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Abstract

MicroRNAs (miRNAs) are small non-coding RNAs with a length of about 19–25 nt, which can regulate various target

genes and are thus involved in the regulation of a variety of biological and pathological processes, including the

formation and development of cancer. Drug resistance in cancer chemotherapy is one of the main obstacles to

curing this malignant disease. Statistical data indicate that over 90% of the mortality of patients with cancer is

related to drug resistance. Drug resistance of cancer chemotherapy can be caused by many mechanisms, such as

decreased antitumor drug uptake, modified drug targets, altered cell cycle checkpoints, or increased DNA damage

repair, among others. In recent years, many studies have shown that miRNAs are involved in the drug resistance of

tumor cells by targeting drug-resistance-related genes or influencing genes related to cell proliferation, cell cycle,

and apoptosis. A single miRNA often targets a number of genes, and its regulatory effect is tissue-specific. In this

review, we emphasize the miRNAs that are involved in the regulation of drug resistance among different cancers

and probe the mechanisms of the deregulated expression of miRNAs. The molecular targets of miRNAs and their

underlying signaling pathways are also explored comprehensively. A holistic understanding of the functions of

miRNAs in drug resistance will help us develop better strategies to regulate them efficiently and will finally pave

the way toward better translation of miRNAs into clinics, developing them into a promising approach in cancer

therapy.
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Background
Cancer is a serious threat to human life and health, and

in recent years, it has become a leading cause of death

in humans. According to statistical reports, new cases of

cancer reached 14.1 million worldwide, and the total

number of cancer-related deaths reached 8.2 million in

2012. With an increase in life expectancy and deterior-

ation of the global ecosystem, the incidence of cancer is

increasing. It is expected that the number of new cases

will reach 23.6 million by 2030 [1].

Currently, chemotherapy, radiotherapy, and surgery are

the most common cancer therapies. For cancers such as

lymphoma, leukemia, small cell lung cancer, chemotherapy

is the first line of treatment. For other solid tumors, chemo-

therapy can be used as an auxiliary treatment to eliminate

postoperative residual nodules to prevent relapse or as

pre-local tumor before surgery or radiotherapy. In addition,

chemotherapy is also used as palliative care in patients who

cannot undergo radical surgery [2]. In recent decades,

chemotherapy drugs have made great progress, but the oc-

currence of tumor drug resistance often leads to treatment

failure. For advanced cancer patients, drug-resistance is a

major obstacle to successful treatment [3]. According to

statistical reports, more than 90% of deaths of tumor pa-

tients are associated with chemotherapeutic drug resistance

[4, 5]. Overall, drug resistance can be divided into endogen-

ous and acquired drug resistance, and the underlying

mechanisms need to be elucidated. At present, it is believed

that the increase in drug efflux, target switch, cell cycle

checkpoints alteration, apoptosis inhibition, and increase in

DNA damage repair are all related to drug resistance [6].

MiRNAs are small non-coding RNAs with a length of

approximately 19–25 nt, which can regulate various target
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genes. MiRNAs are involved in the regulation of a variety

of biological processes, such as cell cycle, differentiation,

proliferation, apoptosis, stress tolerance, energy metabol-

ism, and immune response [7]. The biogenesis of miRNAs

in animal cells and the mechanisms of regulation of their

target gene expression are shown in Fig. 1. In simple

terms, this process can be divided into the following steps

[8, 9]: (1) the miRNA gene is transcribed into primary

miRNA (pri-miRNA) by RNA polymeraseII(RNA polII) in

the nucleus; (2) pri-miRNA is processed by the Drosha/

DGCR8 complex to release the intermediate precursor

miRNA (pre-miRNA), which is approximately 70 nt with a

stem loop structure and a 2 nt overhang at the 3′-end;

(3) pre-miRNA binds to the Exp5/Ran-GTP complex,

which allows for its transport into the cytoplasm; (4)

the pre-miRNA is then processed into double-stranded

RNA by the Dicer/TRBP/PACTcomplex in the cytoplasm;

(5) the miRNA-duplex is unwound into single strands by

the action of helicase. Under normal circumstances, the

RNA strand with lower stability at the 5′-end will be

integrated into the RNA-induced silencing complex

(RISC) and become a mature miRNA, and the strand

with higher stability at the 5′-end will be degraded; (6)

miRNA-induced silencing complex (miRISC) will bind to

the 3′-untranslated regions (UTR) of the target mRNA,

thus inhibiting its translation.

In plant cells, miRISC will degrade its target mRNA,

and the biogenesis of miRNAs is slightly different from

that in animal cells [10].

Existing research shows that this classical processing and

functioning pathway has some exceptions. For example, in

step (2) of its biosynthesis process, the pri-miRNA can also

be processed into pre-miRNA in a Drosha-independent

way [11]. In step (5), the two strands may be randomly

integrated into RISC, or they could bind to mRNA in

RISC-independent manner [12]. In step (6), some miR-

ISC can bind to the 5′-UTR of mRNA, upregulating its

translation [13, 14].

Fig. 1 The mechanisms of microRNA biogenesis and its regulation of gene expression. The solid arrows represents the classical pathway, the

dotted arrows represents the non-classical pathway
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Through the above approach, miRNAs regulate about

30% of human genes [15]; half of these genes are

tumor-associated or located in fragile loci [16]. The de-

regulation of miRNAs in tumor cells suggests that they

have modulatory effects on tumor development [17]. In

fact, some miRNAs may act as tumor genes, and others

can act as tumor suppressor genes. Interestingly, some

can act as both, depending on the tissue where they are

being expressed [7, 18–20]. In recent years, a large num-

ber of studies have indicated that many of the genes regu-

lated by miRNAs are related to the response of tumor

cells to chemotherapeutic agents [21]. According to

miRNA expression profiles in different tumor cells, which

were characterized by using microarray, miRNA sequen-

cing or high-throughput screening technology, a lot of

miRNAs were found to be involved in the regulation of

cellular response to drugs. This article will review the role

of miRNAs in drug resistance, and their targets in differ-

ent tumor cells. Next, due to the frequent changes in

miRNA expression profiles in drug-resistant tumor cells,

we will analyze the mechanisms of miRNA dysfunction.

Finally, we will focus on the mechanisms of miRNAs in

regulating tumor drug resistance.

The role of miRNAs in drug-resistance regulation
in different types of cancer
Through deep sequencing, high-throughput screening,

and chip technologies, it has been found that there are

many deregulated miRNAs in cancer cells. These miR-

NAs regulate different target genes, including genes

that affect the response of cells to chemotherapy drugs. In

Table 1, we list some of the reported miRNAs that regu-

late drug resistance and have clear targets in common

cancers. Because of the tissue specificity of miRNA regula-

tion [19, 20], one kind of miRNA can target multiple

mRNAs, and one mRNA can also be targeted by multiple

miRNAs [22, 23]; therefore, the same miRNA may play

different, even opposite, roles in regulating drug resistance

in different cancer cells.

Breast cancer

Breast cancer is the most common malignant tumor in

women. It accounts for 31% of all female cancers, and

the number of new cases reached 1.677 million in 2012

[24]. Some chemotherapy drugs, such as paclitaxel

(PTX), 5-fluorouracil (5-FU), and doxorubicin/adriamy-

cin (DOX), are used to treat breast cancer, but most of

them may eventually lead to chemoresistance and treat-

ment failure. In MCF-7 breast cancer cell line, both the

increased and reduced expression of miRNA-21 af-

fected their susceptibility to DOX. The upregulation of

miRNA-21 is accompanied with the downregulation of

phosphatase and tensin homolog (PTEN). Overexpression

of PTEN could mimic the same effects of miRNA-21

inhibition and decrease the resistance of MCF-7 cells to

DOX. This showed that miRNA-21 can promote DOX-

resistance by downregulating PTEN in breast cancer

cells [25]. The similar effect can be seen for trastuzu-

mab, an antibody commonly used in anti-epidermal

growth factor receptor 2 (HER2) treatment in breast can-

cer. In the breast cancer cell line MDA-MB-453, miRNA-

21 also conferred trastuzumab resistance via PTEN silen-

cing. Administering miRNA-21 antisense oligonucleotides

could restore trastuzumab sensitivity in drug-resistant

breast cancer xenografts by inducing PTEN expression

[26]. In contrast to miRNA-21, miRNA-137 could reduce

MCF-7 drug resistance to DOX. This effect was achieved

by targeting Y-box-binding protein-1 (YB-1) and then

downregulation of p-glycoprotein (P-gp) by miRNA-137

[27]. Additionally, miRNA-149 [28], miRNA-195 [29],

miRNA-452 [30], miRNA-489 [31], miRNA-181a [32], and

miRNA-320a [33] also reduced the sensitivity of breast

cancer to DOX, and their various targets are shown in

Table 1.

Clinical studies show that more than two thirds of

breast cancer patients are estrogen receptor (ER) posi-

tive; for these cases, an ER inhibitor, tamoxifen (TAM),

is commonly administered with generally good results.

