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A B S T R A C T   

Cancer is a multifactorial disease and one of the leading causes of mortality worldwide. Cancer cells develop 
multiple strategies to reduce drug sensitivity and eventually lead to chemoresistance. Chemoresistance is initi
ated either by intrinsic factors or due to the prolonged use of chemotherapeutics as acquired resistance. Further, 
chemoresistance is also one of the major reasons behind tumor recurrence and metastasis. Therefore, overcoming 
chemoresistance is one of the primary challenges in cancer therapy. Several mechanisms are involved in che
moresistance. Among them, the key role of ABC transporters and tumor microenvironment have been well 
studied. Recently, microRNAs (miRNAs) regulation in tumor development, metastasis, and chemotherapy has got 
wider interest due to its role in regulating genes involved in cancer progression and therapy. Noncoding RNAs, 
including miRNAs, have been associated with the regulation of tumor-suppressor and tumor-promoter genes. 
Further, miRNA can also be used as a reliable diagnostic and prognostic marker to predict the stage and types of 
cancer. Recent evidences have revealed that miRNAs regulation also influences the function of drug transporters 
and the tumor microenvironment, which affects chemosensitivity to cancer cells. Therefore, miRNAs can be a 
promising target to reverse back chemosensitivity in cancer cells. This review comprehensively discusses the 
mechanisms involved in cancer chemoresistance and its regulation by miRNAs.   

1. Introduction 

Cancer is one of the major non-communicable diseases and the 
leading cause of death worldwide. Chemotherapy is the most commonly 
preferred therapeutic approach because of its effectiveness and wide
spread availability. However, most of the chemotherapies cause adverse 
side effects, and the long-time use induces chemoresistance. Chemo
resistance is a mechanism when the prolonged use of an anticancer 
agent or a group of anticancer agents fails to show its anti-cancerous 
property towards cancer cells and allows cancer cells or tumors to 
grow and metastasize into other organs aggressively. Chemoresistance is 
mainly of two types such as innate-chemoresistance and acquired- 
chemoresistance [1]. Majorly, three factors are involved in drug resis
tance: first, decreased intake of the drugs inside the cell or increased 
release of drugs outside of the cell. The second is the degradation and 
deactivation of intracellular thiols, and the third is the advanced intra
cellular DNA repair mechanism. Besides these, several factors including, 
mutation, hypoxia, cancer stem cells, and epigenetic changes, are 
involved in the regulation of chemoresistance [2,3]. Among them, 

noncoding RNAs (ncRNAs), one of the basic epigenetic modifications, 
play a crucial role in chemoresistance. 

ncRNAs are endogenous, single-stranded RNAs that can modulate 
the expression of receptors and genes involved in cancer chemo
resistance. ncRNAs are also known as epigenetic modifiers, as they 
regulate gene expression by modifying local chromatin statuses or by 
non-chromatin status such as by DNA methylation [4]. According to 
transcript size, ncRNAs are classified into two categories - small ncRNAs 
(~22 nucleotides in size) and long ncRNAs (lncRNAs, 200 nucleotides to 
>100 kb in size). microRNA (miRNA) is the most active small ncRNAs 
compared to other small ncRNAs and plays a significant role as ’the 
sword and the shield’ in the chemoresistance mechanism [5]. This re
view comprehensively discusses the emerging role of miRNAs in altering 
the chemosensitivity and the mechanism involved in chemoresistance. 
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2. Mechanisms behind chemoresistance in cancer 

2.1. Multi-drug resistance (MDR) 

MDR is one of the significant causes of chemoresistance. MDR is a 
phenotype of the resistance for cancer cells, where a particular drug or 
variety of drugs have shown no effect towards cancer cells, though they 
are different in structure as well as different in mode of action. MDR- 
associated pathways are the most common pathway by which cancer 
chemotherapeutics stay remain unproductive as anticancer agents. MDR 
is mediated by a multifactorial mechanism where at least two to three 
resistance mechanisms are going simultaneously. The most common 
mechanisms involved in MDR are increased drug detoxification, 
increased drug repair mechanism, variation in intracellular drug con
centration, modulation of the cell cycle, and altered influx as well as the 
efflux of chemotherapeutics. MDR occurs mainly by two ATP-binding 
cassettes (ABC) superfamily of transport proteins, the first is P-glyco
protein mediated, and the second is Non-P-glycoprotein intervened [6]. 

2.1.1. P-glycoprotein (P-gp)-mediated drug resistance 
Humans have two membrane transporter proteins, such as MDR1 

and MDR2. The MDR1-encoded P-gp is a membrane-associated glyco
protein whose primary function is to efflux out toxins, drugs, or anti
cancer agents from the cells. P-gp is responsible for the resistance of 
some drugs such as platinum agents, taxanes, anthracyclines, alkaloids, 
and topoisomerase inhibitors [7]. The overexpression of this protein 
represents the inherent chemoresistance property of cancer cells. For 
example, adherent chemoresistant SCLC and NSCLC cell lines have 
shown the aberrant expression of MDR1. In addition, MDR1 expression 
is low in clinical samples of both lung cancer as well as normal lung 
tissues. Therefore, P-gp may play a minor role in different cancer che
moresistance [8]. Platinum agents are the major therapeutics used in 
cancer treatment. It has been reported that a significant percentage of 
resistance to the platinum agents occurs by reducing influx and ampli
fying efflux through P-gp in ovarian cancer cells. Active efflux via P-gp 
has played a great role in the resistance of camptothecin analogs, which 
is inhibiting DNA replication by obstructing Topoisomerase I activity 
[9–11]. 

2.1.2. Non P-glycoprotein (Non-P-gp) drug resistance mechanism 
Another important member of the ABC superfamily is MRD-associ

ated protein 1 (MRP1) encoded non-P-glycoprotein. Similar to the P-gp, 
MRP1 is also an integral membrane phosphoglycoprotein, involved in 
MDR. In contrast to P-gp, MRP1 requires cofactors, glutathione (GSH), 
glucuronic acid, or sulfate in the drug-efflux mechanism [7]. Some cell 
lines have shown drug resistance without overexpression of P-gp, which 
points out the role of MRP1 in their chemoresistance mechanism. In 
addition to MRP1, some more members of the ABC-transporters family, 
such as breast cancer resistance protein (BCRP) and 
lung-resistance-related- protein (LRP), play an essential role in cancer 
chemoresistance. BCRP is mainly involved in the resistance of campto
thecin analogs and topo I inhibitors, which have a significant role in lung 
cancer chemotherapy. The expression of LRP correlates with resistance 
to doxorubicin. Chemoresistant-cancer patients usually have higher 
expression of ABC-transporters, which indirectly represents the higher 
quantity of drug efflux from cells [12]. 

