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Abstract. Breast cancer is the most common and aggressive malignancy in females 

with a high prevalence rate of 77.9 million worldwide. Chemotherapy and tyrosine 

kinase inhibitors have been used to treat invasive and malignant tumors; however, 

invasive tumors have showed resistance to conventional therapies. ABC transporters 

play a crucial role in breast cancer due to their chemo-resistance and drug efflux 

abilities. Additionally, chemo-resistant roles of ABC transporters have been reported 

in several cancers such as cervical cancer, colon cancer, esophageal squamous cell 

carcinoma, glioma and HCC. The goal of this study was to identify the tumor 

suppressor role of miR-21, miR-15 and miR-let-7 to chemo-resistant genes majorly 

ABCA1, ABCB1 and ABCC1 in breast cancer. TargetScan, miRWalk, and miRDB 

were employed to predict microRNA-mRNA interactions. MC-Sym and 

RNAComposer were utilized for the tertiary structure prediction of shortlisted 

miRNAs and mRNAs. For molecular docking and visualization, HDOCK and PyMOL 

were employed. The present study identified 10, 7 and 13 interactions between 

microRNAs (miR-21, miR-15, and miR-let-7) and oncogenes (ABCA1, ABCB1, 

ABCC1) through miRWalk, miRDB and TargetScan respectively. RNA22 predicted 

the binding sites of microRNAs such as 22 miR-21, 11 miR-15 and 58 miR-let-7 on 

ABCA1, ABCB1 and ABCC1, respectively. Out of multiple docked complexes, the 

top three were shortlisted for visualization based on maximum confidence score and 

least binding affinity. The present study identifies the interactions of two novel (miR-

15a-5p and let-7c-5p) microRNAs with ABCA1, ABCB1 and ABCC1 regions due to 

their maximum interactions. The findings of this research may help in developing 

miRNA drugs that could target ABC transporters specifically ABCA1, ABCB1 and 

ABCC1 to inhibit increased drug efflux and chemoresistance in breast cancer. 
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INTRODUCTION 

Cellular changes lead to uncontrolled growth and division of abnormal cells in breast tissue 

producing a mass of tumor called breast cancer (BC) [1]. It is marked as the major cause of 

cancer- related deaths and the most prevalent malignancy worldwide. According to 

GLOBOCAN, the estimated prevalence (5-year) rate of BC is 77.9 million globally with the 

highest prevalence rate of 32.1 million cases in Asia and 21.3 million cases in Europe [2].  
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The use of hormones for targeted therapy has been reported to be unhelpful in treating BC 

that lack hormone receptors [3]. Therefore, chemotherapy is the most common adopted treatment 

option. Therefore, drugs such as taxane and anthracycline are used as the chemotherapeutics for 

BC treatment that interfere with cell division, motility and damage DNA in cancer cells [4]. 

Individuals that lack pathological complete response (pCR) i.e. disappearance of all invasive 

tumor cells in breast after the chemotherapy, are more likely to have a metastatic disease and an 

early recurrence [5]. Resistance to chemotherapy is a significant hindrance in the treatment of 

breast cancer as alterations in multiple signaling pathways govern changes such as drug efflux, 

bulk tumor cells, cancer stem cells (CSC) and tumor microenvironment (TME) [6]. Transporter 

mediated drug efflux is one of the most validated chemoresistance. Numerous ABC transporters 

are actively involved in chemoresistance of numerous solid tumors, including BC [7].  

ATP-binding cassette (ABC) transporter gene family consists of 48 genes that are involved in 

transporting molecules such as peptides, cholesterol, sterol, bile acid and iron transport via ATP 

hydrolysis across cellular lipid membranes [8]. These transporters are divided into 7 sub-families 

based on their gene structure, amino acid sequence, domain organization, and phylogenetic 

analysis [9]. ABCA1, a member of the ABC1 sub-family, consists of 2261 amino acids (aa) and 

is involved in the transportation of cholesterol and phospholipids in the cellular lipid removal 

pathway [10]. It has been reported that increased ABCA1 is a specific biomarker of TNBC and 

its overexpression is related to lymph node metastasis [11]. ABCB1 comprises 1280 aa and is a 

member of MDR/TAP sub-family. It is an ATP-dependent drug efflux pump, which is 

responsible for decreased drug accumulation and resistance to anticancer drugs [12]. ABCC1 is a 

member of the MRP sub-family and consists of 1531 aa. It is involved in multidrug resistance 

and functions as an organic anion transporter [13]. Furthermore, upregulated ABC transporters 

such as ABCC1, confer resistance to drugs (anthracyclines, taxanes, vinca alkaloids, tyrosine 

kinase inhibitors and methotrexate) due to activation of the hedgehog pathway, which is 

involved in carcinogenesis, invasiveness, recurrence and CSC maintenance [14]. It has been 

reported that multiple tyrosine kinase inhibitors (TKI) such as lapatinib, sorafenib, erlotinib, 

apatinib and nilotinib, have been shown to inhibit ABC transporters (ABCG2, ABCB1, ABCC1, 

ABCC10, ABCC11). Moreover, TKIs are also transported out of the cells by ABC transporters, 

thus conferring an altered pharmacokinetics of TKIs in cancer individuals [15]. A recent research 

reported the increased expression of certain ABC transporters in BC e.g., ABCA1, ABCG2 and 

ABCB1 were responsible for primary chemoresistance in BC while ABCB1 and ABCC1 were 

identified to be the key players in the prognosis of BC [7]. Moreover, ABC transporters 

(ABCA1, ABCB1 and ABCC1) showed resistance against chemotherapy and TKIs [16]. 

Therefore, there is an ultimate need to develop miRNA-based anticancer therapy as tumor 

suppressor miRNAs would directly target the oncogenes and suppress the tumor development. 

MicroRNA (miRNA) regulates gene expression by binding to specific targets and 

suppressing their function. They are small (22 nucleotides), endogenous and non-coding RNAs 

that regulate gene expression at posttranscriptional level [17]. MiRNAs that regulate oncogenes 

by suppressing their expression, which leads to prevention of cancer progression, are termed as 

anti-oncogenes. Recent studies have reported the upregulation of a tumor suppressor (TS) 

miRNAs, namely let-7 family miRNAs, which suppress oncogenic mRNAs. [18]. Upregulation 

of these TS miRNAs leads to decreased proliferation of cancer [19]. Transfecting of cancer cell 

lines with certain TS miRNAs targeting key oncogenes that can lead to tumor repression. It has 

been reported that introduction of let-7 into lung adenocarcinoma cell lines could reduce the 

colony formation by suppressing the cell proliferation [20]. A similar research reported the 

suppression of an oncogene, ERBB2/3, that is responsible for breast tumor cell proliferation. 

Similarly, introduction of miR-125a/b into breast tumor cells, promote inhibition of ERBB2/3 

transcription and translation, which leads to tumor growth suppression [21]. It has been reported 

that miR-15a acts as TS miRNA in chronic lymphocytic lymphoma (CLL) by downregulating 

Bcl2 and Mcl1, which in turn regulate the intrinsic apoptotic pathway [22]. Only a single 
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published research reported the TS role of miR-21-5p in colorectal cancer in which pyroptosis is 

induced via TGFBI regulation [23]. 

Consequently, the analysis of miRNA-mRNA interaction should be performed in order to 

have a detailed understanding of the mechanism of action of TS miRNAs [24]. Thus, the study 

of siRNA-mRNA interaction will lead to the development of miRNA preparations that can be 

used as therapeutic drugs against breast cancer caused by dysregulation of ABC transporters, 

especially ABCA1, ABCB1 and ABCC1. 

The interaction study provides insight into gene binding sites (3’-UTR, 5’-UTR, and CDS) 

that TS miRNAs interact with, as well as the binding conformations and free energy values that 

assure the miRNA's regulatory role in gene degradation and silencing. 