However, a considerable part of patients following

treatment eventually developed resistance to TAM. Re-

cently, it has been demonstrated that some miRNAs

participate in the regulation of this process. By compar-

ing miRNA expression profiles between ERα-positive

and ERα-negative breast cancer cell lines and primary

tumors, Zhao et al. [34] found that the expression of

miRNA-222 and miRNA-221 in ERα-negative cells was

elevated. Further research found that miRNA-221 and

miRNA-222 directly interact with the 3′-UTR of ERα

mRNA. Ectopic expression of miRNA-221 and miRNA-

222 in MCF-7 and T47D cells resulted in a decrease in

the production of ERα protein, but not in the expression

of the mRNA. Notably, miRNA-221- and/or miRNA-222-

transfected MCF-7 and T47D cells became resistant to

TAM compared with vector-treated cells. Furthermore,

knockdown of miRNA-221 and/or miRNA-222 sensitized

MDA-MB-468 cells to TAM-induced cell growth arrest

and apoptosis. In contrast, the let-7 family could sensitize

MCF-7 to TAM by directly targeting ERα-36, a variant of

ERα. ERα and ERα-36 had different function in cells since

they regulated different downstream signaling pathways

[35], which indicated the complexity of ERα in regulating

chemoresistance.

Forkhead box group O (FOXO) is a major member of

the forkhead transcription factor family, which induces

cell apoptosis via pro-apoptotic proteins such as BCL2-

like 11 (BIM), p27, and BCL2 interacting protein 3

(BNIP3). MiRNA-155 can directly target FOXO3a and

decrease its expression, which results in breast cancer
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Table 1 MiRNAs involved in drug resistance regulation in various cancers

MiRNA Cancer type Corresponding drug Targets References

- Let-7b Breast −/TAM ER-α36 [35]

Ovarian +/Taxanes IMP-1 [82]

- Let-7c NSCLC −/CDDP ABCC2, BCL-XL [57]

- Let-7e Ovarian −/CDDP EZH2, CCND1 [194]

- 9 Ovarian −/CDDP BRCA1 [83]

- 10b Colorectal +/5-FU BIM [73]

- 15a/16 Breast −/TAM BCL-2 (BCL2) [167]

- 15b Lung +/CDDP PEBP4 [64]

- 17-5p Lung −/PTX Beclin1 [195]

MCL +/Topotecan PHIPP2 [196]

Breast −/Taxol NCOA3 [197]

- 20a Colorectal +/5-FU,L-OHP, Teniposide BNIP2 [74]

Breast −/mutidrug MAPK1 [198]

- 21 Ovarian +/CDDP PDCD4 [88]

Gastric +/Trastuzumab PTEN [108]

Pancreas +/GEM FasL [172]

Colorectal +/5-FU hMSH2 [72]

- 23a Colorectal +/5-FU APAF-1 [75]

- 25 Gastric +/CDDP FOXO3a [199]

- 26a/b HCC +/DOX ULK1 [200]

- 26b HCC −/DOX TAK1, TAB3 [201]

- 27a Bladder +/CDDP SLC7A11 [202]

Lung +/CDDP RKIP [65]

- 30a Cervical,Breast, HCC −/CDDP Beclin1 [112]

- 30c Breast −/DOX YWHAZ [203]

- 30e CML −/Imatinib ABL [103]

- 31 NSCLC +/CDDP ABCB9 [58]

Ovarian −/PTX MET [98]

- 34a Breast −/DOX NOTCH1 [204]

Lung −/CDDP PEBP4 [67]

Breast +/Docetaxel BCL-2, CCND1 [37]

Prostate −/PTX SIRT1, BCL-2 [102]

Colorectal −/5-FU c-Kit [77]

- 34c Lung +/PTX BMF [205]

- 92b NSCLC +/CDDP PTEN [68]

- 93 Ovarian +/CDDP PTEN [89]

- 96 Colorectal −/5-FU XIAP [76]

Breast, HCC −/CDDP RAD51, REV1 [43]

- 100 Pancreatic −/CDDP FGFR3 [114]

Lung −/Docetaxel PIK1 [206]

- 101 Ovarian +/DOX EZH2 [207]

- 103 Leukemia −/CDDP COP1 [208]

- 106a Lung +/CDDP ABCA1 [63]

Ovarian +/CDDP PDCD4 [90]
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Table 1 MiRNAs involved in drug resistance regulation in various cancers (Continued)

MiRNA Cancer type Corresponding drug Targets References

Ovarian −/CDDP Mcl-1 [92]

- 122 Colon −/5-FU PKM2 [209]

- 125b HCC −/5-FU Hexokinase II [38]

Breast +/5-FU E2F3 [210]

APL +/DOX Bak1 [107]

- 126 NSCLC −/DOX, VCR VEGFA [175]

- 130a Ovarian −/CDDP XIAP [93]

HCC +/CDDP RUNX3 [46]

Ovarian +/CDDP PTEN [91]

- 130b Ovarian −/CDDP, PTX CSF-1 [85]

Breast +/DOX PTEN [211]

- 133a HCC −/DOX ABCC1 [52]

- 134 Lung +/Gefitinib MAGI2 [212]

- 135a/b Lung −/CDDP Mcl-1 [171]

- 136 Ovarian −/PTX Notch3 [213]

- 137 Breast −/DOX YB-1 [27]

Multiple myeloma −/Bortezomib, Eprirubicin AURKA [214]

- 138 NSCLC −/CDDP ERCC1 [59]

NSCLC −/Gefitinib GPR124 [69]

- 141 Esophageal +/CDDP YAP1 [215]

HCC +/5-FU Keap1 [53]

- 143 Prostate −/Docetaxel KRAS [101]

- 145 Ovarian −/PTX SP1, CDK6 [216]

- 148a Prostate −/PTX MSK1 [100]

- 149 Breast −/DOX NDST1 [28]

- 153 Colorectal +/L-OHP, CDDP FOXO3a [78]

- 155 Breast +/DOX, VP-16, PTX FOXO3a [36]

- 181a Breast −/DOX BCL-2 [32]

Cervical +/CDDP PRKCD [217]

- 181b Lung −/VCR, CDDP BCL-2 [109]

- 182 NSCLC +/CDDP PDCD4 [60]

HCC +/CDDP TP53INP1 [44]

- 183 Nasopharyngeal −/CDDP MTA1 [218]

- 190b HCC +/Insulin IGF-1 [219]

- 193a-3p HCC +/5-FU SRSF2 [54]

- 193b HCC −/Sorafenib Mcl-1 [48]

- 195 Breast −/DOX Raf-1 [29]

Colon −/DOX BCL2L2 [165]

HCC +/5-FU BCL-w [55]

Colon −/5-FU CHK1, WEE1 [220]

- 197 Ovarian +/Taxol NLK [221]

- 199a-3p HCC −/DOX mTOR, c-Met [173]

- 199a-5p HCC −/CDDP ATG7 [47]

- 199b-5p Ovarian −/CDDP JAG1 [86]
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Table 1 MiRNAs involved in drug resistance regulation in various cancers (Continued)

MiRNA Cancer type Corresponding drug Targets References

- 200b Prostate −/Docetaxel Bmi1 [222]

SCLC −/CDDP,DOX,VP-16 ZEB2 [71]

Lung −/Docetaxel E2F3 [70]

Gastric, Lung −/VCR, CDDP BCL-2, XIAP [169]

- 200c Gastric −/CDDP RhoE [110]

Breast −/DOX TrKB, Bmi1 [223]

Ovarian −/PTX TuBB3, TrKB [96]

Breast −/Trastuzumab ZNF217, ZEB1 [224]

- 203 Glioblastoma −/Imatinib,VP-16,TMZ SNAI2 [225]

Colorectal +/L-OHP ATM [226]

Colorectal −/5-FU TYMS [79]

Breast +/CDDP SOCS3 [39]

- 205 NSCLC +/CDDP PTEN [61]

- 214 Cervical −/CDDP Bcl2l2 [111]

Ovarian +/CDDP PTEN [156]

- 216a/217 HCC +/Sorafenib PTEN, SMAD7 [49]

- 218 Breast −/GEM BIRC5 [227]

Gallbladder −/DOX, Taxol PRKCE [228]

- 221 Breast +/Trastuzumab PTEN [229]

- 223 HCC −/DOX ABCB1 [51]

Gastric −/Trastuzumab FBXW7 [230]

- 224 Lung +/CDDP P21(WAF1/CIP1) [62]

- 298 Breast −/DOX MDR1 [184]

- 320 Colon −/5-FU, L-OHP FOXM1 [231]

- 320a Breast −/DOX TRPC5, NFATC3 [33]

- 320c Pancreatic +/GEM SMARCC1 [232]

- 328 Bresat −/MX ABCG2 [185]

- 337-3p NSCLC −/PTX STAT3, RAP1A [233]

- 338-3p HCC −/Sorafenib HIF-1α [234]

- 340 HCC −/CDDP Nrf2 [45]

- 370 Ovarian −/CDDP ENG [84]

- 375 Breast −/TAM MTDH [235]

- 449a Ovarian −/CDDP NOTCH1 [87]

- 451 Colorectal −/Irinotecan COX-2 [236]

Breast −/PTX YWHAZ [237]

- 452 Breast −/DOX IGF-1R [30]

- 486 CML +/Imatinib FOXO1, PTEN [105]

- 487a Breast −/MX ABCG2 [186]

- 489 Ovarian −/CDDP Akt3 [31]

Breast −/DOX Smad3 [238]

- 491-3p HCC −/multidrug ABCB1, SP3 [239]

- 497 Colorectal −/5-FU Smurf1 [240]

- 503 Lung −/CDDP BCL-2 [166]

Colorectal +/L-OHP PUMA [241]
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cells acquiring resistance to a variety of chemotherapy

drugs, including DOX, etoposide (VP-16), and PTX

[36]. In addition, other miRNAs, such as miRNA-203,

miRNA-125b, miRNA-34a, and miRNA-663, were

found elevated in chemoresistant breast cancer cells,

and knockdown them could partially recover the sensi-

tivity of cancer cells to drugs like TAM, docetaxel,

5-FU, and cisplatin (CDDP) [37–40]. These studies in-

dicate the potential of miRNAs in combination with

chemotherapy for antitumor treatment.