2.2. Enzymes involved in drug resistance 

Some enzymes play a key role in reducing the effect of the drug in
side the cells and making cells resistant to that drug. The major enzymes 
involved in drug resistance are glutathione-dependent enzymes, top
oisomerases, thymidylate synthase, cytochrome P450 enzymes etc. 
Among the stress-releasing enzymes, glutathione-dependent enzymes 
such as glutathione-related enzymes glutathione S-transferase (GST) and 
glutathione peroxidase (GPx) reduce the cytotoxicity effect of anticancer 

agents inside the cell through GPx by utilizing GSH to remove reactive 
oxygen intermediates [9]. GST-π isoenzyme is also highly expressed in 
lung tumors of smokers compared to non-smokers. Alterations in the 
GST correlate with the development of drug resistance in lung tumors. In 
addition to the P-gp and non-p-gp-mediated MDR, alteration in topo
isomerase II (topo II) activity leads to MDR. An elevated level of topo II is 
allied with resistance to certain DNA-damaging agents (platinum-based 
agents). The lower levels of topo II expression may predict to reduce the 
sensitivity of human lung cancer to several drugs such as cisplatin, 
doxorubicin [9]. Thymidylate synthase (TS) plays a crucial role in DNA 
biosynthesis and is the target of many chemotherapeutic agents. Tumor 
cells resistant to cisplatin and doxorubicin have shown an elevated level 
of TS. The cytochrome P450 superfamily is also involved in many 
drug-metabolizing reactions [9]. 

2.3. Drug influx, metabolism, and efflux 

The equilibrium between the influx and efflux of a drug is essential 
inside the cancer cell. Drugs come in a cell in different ways, from 
diffusion to endocytosis or through a transporter. Declining the drug 
concentration within the cells causes ineffective chemotherapeutics. 
Various factors are involved in lowering the drug concentration, such as 
decreasing the absorption, decreasing the number of transporters, and 
mutation in the drug transporters. For example, cells resistant to 
methotrexate have commonly mutated folate binding proteins [13]. 
Another important reason for the decline of intracellular drug concen
tration is ABC-transporters mediated signaling cascade, as depicted in 
Fig. 1. Tumor cells can acquire resistance to a specific drug by altering 
pathways involved in drug metabolism. Some metabolic enzymes su
perfamily of cytochrome p450 (CYP) enzymes, CYP3A4, play a signifi
cant role in chemoresistance [14]. 

2.4. Gene expression 

The expression of genes involved in tumor progression and therapy 
plays a major role in response to chemotherapeutics. The expression of 
breast cancer susceptibility gene 1 (BRAC1) is one of the predictive 
markers of cisplatin-based chemotherapy in many cancers. Patients with 
the overexpression of BRCA1 have a lower survival rate because of poor 
prognosis. For example, docetaxel-received patients have shown higher 
expression of BRAC1 whereas, combinatorial chemotherapy of gemci
tabine and cisplatin have shown the lower expression of BRAC1 [15]. 
Lower BRCA1 expression might improve the response of cisplatin-based 
chemotherapy with cisplatin and paclitaxel in epithelial ovarian cancer 
(EOC) patients [16]. BRCA1 expression is also a marker of progression 
and overall survival in sporadic breast cancers treated with 
anthracycline-based chemotherapy [17]. Similar to BRAC1, DNA repair 
enzymes such as excision repair cross-complementation group 1 
(ERCC1) are reported to have some connection with platinum-based 
therapy. Low ERCC1 expression levels are prognostic for response and 
advancement of free survival (PFS) among [10]. 

2.5. DNA damage and repair system 

Apoptosis is one of the major mechanisms by which anticancer 
agents kill cancer cells by fragmenting their genetic materials. Apoptosis 
also occurs if the DNA repair system is not able to recover the extensive 
DNA damage. Alteration of transcription factors, genes involved in cell- 
death pathways, and variation in apoptotic signaling pathways are 
among the reasons for chemoresistance. Mutation in these genes, such as 
tumor suppressor, apoptotic markers bcl-2, bcl-x can cause drug resis
tance and prevent apoptosis. 

All chemotherapeutics directly or indirectly target the genetic ma
terials of the cancer cells. Damaged DNA induces apoptosis, reduces cell 
proliferation, genetic instability. There are some mechanisms involved 
in DNA repair mechanism. For example, platinum-based agents such as 
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cisplatin and carboplatin cause DNA damage, leading to the apoptosis of 
cancer cells. The resistance to these agents occurs by the DNA repair 
systems. There are mainly three basic pathways involved in the DNA 
damage repair system-Nuclear excision repair (NER), Base excision 
repair (BER), and DNA mismatch repair (MMR) [14]. These all pathways 
directly or indirectly contribute to chemoresistance. Another compen
satory DNA damage response pathway may counterbalance an abnormal 
function of the DNA repair pathway. The expression of various DNA 
repair genes like BARD1, SIRT1, and H2AFX have been shown to be 
involved in chemoresistance. BARD1 is interrelated with resistance to 
the platinum-binding agents [11]. Some enzymes involved in DNA 
repair mechanisms are also involved in chemoresistance. The most 
important two enzymes are ERCC1 and ribonucleotide reductase regu
latory subunit M1 (RRM1). ERCC1 is a crucial enzyme involved in the 
NER-mechanism. ERCC1 is associated with resistance of platinum-based 
agents, whereas high expression of RRM1 is associated with cisplatin, 
docetaxel, and gemcitabine resistance [10,18]. 