This study focuses to identify the interaction regions, preferred binding orientation, strength 

and affinity of miR-21, miR-15 and miR-let-7 with drug resistant ABC family members namely 

ABCA1, ABCB1 and ABCC1. Identification of binding interactions between TS miRNAs and 

ATP-binding cassette transporters will help develop the foundations of targeted therapy based on 

the use of new and effective antitumor oncomiRs against drug-resistant oncogenes in breast 

cancer. 

METHODOLOGY 

Overview 

The interactions of TS miRNAs (miR-21, miR-15, and miR-let-7) with drug resistant 

oncogenes (ABCA1, ABCB1, ABCC1) were analyzed in order to identify the binding potential 

of miRNA-mRNA complexes. The overall workflow is illustrated in Figure 1.  

 
Fig. 1. General strategy followed for the prediction of miRNA-mRNA interactions. 

Prediction of miRNA interactions with ABC family 

To predict the interaction of the miRNAs (miR-21, miR-15 and miR-let-7) with target genes 

(ABCA1, ABCB1 and ABCC1), miRWalk (v3) (http://mirwalk.umm.uni-heidelberg.de/),   
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miRDB (v6.0) (https://mirdb.org/) and TargetScan (v8.0) (https://www.targetscan.org/vert_80/) 

were used. MiRWalk contains predicted data obtained through a machine-learning algorithm and 

includes miRNA-target interactions that are experimentally verified [25]. MiRDB employs a 

high throughput sequencing approach to identify miRNA-target interactions [26]. Similarly, 

TargetScan uses the complementarity approach to predict the target genes of miRNAs by 

searching the conserved sites that match the seed region (6 nucleotides (nt) long) of miRNAs 

[27]. In order to find common miRNAs in three databases that form strong and stable 

interactions with ABCA1, ABCB1, and ABCC1, the filter function of the dplyr (v1.0.10) 

package in R (v4.2.2) was used. Binding probability 1, AU-content < 0.6 (refers to the section of 

transcript that is rich with AU and is laying 30 nucleotides up- and downstream of predicted site) 

with binding energy E   –20 (denotes increased binding strength) was applied as filtration 

criteria [28]. The resulting miRNA-mRNA interactions (for each miRNA and each gene) that 

were common among all databases were selected for alignment analysis.  

Alignment between shortlisted miRNAs and ABC genes 

RNA22 is an alignment tool that aligns miRNAs with target genes through the combination 

of G:U wobbles and bulges in the seed region of a heteroduplex. It predicts non-canonical targets 

as well as the ones that are beyond 3’-UTR [28]. The alignment of the shortlisted miRNAs with 

ABCA1, ABCB1 and ABCC1, RNA22 was performed with default parameters, i.e. minimum 

number of paired-up bases in heteroduplex was kept at 12 while the maximum folding energy 

was set at −12 kcal/mol. Moreover, sensitivity and specificity values of 63 % and 61 % 

respectively were retained, and seed size of 7 was selected with one unpaired base allowed 

without limiting the maximum number of G:U wobbles in the seed region [29]. The sequences of 

shortlisted miRNAs were retrieved from miRBase database (v22) (https://www.mirbase.org/) 

[30]. The NCBI database was used to retrieve the nucleotide sequences of ABCA1, ABCB1 and 

ABCC1 using accessions: NM_005502.4, NM_000927.5 and NM_004996.4 respectively. The 

alignment results were filtered in order to get the significant alignments. The filtration was 

performed using the filter function of dplyr applying p-value criteria of < 0.05 to alignment 

results.  

3D structure prediction of ABC mRNAs 

To overcome the constraints imposed by multiple miRNA 3D structure prediction tools, a 

decision was made to focus on 500 nt regions that demonstrated the highest frequency of 

miRNA-mRNA interactions, as determined by the least energy criterion, for subsequent analysis. 

To extract the nucleotide regions of ABC family genes that showed maximum interactions with 

miRNAs, scatter plots for each gene were generated using the scatter method of Python (v3.9.12) 

library seaborn (v0.11.2). The binding sites and folding energy of the predicted miRNA-mRNA 

interactions were plotted which showed ABCA1, ABCB1 and ABCC1 regions with maximum 

and stable miRNA interactions. The nucleotide sequences of these regions were extracted for 

their model prediction through RNAComposer (v1.0) (https://rnacomposer.cs.put.poznan.pl/) 

[31]. RNAComposer is an automated manually curated database of RNA 3D structure elements, 

and it is known to predict 3D structure using the machine translation system of RNA FRABASE 

database [32]. It is restricted to take only 500 nt as input, and CONTRAfold was selected as a 

secondary structure prediction method.  

Shortlisted miRNAs 3D structure prediction 

For the prediction of 3D structures of miRNAs that showed maximum interaction with all of 

the genes, MC Fold (https://www.major.iric.ca/MC-Fold/) and MC Sym 

(https://www.major.iric.ca/MC-Sym/) were employed. MC Fold is a secondary structure 

prediction tool, which deploys the generation of loops through decomposition of RNA structure 
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[33]. MiRNA sequences were given as input to MC Fold and among the multiple predicted 

secondary structures, the one with minimum energy was selected and then submitted to MC 

Sym, to predict the stable tertiary structures. MC Sym generates structures by examining the 

conformational search space of RNA [34].  

Molecular docking and visualization  

To perform the miRNA-mRNA molecular docking of shortlisted miRNAs and genes, 

HDOCK (v2021) (http://hdock.phys.hust.edu.cn/) was utilized. It is an ab initio docking web-

server, which employs template based modeling to identify the complexes with lowest binding 

affinity and stable conformation [35]. The structures of the shortlisted miRNAs and the gene 

regions were provided as input with default parameters. A total of 10 complexes were generated 

for each miRNA-mRNA docked model, and the one with high confidence and least binding 

affinity score was selected. Hence, from all the predicted complexes, only three were shortlisted 

for visualizations, based on minimum binding affinity score and maximum confidence score. For 

visualization of these shortlisted complexes, PyMOL (v2.5.4) (https://pymol.org/2/) was 

employed. It identifies the nucleotides of miRNA and mRNA that interact with each other in a 

stable docked complex. PyMOL is a molecular graphics tool that visualizes small molecules 

such as nucleic acids, proteins, trajectories and electron densities [36].  

RESULTS 

Predicted miRNA-ABC genes interactions 

MiRWalk, TargetScan and miRDB predicted a total of 924, 322 and 341 miRNA-mRNA 

interactions, respectively. However only stable and strong interactions of microRNAs 

particularly miR-21, miR-15 and miR-let-7 against ABC family genes were shortlisted. ABC 

family genes notably ABCA1, ABCB1 and ABCC1 showed a total of 18, 13 and 28 stable 

interactions with aforementioned microRNAs. Hence, only 30 predicted miRNA interactions that 

were common among the three databases were shortlisted. It was found that miR-21, miR-15 and 

miR-let-7 showed 10 interactions with ABCA1. Moreover, seven interactions were found for 

miR-21, miR-15 and miR-let-7 with ABCB1 while miR-21, miR-15 and miR-let-7 showed 13 

interactions with ABCC1. The miRNA-mRNA interactions for each gene are represented 

individually in Table 1, Table 2 and Table 3. 