Liver cancer

Hepatocellular carcinoma (HCC) was the sixth most

common cancer globally, with over 782,000 new cases in

2012 [1]. Because of up to 120 million hepatitis B virus

(HBV) carriers, China has a high incidence of liver can-

cer. The mortality of HCC patients ranks third among

all malignant tumors [41]. HCC patients had high recur-

rence rate after surgery or chemotherapy, and the 5-year

survival rate is only about 50% [42]. Thus, there is an ur-

gent need to study the mechanisms of chemoresistance

in HCC.

CDDP is a broad-spectrum anticancer drug, which

causes DNA adducts and crosslinks, ultimately generating

double-strand breaks during replication. Studies have

found that changes in the expression of miRNA-96 [43],

miRNA-182 [44], miRNA-340 [45], miRNA-130a [46],

and miRNA-199a-5p [47] could either increase or reduce

the sensitivity of HCC to CDDP.

Sorafenib is a kinase inhibitor that can directly or indir-

ectly inhibit tumor cellular growth; however, in terminal

HCC patients, sorafenib drug resistance is common. By

evaluating the cytotoxicity of sorafenib in HBV-positive/

negative HCC cell lines, Mao et al. [48] found that the half

maximal inhibitory concentration (IC50) of sorafenib was

significantly higher in HBV-positive HCC cells than in

those without HBV infection. Significant downregulation

of miRNA-193b was observed in HBV-positive HCC cells

and tissues. The activity of the myeloid cell leukemia-1

(Mcl-1) 3′-UTR reporter was inhibited by co-transfection

with a miRNA-193b mimic, which implies that restoring

the expression of miRNA-193b sensitized HBV-associated

HCC cells to sorafenib treatment, and facilitated sorafenib-

induced apoptosis. Studies suggest that activation of the

transforming growth factor-β (TGF-β) and PI3K/Akt

signaling pathways in HCC cells resulted in an acquired

resistance to sorafenib. MiRNA-216a/217 could promote

the activation of the TGF-β pathway by downregulating

mothers against decapentaplegic homolog 7 (SMAD7),

which implied that miRNA-216a/217 could induce sorafe-

nib resistance in HCC [49].

ATP-binging cassette (ABC) transporter proteins me-

diated tumor resistance is one of the most classic

tumor resistance mechanisms [50]. MiRNA-223 [51]

and miRNA-133a [52] could target ABCB1 and ABCC1, re-

spectively, increasing the sensitivity of HCC cells to DOX.

Comparing the expression profiles of miRNAs in

5-FU-resistant cells with those of their parental cell lines

by using miRNA microarrays, Shi et al. [53] found an in-

creased expression of miRNA-141 in 5-FU-resistant

cells. Further studies have found that miRNA-141 could

induce HepG2 resistant to 5-FU. Using a similar method,

Ma et al. [54] compared the IC50 of 5-FU in 8 different

types of HCC cells and then compared the miRNA

expression profiles of 5-FU-sensitive and -resistant cells

by using miRNA sequencing. The results showed that

miRNA-193a-3p was significantly upregulated in drug-re-

sistant cells. MiRNA-193a-3p could inhibit serine/argini-

ne-rich splicing factor 2 (SRSF2), a protein that upregulates

the expression of pro-apoptotic splicing form of caspase 2

(CASP2L). Therefore, the increase in miRNA-193a-3p con-

ferred HCC tolerance to 5-FU. In contrast, miRNA-195

[55] and miRNA-125b [38] increased the sensitivity of

HCC to 5-FU by downregulating anti-apoptotic proteins

BCL2-like 2 (Bcl-w) and Hexokinase II, respectively.

Lung cancer

According to 2012 data, lung cancer was the first com-

mon cancer in the world with 1.825 million new cases

and with a high mortality rate [1]. Pathologically, lung

cancer can generally be divided into non-small cell lung

cancer (NSCLC), which accounts for 80% of the cases,

Table 1 MiRNAs involved in drug resistance regulation in various cancers (Continued)

MiRNA Cancer type Corresponding drug Targets References

- 513a-3p Lung −/CDDP GSTP1 [66]

- 519d Breast −/CDDP MCL-1 [242]

- 591 Ovarian −/PTX ZEB1 [99]

- 587 Colorectal +/5-FU PPP2R1B [243]

- 650 Lung +/Docetaxel ING4 [40]

- 663 Breast +/Docetaxel, Cyclophosphamide HSPG2 [244]

- 1915 Colorectal −/L-OHP, DOX BCL-2 [80]

- 3656 Pancreatic −/GEM RHOF [245]

+: Promote drug resistance; -: Reduce drug resistance
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and small cell lung cancer (SCLC), which is more malig-

nant. The total 5-year survival rate of lung cancer is about

15% [56].

CDDP is a first-line chemotherapeutic treatment for

lung cancer. Studies showed that let-7c [57], miRNA-31

[58], miRNA-138 [59], miRNA-182 [60], miRNA-205 [61],

miRNA-224 [62], miRNA-106a [63], miRNA-15b [64],

miRNA-27a [65], miRNA-513a-3p [66], miRNA-34a [67],

and miRNA-92b [68] could regulate CDDP tolerance of

NSCLC by targeting different genes. ABCC2 is an

ATP-dependent transport protein, which increases the

efflux of drugs and reduces their intracellular concen-

tration. Over expression of ABCC2 can induce tumor

cells resistance to a series of drugs, including CDDP.

BCL2-like 1 (Bcl-xl) is a member of the anti-apoptotic

protein family, which help resist apoptosis induced by

chemotherapeutics. Let-7c is able to target ABCC2 and

Bcl-xl simultaneously, reducing their expression, and

promoting sensitivity of A549 cells to CDDP [57]. How-

ever, another member of the ABC transport protein

family, ABCB9, could be inhibited by miRNA-31, thus

improving the resistance of NSCLC cells to CDDP [58].

Similarly, ABCA1 could be inhibited by miRNA-106a

to improve the resistance of cells to CDDP as well [63].

Another mechanism of drug resistance is the in-

crease in DNA damage repair. Excision repair cross-

complementation group 1 (ERCC1) is a member of

DNA excision repair family, and increasing the expression

of ERCC1 may increase repair rate of DNA damage, so as

to improve cell resistance to DNA alkylating agent CDDP.

MiRNA-138 can target and downregulate ERCC1, thereby

reducing NSCLC cell resistance to CDDP [59].

In addition, some pro-apoptotic proteins, such as PTEN

and programmed cell death-4 (PDCD4), can be inhibited

by miRNA-92b, miRNA-182, and miRNA-205 and im-

prove the resistance of NSCLC to CDDP [60, 61, 68].

MiRNA-15b and miRNA-27a could target and inhibit

phosphatidylethanolamine-binding protein 4 (PEBP4) and

raf kinase inhibitory protein (RKIP), respectively, to regu-

late the process of epithelial-mesenchymal transition

(EMT) and participate in regulation of CDDP resistance

[64, 65].

Gefitinib is an EGF receptor (EGFR) tyrosine kinase in-

hibitor (TKI), commonly used in the treatment of advanced

or metastatic NSCLC. However, these patients eventually

develop resistance to EGFR-TKI. Gao et al. [69] revealed

that miRNA-138-5p showed the greatest downregulation in

gefitinib-resistant cell model (PC9GR). Re-expression of

miRNA-138-5p was sufficient to sensitize PC9GR cells and

another gefitinib-resistant NSCLC cell line, H1975, to gefi-

tinib. These data fully demonstrated the diverse functions

of miRNA.

Huang et al. [40] found that high miRNA-650 expres-

sion was an independent prognostic factor for survival

of cancer patients. Additionally, they found that the level of

miRNA-650 in lung adenocarcinoma (LAD) tissues was

correlated with the response of patients to docetaxel-based

chemotherapy. Silencing miRNA-650 could increase the in

vitro sensitivity of resistant LAD cells to docetaxel, whereas

upregulation of miRNA-650 decreased the sensitivity of

parental LAD cells to docetaxel both in vitro and in vivo.