2.6. Autophagy 

The high density of cancer cells inside the solid tumor hinders blood 
flow, leading to insufficient nutrients and oxygen. Thereby, the effec
tiveness of therapeutic drugs also differs. In addition, the lessened blood 
flow produces a toxic environment by reducing the clearance of break
down products within the tumor. Cancer cells adapt ’autophagy’ to 
maintain cellular homeostasis by decreasing the supply of nutrients. 
Autophagy is a progressive preserved mechanism for degrading cellular 
damaged organelles and unfolded as well as aggregated proteins to 
maintain intracellular homeostasis. Autophagy, is also known as mac
roautophagy, plays a crucial role in chemoresistance. Autophagy is a 
self-protective mechanism where cells degrade drug molecules to pre
vent apoptosis, as depicted in Fig. 1. The microenvironment of cells 
plays a vital role in the autophagy mechanism. Autophagy is one of the 
mechanisms assists to escape from cell death in cellular stress or meta
bolic stress [19]. In the presence of cytotoxic agents such as cisplatin, 
and 5-fluorouracil (5-FU), chemoresistant cells have shown autophagy 
phenotype and a morphology reminiscent of type II programmed cell 
death. In contrast, chemosensitive cells have undergone apoptosis [11]. 
Similar to apoptosis, tumor suppressor gene p53 also plays a significant 

role in autophagy activation. Guo et al. showed that p53 contributes to 
the activation of autophagy to protect the cell from apoptosis under 
nutrient-deprived microenvironments [20]. 

2.7. Hypoxia condition 

Reduced blood supply to cancer cells causes deprived supply of ox
ygen and lead to the hypoxic condition. Hypoxia is also involved in the 
mechanism of chemoresistance. Because many drugs cause genotoxicity 
by generating free radicals, the anticancer activity of these therapeutic 
drugs is reduced due to the lack of oxygen [21]. Solid tumors are more 
resistant to chemo- and radiotherapy because of insufficient vasculari
zation due to the space and mass constraints. Therefore, cells of solid 
tumors can grow in hypoxia conditions. In hypoxia conditions, cells can 
alter the expression of genes involved in chemoresistance and endo
thelial cell growth by prompting one or more transcription factors such 
as hypoxia-inducible factor-1 (HIF-1) [11]. Doxorubicin and 
methotrexate-related resistance is occurred due to hypoxia. 
Doxorubicin-resistant lung tumors have shown lower expression of 
VEGF, which is mediated by hypoxia conditions [9]. 

2.8. Cancer stem cells 

Cancer stem cells are the subpopulation of cells with the ability to 
self-renewal and differentiation. These cells are also involved in che
moresistance through various mechanisms, as depicted in Fig. 2. The 
expression of CD133 correlates with chemoresistance in small lung 
cancer (SCLC). Clinical samples have reported that CD133+ stem cells 
present in SCLC are highly tumorigenic and positively associated with 
chemoresistance [22]. CSCs have advanced intrinsic resistance to 
chemotherapy than cancer cells because CSCs have the capability to 
inactivate the drug by amplified expression of detoxifying ALDH en
zymes, improved DNA repair mechanism which prevents the action of 
platinum and alkylating agents, as well as shrink drug activation via 
quiescence, and enhanced drug efflux by the upregulation of the ABC 
transporters [13,23]. Irregular signaling embryonic pathways such as 
Notch Hedgehog (Hh) and Wnt/β-catenin of CSCs play a major role in 
chemoresistance. For example, CD133+ glioblastoma stem cells have 
shown prominent resistance to paclitaxel, carboplatin, etoposide, and 
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Fig. 1. Role of autophagy and hypoxia in cancer 
chemoresistance. Autophagy supports cancer cells to 
survive under stress conditions like hypoxia. In gen
eral, autophagy is initiated by forming phagophore, 
then specific proteins like ATGs and LC3 form auto
phagosome. At the final stage, the autophagosome 
merges with the lysosome to form an autolysosome 
and degrades drug molecules to avert cell death. The 
presence of the beclin-1-VPS15-VPS34-ATG14 l com
plex represents the initiation of autophagy. Hypoxia 
initiates PI3K signaling leading to AKT phosphoryla
tion which activates HIF-1α and leads to chemo
resistance. In general, chemotherapeutics (drugs) 
enter the cells by diffusion. The ABC-transporters (P- 
gp, MRP1, and MRP2) reduce the drug concentration 
by drug efflux and lead to chemoresistance.   

P. Mondal and S.M. Meeran                                                                                                                                                                                                                 



Non-coding RNA Research 6 (2021) 200–210

203

temozolomide by enhancing DNA repair mechanism through activating 
DNA damage checkpoint kinases and Wnt signaling cascade [24,25]. 

2.9. Epigenetic regulation 

Epigenetic modifications such as DNA methylation, histone mod
ifications, and regulation of ncRNA play a significant role in chemo
resistance. In general, tumor suppressor genes are transcriptionally 
silenced by hypermethylation. In contrast, tumor-promoter genes such 
as hTERT are overexpressed by hypermethylation. Demethylation at the 
promoter region of MDR1 promotes cancer cells to gain a multi-drug- 
resistant phenotype and reduces the intracellular accumulation of 
anticancer agents [26]. In contrast, promoter methylation of BMP4 
resensitizes gastric cancer cells to cisplatin by decreasing the expression 
of BMP4 [27]. Similarly, incubating with DNA methyltransferase in
hibitors inhibits the expression and function of ABCG2/BCRP [28]. The 
inhibitors of DNA methylation such as 5-Aza-2′-deoxycytidine (decita
bine; DAC) can enhance the efficacy of other drugs such as cisplatin and 
carboplatin to the tumor. Therefore, the combinatorial effect of epige
netic inhibitors and conventional chemotherapeutic agents might be 
more efficacious than the single agents [13]. In addition to DNA 
methylation, histone modification also plays a major role in chemo
resistance [29]. In general, overexpression of EZH2, a member of histone 
lysine methyltransferases (KMTs) has been observed in drug-resistant 
cells compared to chemosensitive cancers cells. Overexpression of 
EZH2 initiates overall phosphorylation of kinases in serine and tyrosine 
residues, thereby leading to chemoresistance. However, the inhibition of 
EZH2 by KMTi inhibitor, EPZ011989, shown to reduce phosphorylation 
and activate tumor suppressors to reverse chemoresistance [30]. 
Recently, different combinations of KMTi have been shown to reverse 
back the chemoresistance of chemotherapeutics [31]. For example, 
3-deazaneplanocin A, an EZH2 inhibitor, combined with panobinostat, a 
HDAC inhibitor, has been shown to reduce chemoresistance in chemo
resistant glioblastoma cells [32]. Similar to DNA methylation and his
tone modification, ncRNAs, especially miRNAs, play a dynamic role in 
cancer chemoresistance [29]. 