 
Table 1. Predicted miR-21, miR-15 and miR-let-7 interactions with ABCA1 through miRWalk, 

TargetScan and miRDB 

miRNA miRNA sequence 

miR-21-5p UAGCUUAUCAGACUGAUGUUGA 

miR-21-3p CAACACCAGUCGAUGGGCUGU 

miR-15a-5p UAGCAGCACAUAAUGGUUUGUG 

miR-15a-3p CAGGCCAUAUUGUGCUGCCUCA 

let-7i-3p CUGCGCAAGCUACUGCCUUGCU 

let-7f-1-3p CUAUACAAUCUAUUGCCUUCCC 

let-7e-3p CUAUACGGCCUCCUAGCUUUCC 

let-7d-3p CUAUACGACCUGCUGCCUUUCU 

let-7b-3p CUAUACAACCUACUGCCUUCCC 

let-7a-3p CUAUACAAUCUACUGUCUUUC 
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Table 2. Predicted miR-21, miR-15 and miR-let-7 interactions with ABCB1 through miRWalk, 

TargetScan and miRDB 

miRNA miRNA sequence 

miR-15a-3p CAGGCCAUAUUGUGCUGCCUCA 

let-7i-3p CUGCGCAAGCUACUGCCUUGCU 

let-7g-3p CUGUACAGGCCACUGCCUUGC 

let-7f-1-3p CUAUACAAUCUAUUGCCUUCCC 

let-7c-5p UGAGGUAGUAGGUUGUAUGGUU 

let-7b-5p UGAGGUAGUAGGUUGUGUGGUU 

let-7a-3p CUAUACAAUCUACUGUCUUUC 

 
Table 3. Predicted miR-21, miR-15 and miR-let-7 interactions with ABCC1 through miRWalk, 

TargetScan and miRDB 

miRNA miRNA sequence 

miR-21-3p CAACACCAGUCGAUGGGCUGU 

miR-15a-3p CAGGCCAUAUUGUGCUGCCUCA 

let-7g-3p CUGUACAGGCCACUGCCUUGC 

let-7f-1-3p CUAUACAAUCUAUUGCCUUCCC 

let-7e-3p CUAUACGGCCUCCUAGCUUUCC 

let-7d-5p AGAGGUAGUAGGUUGCAUAGUU 

let-7d-3p CUAUACGACCUGCUGCCUUUCU 

let-7c-5p UGAGGUAGUAGGUUGUAUGGUU 

let-7b-5p UGAGGUAGUAGGUUGUGUGGUU 

let-7b-3p CUAUACAACCUACUGCCUUCCC 

let-7a-5p UGAGGUAGUAGGUUGUAUAGUU 

let-7a-3p CUAUACAAUCUACUGUCUUUC 

let-7a-2-3p CUGUACAGCCUCCUAGCUUUCC 

 

Alignments between miRNAs-mRNAs 

RNA22 predicted the alignments of shortlisted miRNAs with each gene. The results revealed 

22 alignments between miRNAs-ABCA1, 11 between miRNAs-ABCB1 and 58 between 

miRNAs-ABCC1. These alignments denoted miRNA binding sites on mRNAs and exhibited 

certain binding hotspots with low binding energy, which showed the strength and stability of 

miRNA-mRNA resulting complex.  

Shortlisting of ABCA1, ABCB1 and ABCC1 regions 

To shortlist the ABCA1, ABCB1 and ABCC1 regions, which showed maximum and stable 

interactions with miRNAs, three scatter plots, were generated (Fig. 2, Fig. 3 and Fig. 4). Three, 

two and eight regions of ABCA1, ABCB1 and ABCC1 respectively were recognized that 

showed maximum miRNA-mRNA interactions (Table 4, Table 6, Table 8). Out of 22 miRNA-

ABCA1 interactions, the nine miRNAs were shortlisted which showed maximum binding with 

ABCA1 regions Table 5. Among the nine shortlisted miRNAs, three showed interactions with 

region 1, 3 with region 2 and 3 with region 3. Moreover, 5 out of 11 miRNAs were shortlisted 

which showed increased binding with ABCB1 regions Table 7. It was observed that two 

miRNAs showed interaction with region 1 while three miRNAs with region 2. Furthermore, 

among the 58 miRNA-ABCC1 interactions, 35 were shortlisted based on their highest binding 

affinity with ABCC1 regions Table 9. Out of 35 shortlisted miRNAs, four showed interactions 

with region 1, 7 with region 2, 4 with region 3, 3 with region 4, 3 with region 5, 6 with region 6, 

4 with region 7 and 4 with region 8. 
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Fig. 2. Visualization of hotspot miRNA-mRNA interaction regions at various ABCA1 regions that show 

maximum miRNA binding with low energy. The x-axis represents the mRNA binding positions while the y-

axis represents the binding energy of miRNA-mRNA interaction. Due to high number of interactions 

between 1600-2100, 2400-2900 and 6100-6600, the miRNAs interacting in these regions were shortlisted. 

 

Table 4. Shortlisted regions of ABCA1 for prediction of mRNA 3D structures 

Region name Nucleotide length 

Region 1 1600–2100 

Region 2 2400–2900 

Region 3 6100–6600 

 

 

 
Table 5. Shortlisted ABCA1 regions, the shortlisted miRNAs present within those regions and 

their interactions along with folding energy predicted through RNA22 

Gene region miRNA Predicted 

target site 

Folding 

energy 

p-value 

Region 1 

 miR_21_5p 1821 -12.5 1.67E-01 

 miR_15a_5p 1874 -18.4 1.67E-01 

 miR_21_3p 1903 -16.3 1.67E-01 

Region 2 

 let_7i_3p 2543 -19.2 3.03E-02 

 let_7d_3p 2543 -17.7 3.03E-02 

 miR_15a_3p 2752 -12.7 1.04E-01 

Region 3 

 miR_21_5p 6262 -15 9.48E-02 

 let_7d_3p 6543 -12.9 1.20E-01 

 let_7i_3p 6547 -19.3 1.20E-01 
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Fig. 3. Visualization of hotspot miRNA-mRNA interaction regions at various ABCB1 regions that show 

maximum miRNA binding with low energy. The x-axis represents the mRNA binding positions while the y-

axis represents the binding energy of miRNA-mRNA interaction. Due to high number of interactions 

between 200-700 and 3150-3650, the miRNAs interacting in these regions were shortlisted. 

 
Table 6. Shortlisted regions of ABCB1 for prediction of mRNA 3D structures 

Region name Nucleotide length 

Region 1 200–700 

Region 2 3150–3650 

 

Table 7. Shortlisted ABCB1 regions and corresponding miRNAs, their interaction probabilities, 

and the folding energy predicted by RNA22 

Gene 

region 

miRNA Predicted 

target site 

Folding 

energy 

p-value 

Region 1 
 let_7b_5p 292 -13.7 2.73E-01 

 let_7c_5p 643 -18 3.61E-01 

Region 2 

 let_7g_3p 3198 -14.9 1.12E-01 

 let_7c_5p 3605 -18 6.28E-02 

 let_7b_5p 3605 -20.1 6.28E-02 

 

Fig. 4. Visualization of hotspot miRNA-mRNA interaction regions at various ABCC1 regions that show 

maximum miRNA binding with low energy. The x-axis represents the mRNA binding positions while the y-

axis represents the binding energy of miRNA-mRNA interaction. Due to the large number of interactions in 

fragments with coordinates 1–500, 2400–2900, 4200–4700, 4900–5300, 5400–5800, 6500–7000, 8000–8500 

and 9500–10000, the miRNAs interacting in these regions were shortlisted.  
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Table 8. Shortlisted regions of ABCC1 for prediction of mRNA 3D structures 