Additionally, silencing of miRNA-650 could enhance the

caspase-3-dependent apoptosis, which might be correlated

with the decreased ratio of Bcl-2/Bax. Feng et al. [70] found

that miRNA-200b expression was downregulated in tumor

tissues of NSCLC patients after docetaxel treatment com-

pared to that before treatment, and the downregulation of

miRNA-200b was positively correlated with high expression

of E2F transcription factor 3 (E2F3). Ectopic expression of

miRNA-200b could reverse the resistance of NSCLC to

docetaxel.

MiRNA-200b can also regulate the resistance of SCLC

to chemotherapeutic drugs. Studies showed that ectopic

expression of miRNA-200b could target zinc finger

E-box-binding homeobox 2 (ZEB2), and make SCLC

sensitive to drugs such as CDDP, VP-16, and adriamycin

(ADM). Meanwhile, compared to that in parental sensi-

tive cells, the expression of miRNA-200b was downregu-

lated in resistant cells [71].

Colorectal cancer

MiRNA-21 has been found to promote chemoresistance

in many cancers. In colorectal cancer cells, miRNA-21

can significantly inhibit G2/M cycle arrest and apoptosis

induced by 5-FU. In vivo experiments demonstrated that

overexpression of miRNA-21 could significantly reduce

the therapeutic effect of 5-FU and induce 5-FU resistance

in mice [72]. Besides miRNA-21, miRNA-10b [73],

miRNA-20a [74], and miRNA-23a [75] could also improve

the resistance of colorectal cancer cells to 5-FU. Studies

have shown that miRNA-10b, which made the colorectal

cancer cells resistant to 5-FU via downregulating pro-

apoptotic protein BIM, was an independent prognostic

factor for the survival of patients. Chai et al. [74] found

that the chemotherapeutic-resistant cell line SW620

exhibited higher miRNA-20a expression than the che-

motherapeutic-sensitive cell line SW480. Knockdown of

miRNA-20a sensitized SW620 cells to chemotherapeutic

agents, whereas overexpression of miRNA-20a in SW480

cells resulted in chemoresistance. MiRNA-20a promoted

cellular drug resistance by targeting the B cell

lymphoma-2 (Bcl-2) family member BNIP2, which plays

an important role in the mitochondrial-mediated apop-

tosis pathway. MiRNA-23a promoted the resistance of

cells to 5-FU by targeting pro-apoptotic protein apoptosis-

activating factor-1 (APAF-1) [75]. Other miRNAs, such as

miRNA-96 [76] and miRNA-34a [77], could reduce the re-

sistance of colorectal cancer cells to 5-FU.
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Oxaliplatin (L-OHP), another platinum anticancer drug,

is often used to treat metastatic colorectal cancer, or as

adjuvant treatment after surgical resection of the Dukes C

colon cancer. Studies have shown that miRNA-153 [78],

miRNA-203 [79], and miRNA-20a [74] could regulate the

resistance of colorectal cancer to L-OHP. Zhang et al. [78]

found that the expression of miRNA-153 increased with

the progression of colorectal cancer. Functional experi-

ments showed that miRNA-153 not only promoted the

metastasis of colorectal cancer, but also improved the

resistance of cells to L-OHP. Zhou et al. [79] revealed

that miRNA-203 was upregulated in three out of three

L-OHP-resistant colorectal cancer cell lines by microRNA

array screening. Exogenous expression of miRNA-203 in

chemo-naïve colorectal cancer cells induced L-OHP resist-

ance, whereas knockdown of miRNA-203 sensitized che-

moresistant colorectal cancer cells to L-OHP. Research

showed that miRNA-203 targeted ataxia telangiectasia mu-

tated (ATM), which mediated DNA damage response in

cells. The anti-apoptotic protein Bcl-2 was also involved in

drug resistance of colorectal cancer. The expression of

miRNA-1915 decreased in L-OHP-resistant cells compared

to that in the parental sensitive cells. MiRNA-1915 played a

chemoresistance regulatory role by targeting 3′-UTR of

Bcl-2 mRNA. Therefore, overexpression of miRNA-1915

sensitized the cells to drugs, including L-OHP [80].

Ovarian cancer

Ovarian cancer is the deadliest cancer of the female re-

productive system [81]. For advanced ovarian cancer, the

first line of chemotherapy is the combination of CDDP/

carboplatin with PTX or other chemotherapy drugs. At

present, the response of miRNA regulation in ovarian

cancer cells to CDDP is the most studied.

Studies show that miRNAs such as let-7 [82], miRNA-9

[83], miRNA-370 [84], miRNA-489 [31], miRNA-130b

[85], miRNA-199b-5p [86], and miRNA-449a [87] could

reduce the CDDP resistance of ovarian cancer cells. Their

targets including genes related to the regulation of cell

cycle, proliferation, and apoptosis, such as enhancer of

zeste homolog 2 (EZH2), cyclin D1 (CCND1), AKT

serine/threonine kinase 3 (Akt3), angiogenesis-related

genes endoglin (ENG), transport protein gene ABCC5,

and the DNA repair gene breast cancer suppressor protein

(BRCA1). Some other miRNAs, such as miRNA-21 [88]

and miRNA-93 [89] could promote ovarian cancer cells

resistance to CDDP. Their target genes were the proapop-

totic genes PDCD4 or Bcl-2-antagonist/killer 1 (Bak1),

and the tumor suppressor gene PTEN, respectively.

In addition, miRNA-106a and miRNA-130a not only

promoted ovarian cancer cell resistance to CDDP, but

also improved the sensitivity of cells to CDDP at the

same time. The cause of this contradictory result is the

miRNA characteristic of being able to target multiple

genes, which, in this case, play different regulatory ef-

fects in chemoresistance. For example, miRNA-106a

promoted drug resistance via targeting PDCD4 [90],

whereas miRNA-130a promoted drug resistance via

targeting PTEN [91]. However, miRNA-106a also is di-

rected to anti-apoptosis gene Mcl-1 [92], and miRNA-

130a to anti-apoptosis gene X-linked inhibitor of apop-

tosis (XIAP) [93] to play a chemoresistance inhibition

role, examples which vividly descript the complexity of

miRNA regulation.

For taxanes, Boyerinas et al. [82] found that let-7 family

targets the insulin-like growth factor mRNA-binding pro-

tein 1 (IMP-1), which destabilizes the mRNA of multidrug

resistance 1 (MDR1), making cells more sensitive to taxol.

Introducing let-7 g into DOX-RES cells, which express

both IMP-1 and MDR1, reduced the expression of both

proteins rendering the cells more sensitive to treatment

with either taxol or vinblastine, without affecting the sen-

sitivity of the cells to carboplatin, a non-MDR1 substrate.

This indicated that let-7 regulated chemoresistance via

targeting IMP-1 was MDR1 dependent.

Other miRNAs that regulate resistance of ovarian

cancer to taxanes are the miRNA-200 family. Taxanes

cause cell cycle arrest and apoptosis by binding to and

inhibiting the depolymerization of the β-tubulin sub-

unit of microtubules. Studies showed that miRNA-200

can target this subunit and regulate the resistance of ovar-

ian cancer cells to taxanes. For example, Cochrane et al.

[94] found that in ovarian cancer cells, miRNA-200c can

not only target and inhibit ZEB1 and ZEB2 to repress epi-

thelial to mesenchymal transition, but also inhibit the class

III β-tubulin (TUBB3) gene. The study demonstrated

that restoration of miRNA-200c increases sensitivity to

microtubule-targeting agents by 85%. Further experi-

ments [95] showed that introduction of a TUBB3 ex-

pression construct lacking the miRNA-200c target site

into cells transfected with miRNA-200c mimic results

in no change in sensitivity to PTX. Lastly, the authors

also proved that the ability of miRNA-200c to enhance

sensitivity to PTX is not due to an increased proliferation

rate of cancer cells. Because expression of TUBB3 is a

common mechanism of resistance to microtubule-binding

chemotherapeutic agents in many types of solid tumors,

the ability of miRNA-200c to restore chemosensitivity to

such agents may be explained by its ability to reduce

TUBB3. Additionally, Cittelly et al. [96] found that

miRNA-200c increases sensitivity to taxanes in vitro by

targeting the TUBB3 gene, and it was downregulated in

ovarian cancer cell lines and stage III ovarian tumors, and

low levels of miRNA-200c correlates with poor prognosis.

Restoration of miRNA-200c in an intraperitoneal xenograft

model of human ovarian cancer results in a decreased

tumor formation and tumor burden. Furthermore, even in

established tumors, restoration of miRNA-200c, alone or in
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combination with PTX, results in significantly de-

creased tumor burden. This suggested that restoration

of miRNA-200c immediately before cytotoxic chemo-

therapy may allow for a better response or lower effective

dose. Therefore, the combination of miRNA-200c with an

anti-proliferating drug could be a better treatment to pre-

vent invasiveness of cancers as well as tumor growth both

in primary and in metastatic sites [97].