3. Role of miRNA in cancer chemoresistance 

miRNAs play a significant role in various biological processes such as 
cell cycle, cell proliferation, metastasis, and cell signaling pathways 
[33]. Dysregulation of miRNAs can cause aberration to different 

physiological functions. Alteration in the expression of miRNAs can 
improve or deteriorate the chemotherapeutic response. In addition, 
miRNAs regulate chemoresistance by altering the expression of 
tumor-suppressor genes, tumor-promoter genes, and oncogenes. miR
NAs can reverse the chemosensitivity by limiting the gene expression 
involved in autophagy, cell survival, and DNA repair mechanisms, 
thereby altering cell survival, as depicted in Fig. 3. The downregulation 
of REV3-like DNA-directed polymerase zeta catalytic subunit (REV3L) or 
the upregulation of miR-29a inhibits the cell growth by arresting in the 
G2/M phase when co-treated with cisplatin [34]. REV3L is responsible 
for translation DNA synthesis. DNA repair pathway is another mecha
nism involved in chemoresistance. Flap endonuclease 1 (FEN1) is 
involved in chemoresistance by regulating numerous factors involved in 
DNA repair pathways. Tumor suppressor miR-140 reduced the DNA 
repair mechanism by complementing FEN1 at 3′untranslated region3 
(UTR). Therefore, upregulation of miR-140 reverses the chemo
sensitivity to breast cancer cells by targeting FEN1. In addition, tran
scription factor/repressor Ying Yang 1 (YY1) directly binds to the 
miR-140 promoter and triggers miR-140 expression, decreasing doxo
rubicin resistance [35]. 

miRNAs can regulate chemoresistance by altering the expression of 
different transcription factors associated with Epithelial-Mesenchymal 
Transition (EMT) [36,37]. Tumor suppressor miR-218 has an inverse 
correlation with ’master switch’ runt-related transcription factor 2 
(RUNX2), which controls several genes involved in the development of 
osteoblasts. The other function of RUNX2 is to modulate angiogenesis 
via cell proliferation, invasion, and angiogenesis. The overexpression of 
miR-218 increases cisplatin sensitivity by the downregulation of RUNX2 
and enhances apoptosis and cell cycle arrest at the G0/S phase in NSCLC 
[38]. miR-218 is also inversely correlated with EMT transcription factors 
such as Slug and ZEB2. The upregulation of miR-218 augments the 
chemosensitivity of cells to cisplatin as well as obstructs cell migration 
and invasion through suppression of Slug and ZEB2 expression by 
blocking the 3′-UTR regions of Slug and ZEB2 [39]. miRNAs regulate 
various signaling pathways associated with chemoresistance mecha
nisms. For example, downregulation of miR-499a inhibits cell prolifer
ation, induces cell cycle arrest, reduces colony formation, metastasis and 
enhances chemosensitivity to cervical cancer cells by targeting 
ex-determining region Y box 6. Therefore, inhibition of miR-499a could 
reverse the sensitivity of cisplatin in cervical cancer cells [40]. miRNAs 
have been involved in the regulation of various processes in chemo
resistance as outlined below: 

Cancer Cell/CSCs Apoptosis

Cancer Cell/CSCs
Chemotherapy 

CSCs

Tumor Cells

Autophagy 
inhibition

Tumor Relapse

Tumor Recurrence

DRUG RESISTANCE
Cancer Cell
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A B

Fig. 2. Role of cancer stem cells (CSCs) in chemoresistance. The bulk of 
the tumor cell population contains cancer cells and CSCs. (A) Conventional 
chemotherapy targets both cells in the bulk of the tumor but selectively causes 
cell death to the limited proliferative cancer cells. CSCs acquire chemo
resistance, and the presence of CSCs leads to tumor relapse, followed by tumor 
recurrence. (B) Autophagy alters the tumor microenvironment, which in
fluences chemosensitivity. In addition, cancer cells degrade drug molecules to 
avert cell death in autophagy conditions. Hence, autophagy inhibits the 
apoptosis of both CSCs and cancer cells, thereby leading to drug resistance.   
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3.1. miRNA regulates MDR proteins in chemoresistance 

In addition to several signaling pathways, the cell fate also depends 
on the regulation of different genes and transcription factors. Phos
phatase and tensin homolog (PTEN) are negative regulators of the PI3K/ 
AKT signaling pathway and function as tumor suppressor gene regu
lating cell cycle, apoptosis, and formation of many types of solid tumors. 
miRNA-132 and miRNA-212 also modulate NF-κB/PTEN-AKT cascade. 
Overexpression of miR-132/-212 represses the PTEN expression, which 
activates AKT phosphorylation and the NF-κB pathway and thereby 
enhances breast cancer resistance protein (BCRP) expression. BCRP is a 
member of MRD-associated protein 1 (MRP1) family, functions as a drug 
efflux transporter, and is directly associated with chemoresistance. 
Upregulation of miR-132/-212 leads to BCRP-based doxorubicin efflux 
in MCF-7 cells. Therefore, overexpression of miR-132/212 has been 
observed in doxorubicin-resistant breast cancer tumors and cells [41]. 
BCRP is another target of miR-328. Overexpression of miR-328 enhances 
mitoxantrone sensitivity by downregulating BCRP in breast cancer cells 
[42,43]. NF-κB is another target of miR-152, and it also regulates many 
apoptotic markers. Upregulation of miR-152 enhances cisplatin sensi
tivity in lung cancer A549/cis cells by downregulating anti-apoptotic 
proteins Bcl-2 and NF-κB [44]. Similar to MRP1, MRP4 is another 
member of the ABC transporter family involved in drug distribution and 
cell communication. This transporter protein is downregulated by 
miR-124-3p and miR-4524-5p at the protein level but not 

mRNA level in hepatocellular carcinoma. However, downregulation 
of MRP4-related proliferation and multiple drug resistance can be alter 
through both miRNA. On the other side, circHIPK3 functions as a 
competitive endogenous RNA which sponging miR-124-3p and miR- 
4524-5p, thereby restores MRP4 expression [45]. 