Region name Nucleotide length 

Region 1 1–500 

Region 2 2400–2900 

Region 3 4200–4700 

Region 4 9500–10000 

Region 5 8000–8500 

Region 6 5400–5800 

Region 7 4900–5300 

Region 8 6500–7000 

 
Table 9. Shortlisted ABCC1 regions and corresponding miRNAs, their interaction likelihoods and 

folding energy predicted by RNA22 

Gene region miRNA 
Predicted 

target site 

Folding 

energy 
p-value 

R1 

 let_7d_5p 252 -15.4 1.61E-02 

 let_7c_5p 252 -14.4 1.61E-02 

 let_7b_5p 252 -14.5 1.61E-02 

 let_7a_5p 252 -14.4 1.61E-02 

R2 

 

 let_7d_3p 2543 -17.7 3.03E-02 

 let_7g_3p 2544 -22.4 3.03E-02 

miR_15a_3p 2752 -12.7 1.04E-01 

 let_7b_5p 2762 -14.6 1.04E-01 

 let_7c_5p 2765 -13.3 1.04E-01 

 let_7a_5p 2765 -13.3 1.04E-01 

 let_7d_5p 2796 -13.1 1.04E-01 

R3 

 

 let_7b_3p 4230 -12.8 2.49E-02 

 let_7a_5p 4431 -14.3 2.39E-01 

 let_7c_5p 4433 -16.6 2.39E-01 

 let_7b_5p 4433 -18.3 2.39E-01 

R4 

 

 let_7c_5p 9763 -14 7.21E-03 

 let_7b_5p 9763 -14 7.21E-03 

 let_7a_5p 9763 -14 7.21E-03 

R5 

 

 let_7b_5p 8015 -14.1 2.78E-01 

 let_7a_5p 8019 -12.8 2.78E-01 

 let_7c_5p 8021 -13.8 2.78E-01 

R6 

 

 let_7a_2_3p 5419 -13.6 9.05E-02 

 let_7c_5p 5517 -15.9 9.47E-03 

 let_7b_5p 5517 -14.5 9.47E-03 

 let_7d_5p 5518 -18.7 9.47E-03 

 let_7a_5p 5518 -16.1 9.47E-03 

miR_15a_3p 5788 -14.2 1.04E-01 

R7 

 let_7b_5p 5186 -12.6 2.58E-01 

 let_7d_5p 5189 -14.6 2.58E-01 

 let_7c_5p 5189 -12.5 2.58E-01 

 let_7a_5p 5189 -12.9 2.58E-01 

R8 

 let_7d_3p 6543 -12.9 1.20E-01 

 let_7g_3p 6548 -15.2 1.20E-01 

 let_7c_5p 6597 -15.2 1.20E-01 

 let_7b_5p 6597 -14.1 1.20E-01 
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Molecular docking between miRNAs-mRNAs 

HDOCK was employed to perform the molecular docking of the 49 shortlisted miRNAs with 

gene regions. For each shortlisted miRNA interaction with the corresponding mRNA region, 10 

complexes were generated. A top complex with lowest binding affinity score was selected for 

each miRNA-mRNA interaction. Molecular docking analysis yielded nine miRNA–ABCA1, five 

miRNA–ABCB1 and 35 miRNA–ABCC1 docking complexes, and among each group, the single 

best complex with the highest confidence score and lowest binding affinity was shortlisted in 

Table 10. The binding affinity and confidence score represents the association strength of 

miRNA–mRNA complex which denotes that the complex is in preferred orientation and is 

stable. Let-7c-5p interacts with both ABCB1 and ABCC1 but with different binding affinity. The 

let-7c-5p–ABCC1 complex was shown to have least binding affinity (-629.76) as compared to 

let-7c-5p–ABCB1 complex which showed a binding affinity of –572.68. 

 
Table 10. Shortlisted miRNA–mRNA docked complexes based on lowest binding affinity score 

and highest confidence score predicted through HDOCK 

Gene 

name 

Complex Binding 

affinity 

score 

Confidence 

score 

ABCA1 miR-15a-5p-R1 -543.88 0.9996 

ABCB1 let-7c-5p-R2 -572.68 0.9998 

ABCC1 let-7c-5p-R7 -629.76 0.9999 

 

Shortlisted complexes visualization 

The visualization of shortlisted complexes was performed through PyMOL in order to 

identify the nucleotides that interact between miRNA-mRNA interactions. It was observed that 

miR-15a-5p interacts with ABCA1–R1 at 16 different sites with a binding affinity of -543.88 

(Fig. 5). Furthermore, let-7c-5p interacts with ABCB1(R2) with a binding affinity of -572.68 at 

20 sites (Fig. 6). The let-7c-5p showed 14 interactions with ABCC1(R7) with a -629.76 binding 

affinity score (Fig. 7). The results revealed that let-7c-5p–ABCB1(R2) showed maximum 

interactions while let-7c-5p–ABCC1(R7) showed least number of interactions. 

 
Fig. 5. MiR-15a-5p–ABCA1(R1) interaction: a) MiRNA–mRNA complex interaction is demonstrated as 

surface representation. b) The ligand (miRNA) is denoted by wheat color while its binding site is represented 

by cyan color. Similarly, the pink color represents the receptor (gene region) while the green color indicates 

the receptor binding site. c) The polar interactions between the receptor and the ligand are represented by red 

dotted lines. 
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Fig. 6. Let-7c-5p–ABCB1(R2) interaction: a) miRNA–mRNA complex interaction is demonstrated as 

surface representation. b) The ligand (miRNA) is denoted by wheat color while its binding site is represented 

by cyan color. Similarly, the pink color represents the receptor (gene region) while the green color indicates 

the receptor binding site. c) The polar interactions between the receptor and the ligand are represented by red 

dotted lines. 

 

 
Fig. 7. Let-7c-5p–ABCC1(R7) interaction: a) MiRNA–mRNA complex interaction is demonstrated as 

surface representation. b) The ligand (miRNA) is denoted by wheat color while its binding site is represented 

by cyan color. Similarly, the pink color represents the receptor (gene region) while the green color indicates 

the receptor binding site. c) The polar interactions between the receptor and the ligand are represented by red 

dotted lines. 

DISCUSSION 

The resistance to chemotherapy is promoted by ABC transporters which are responsible for 

decreased drug accumulation and increased efflux from tumor cells. ABC family consists of 

membrane transporters that are involved in the transportation of molecules across cells that 

require ATP hydrolysis [37]. The ABC transporters are involved in key physiological processes 

and their dysregulation causes several pathologies including cancer [38]. Based on gene 

structure, domain organization and amino acid sequence, the ABC transporters are classified into 

multiple subfamilies. ABCA1 is the largest member of the ABC family and is responsible for 

transporting cholesterol and phospholipids to apolipoproteins. This transport enables the process 

of reverse cholesterol transport by helping cells to shed excess cholesterol to make high density 

lipoproteins [39]. Besides cholesterol transport, ABCA1 also functions in immune system cells 

as an engulfment receptor on macrophages [40]. ABCB1 encodes P-glycoprotein (P-gp) which is 

a multidrug resistant protein [41]. It acts as an efflux carrier and transports multiple substrates 

https://www.zotero.org/google-docs/?yPbQsX
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https://www.zotero.org/google-docs/?3PY0Ui
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out of the cell such as chemotherapeutic drugs, antibiotics and anti-epilepsy drugs, thus 

interfering with therapeutic drug delivery [42]. ABCC1 is an organic anion transporter which 

plays a crucial role in multidrug resistance of tumor cells and enables them to proliferate 

aberrantly. Its increased expression is involved in the progression of multiple cancers such as 

breast cancer, lung cancer and prostate cancer due to enhanced chemoresistance [43].  

Several studies have established the role of ABC transporters in the transport of tumor 

enhancing molecules as well as the interaction of multiple proteins that influence the tumor 

progression and aggressiveness [43]. Moreover, ABC transporters are also involved in reduced 

therapeutic drug accumulation in tumor cells that effectively hinders chemotherapy [44]. It has 

been reported that miRNA mediated regulation of the ABC transporter family suppresses tumor 

progression [45].  

For the identification of miRNAs that inhibit ABCA1, ABCB1 and ABCC1, miRWalk, 

TargetScan and miRDB were employed which predicted a total of 30 common interactions for 

three shortlisted miRNAs (miR-21, miR-15 and miR-let-7) and three genes. Among these 

interactions, 10 were found for miRNA-ABCA1, 7 for miRNA-ABCB1 and 13 for miRNA-

ABCC1. These interactions may help in identifying the binding potential of the shortlisted 

miRNAs with these genes that ultimately affect the process of protein synthesis [46]. To identify 

the binding sites of shortlisted miRNAs on target genes, RNA22 was employed. The 

employment of standard RNA22 parameters by similar research predicted the possible binding 

sites of 242 miRNAs against the genome of influenza C virus. In the present study, the possible 

binding sites of 22 miRNAs against ABCA1, 11 miRNAs against ABCB1 and 58 miRNAs 

against ABCC1 were predicted. The aligned miRNAs such as miR-21-5p, let-7b-5p and let-7d-

5p have been identified to be associated with cancer development. It has been reported that 

overexpression of miR-21-5p downregulates transforming growth factor beta-induced (TGFB1) 

which inturn induces pyroptosis (inflammatory cell death) in colorectal cancer cells [23]. The 

upregulation of let-7b-5p in human mucosal melanoma shows antitumor effects by suppressing 

MTDH and CALU. Therefore the downregulation of these genes disrupts signaling pathways 

(MAPK, Wnt/β-catenin, PI3K/AkT) and protein folding in endoplasmic reticulum (ER) which 

suppresses tumor progression [47]. Furthermore, suppression of HMGA1 by overexpression of 

let-7d-5p enhances p53 signaling pathway, which in turn inhibits the tumor proliferation and 

facilitates apoptosis and chemotherapeutic sensitivity in ovarian cancer [48]. 