MiRNA-31 [98] and miRNA-591 [99] are also in-

volved in the resistance of ovarian cancer cells to tax-

ane. Another miRNA, miRNA-130b not only regulates

the resistance of cells to CDDP, but also regulates the

drug resistance of cells to taxol [85]. MiRNA-130b

hypermethylation was found in ovarian cancer tissues as

well as in drug-resistant cell lines, and the methylation

level was negatively correlated with its expression. Restor-

ation of miR-130b expression sensitized these cells to

CDDP and taxol. Colony-stimulating factor 1 (CSF-1) was

a direct target of miRNA-130b. Knockdown of CSF-1

sensitized ovarian cancer cells to anticancer drugs and

could partially attenuate the resistance inducing effect of

miRNA-130b inhibitors.

Prostate cancer

Prostate cancer is generally androgen-sensitive at the ini-

tial diagnosis, and as a result, most of the patients are

treated with anti-androgen therapy. However, many pa-

tients eventually develop androgen-refractory cancer after

12–18months of anti-androgen treatment and become re-

sistant to chemotherapy drugs [81].

MiRNA-148a expression level was found lower in

PC3 and DU145 hormone-refractory prostate cancer

cells in comparison to normal human prostate epithe-

lial cells (PrEC) and hormone-sensitive prostate cancer

cells (LNCaP). Transfection with miRNA-148a precur-

sor inhibited cell growth, cell migration, and invasion,

as well as increased the sensitivity to the anticancer

drug PTX in PC3 cells. The study identified mitogen-

and stress-activated protein kinase (MSK1) as a direct

target of miRNA-148a. In PC3PR cells, a PTX-resistant

cell line established from PC3 cells, miRNA-148a inhib-

ited cell growth, cell migration, and invasion and also

attenuated the resistance to PTX. Furthermore, MSK1

knockdown reduced the PTX resistance of PC3PR cells,

indicating that miRNA-148a has an important tumor in-

hibition effect on hormone-refractory and drug-resistant

prostate cancer [100]. MiRNA-143 could also inhibit the

proliferation and migration of prostate cancer cells, which

were mediated by the downregulation of Kirsten rat

sarcoma viral oncogene (KRAS). There was an inverse

correlation between expressions of miRNA-143 and KRAS

protein in prostate cancer samples. Moreover, overex-

pression of miRNA-143 in prostate cancer cells sup-

pressed their proliferation and migration and increased

their sensitivity to docetaxel by targeting the EGFR/

RAS/MAPK pathway. This indicated that miRNA-143

could be used alone or combined with docetaxel to in-

hibit the development of prostate cancer [101].

Previous studies have demonstrated that miRNA-34a

could regulate the resistance of prostate cancer cells to

PTX [102]. Similar to miRNA-148a expression, miRNA-

34a expression is also reduced in PC3PR cells compared

to that in PC3 cells, and its target was determined to be

sirtuin 1 (SIRT1). MiRNA-34a overexpression attenu-

ated PTX resistance of PC3PR cells. Introduction of

miRNA-34a precursor into PC3PR cells resulted in a

decrease in human antigen R (HuR), Bcl-2, and SIRT1

expression, and in inhibition of SIRT1 3′-UTR activity.

HuR knockdown reduced SIRT1 and Bcl-2 expression.

These results suggested that miRNA-34a directly and/

or indirectly regulated HuR expression via interacting

with the 3′-UTR of SIRT1 and Bcl-2 mRNAs, thereby

controlling the expression of certain proteins. Thus, in

PC3PR cells, reduced expression of miRNA-34a confers

PTX resistance via upregulation of SIRT1 and Bcl-2 ex-

pression. These findings suggested that miRNA-34a

could be a promising therapeutic target for drug resist-

ance in hormone-refractory prostate cancer.

Leukemia

Chronic myeloid leukocyte (CML) is one of the most

studied cancers. It is characterized by the philadelphia

(Ph) chromosome, i.e., the oncogene c-abl on chromo-

some 9 is translocated to the site of the breakpoint

cluster region (bcr) gene on chromosome 22, assem-

bling the fusion gene bcr-abl. The fusion protein

BCR-ABL possesses tyrosine kinase activity. Imatinib is

an inhibitor of BCR-ABL tyrosine kinase and has thera-

peutic effects on Ph-positive CML patients. However,

with the wide use of imatinib in hospitals, a consider-

able portion of the patients developed drug resistance.

Several mechanisms, including miRNAs, are involved

in imatinib resistance in CML. Hershkovitz-Rokah et al.

[103] found that miRNA-30e was expressed at low

levels in CML cell lines and patient samples. Further

experiments verified that miRNA-30e directly targeted

ABL mRNA and reduced the translation of ABL pro-

tein. Enforced expression of miRNA-30e in K562 cells

suppressed proliferation and induced apoptosis, and

sensitized them to imatinib treatment. These findings

suggested that miRNA-30e acted as a tumor suppressor

by downregulating BCR-ABL expression. Another study

showed that miRNA-203 could also increase the sensi-

tivity of CML to imatinib. It was found that the expres-

sion of miRNA-203 in the bone marrow of patients

with CML was downregulated, and the combination of

miRNA-203 and imatinib could effectively promote apop-

tosis [104]. However, other miRNAs, like miRNA-486
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could elevate imatinib resistance of CML cells by targeting

FOXO1 and PTEN [105].

As one type of anthracycline anticancer therapeutics,

daunorubicin (DNR) is one of the most effective drugs in

treating leukemia [106]. MiRNA-21 expression was upreg-

ulated in the DNR resistant cell line K562/DNR compared

to that in its parental line K562. Stable transfection of

miRNA-21 into K562 cells induced drug resistance,

whereas suppression of miRNA-21 in K562/DNR led to

enhance DNR cytotoxicity.

Zhang et al. [107] found that miRNA-125b was highly

expressed in pediatric acute promyelocytic leukemia (APL)

compared to that in other subtypes of acute myelogenous

leukemia (AML) and was correlated with treatment re-

sponse. Remarkably, miRNA-125b was also found upregu-

lated in leukemic drug-resistant cells, and transfection of a

miRNA-125b duplex into AML cells could increase their

resistance to the therapeutic drug DOX.

Others

In 2012, gastric cancer was the third leading cause of

cancer-related deaths, and the number of new cases

globally was 952,000, ranking fifth among all cancers

[1]. Studies have indicated that miRNA-21 can regulate

the sensitivity of HER2-positive gastric cancer cells to

trastuzumab [108]. Overexpression of miRNA-21 down-

regulated PTEN expression, and increased protein kinase

B (AKT) phosphorylation, and vice versa. Additionally,

overexpression of miRNA-21 also decreased sensitivity

of GC cells to trastuzumab, significantly inhibiting

trastuzumab-induced apoptosis, whereas suppression of

miRNA-21 expression restored it. MiRNA-181b expres-

sion was reduced in gastric cancer cell line SGC7901/

vincristine (VCR), and its target gene was Bcl-2. Over-

expression of miRNA-181b could decrease the levels of

Bcl-2 and render the cell more sensitive to the apop-

tosis induced by VCR [109]. Chang et al. [110] estab-

lished a CDDP-resistant cell line, SGC7901/DDP, and

found that the expression of miRNA-200c and its target

gene ras homolog gene E (RhoE) are significantly differ-

ent between SGC7901 and SGC7901/DDP cells. Trans-

fection of pre-miR-200c reduced RhoE expression and

improved the sensitivity of gastric cancer to CDDP

chemotherapy.

CDDP is also used in the treatment of cervical cancer.

Ectopic expression of miRNA-214 reduces cell survival,

induces apoptosis, and enhances sensitivity to CDDP

through directly inhibiting BCL2-like 2 (Bcl2l2) expres-

sion in cervical cancer HeLa and C-33A cells. And the

expression of miRNA-214 itself is regulated by DNA

methylation and histone deacetylation [111]. Autophagy

was activated in cancer cells during chemotherapy and

often contributes to tumor chemotherapy resistance.

Zou et al [112] found that autophagic activity in cancer

cells increased after CDDP or Taxol treatment, as indicated

by the enhanced expression of beclin1, a key regulator of

autophagy. MiRNA-30a, a miRNA that targets beclin 1,

was significantly reduced in tumor cells treated with CDDP.

Forced expression of miRNA-30a significantly reduced

beclin 1 and the autophagic activity of tumor cells induced

by CDDP. The blockade of tumor cell autophagic activity

by miRNA-30a expression significantly increased tumor cell

apoptosis induced by CDDP treatment. These results dem-

onstrated that miRNA-30a can sensitize tumor cells to

CDDP via reducing beclin 1-mediated autophagy.