3.1.1. ATP-binding cassette sub-family C member 1 (ABCC1) 
Tumor suppressor miRNAs can modulate ABC-transporters, which 

modulate MDR in cancer cells. For example, miR-27b, miR-508-5p, miR- 
129-5p, and miR-107 can impede the expression of a certain family 
member of ABC-transporters, thereby enhancing the sensitivity of 5-FU 
to gastric cancer cells [46–49]. ABCC1 is target of some miRNAs like 

miR-133a and miR-326. These miRNAs have been shown to enhance the 
sensitivity of doxorubicin in HCC cells by modulating ABCC1 [55]. 
miR-326 also enhances doxorubicin and etoposide sensitivity to breast 
cancer cells by downregulating ABCC1 [56]. Similarly, MRP1 or ABCC1, 
P-gp, and lung-resistance protein (LRP) are downregulated by miR-146a 
and enhance cisplatin sensitivity [39]. In addition, cisplatin sensitivity 
increased by enhanced cell cycle arrest, apoptosis, and repressed cell 
viability, invasion, migration through upregulation of cleaved caspase-3 
and targeting cyclin J [39]. MRP1 is also regulated by miR-21 in 
cisplatin resistance. miR-21 plays in multiple ways in cisplatin resis
tance. Among them, three mechanisms are important. First, miR-21 in
duces drug efflux by increasing the expression of MDR1 and MPR1. 
Second, miR-21 prevents oxidative damage and inhibits 
cisplatin-regulated apoptosis by enhancing the level of cystathionine, 
GSH, SOD, and GST-π expressions and thereby promoting the drug 
inactivation. The last one, miR-21 is also regulating different cell 
signaling pathways. It is reported here that miR-21 increases cisplatin 
resistance by activating the PI3K/AKT signaling pathway and triggers 
transcription factors such as E2F-1 and Twist [57]. Similarly, miR-21 
considerably inhibits the paclitaxel-induced apoptosis by altering P-gp 
expression [58]. Another study has shown that miR-1291 directly re
presses ABCC1 expression, which increases sensitization of doxorubicin 
to cancer cells [59]. 

3.1.2. ATP-binding cassette sub-family C member 2 (ABCC2) 
ABCC2 is a member of ABC-transporters, which efflux various mol

ecules across extra- and intra-cellular membranes and make the cells 
more resistant to drugs. Cisplatin-resistant cells have shown higher 
expression of ABCC2 and Bcl-xL and lower expression of Let-7c. 
Therefore, Let-7c regulates the sensitivity of DDP in A549/DDP resis
tant cells by targetting ABCC2 and Bcl-xL [50]. By bioinformatics 
analysis, Zhan et al. have also hypothesized that oncogene c-MYC and 
other genes like STAT3, cyclin D1 are target points for let-7c. The higher 
expression of these genes causes cisplatin resistance in NSCLC [50]. 
ABCC2 mRNA has been identified as a target of miR-379 by RNA 
interference in CRC cells. Transfection of miR-297 enhances the sensi
tivity of vincristine (HCT-8/VCR) or oxaliplatin (HCT-116/L-OHP) to 
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Fig. 3. miRNA regulation in cancer chemoresistance. miRNAs target the key factors involved in autophagy and hypoxia, thereby altering the chemoresistance. 
Simultaneously, miRNAs also regulate the chemosensitivity in cancer cells by targeting ABC-transporters. 
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respective CRC resistant cells by targeting ABCC2 [51]. Similar to 
ABCC2, different miRNAs can regulate the expression of other members 
of the ABC-transporter superfamily like ABCA1, ABCC1, ABCC5, 
ABCC10, and ABCE1 in the HCC patient samples and clinically overcome 
the resistance [52]. ABCC5 is also another target of miR-148 and 
miR-128. In breast cancer cells, miR-148 and miR-128 reverse back the 
effect of doxorubicin to induce cell death by impeding the expression of 
BMI1 and ABCC5 [53,54]. 

3.1.3. ATP-binding cassette sub-family B (MDR/TAP) member 1 (ABCB1) 
ABCB1/P-glycoprotein or P-gp, MDR1 is one of the important protein 

among ABC-transporter, function as efflux pump. P-gp has an inverse 
correlation with miR-200c and miR-203 in the doxorubicin-resistant 
breast cancer cell line. More than 50 fold-lower expressions of miR- 
203 and miR-200c have been observed in the KCR (doxorubicin-resis
tant cell line) compared to the parental wild-type MCF-7, whereas 
100,000-fold higher expression of ABCB1 has been observed in KCR cells 
compared to MCF-7 cells. Therefore, the expression of miR-203 and miR- 
200c reverses back the sensitivity of doxorubicin in KCR by altering the 
activity of the ABCB1 efflux pump [60]. Transfection of miRNAs has 
been shown to modify the sensitivity of drugs in breast cancer cells. For 
example, transfection of miR-298 and miR-1253 enhance the doxoru
bicin sensitization in breast cancer cells by downregulating the expres
sion of P-gp [61]. Similar to miR-203 and miR-200c, miR-26b has an 
inverse correlation with P-gp in colorectal cancer cells. In 5-FU resistant 
cells, P-gp is overexpressed as miR-26b is downregulated, due to the 
hypermethylation to CpG islands of miR-26b promoter site, which 
induced the expression of P-gp. However, overexpression of miR-26b 
increased 5-FU in 5-FU resistant CRC cells by downregulating P-gp [62]. 
Another miR-27a also enhances the 5-FU effect in HCC cells by sup
pressing MDR1/P-gp and β-catenin expression [63]. P-gp is another 
target of miR-107, which enhances the oxaliplatin by impeding the 
expression of P-gp, cyclin D1, and c-myc [49]. In contrast, miR-27a 
enhances oxaliplatin resistance by inducing MDR1/P-gp, lung resis
tance protein (LRP), and Bcl-2 expression in gastric cancer [64]. 
Transfection of miR-331-5p and miR-27a improve the effect of doxo
rubicin in K562 chronic myelogenous leukemia cells by downregulating 
P-gp expression [65]. In gastric cancer, ABCB1 is also another target of 
miR-495, which sensitizes the resistant gastric cells to paclitaxel by 
altering ABCB1 expression [66]. 