RNAComposer and MC Sym were utilized for the tertiary structure prediction of shortlisted 

miRNAs and mRNAs. The shortlisting of miRNA-mRNA interactions depends upon the 

maximum binding affinity and target miRNA and mRNA abundance. For ABCA1, ABCB1 and 

ABCC1 3, 2 and 8 mRNA regions were shortlisted respectively. ABCA1 showed maximum 

binding with nine miRNAs, while ABCB1 with five miRNAs and ABCC1 with 35 miRNAs. 

HDOCK was employed for molecular docking in order to identify the stable miRNA-mRNA 

complex with least binding affinity. Out of 49 docked complexes, nine were generated for 

miRNAs-ABCA1, 5 for miRNAs-ABCB1 and 35 for miRNAs-ABCC1 however among them 

only the top complex that showed maximum confidence score and least binding affinity was 

shortlisted. Out of the 3 shortlisted complexes, 2 (miRNA-ABCA1, miRNA-ABCB1) showed 

interactions with mRNA at CDS while one (miRNA-ABCC1) showed interaction with 5’-UTR. 

The canonical binding site of miRNA in target gene for its regulation through mRNA 

degradation is 3’-UTR [49]. On the contrary, miRNA binding with the CDS region or 5’-UTR of 

the target gene leads to gene silencing through translational inhibition [50]. Therefore, it is 

critical to identify miRNA targets and their corresponding biological processes for the functional 

characterization of miRNAs. Several studies reported the TS role of miR-15a-5p. It was found 

that SNHG12 knockdown by miR-15a-5p upregulation promotes SALL4 inhibition, which in 

turn suppresses proliferation, migration, and invasion of BC cells [51]. Moreover miR-15a-5p 

targets CCND1 and PD1 in CD8+ T-cells in colon cancer and HCC respectively, thus 

suppressing the tumor growth by cellular proliferation and migration repression [52]. The TS 
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role of let-7c-5p in esophageal squamous cell carcinoma, erythroleukemia and HCC has been 

reported by multiple researchers [53]. Overexpression of let-7c-5p in MCF-7 BC cells inhibits 

ERCC6 gene expression which results in proliferation and apoptosis repression [54]. 

Furthermore, let-7c-5p inhibits glioma progression by targeting RGS16, which hinders PI3k/AkT 

pathway [55]. Nevertheless, a study demonstrated the role of let-7c-5p as an anticancer drug in 

cervical cancer, which obstructs tumor proliferation and migration by targeting transcription 

factors and signal transduction pathways [56].  

The present study identified the binding affinities of shortlisted miRNAs with ABCA1, 

ABCB1 and ABCC1. It was observed that let-7c-5p binds with ABCB1 and ABCC1 however it 

showed least binding affinity with ABCC1 (-629.76) interacting at 14 different sites. On the 

contrary, let-7c-5p showed a maximum number of interactions with ABCB1 i.e. 20 with a 

binding affinity of -572.68. Thus, these strong interactions demonstrate a stable complex of more 

specificity and potential efficacy. Among the three shortlisted complexes, 2 showed strong 

miRNA interactions with CDS region of target genes indicating a hotspot region on the gene 

structure where TS miRNAs bind to suppress the gene expression. 

In the research, highly significant regions of ABCA1, ABCB1 and ABCC1 were identified 

that could be targeted by novel TS miRNAs (miR-15a-5p, let-7c-5p) in order to suppress the 

oncogenes in breast cancer. These miRNAs have been reported to act as TS in multiple 

carcinomas such as BC, HCC, colon cancer, cervical cancer, esophageal squamous cell 

carcinoma and glioma [57]. The binding of TS miRNAs on oncogenic mRNAs may lead to 

decreased drug efflux and increased accumulation of anticancer drugs in cells [57]. Furthermore, 

regulation of ABC family genes leads to appropriate transportation of molecules across the cells 

in the tumor microenvironment [58]. Therefore, the identification of mRNA regions of ABCA1, 

ABCB1 and ABCC1 indicating strong interactions with TS miRNAs, suggests the use of 

miRNAs in cancer therapy. Hence, predicted TS miRNAs could target ABC family oncogenes 

and suppress their functions making the tumor cells more susceptible to chemotherapy. 

CONCLUSION 

Breast cancer is the most common type of cancer among women across the globe [59]. The 

overexpression of ABC transporters such as ABCA1, ABCB1 and ABCC1 leads to increased 

drug efflux and chemoresistance breast cancer. Therefore, this research identified 22, 11 and 58 

interactions between miRNAs (miR-21, miR-15, and miR-let-7) and ABCA1, ABCB1 and 

ABCC1 respectively. Out of these miRNA-mRNA interactions, molecular docking analysis 

revealed three complexes with maximum confidence score and least binding affinity. It was 

observed that miR-15a-5p interacts with ABCA1 at 16 binding sites while let-7c-5p interacts 

with ABCB1 and ABCC1 at 20 and 14 sites respectively. Additionally, miR-15a-5p and let-7c-

5p showed interactions with ABCA1 and ABCB1 mRNAs at CDS regions, whereas let-7c-5p 

showed interaction with ABCC1 at 5’-UTR. In this study the TS role of miRNAs have been 

identified that may target the oncogenes (ABCA1, ABCB1 and ABCC1) and suppress their 

function which results in decreased drug efflux and chemoresistance. The present study 

identified interactions and significant binding regions of two novel miRNAs (miR-15a-5p and 

let-7c-5p) that can suppress ABCA1, ABCB1 and ABCC1 expression to inhibit chemoresistance 

in TNBC. Moreover, TS role of these miRNAs have been reported previously to inhibit multiple 

carcinomas including HCC, cervical cancer, glioma, colon cancer and esophageal squamous cell 

carcinoma. Thus, aforementioned miRNAs have been proposed as anticancer drugs to provide 

new aspects in breast cancer treatment. 

 
We would like to express our gratitude to the staff of Department of Biotechnology, University of 

Anbar, for assistance and direction during the study period. Also special thanks to Prof. Dr. Mohammed 

Gazi Hamed for his assistance in language editing and review the overall paper.  

