med. Jul 2018;24(7):927-

930. doi:10.1038/s41591-018-0049-z 

157. Jiang L, Ingelshed K, Shen Y, et al. CRISPR/Cas9-

induced DNA damage enriches for mutations in a p53-

linked interactome: implications for CRISPR-based 

therapies. Cancer Research. 2021:canres.1692.2021. 

doi:10.1158/0008-5472.Can-21-1692 

158. Charlesworth CT, Deshpande PS, Dever DP, et al. 

Identification of preexisting adaptive immunity to Cas9 

proteins in humans. Nat Med. Feb 2019;25(2):249-254. 

doi:10.1038/s41591-018-0326-x 

159. Simhadri VL, McGill J, McMahon S, Wang J, Jiang H, 

Sauna ZE. Prevalence of Pre-existing Antibodies to 

CRISPR-Associated Nuclease Cas9 in the USA 

Population. Mol Ther Methods Clin Dev. Sep 21 

2018;10:105-112. doi:10.1016/j.omtm.2018.06.006 

160. Beer SJ, Matthews CB, Stein CS, Ross BD, Hilfinger JM, 

Davidson BL. Poly (lactic-glycolic) acid copolymer 

encapsulation of recombinant adenovirus reduces 

immunogenicity in vivo. Gene Ther. Jun 1998;5(6):740-

6. doi:10.1038/sj.gt.3300647 

161. Yang Y, Xu J, Ge S, Lai L. CRISPR/Cas: Advances, 

Limitations, and Applications for Precision Cancer 

Research. Review. Frontiers in Medicine. 2021-March-

03 2021;8(115)doi:10.3389/fmed.2021.649896 

162. Rasul MF, Hussen BM, Salihi A, et al. Strategies to 

overcome the main challenges of the use of 

CRISPR/Cas9 as a replacement for cancer therapy. 

Molecular cancer. 2022;21(1):64-64. 

doi:10.1186/s12943-021-01487-4 

163. Wang S-W, Gao C, Zheng Y-M, et al. Current applications 

and future perspective of CRISPR/Cas9 gene editing in 

cancer. Molecular cancer. 2022;21(1):57-57. 

doi:10.1186/s12943-022-01518-8 

164. Shirley JL, de Jong YP, Terhorst C, Herzog RW. Immune 

Responses to Viral Gene Therapy Vectors. Molecular 

Therapy. 2020/03/04/ 2020;28(3):709-722. 

doi:https://doi.org/10.1016/j.ymthe.2020.01.001 

165. Senís E, Fatouros C, Große S, et al. CRISPR/Cas9-

mediated genome engineering: an adeno-associated viral 

(AAV) vector toolbox. Biotechnol J. Nov 

2014;9(11):1402-12. doi:10.1002/biot.201400046 

166. Liu W, Li L, Jiang J, Wu M, Lin P. Applications and 

challenges of CRISPR-Cas gene-editing to disease 

treatment in clinics. Precis Clin Med. 2021;4(3):179-191. 

doi:10.1093/pcmedi/pbab014 

167. Liu C, Zhang L, Liu H, Cheng K. Delivery strategies of 

the CRISPR-Cas9 gene-editing system for therapeutic 

applications. J Control Release. 2017;266:17-26. 

doi:10.1016/j.jconrel.2017.09.012 

168. Li L, Hu S, Chen X. Non-viral delivery systems for 

CRISPR/Cas9-based genome editing: Challenges and 

opportunities. Biomaterials. 2018;171:207-218.  

169. DiTommaso T, Cole JM, Cassereau L, et al. Cell 

engineering with microfluidic squeezing preserves 

functionality of primary immune cells in vivo. Proc Natl 

Acad Sci U S A. Nov 13 2018;115(46):E10907-e10914. 

doi:10.1073/pnas.1809671115 

 

© 2024 Bashdar Mahmud Hussen, Bnar Saleh Ismael, Saman S. Abdulla, Noor Haval Jamal, Suhad Asad Mustafa, 

Zana Baqi Najmalddin and Mohammed Fatih Rasul. This article is an open-access article distributed under the 

terms and conditions of the Creative Commons Attribution (CC BY 4.0) license. 

https://doi.org/10.1038/mtna.2015.37
https://doi.org/10.1016/j.ymthe.2020.01.001
https://creativecommons.org/licenses/by/4.0/