3.1.4. ATP-binding cassette sub-family B (MDR/TAP) member 9 (ABCB9) 
ABCB9, another member of the ABCB family, is a target of miR-24, 

which functions as a reliable biomarker to predict the efficacy of the 
drug. miR-24 reverses the paclitaxel sensitivity in breast cancer cells by 
modulating ABCB9 [67]. In another study, miR-31 regulates cisplatin 
resistance by modulating the ABCB9, a transporter associated with an
tigen processing-like (TAPL), which is involved in drug cellular traf
ficking and chemotherapy-related MDR [68]. The overexpression of 
miR-31 suppresses DDP-induced apoptosis by targeting ABCB9 in 
NSCLC cell lines. They also mentioned that overexpression of miR27a 
and miR-451 bring extensive MDR to cancer cells by modulating the 
expression of MDR1/P-glycoprotein [68]. miRNAs could also modulate 
the MDR by targeting other members of the ABC transporter family. For 
example, miR-23a increases 5-FU resistance in microsatellite instability 
(MSI) CRC cells through targeting ABCF1115. In contrast, miR-let-7g/i 
(let-7g/i) improves DDP sensitivity in human esophageal carcinoma 
(EC) cell lines by suppressing the ABCC10 expression [69]. 

Similar to miRNA, lncRNA also regulates the expression of these 
MDR-related proteins, including MDR1 and multidrug resistance pro
teins (MRPs). MALAT1, an oncogenic and highly conserved nuclear 
lncRNA involved in tumor development, radiosensitivity and chemo
sensitivity of tumor cells. MALAT1 reduced DDP sensitivity in vitro and 
in vivo by upregulating MRP1 and MDR1 via triggering STAT3. Fang 
et al., found that A549/MALAT1 cells were significantly resistant to 
DDP-induced apoptosis, while A549/DDP/shMALAT1 cells had a high 

apoptosis rate induced by DDP [70]. The overexpression of lncRNA 
X-Inactive Specific Transcript (XIST) relates to cisplatin resistance in 
NSCLC by downregulating miR-144-3p, as miR-144-3p is a target of 
XIST. Knockdown of XIST suppresses cell proliferation, and migration 
promotes cell apoptosis and diminishes the expression of MDR1 and 
MRP1 in A549/DDP and H460/DDP cells [71]. 

Similar to miRNA, lncRNA also takes part in the regulation of drug 
transporters such as ABC transporter. Antisense noncoding RNA in the 
INK4 locus (ANRIL), oncogenic lncRNA, is previously popular for its 
epigenetic regulation on its neighboring gene cluster p15/CDKN2B- 
p16/CDKN2A-p14/ARF and cancer progression. ANRIL is also 
involved in cisplatin resistance by regulating drug transporters, 
including MRP1 and ABCC2 in lung cancer [72]. Another oncogenic 
lncRNA colon cancer-associated transcript-1 (CCAT1) and transcription 
factor sex-determining region Y-box 4 (SOX4) regulate miR-130a-3p in 
cisplatin-resistant NSCLC cells. SOX4 is a transcription factor regulator 
involved in embryonic development. CCAT1 and SOX4 negatively 
interact with miR-130a-3p and contribute to DDP resistance in NSCLC 
by downregulating miR-130a-3p expression. Knockdown of SOX4 in
creases the sensitivity of cisplatin to DDP resistant NSCLC cells and 
decreases ABCG2 expression [73]. ABCG2 is also another target of 
miR-212/328, thereby MiR-212/328 reversed back imatinib sensitivity 
in CML cells [43,74]. 

3.2. miRNA regulates hypoxia in chemoresistance 

One of the common characteristics of the TME is hypoxia, which aids 
in tumor dormancy, making the cells aggressive and resistant against 
chemotherapeutic drugs. Hypoxia is mediated by hypoxia-inducible 
factor-1 (HIF-1), which is regulated by many transcription factors. The 
aberrant expression of these TFs and/or HIF-1 leads to the formation of a 
hypoxic and chemoresistant TME [75]. In addition, hypoxia-induced 
high expression of signal transducer and activator of transcription 3 
(STAT-3) contributed to cancer stemness and chemoresistance [76]. 
Also, increased expression of TGF-β2 was found to increase cancer 
stemness and increased expression of HIF-1α aided in GLI2 induced 
chemoresistance in colorectal cancer cells [77,78]. Overexpression of 
HIF-2α increased cancer stemness and cMyc expression, which caused 
paclitaxel resistance by activating Wnt and Notch pathways in breast 
cancer cells [78]. In a study, Sabry et al. identified miR-210, miR-21, 
and miR-126, whose aberrant expression impacted the HIF-1α-VEGF 
signaling pathway in CRC [79]. High expression of HIF1α was observed 
to cause an increase in the miR-421 expression, which further inhibited 
E-cadherin (EMT biomarker) and caspase-3 (apoptosis regulator), 
enhancing cisplatin resistance in Gastric cancer [80]. Cisplatin sensi
tivity also increased in cisplatin-resistant oral squamous cell carcinoma 
cells (OSCC) by miR-132. Tumor suppressor miR-132 inhibiting the 
proliferation, invasion, and enhanced the pro-apoptotic ability of 
cisplatin in OSCC via regulating TGF-β1/Smad2/3 signals [81]. Another 
miR-141-3p can restore the trastuzumab sensitivity in breast cancer cells 
repressing CDK8 which alter phosphorylation level of SMAD2/SMAD3 
via TGF-β [82]. Therefore, TGF-β is one of the epicenteric factor, 
involved in chemoresistance, can be targeted by many miRNA to regain 
the chemosensitivity. Downregulation of miR-18a, miR-338-3p, and 
miR-199a and upregulation of miR-21 was observed to cause chemo
resistance by enhancing HIF-1α expression in cancer cell lines [83–86]. 