 

https://www.zotero.org/google-docs/?2G7XSe
https://www.zotero.org/google-docs/?Wvq6PR
https://www.zotero.org/google-docs/?Lcciqj
https://www.zotero.org/google-docs/?ptgmOP
https://www.zotero.org/google-docs/?FEpdVo
https://www.zotero.org/google-docs/?kN5WcF
https://www.zotero.org/google-docs/?9OrljZ


THE ROLE OF ONCOMIRS IN DRUG EFFLUX BY ABC-TRANSPORTERS AND CHEMIORESISTANCE IN BREAST CANCER 

 

 
Mathematical Biology and Bioinformatics. 2023. V 18. №.1. doi: 10.17537/2023.18.128 

141 

REFERENCES 

1. Barzaman K., Karami J., Zarei Z., Hosseinzadeh A., Kazemi M.H., Moradi-Kalbolandi S., 

Safari E., Farahmand L. Breast cancer: Biology, biomarkers, and treatments. International 

Immunopharmacology. 2020. V. 84. Article No. 106535. doi: 

10.1016/j.intimp.2020.106535 

2. Arnold M., Morgan E., Rumgay H., Mafra A., Singh D., Laversanne M., Vignat J., Gralow 

J.R., Cardoso F., Siesling S., et al. Current and future burden of breast cancer: Global 

statistics for 2020 and 2040. The Breast. 2022. 66 doi: 10.1016/j.breast.2022.08.010 

3. Yao H., He G., Yan S., Chen C., Song L., Rosol T.J., Deng X. Triple-negative breast 

cancer: Is there a treatment on the horizon? Oncotarget. 2016. V. 8. doi: 

10.18632/oncotarget.12284 

4. Mustacchi G., De Laurentiis M. The role of taxanes in triple-negative breast cancer: 

Literature review. Drug Design, Development and Therapy. 2015. V. 9. P. 4303–4318. doi: 

10.2147/DDDT.S86105 

5. Pennisi A., Kieber-Emmons T., Makhoul I., Hutchins L. Relevance of Pathological 

Complete Response after Neoadjuvant Therapy for Breast Cancer. Breast Cancer : Basic 

and Clinical Research. 2016. V. 10. doi: 10.4137/BCBCR.S33163 

6. Saha T., Lukong K.E. Breast Cancer Stem-Like Cells in Drug Resistance: A Review of 

Mechanisms and Novel Therapeutic Strategies to Overcome Drug Resistance. Frontiers in 

Oncology. 2022. V. 12. doi: 10.3389/fonc.2022.856974 

7. Modi A., Roy D., Sharma S., Vishnoi J.R., Pareek P., Elhence P., Sharma P., Purohit P. 

ABC transporters in breast cancer: Their roles in multidrug resistance and beyond. Journal 

of Drug Targeting. 2022. V. 30. No. 9. P. 927–947. doi: 10.1080/1061186X.2022.2091578 

8. Cui H., Zhang A.J., Chen M., Liu J.J. ABC Transporter Inhibitors in Reversing Multidrug 

Resistance to Chemotherapy. Current Drug Targets. 2022. V. 16. No. 12. P. 1356–1371. 

doi: 10.2174/1389450116666150330113506 

9. Liu X. ABC Family Transporters. In: Drug Transporters in Drug Disposition, Effects and 

Toxicity. Eds.: Liu X., Pan G. Singapore: Springer, 2019. P. 13–100. (Advances in 

Experimental Medicine and Biology, V. 1141). doi: 10.1007/978-981-13-7647-4_2 

10. Pan H., Zheng Y., Pan Q., Chen H., Chen F., Wu J., Di D. Expression of LXR-β, ABCA1 

and ABCG1 in human triple-negative breast cancer tissues. Oncology Reports. 2019. V. 

42. No. 5. P. 1869–1877. doi: 10.3892/or.2019.7279 

11. Chen J., Tang G. PIM-1 kinase: A potential biomarker of triple-negative breast cancer. 

OncoTargets and Therapy. 2019. V. 12. doi: 10.2147/OTT.S212752 

12. Weng H.J., Tsai T.F. ABCB1 in dermatology: Roles in skin diseases and their treatment. 

Journal of Molecular Medicine. 2021. V. 99. P. 1527–1538. doi: 10.1007/s00109-021-

02105-y 

13. Ding P., Gao Y., Wang J., Xiang H., Zhang C., Wang L., Ji G., Wu T. Progress and 

challenges of multidrug resistance proteins in diseases. Am. J. Cancer Res. 2022. V. 12. 

No. 10. P. 4483–4501.  

14. Nedeljković M., Damjanović A. Mechanisms of Chemotherapy Resistance in Triple-

Negative Breast Cancer – How We Can Rise to the Challenge. Cells. 2019. V. 8. No. 9. 

Article No. 957. doi: 10.3390/cells8090957 

15. Goebel J., Chmielewski J., Hrycyna C.A. The roles of the human ATP-binding cassette 

transporters P-glycoprotein and ABCG2 in multidrug resistance in cancer and at 

endogenous sites: Future opportunities for structure-based drug design of inhibitors. 

Cancer Drug Resistance. 2021. V. 4. P. 784–804. doi: 10.20517/cdr.2021.19 

16. Wang J.Q., Wu Z.X., Yang Y., Teng Q.X., Li Y.D., Lei Z.N., Jani K.A., Kaushal N., Chen 

Z.S. ATP-binding cassette (ABC) transporters in cancer: A review of recent updates. 

Journal of Evidence-Based Medicine. 2021. V. 14. No. 3. P. 232–256. doi: 

10.1111/jebm.12434  

https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202020
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1016/j.intimp.2020.106535
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202022
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1016/j.breast.2022.08.010
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202016
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.18632/oncotarget.12284
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202015
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.2147/DDDT.S86105
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/10
https://doi.org/10.4137/BCBCR.S33163
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202022
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.3389/fonc.2022.856974
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1080/1061186X.2022.2091578
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.2174/1389450116666150330113506
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1007/978-981-13-7647-4_2
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202019
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.3892/or.2019.7279
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202019
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.2147/OTT.S212752
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/99
https://doi.org/10.1007/s00109-021-02105-y
https://doi.org/10.1007/s00109-021-02105-y
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202019
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.3390/cells8090957
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202021
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.20517/cdr.2021.19
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202021
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1111/jebm.12434


KHALAF, SULEIMAN, SUWEID 

 

 
Mathematical Biology and Bioinformatics. 2023. V 18. №.1. doi: 10.17537/2023.18.128 

142 

17. Fu Z., Wang L., Li S., Chen F., Au-Yeung K. K.W., Shi C. MicroRNA as an Important 

Target for Anticancer Drug Development. Frontiers in Pharmacology. 2021. V. 12. Article 

No. 736323. doi: 10.3389/fphar.2021.736323 

18. O'Brien J, Hayder H, Zayed Y, Peng C. Overview of MicroRNA Biogenesis, Mechanisms 

of Actions, and Circulation. Front. Endocrinol. 2018. V. 9. doi: 10.3389/fendo.2018.00402 

19. Khalid O., Philippe L. Tumor Suppressor miRNA in Cancer Cells and the Tumor 

Microenvironment: Mechanism of Deregulation and Clinical Implications. Frontiers 

in Oncology. 2021. V. 11. doi: 10.3389/fonc.2021.708765  

20. Zhao W., Hu J.X., Hao R.M., Zhang Q., Guo J.Q., Li Y.J., Xie N., Liu L.Y., Wang P.Y., 

Zhang C., Xie S.Y. Induction of microRNA-let-7a inhibits lung adenocarcinoma cell 

growth by regulating cyclin D1. Oncology Reports. 2018. V. 40. No. 4. P. 1843–1854. doi: 

10.3892/or.2018.6593  

21. Ninio-Many L., Hikri E., Burg-Golani T., Stemmer S.M., Shalgi R., Ben-Aharon I. MiR-

125a Induces HER2 Expression and Sensitivity to Trastuzumab in Triple-Negative Breast 

Cancer Lines. Frontiers in Oncology. 2020. V. 10. Article No. 191. doi: 

10.3389/fonc.2020.00191 

22. Pekarsky Y., Croce C.M. Role of miR-15/16 in CLL. Cell Death and Differentiation. 2015. 

V. 22. P. 6–11. doi: 10.1038/cdd.2014.87 

23. Jiang R., Chen X., Ge S., Wang Q., Liu Y., Chen H., Xu J., Wu J. MiR-21-5p Induces 

Pyroptosis in Colorectal Cancer via TGFBI. Frontiers in Oncology. 2021. V. 10. doi: 

10.3389/fonc.2020.610545 

24. Karasek P., Gablo N., Hlavsa J., Kiss I., Vychytilova-Faltejskova P., Hermanova M., Kala 

Z., Slaby O., Prochazka V. Pre-operative Plasma miR-21-5p Is a Sensitive Biomarker and 

Independent Prognostic Factor in Patients with Pancreatic Ductal Adenocarcinoma 

Undergoing Surgical Resection. Cancer Genomics & Proteomics. 2018. V. 15. No. 4. P. 