Pancreatic cancer is a highly malignant tumor of the di-

gestive system, and the 5-year survival rate of patients is

only 1–4% [113]. MiRNA-100 was found markedly down-

regulated in both pancreatic cancer cell lines and tumor

cells from patients. In cancer cells, transfection of

miRNA-100 could inhibit their proliferation and increased

sensitivity to CDDP. Overexpressing miRNA-100 led to a

significant inhibition on tumor formation in vivo. Further

experiments showed that the miRNA-100 could target

fibroblast growth factor receptor 3 (FGFR3) to achieve

the functions of inhibiting cell growth and drug resist-

ance [114].

The mechanisms of deregulated expression of
miRNAs
The abnormal expression of miRNAs could induce ma-

lignant transformation of cells, or render tumor cells re-

sistant to chemotherapy drugs. Next, we will review the

mechanisms of the dysregulation of miRNA expression

in drug-resistant cells. Obviously, studying the mecha-

nisms of miRNA dysregulation will help us overcome

the drug resistance. According to results of present stud-

ies, the mechanism of miRNA deregulation mainly in-

cluded the amplification or deletion of miRNA gene,

epigenetic regulation, transcription factors deregulation,

and the dysregulation of key genes/proteins of miRNA

biogenesis and processing [19]. In addition, competitive

endogenous RNA (ceRNA) could also reduce the

amount of intracellular miRNA, by competitively bind-

ing to miRNAs, as illustrated in Fig. 2.

Gene amplification and deletion

The locations of approximately 50% of all human miRNA

genes are at fragile regions or cancer-associated sites,

such as minimal region of deletion, amplification, and

translocation breakpoints [16]. Genes in these sites

were usually more prone to deletion, translocation, or

amplification. For example, the deletions at the 13q14

chromosome were most frequently observed in chromo-

somal abnormalities. Both miRNA-15a and miRNA-16-1

have shown to locate within 13q14 and to be frequently

deleted and/or downregulated in more than half of

chronic lymphocytic leukemia (CLL) [115]. An opposite
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example was the miRNA-17~92 family, which is located

within the region of 13q31-q32. It was observed that this

region is amplified in a variety of tumors, which led to an

increase in the amount of mature miRNAs, thus promot-

ing tumor development [116].

Investigations on the relationship between the deregu-

lation of drug resistance associated to miRNAs and gene

amplification and deletion are still rare. Studies have in-

dicated that the expression levels of miRNA-219-2 and

miRNA-199b were associated with the prognosis and

the treatment effect of imatinib of patients with CML.

The decrease in miRNA-199b expression could render

the CML patients resistant to imatinib [117]. Approxi-

mately 15–18% of CML patients showed gene deletions

around the translocation breakpoints on der(9)chromo-

some [118]. Several studies have shown that a deletion

in 9q at the same time of the Ph translocation is relevant

to the expression of the bcr-abl fusion gene. MiRNA-

219-2 and miRNA-199b were found to map centromeric

to the abl1 gene within the chromosomal region at 9q34

that was frequently lost in CML patients with der(9)

deletions, induced downexpression of miRNA-199b and

miRNA-219-2, which resulted in the resistance of CML

to imatinib [117, 119].

MiRNA-21 was reportedly upregulated in various

cancers, and this could promote drug resistance of

tumor cells (Table 1). Hirata et al. [120] proved that

overexpression of miRNA-21 in ovarian cancer was

caused by the amplification of the chromosomic region

17q23-25, which lead to the low expression of PTEN

(the target gene of miRNA-21). Chaluvally-Raghavan et al.

[121] directly demonstrated the relationship between

miRNA gene amplification and tumor drug resistance.

They found that miRNA-569, which was overexpressed in

a subset of ovarian and breast cancers, at least partly due to

3q26.2 amplification. Downregulation of tumor protein p53

inducible nuclear protein 1 (TP53INP1) expression induced

by miRNA-569 contributed to the effects of miRNA-569

on cell survival and proliferation. Targeting miRNA-569

sensitizes ovarian and breast cancer cells to CDDP by in-

creasing cell death both in vitro and in vivo. As mentioned

before, the upregulation of the miRNA-17~92 family was

related to gene amplification, and this resulted in promot-

ing drug resistance in many types of tumors (Table 1).

Hayashita et al. [122] found that the miRNA-17~92 cluster,

which comprises seven miRNAs and resides in intron 3 of

the C13orf25 gene at 13q31.3, was markedly overexpressed

in lung cancers, especially with SCLC cancer histology. The

amplification of this region is the direct cause of the overex-

pression of miRNA-17 family, which enhances the lung

cancer cell growth.

Methylation and histone modifications of miRNA genes

DNA methylation and histone modifications can alter gene

expression without altering the DNA sequence. DNA

methylation refers to the addition of a methyl group

(−CH3) to the cytosine ring of a CpG dinucleotide at the

carbon-5 position, which is catalyzed by DNA methyltrans-

ferases (DNMTs) [123]. DNA methylation leads to gene

silencing and serves as an alternative mechanism of gene

inactivation. Post-translational modifications such as acetyl-

ation, methylation, and phosphorylation occur on amino-

terminal histone tails are strongly associated with active

gene transcription or transcriptional repression [124]. Gen-

erally, acetylation of histones by histone acetyltransferase

(HAT) is associated with gene activation, and hypoacetyla-

tion by histone deacetylases (HDACs) is associated with

gene inactivation. Histone methylation is associated with

Fig. 2 The mechanisms of deregulated expression of microRNAs. Different mechanisms can promote or/and inhibit the expression of miRNA

Si et al. Clinical Epigenetics           (2019) 11:25 Page 12 of 24



both gene activation and silencing. For instance, tri-methy-

lation of lysine 27 of histone H3 (H3K27) is a silencing

mark, and methylation of lysine 4 (H3K4) was found at

the promoters of active genes [125]. DNA methylation

and histone modifications are the epigenetic mechanisms

leading to the deregulation of miRNA expression in

cancers. There is a collaborative role between DNA

methylation and histone modifications in silencing of

tumor-suppressive miRNAs in cancer [123].

It was believed that miRNA-34a was a tumor suppressor

miRNA; it was downregulated in many kinds of tumor

cells and had the effect of improving the sensitivity of

tumor cells to chemotherapeutic drugs (Table 1). Lodygin

et al. [126] demonstrated that the loss of miRNA-34a ex-

pression associated with the methylation of its promoter

on CpG island was present in the majority (79.1%) of pri-

mary prostate carcinoma samples. Afterward, frequent

methylation of the miRNA-34a promoter was found in

primary melanoma samples (62.5%), melanoma (43.2%),

bladder (33.3%), lung (29.1%), breast (25.0%), kidney

(21.4%), pancreatic (15.7%), and colon (13.0%) cancer cell

lines. In NSCLC, Gallardo et al. [127] demonstrated that

the expression of miRNA-34a was significantly reduced in

patients with miRNA-34a hypermethylation compared to

that in patients with un-methylated miRNA-34a.

MiRNA-320a was often downexpressed in tumor cells.

In chemoresistant cells, downregulation of miR-320a was

associated with promoter methylation of the miR-320a

coding sequence [33]. Saito et al. [128] found that the

combined treatment of human bladder cancer cells

with demethylation reagent 5-aza-2′-deoxycytidine

(5-Aza-CdR) and the HDAC inhibitor 4-phenylbutyric

acid (PBA) has a significant effect on the expression of

miRNAs. It could elevate the expression of miRNAs,

including miRNA-127. Another example of methylation

regulation in drug resistance-associated miRNA is

miRNA-149. MiRNA-149 was downregulated and in-

volved in chemoresistance in ADM-resistant human

breast cancer cells (MCF-7/ADM). Downregulation of

miRNA-149 was related to hypermethylation of its

5′-UTR. With downregulated miRNA-149, the target gene

GlcNAc N-deacetylase/N-sulfotransferase-1 (NDST1) was

upexpressed; thus, the resistance of human breast cancer

cells MCF-7 to ADM increased [28]. Yang et al. [85] found

miRNA-130b was downregulated in multidrug-resistant

ovarian cancer cells. MiRNA-130b hypermethylation was

found in ovarian cancer tissues as well as in drug-resist-

ant cell lines, and the methylation level was negatively

correlated with its expression. Demethylation with

5-Aza-CdR led to reactivation of miRNA-130b expression

in drug-resistant ovarian cancer cell lines, thus increasing

the cell sensibility to CDDP and taxol. A more intuitive

evidence was that methylation of miR-129-5p CpG is-

land in gastric cancer cells reduced the expression of

miR-129-5p and caused the cells to acquire drug resist-

ance. Compared to the expression in parent cells, expres-

sion of miR-129-5p was restored in a multidrug-resistant

cell line treated with a 5-Aza-CdR [129].

As mentioned above, miRNA-21 is a carcinogenic

miRNA in various tissues, and its upregulation can pro-

mote tumor development and chemoresistance. Song et al.