Overexpression of miR-222 was found to inhibit VHL, a protein that 
forms part of the VHL E3 ubiquitin ligase complex, which helps in the 
ubiquitination and degradation of unwanted proteins. Inhibition of VHL 
was correlated with increased HIF-1α stability, further increasing 
vincristine resistance in retinoblastoma cells [87]. Moreover, hypoxia 
was found to induce EMT and increase 5-FU resistance in p53 (tumor 
suppressor) mutant or deficient CRC via downregulation of miR-34a. 
Downregulated miR-34a increased Inh3 expression, a regulatory sub
unit for PP1 that helps to regulate STAT3, thereby promoting 
EMT-mediated cellular metastasis [88]. In another study, hypoxia 
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promoted cell cycle arrest in the G1 phase and inhibited apoptosis. It was 
further found that miR-210-3p regulated HIF-1α and HIF-2α in a nega
tive feedback loop where high expression of HIF-1α promoted 
miR-210-3p, but knockdown of HIF-1α reduced miR-210-3p expression, 
which increased HIF-2α expression. Additionally, simultaneous knock
down of HIF-1α and HIF-2α increased temozolomide sensitivity in 
glioblastoma cells [89]. Similarly, HIF-1α-mediated repression of 
miR-338-5p enhances chemoresistance in CRC by activating 
STAT3/Bcl2 through IL-6. IL-6 is the direct target of miR-338-5p, which 
activates STAT3/Bcl2 in hypoxia-mediated CRC drug resistance. Upre
gulation of miR-338-5p in CRC cells and PX-478, a HIF-1α inhibitor, can 
enhance the sensitivity of oxaliplatin (OXA) to CRC by repressing the 
HIF-1a/miR-338-5p/IL-6 feedback [90]. These results suggest that 
HIF-1α plays a significant role in the adaptation of malignant cells in the 
hypoxic environment contributing to tumor aggressiveness and resis
tance to chemotherapy. Hypoxia was found to induce autophagy via 
downregulating miR-224-3p expression, which is a direct target for 
ATG5, thereby increasing temozolomide resistance in glioblastoma and 
astrocytoma cells [91]. 

3.3. miRNA alters autophagy in chemoresistance 

Autophagy, a process that helps cells achieve cellular homeostasis, is 
characterized by the formation of autophagosomes that envelop 
abnormal or irregular proteins, damaged organelles, or other cyto
plasmic components under stress conditions. Finally, the fusion of the 
autophagosome and the lysosome forms autophagolysosome where the 
degradation of these unwanted components occurs, which provides 
amino acids and other nutrients for cell growth and metabolism [92]. 
Cancer cells achieve chemoresistance via autophagy by 1) inhibition of 
autophagic cell death and 2) activation of autophagy upon 
stress-induced by radiotherapy and chemotherapy, causing resistance to 
cancer treatments [93]. 

Dysregulation of various genes and ncRNAs involved in autophagy 
has been reported to contribute to chemoresistance in many cancers 
[94]. PTEN is a key regulator of autophagosome formation, which pre
vents the inhibitory effect of PI3K/PKB on autophagy, thereby triggering 
autophagy. However, activating the PI3K/AKT/mTOR signaling path
ways inhibits cancer cell autophagy and stimulates cancer cell devel
opment [95]. The upregulation of miR-181 hinders cell growth and 
metastasis and prompts apoptosis and autophagy in A549/DDP cells 
through the PTEN/PI3K/AKT/mTOR pathway. In the same way, the 
downregulation of miR-181 repressed autophagy-associated proteins 
such as LC3 and ATG5 [95]. miR-181c leads to cisplatin resistance in 
NSCLC cells by targeting Wnt inhibition factor 1 [96]. Similarly, 
miR-27b-3p enhances oxaliplatin sensitivity in CRC patients by reducing 
the expression of c-Myc, which downregulates the expression of ATG10, 
a member of 36 autophagy (ATG) genes. In general, a lower level of 
miR-27b-3p has been observed in oxaliplatin-resistant cells compared to 
its parental cells, and at the same time, under oxaliplatin treatment, 
these resistant cells have shown a higher level of autophagy phenotype 
compared to parental cells. Overexpression of miR-27b-3p inhibits 
autophagy by impeding the LC3-I to LC3-II conversion, downregulating 
ATG10, and enhancing chemosensitivity by repressing c-Myc. There
fore, c-Myc/miR-27b-3p/ATG10 regulatory axis plays a key role in CRC 
chemoresistance [97]. 

Paclitaxel was demonstrated to induce high expression of Cdx1 that 
activated an autophagy-associated signaling pathway that was further 
observed to enhance resistance against paclitaxel-induced cytotoxicity 
in CSCs [98]. In addition, chemotherapy was observed to enhance 
Beclin-1 (positive regulator of autophagy) expression, which inhibited 
pAKT, further proposing autophagy-induced chemoresistance through 
inhibition of AKT pathway in neuroblastoma cell lines [99]. miR-30a 
expression was found to be downregulated in osteosarcoma cells 
resulting in enhanced Beclin-1 expression contributing to resistance 
against doxorubicin via activation of autophagy [100]. Higher 

expression of miR-25 was found to diminish ULK-1 expression that 
increased Beclin-1 and ABCG-2 (ABC-transporter), causing inhibition of 
autophagic cell death and drug resistance in breast cancer cells [101]. 
Further, miR-200b downregulation was found to directly increase 
ATG12 expression causing docetaxel resistance in human lung adeno
carcinoma (ADL) cell lines [19]. 

miRNAs are not only regulating the sensitivity and chemoresistance 
involved in monotherapy. They are also engaged in double chemo
therapy. Pan et al. have reported that the downregulation of miR-24-3p 
contributes to etoposide and cisplatin resistance by aiming autophagy 
associated gene 4A (ATG4A). ATG4A, another member of 36 autophagy 
(ATG) genes, is primarily involved in mammalian cells’ autophagy 
process. miR-24-3p has an inverse relation with ATG4A. Therefore, the 
downregulation of miR-24-3p increases etoposide and cisplatin resis
tance to small cell lung cancer (H446) by activating ATG4A [102]. 
Another transcriptor involved in apoptosis is CHOP (DNA 
damage-inducible transcript 3), which produces endoplasmic reticulum 
stress. CHOP and miR-146a have an inverse correlation, and miR-146a 
controls CHOP expression by targeting 3′ UTR region of CHOP in lung 
cancer cells. CHOP is directly connected to the modulation of autophagy 
or apoptosis-associated genes such as LC3-II, death receptor 5 (DR5), 
and telomere repeat-binding factor 3, respectively. The upregulation of 
CHOP raised the expression of LC3-II, DR5, and TRB3, whereas the 
downregulation of CHOP increased cisplatin resistance [103]. 