321–327. doi: 10.21873/cgp.20090  

25. Sticht C., Torre C. D. L., Parveen A., Gretz N. miRWalk: An online resource for prediction 

of microRNA binding sites. PLoS ONE. 2018. V. 13. No. 10. Article No. e0206239. doi: 

10.1371/journal.pone.0206239 

26. Chen Y., Wang X. miRDB: An online database for prediction of functional microRNA 

targets. Nucleic Acids Research. 2020. V. 48. P. D127–D131. doi: 10.1093/nar/gkz757 

27. McGeary S.E., Lin K.S., Shi C.Y., Pham T.M., Bisaria N., Kelley G.M., Bartel D.P. The 

biochemical basis of microRNA targeting efficacy. Science. 2019. V. 366. No. 6472. doi: 

10.1126/science.aav1741 

28. Miranda K.C., Huynh T., Tay Y., Ang Y.S., Tam W.L., Thomson A.M., Lim B., Rigoutsos 

I. A Pattern-Based Method for the Identification of MicroRNA Binding Sites and Their 

Corresponding Heteroduplexes. Cell. 2006. V. 126. No. 6. P. 1203–1217. doi: 

10.1016/j.cell.2006.07.031 

29. Friedrich M., Vaxevanis C.K., Biehl K., Mueller A., Seliger B. Targeting the coding 

sequence: Opposing roles in regulating classical and non-classical MHC class I molecules 

by miR-16 and miR-744. Journal for Immunotherapy of Cancer. 2020. V. 8. No. 1. Article 

No. e000396. doi: 10.1136/jitc-2019-000396 

30. Kozomara A., Birgaoanu M., Griffiths-Jones S. miRBase: From microRNA sequences to 

function. Nucleic Acids Research. 2019. V. 47. P. D155–D162. doi: 10.1093/nar/gky1141 

31. Antczak M., Popenda M., Zok T., Sarzynska J., Ratajczak T., Tomczyk K., Adamiak R.W., 

Szachniuk M. New functionality of RNAComposer: Application to shape the axis of 

miR160 precursor structure. Acta Biochimica Polonica. 2016. V. 63. No. 4. doi: 

10.18388/abp.2016_1329 

32. Biesiada M., Pachulska-Wieczorek K., Adamiak R.W., Purzycka K.J. RNAComposer and 

RNA 3D structure prediction for nanotechnology. Methods. 2016. V. 103. P. 120–127. doi: 

10.1016/j.ymeth.2016.03.010 

https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202021
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.3389/fphar.2021.736323
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.3389/fonc.2021.708765
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202018
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.3892/or.2018.6593
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.3389/fonc.2020.00191
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202015
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202015
https://doi.org/10.1038/cdd.2014.87
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202021
https://doi.org/10.3389/fonc.2020.610545
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202018
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.21873/cgp.20090
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1371/journal.pone.0206239
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1093/nar/gkz757
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1126/science.aav1741
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1016/j.cell.2006.07.031
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202020
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1136/jitc-2019-000396
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202019
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1093/nar/gky1141
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202016
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.18388/abp.2016_1329
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202016
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1016/j.ymeth.2016.03.010


THE ROLE OF ONCOMIRS IN DRUG EFFLUX BY ABC-TRANSPORTERS AND CHEMIORESISTANCE IN BREAST CANCER 

 

 
Mathematical Biology and Bioinformatics. 2023. V 18. №.1. doi: 10.17537/2023.18.128 

143 

33. Parisien M., Major F. The MC-Fold and MC-Sym pipeline infers RNA structure from 

sequence data. Nature. 2008. V. 452. P. 51–55. doi: 10.1038/nature06684 

34. Singh K.P., Gupta S. 3D Modeling of Non-coding RNA Interactions. In: Systems Biology 

of MicroRNAs in Cancer. Eds.: Schmitz U., Wolkenhauer O., Vera-González J. Springer, 

2022. P. 281–317. (Advances in Experimental Medicine and Biology, V. 1385). doi: 

10.1007/978-3-031-08356-3_11 

35. Yan Y., Tao H., He J., Huang S.Y. The HDOCK server for integrated protein–protein 

docking. Nature Protocols. 2020. V. 15. P. 1829–1852. doi: 10.1038/s41596-020-0312-x 

36. Yuan S., Chan H.C.S., Hu Z. Using PyMOL as a platform for computational drug design. 

WIREs Computational Molecular Science. 2017. V. 7. No. 2. Article No. e1298. doi: 

10.1002/wcms.1298 

37. Dahuja A., Kumar R.R., Sakhare A., Watts A., Singh B., Goswami S., Sachdev 

A.,  Praveen S. Role of ATP-binding cassette transporters in maintaining plant homeostasis 

under abiotic and biotic stresses. Physiologia Plantarum. 2021. V. 171. No. 4. P. 785–801. 

doi: 10.1111/ppl.13302 

38. Liu R., Chen Y., Liu G., Li C., Song Y., Cao Z., Li W., Hu J., Lu C., Liu Y. PI3K/AKT 

pathway as a key link modulates the multidrug resistance of cancers. Cell Death & 

Disease. 2020. V. 11. No. 9. doi: 10.1038/s41419-020-02998-6 

39. Behl T., Kaur I., Sehgal A., Kumar A., Uddin Md. S., Bungau S. The Interplay of ABC 

Transporters in Aβ Translocation and Cholesterol Metabolism: Implicating Their Roles in 

Alzheimer’s Disease. Molecular Neurobiology. 2021. V. 58. No. 4. P. 1564–1582. doi: 

10.1007/s12035-020-02211-x 

40. Yu W., Lei Q., Yang L., Qin G., Liu S., Wang D., Ping Y., Zhang Y. Contradictory roles 

of lipid metabolism in immune response within the tumor microenvironment. Journal of 

Hematology & Oncology. 2021. V. 14. Article No. 187. doi: 10.1186/s13045-021-01200-4 

41. Ganesan M., Kanimozhi G., Pradhapsingh B., Khan H.A., Alhomida A.S., Ekhzaimy A., 

Brindha G.R., Prasad N.R. Phytochemicals reverse P-glycoprotein mediated multidrug 

resistance via signal transduction pathways. Biomedicine & Pharmacotherapy. 2021. V. 

139. Article No. 111632. doi: 10.1016/j.biopha.2021.111632 

42. Mohi-ud-Din R., Mir R.H., Mir P.A., Banday N., Shah A.J., Sawhney G., Bhat M.M., 

Batiha G.E., Potoo F.H. Dysfunction of ABC Transporters at the Surface of BBB: Potential 

Implications in Intractable Epilepsy and Applications of Nanotechnology Enabled Drug 

Delivery. Current Drug Metabolism. 2022. V. 23. No. 9. P. 735–756. doi: 

10.2174/1389200223666220817115003 

43. Domenichini A., Adamska A., Falasca M. ABC transporters as cancer drivers: Potential 

functions in cancer development. Biochimica et Biophysica Acta (BBA) - General Subjects. 

2019. V. 1863. P. 52–60. doi: 10.1016/j.bbagen.2018.09.019 

44. 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. V. 17. No. 9. P. 1013–1027. doi: 

10.1080/17460441.2022.2112666 

45. Xia M., Zu X., Chen Z., Wen G., Zhong J. Noncoding RNAs in triple negative breast 

cancer: Mechanisms for chemoresistance. Cancer Letters. 2021. V. 523. P. 100–110. doi: 

10.1016/j.canlet.2021.09.038 

46. Zang J., Lu D., Xu A. The interaction of circRNAs and RNA binding proteins: An 

important part of circRNA maintenance and function. Journal of Neuroscience Research. 

2020. V. 98. P. 87–97. doi: 10.1002/jnr.24356 

47. Tang H., Ma M., Dai J., Cui C., Si L., Sheng X., Chi Z., Xu L., Yu S., Xu T., et al. MiR-

let-7b and miR-let-7c suppress tumourigenesis of human mucosal melanoma and enhance 

the sensitivity to chemotherapy. Journal of Experimental & Clinical Cancer Research. 