[130] retrospectively collected 41 cases of advanced pancre-

atic cancer patients who were sensitive or resistant to gem-

citabine (GEM) and assessed levels of serum circulating

miRNA-21 to determine a correlation with cytotoxic activ-

ity. Histone acetylation in the miRNA-21 promoter was

also studied in GEM-sensitive and GEM-resistant pancre-

atic ductal adenocarcinomas (PDAC) cells. They found that

histone acetylation levels at miRNA-21 promoter were in-

creased in PDAC cells after treatment with GEM, and the

upregulation of miRNA-21 induced by histone acetylation

in the promoter zone was associated with chemoresistance

to GEM and enhanced malignant potential in pancreatic

cancer cells. Additionally, miRNA-214, which inhibited the

development of cervical cancer, was downexpressed by

DNA methylation and histone deacetylation, resulting in

tumorigenesis and drug resistance [111]. Other examples

were miRNA-375 and miRNA-200. Studies showed that

the expression of these two miRNAs was downregulated in

drug-resistant breast cancer cells. A treatment of a demeth-

ylation agent, in combination with a HDAC inhibitor, could

restore the expression of these miRNAs in cells [131, 132].

Abnormality of transcription factors

Transcription factors, also known as trans-acting factors,

are proteins that can specifically bind to cis-acting ele-

ments in the promoter region of a eukaryotic gene, acti-

vating or inhibiting gene transcription, directly or with

the help of other proteins.

The most known transcription factor in miRNA regula-

tion is p53. P53 can work as a tumor suppressor, and its ex-

pression is upregulated when DNA has been damaged. It is

associated with the regulation of hundreds of genes. In

2007, several laboratories almost simultaneously announced

that the miRNA-34 family, including miRNA-34a, was a

direct target of p53, and could be significantly upregulated

by this molecule [133]. MiRNA-34a, which is generally con-

sidered to be a tumor suppressor miRNA, improves the

sensitivity of tumor cells to chemotherapeutic drugs. P53

directly recognizes the promoters of the miRNA-34 family

and activates the transcription of these miRNAs [134]. Two

transcription factors associated with p53, p63, and p73 ex-

hibit distinct functions in cells. P73 mediates chemosensi-

tivity, whereas p63 promotes cell proliferation and survival.

Ory et al. [135] showed that p63 and p73 could regulate the

expression of miRNA-193a-5p. MiRNA-193a-5p, the ex-

pression of which was repressed by p63, was activated by

pro-apoptotic p73 isoforms in both normal cells and tumor

Si et al. Clinical Epigenetics           (2019) 11:25 Page 13 of 24



cells in vivo. Chemotherapy caused p63/p73-dependent

induction of this miRNA, thereby limiting chemosensi-

tivity due to miRNA-mediated feedback inhibition of

p73. Importantly, inhibiting miRNA-193a interrupted

this feedback and thereby suppressed tumor cell viabil-

ity and induced dramatic chemosensitivity both in vitro

and in vivo. Another study [136] reported that the p53

family member and p63 isoform, ΔNp63α, promoted

miRNA-205 transcription and controlled EMT in hu-

man bladder cancer cells.ΔNp63α knockdown reduced

the expression of the primary and mature forms of

miRNA-205 and of the miRNA-205 “host” gene (miR-

NA-205HG), and decreased the binding of RNA Pol II to

the miRNA-205HG promoter, inhibiting miRNA-205HG

transcription.

Another drug resistance-associated miRNA, miRNA-

125b, is regulated by multiple transcription factors. In

cutaneous T cell lymphoma, overexpression of c-Myc re-

pressed miRNA-125b-5p transcription and sensitized

lymphoma cells to bortezomib [137]. However, the

overexpression of Snail dramatically increased the ex-

pression of miRNA-125b through the Snail-activated

Wnt/β-catenin/TCF4 axis. Snail conferred chemoresis-

tance by repressing Bak1 through upregulation of

miRNA-125b. Peroxisome proliferator-activated recep-

tor gamma (PPARγ), a multiple functional transcription

factor, has been reported to have antitumor effects

through inhibition of proliferation, and induction of

differentiation and apoptosis. Luo et al. [138] demon-

strated that PPARγ could promote the expression of

miR-125b by directly binding to the responsive element

in miRNA-125b gene promoter region.

Other chemoresistance-related miRNAs, such as miRNA-

320a, miRNA-155, miRNA-200, and miRNA-21, were reg-

ulated by transcription factors v-ets erythroblastosis virus

E26 oncogene homolog 1 (ETS-1) [33], Smad4 [139],

achaete scute-like 2 (Ascl2) [140], and Krüppel-like factor

9 (KLF9) [141], respectively, as shown in Fig. 2.

Dysregulation of miRNA biogenesis and processing

The process of miRNA biogenesis and maturation is

shown in Fig. 1. The whole pathway requires a number of

key enzymes and proteins, including two RNA III endonu-

cleases, Drosha and Dicer1, the cofactor DGCR8, the

transporter EXP5, cofactor TRBP2, and argonaute (AGO)

[142]. During miRNA processing, these proteins are regu-

lated, and deregulation of them may lead to abnormal

expression of miRNAs. This article focuses on studies

about regulation of the processing of miRNAs which are

involved in drug resistance.

Kovalchuk et al. [143], for the first time, showed that

DOX-resistant MCF-7 cells (MCF-7/DOX) exhibited a

considerable dysregulation of their miRNAome profile

and an altered expression of miRNA processing enzymes

Dicer and AGO 2. These dysregulated miRNAs include

those involved in the regulation of cellular chemoresis-

tance, such as miRNA-451, which targets the MDR1

gene. Transfection of MCF-7/DOX-resistant cells with

microRNA-451 resulted in increased sensitivity of cells

to DOX, indicating that correction of altered miRNA

expression may have significant implications for thera-

peutic strategies that aim to overcome cancer cell resist-

ance. Bu et al. [144] directly demonstrated the relationship

between Dicer and cellular drug resistance in a different

way. They found that in breast cancer cell line MCF-7,

knockdown of Dicer by siRNA led to significant G1 arrest

and increased sensitivity to CDDP. Moreover, the decreased

expression of miRNA-21 accompanied the decrease of

Dicer. Another study showed that hyaluronan could medi-

ate the phosphorylation of the stem cell marker, Nanog, in

the breast tumor cell line MCF-7. Phosphorylated

Nanog then upregulated the RNase III Drosha and the

RNA helicase p68. This process led to microRNA-21

production and tumor suppressor proteins (e.g., PDCD4)

reduction. All these events contributed to the upregula-

tion of inhibitors of apoptosis proteins (IAPs) and MDR1,

resulting in anti-apoptosis and chemotherapy resistance

[145]. Kim et al. [146] demonstrated that ribonuclease/

angiogenin inhibitor 1 (RNH1) was necessary for pri-miR-

21 processing. Further analysis showed that RNH1 directly

interacted with the Drosha complex, and PTEN blocked

this interaction, decreasing the expression of miRNA-21.

That is, PTEN-mediated miRNA-21 expression regulation

was achieved by inhibiting the interaction between RNH1

and Drosha.

Pri-miRNAs are cleaved by Microprocessor, which com-

prises the double-stranded RNase III enzyme Drosha and

its essential cofactor, DGCR8, to produce pre-miRNAs

[142]. MiRNA-15a/16 was involved in regulation of che-

moresistance in tumor cells (Table 1), and its expression

was directly correlated to nucleolin expression. Cellular

localization was critical for the proper functioning of

nucleolin in this pathway; nucleolin directly interacts with

DGCR8 and Drosha in the nucleus, thus regulating the

expression of miRNA-15a/16 [147]. Interestingly, proteins

involved in miRNA processing, such as Dicer, are also reg-

ulated by miRNA. It has been shown that imprecise cleav-

age of a primary or precursor RNA by Drosha or Dicer,

respectively, may yield a group of miRNA variants desig-

nated as “isomiR.” There are different mechanisms of

miRNA-31 regulation in different cells (Table 1) and in its

biogenesis, and processing three isoforms (miR-31-H,

miR-31-P, and miR-31-M) might be produced, which dif-

fer only slightly in their 5′- and/or 3′-end sequences.

Chan et al. [148] validated a predicted target gene, Dicer,

to be a novel target of miR-31, but only miR-31-P could

directly repress Dicer expression in both MCF-7 breast

cancer cells and A549 lung cancer cells, resulting in their
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enhanced sensitivity to CDDP, a known attribute of Dicer

knockdown. This shows that there is a complex relation-

ship between miRNA and its processing proteins.

CeRNA

The concept of ceRNA was first presented by Salmena et

al. in 2011 [149]. The hypothesis suggested that besides

mRNA, sequences of pseudogenes, long non-coding ribo-

nucleic acids (lncRNAs), and circular RNAs (circRNAs)

contain miRNA response elements (MREs), and they

would compete for limited pools of miRNAs as decoys,

similar to “miRNA sponges,” thereby reducing the binding

of miRNA to its “legitimate” target gene. The ceRNA hy-

pothesis postulated that any RNA transcript that harbors

MREs can sequester miRNAs from other targets sharing

the same MREs, thereby regulating their function [150].

At present, some studies have indicated that ceRNAs can

affect the regulatory effect of chemoresistance-related

miRNAs to their target genes [151, 152].