3.4. miRNAs enhance the sensitivity of chemotherapeutics by targeting 
CSCs 

CSCs are critical for cancer therapy because, in general, standard 
chemotherapeutics target cancer cells but not CSCs. A study has shown 
the population of CD44+/CD24-/low breast cancer stem cells (BCSC) 
remain the same in the tumor after docetaxel, doxorubicin, cyclophos
phamide and trastuzumab chemotherapies [104]. Even the population 
of BCSC was amplified after 12 weeks of continuous chemotherapy 
[104]. One of the main reasons behind the chemoresistance nature of 
CSCs is the overexpression of ABC proteins. Interestingly, in the past few 
years, investigations have shown that miRNAs can affect the resistant 
nature of CSCs by altering the expression of ABC proteins. For example, 
miR-328 and miR-451 enhance the chemosensitivity in CSCs by target
ing ABCG2 and ABC subfamily B member 1. 

In addition, the expression level is different in normal cells, cancer 
cells, and CSCs. In general, CScs are rich in onco-miRs compared to 
tumor-suppressive miRNAs. For example, tumor-suppressive miRs such 
as Let-7, miR-16, miR-20b, miR-107, and three clusters of miR-200 have 
shown low-level expression in BCSCs compared to breast cancer cells 
[105]. Similar to breast cells, lower expression of miR-34a, let-7b, 
miR-106a, and miR-141 have been observed in CD44+, CD133+, 
integrin a2b1+ prostate CSCs and SP cells [106]. Therefore, altering the 
expression of these tumor-suppressive miRNAs may alter the chemo
sensitivity of the drugs. In general, miR-200c is expressed at a low level 
in pancreatic CSCs (PCSCs), but overexpression of miR-200c enhances 
the sensitivity of gemcitabine to PCSCs [107]. Similarly, overexpression 
of another tumor-suppressive miR-145 reduces self-renewal capacity 
and reverses back the chemosensitivity of 5-FU and cisplatin in gastric 
cancer cells by targeting CD44 directly [108]. Interestingly, higher 
expression of CD44 enhances the expression of ABCG2, which increases 
the chemoresistance and self-renewal property of cancer cells. However, 
further investigation revealed that miR-145 enhanced chemosensitivity 
by suppressing the expression of ABCG2 in gastric cancer cells [108]. 

CD44 is also the target of another tumor suppressor, miR-223, which 
is underexpressed in CD44+CD24-/low triple-negative breast cancer stem 
cells compared with non-CSCs. Further extensive investigation revealed 
that miR-223 significantly improved the cytotoxicity of doxorubicin or 
cisplatin to MDA-MB-231-CSCs and MDA-MB-435-CSCs by targeting 
hematopoietic cell-specific protein 1-associated protein X-1 (HAX-1) [109]. 
Another side, they also have shown that miR-223 enhanced 
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chemosensitivity by inducing tumor necrosis factor-related apoptosi
s-inducing ligand (TRAIL) via downregulating HAX-1 [109]. In breast 
cancer, overexpression of miR-16 declined the self-renewal abilities of 
BCSCs in mice and enhanced the sensitivity of doxorubicin to MCF-7 
cells by targeting W1P1 [110]. Some miRNAs target proteins have been 
shown to be involved in apoptosis and enhance chemosensitivity. 
miR-125b enhanced the sensitivity of temozolomide in glioblastoma 
CSCs by targeting pro-apoptotic Bcl-2 antagonist killer 1 [111]. In 
contrast, overexpression of miR-5100 enhanced cisplatin resistance in 
lung CSCs by targeting Rab6, a small GTP-binding protein, belongs to 
the Ras superfamily, which is regarded as a pro-apoptotic factor [112]. 

miRNAs alter numerous stemness-associated signaling pathways to 
overcome chemoresistance; among them, the Notch signal is a key 
pathway. miR-136 increased paclitaxel sensitivity in ovarian cancer 
cells by repressing the Notch3 signaling pathway [113]. Similarly, 
miR-181b enhanced cisplatin sensitivity and reduced CSCs phenotype in 
lung cancer cells by targeting Notch signal [114]. Notch is also a direct 
target of miR-34a. Therefore, ectopic miR-34a expression enhanced 
doxorubicin sensitivity and repressed cancer stem cell properties in 
breast cancer cells by targeting the Notch1 [115]. 

4. Conclusion 

Over the past few years, scientific research has developed thera
peutic approaches to target several factors involved in tumor develop
ment and cancer progression. Among several factors, chemoresistance 
followed by tumor relapse is a major challenge in cancer treatment. 
Simultaneously, researchers found that miRNA can be used as a novel 
target for cancer treatment as it regulates DNA translational, mRNA and 
protein expression and reprograms several cellular signaling pathways. 
Hence, miRNAs would bring new hope for cancer therapy [116]. 
Recently, several comprehensive scientific research reveals that miRNA 
plays ’the sword and the shield’ role in chemoresistance and tumor 
development [117]. miRNAs can enhance the chemosensitivity by 
weakening the self-renewal abilities of CSCs, repressing the function of 
the ABC transporter, and altering the tumor microenvironment [118]. 
Besides, miRNAs also enhance the apoptosis of cancer cells by targeting 
proteins involved in the cell cycle, metastasis, and signaling pathways. 
In addition, miRNA can also be used as a reliable diagnostic and prog
nostic marker to predict the stage and types of cancer [119,120]. 
Therefore, miRNA can be focused as a new therapeutic target to over
come chemoresistance, however, clinical correlation with advancement 
in miRNA-based diagnostic warrants future research and its therapeutic 
applications. 
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