2019. V. 38. Article No. 212. doi: 10.1186/s13046-019-1190-3 

https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202008
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1038/nature06684
https://doi.org/10.1007/978-3-031-08356-3_11
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202020
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1038/s41596-020-0312-x
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202017
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1002/wcms.1298
file:///C:/Users/C:/Users/C:/Users/Tabarq%20Center%202022/Downloads/Dahuja,%20A.,%20Kumar,%20R.%20R.,%20Sakhare,%20A.,%20Watts,%20A.,%20Singh,%20B.,%20Goswami,%20S.,%20et%20al.(2021).%20Role%20of%20ATP-binding%20cassette%20transporters%20in%20maintaining%20plant%20homeostasis%20under%20abiotic%20and%20biotic%20stresses
file:///C:/Users/C:/Users/C:/Users/Tabarq%20Center%202022/Downloads/Dahuja,%20A.,%20Kumar,%20R.%20R.,%20Sakhare,%20A.,%20Watts,%20A.,%20Singh,%20B.,%20Goswami,%20S.,%20et%20al.(2021).%20Role%20of%20ATP-binding%20cassette%20transporters%20in%20maintaining%20plant%20homeostasis%20under%20abiotic%20and%20biotic%20stresses
file:///C:/Users/C:/Users/C:/Users/Tabarq%20Center%202022/Downloads/Dahuja,%20A.,%20Kumar,%20R.%20R.,%20Sakhare,%20A.,%20Watts,%20A.,%20Singh,%20B.,%20Goswami,%20S.,%20et%20al.(2021).%20Role%20of%20ATP-binding%20cassette%20transporters%20in%20maintaining%20plant%20homeostasis%20under%20abiotic%20and%20biotic%20stresses
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202021
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1111/ppl.13302
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202020
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1038/s41419-020-02998-6
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202021
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1007/s12035-020-02211-x
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202021
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1186/s13045-021-01200-4
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1016/j.biopha.2021.111632
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.2174/1389200223666220817115003
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202019
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202019
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1016/j.bbagen.2018.09.019
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1080/17460441.2022.2112666
https://doi.org/10.1016/j.canlet.2021.09.038
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1002/jnr.24356
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202019
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202019
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1186/s13046-019-1190-3


KHALAF, SULEIMAN, SUWEID 

 

 
Mathematical Biology and Bioinformatics. 2023. V 18. №.1. doi: 10.17537/2023.18.128 

144 

48. De Santis C., Götte M. The Role of microRNA Let-7d in Female Malignancies and 

Diseases of the Female Reproductive Tract. International Journal of Molecular Sciences. 

2021. V. 22. No. 14. Article No.7359. doi: 10.3390/ijms22147359 

49. Mohi-Ud-Din R., Mir R.H., Mir P.A., Banday N., Shah A.J., Sawhney G., Bhat M.M., 

Batiha G.E., Pottoo F. H. Dysfunction of ABC Transporters at the Surface of BBB: 

Potential Implications in Intractable Epilepsy and Applications of Nanotechnology 

Enabled Drug Delivery. Curr. Drug Metab. 2022. V. 23. No. 9. P. 735–756. doi: 

10.2174/1389200223666220817115003. 

50. Valinezhad O.A., Safaralizadeh R., Kazemzadeh-Bavili M. Mechanisms of miRNA-

Mediated Gene Regulation from Common Downregulation to mRNA-Specific 

Upregulation. International Journal of Genomics. 2014. V. 2014. Article No. 970607. doi: 

10.1155/2014/970607 

51. Yuan J.H., Li W.X., Hu C., Zhang B. Upregulation of SNHG12 accelerates cell 

proliferation, migration, invasion and restrain cell apoptosis in breast cancer by enhancing 

regulating SALL4 expression via sponging miR-15a-5p. Neoplasma. 2020. V. 67. No. 4. P. 

861–870. doi: 10.4149/neo_2020_190808N731 

52. Zhang H.Y., Liang H.X., Wu S.H., Jiang H.Q., Wang Q., Yu Z.J. Overexpressed Tumor 

Suppressor Exosomal miR-15a-5p in Cancer Cells Inhibits PD1 Expression in CD8+T 

Cells and Suppresses the Hepatocellular Carcinoma Progression. Frontiers in Oncology. 

2021. V. 11. Article No. 622263. doi: 10.3389/fonc.2021.622263 

53. Zheng Y., Luo M., Lü M., Zhou T., Liu F., Guo X., Zhang J., Kang M. Let-7c-5p Inhibits 

Cell Proliferation and Migration and Promotes Apoptosis via the CTHRC1/AKT/ERK 

Pathway in Esophageal Squamous Cell Carcinoma. OncoTargets and Therapy. 2020. V. 

13. P. 11193–11209. doi: 10.2147/OTT.S274092 

54. Fu X., Mao X., Wang Y., Ding X., Li Y. Let-7c-5p inhibits cell proliferation and induces 

cell apoptosis by targeting ERCC6 in breast cancer. Oncology Reports. 2017. V. 38. No.3. 

P. 1851–1856. doi: 10.3892/or.2017.5839 

55. Wang C., Xue H., Zhao R., Sun Z., Gao X., Qi Y., Wang H., Xu J., Deng L., Li G. RGS16 

regulated by let-7c-5p promotes glioma progression by activating PI3K-AKT pathway. 

Frontiers of Medicine. 2023. V. 17. P 143–155. doi: 10.1007/s11684-022-0929-y 

56. Chirshev E., Oberg K.C., Ioffe Y.J., Unternaehrer J.J. Let-7 as biomarker, prognostic 

indicator, and therapy for precision medicine in cancer. Clinical and Translational 

Medicine. 2019. V. 8. No. 1. Article No. e24. doi: 10.1186/s40169-019-0240-y 

57. Zhang Y., Tie Q., Bao Z., Shao Z., Zhang L. Inhibition of miR-15a-5p Promotes the 

Chemoresistance to Pirarubicin in Hepatocellular Carcinoma via Targeting eIF4E. 

Computational and Mathematical Methods in Medicine. 2021. V. 2021. Article No. 

6468405. doi: 10.1155/2021/6468405  

58. Muriithi W., Macharia L.W., Heming C.P., Echevarria J.L., Nyachieo A., Filho P.N., Neto 

V.M.. ABC transporters and the hallmarks of cancer: Roles in cancer aggressiveness 

beyond multidrug resistance. Cancer Biology & Medicine. 2020. V. 17. No. 2. P. 253–269. 

doi: 10.20892/j.issn.2095-3941.2019.0284  

59. Hashemi S.M., Balouchi A., Al-Mawali A., Rafiemanesh H., Rezaie-Keikhaie K., Bouya 

S., Dehghan B., Farahani M.A. Health-related quality of life of breast cancer patients 

in the Eastern Mediterranean region: a systematic review and meta-analysis. Breast Cancer 

Research and Treatment. 2019. V. 174. P. 585–596. doi: 10.1007/s10549-019-05131-0.  
 

 
Received 12.05.2023. 

Revised 24.05.2023. 
Published 28.05.2023. 

https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202021
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202021
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.3390/ijms22147359
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202022
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.2174/1389200223666220817115003
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1155/2014/970607
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.4149/neo_2020_190808N731
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202021
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202021
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.3389/fonc.2021.622263
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202020
https://doi.org/10.2147/OTT.S274092
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
file:///C:/Users/Tabarq%20Center%202022/Downloads/Telegram%20Desktop/.%202017
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.3892/or.2017.5839
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1007/s11684-022-0929-y
https://doi.org/10.1186%2Fs40169-019-0240-y
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.1155/2021/6468405
https://www.zotero.org/google-docs/?c41BXT
https://doi.org/10.20892%2Fj.issn.2095-3941.2019.0284
https://doi.org/10.1007/s10549-019-05131-0