PTEN is a tumor suppressor gene, and its expression is

downregulated in a variety of tumors. The 3′-UTR of

PTEN mRNA can be targeted by a variety of miRNAs,

thereby inhibiting its expression. PTENP1 is a pseudogene

of the PTEN tumor suppression gene (TSG), and its mRNA

sequence, close to the 3′-UTR, is highly homologous to the

same region in PTEN. This feature of PTENP1 shows that

it can be used as a ceRNA of PTEN. Indeed, the 3′-UTR of

PTENP1 and PTEN mRNA both harbor MREs that can

bind miRNA-21. Yu et al. [152] found that overexpression

of miRNA-21 in clear-cell renal cell carcinoma (ccRCC)

might promote cell proliferation, migration, and invasion in

vitro, and tumor growth and metastasis in vivo. Overex-

pression of PTENP1 in cells expressing miRNA-21 reduces

cell proliferation, invasion, tumor growth, and metastasis,

recapitulating the phenotypes induced by PTEN expression.

In addition, overexpression of PTENP1 in ccRCC cells sen-

sitized these cells to CDDP and GEM treatments, in vitro

and in vivo. In clinical samples, the expressions of PTENP1

and PTEN were inversely correlated with miRNA-21 ex-

pression. CcRCC patients with no PTENP1 expression have

a lower survival rate. These results suggested that PTENP1

functions as a ceRNA in ccRCC, which suppresses cancer

progression.

In short, ceRNA is a relatively new concept. Although

there are some studies on the relationship between ceR-

NAs and tumorigenesis [153, 154], reports on ceRNAs

associated with the regulation of chemoresistance is rare.

It is believed that more chemoresistance-related ceRNAs

will be discovered in the future.

The mechanisms of miRNAs in regulation of drug
resistance
We will recapitulate the know mechanisms of tumor cell

resistance to anticancer drugs, as they have been described

above. MiRNAs target and regulate mRNAs, including a

number of chemoresistance-related mRNAs; that is the

fundamental principle behind cancer cell drug-resistance

regulation. Integrated current research shows that miR-

NAs influence cellular drug resistance mainly via regu-

lating cell survival and apoptosis signaling pathways. In

addition, miRNAs also can regulate drug targets and

the DNA repair system, as well as drug transport and

metabolism-related enzymes [7].

Regulation of cell proliferation, cycle, and apoptosis-

related signaling pathways

Quite a large part of anticancer drugs, such as anti-me-

tabolism agents, DNA crosslinking agents, alkylating

agents, topoisomerase II inhibitors, and TKIs, act by

inhibiting cell proliferation and inducing apoptosis [155].

Drug-resistant cells can tolerate these medications to a

certain extent. MiRNAs can regulate drug resistance by

regulating key genes in cell proliferation, cell cycle, and

apoptosis-related signaling pathways.

PTEN can inhibit the PI3K/Akt signaling pathway, thus

inhibiting cell proliferation and promoting apoptosis. The

inactivation of PTEN is closely related to the development

of cancer, and a series of miRNAs affect the response of

cancer cells to drugs by regulating PTEN. For example,

miRNA-21 targets PTEN in stomach [108] and breast

cancer [25, 26], thereby promoting the cell resistance to a

variety of drugs. MiRNA-93 targets PTEN in breast cancer

and upregulates drug resistance of cells to CDDP. In

addition, the target genes of miRNA-214 [156], miRNA-

486 [105], miRNA-130a [91], miRNA-216a/217 [49],

miRNA-92b [68], and miRNA-205 [61] are all PTEN, and

they regulate cell resistance to a range of drugs in different

tumors.

Meanwhile, PTEN is the inhibitor of cyclin-dependent

kinase (CDK). MicroRNA-221/222 and miRNA-214

could target PTEN to promote the expression of CDK

and modify chemoresistance of cells [157, 158].

MiRNAs can play a key role in regulation of drug resist-

ance by targeting key genes of the cell cycle. MiRNAs,

such as miRNA-16, miRNA-29, and miRNA-107, can tar-

get CDK6 [159–161]. In addition, retinoblastoma (RB),

E2F, and cyclins that initiate S-phase were also targets of

some miRNAs. The deregulation of these miRNAs alters

the chemoresistance of the cells [162–164].

Bcl-2 is an anti-apoptotic protein, and the Bcl-2 gene fam-

ily contains about 30 members, including anti-apoptotic

proteins, such as Bcl-2, Bcl-w, Bcl-xl, and Mcl-1, and pro-a-

poptotic proteins, such as BCL2-associated X (Bax),

Bak1, and BCL2-related ovarian killer (Bok). Thus,

miRNA-195 [29, 165], miRNA-503 [166], miRNA-1915

[80], miRNA-15a/16 [167], miRNA-181a [32, 168],

miRNA-181b [109], miRNA-200b [169], and miRNA-34a

[37, 170] could promote sensitivity of cells to anticancer
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drugs, including CDDP, DOX, TAM, and DNR, through

inhibition of Bcl-2. In addition, miRNA-106a [92],

miRNA-193b [48], and miRNA-135a/b [171] could tar-

get Mcl-1 to improve CDDP and sorafenib sensitivities

in ovarian cancer, lung cancer, and HCC, respectively.

Bak1, the pro-apoptotic protein, could be targeted and

inhibited by miRNA-125b, thereby enhancing the re-

sistance of APL, ovarian cancer, and breast cancer to

CDDP, DOX, and PTX, respectively.

PDCD4 is also a tumor suppressor gene that can induce

apoptosis. Studies showed that miRNA-21, miRNA-106a,

and miRNA-182 target PDCD4, increasing drug resistance

of pancreas cancer, CML, NSCLC, and ovarian cancer to

GEM [172] and CDDP [60, 90], respectively.

Hepatocyte growth factor receptor c-Met is one of the

hallmarks of multiple tumors, and the mammalian target

of rapamycin (mTOR) is involved in PI3K/Akt signaling

pathway to promote cell proliferation and survival. Re-

search found that miR-199a-3p could target mTOR and

c-Met in HCC cells. Restoring attenuated levels of

miR-199a-3p in HCC cells led to G(1)-phase cell cycle

arrest, which reduced invasive capability and increased

sensitivity to DOX-induced apoptosis [173].

Foxo3a is a transcription factor that can induce cell

apoptosis. MiRNA-153 and miRNA-155 could target

Foxo3a in colorectal and breast cancer cells, respectively,

thus increasing resistance to L-OHP, CDDP, DOX,

VP-16, and PTX [36, 78].

The role of SIRT1 in tumor is to promote tumor

growth by inhibiting the activity of p53. But in the case

of a p53 mutation, SIRT1 can also play a role in tumor

suppression. In prostate cancer, overexpression of

miRNA-34a inhibits SIRT1, thereby inducing cell cycle

arrest and apoptosis and increasing sensitivity of cells to

PTX [102].

P53 ends the cell cycle by blocking CDKs, and the loss

of p53 reduces sensitivity of cells to DNA damage and

leads to drug resistance. MiRNA-125 could target and in-

hibit p53, thus rendering the cells resistant to DOX [162].

The nuclear factor kappa B (NF-κB) signaling pathway

can activate transcription of a series of genes and has

the effect of inhibiting apoptosis and promoting tumor

cell resistance to chemotherapy. As one of the target

genes of miRNA-21, the leucine-rich repeat interacting

protein 1 (LRRFIP1) can reduce drug resistance by inhi-

biting the NF-κB signaling pathway. Therefore, suppres-

sion of miRNA-21 by specific antisense oligonucleotides

in glioblastoma cell line U373MG led to enhanced cyto-

toxic effects of teniposide (VM-26) [174].

Regulation of drug target and drug metabolism-related

genes

Anticancer drugs have their suppressive effect from tar-

geting different proteins, and the deregulation of these

proteins often renders the drug ineffective, leading to

drug resistance. For example, the abnormal expression

of TUBB3 is associated with resistance of ovarian and

endometrial cancer to microtubule-targeting agents

such as PTX and VCR. Studies showed that ectopic

expression of miRNA-200c downregulated TUBB3 and

enhanced sensitivity to PTX, VCR, and epothilone B,

up to 85% [94]. TAM is an ER antagonist; let-7 and

miRNA-221/222 target ERα-36 and ERα, respectively,

to reduce or increase the resistance of breast cancer

cells to TAM [34, 35]. Vascular endothelial growth factor

A (VEGFA) is the target of the angiogenesis inhibitor bev-

acizumab. MiRNA-126 targets and inhibits VEGFA, im-

proving the sensitivity of NSCLC to bevacizumab [175].

These results indicate that the combination of chemother-

apy drugs and miRNAs in the treatment of cancer might

have a great application value.

Drug-metabolizing enzymes play an important role in

cancer treatment. Some drugs need metabolic reactions to

convert into an active anticancer form, such as 5-FU, and

drugs need to metabolic reactions as well, to convert into

inactive products. The most famous drug-metabolizing

enzyme group is the cytochrome P450 (CYP) superfamily,

which catalyzes the metabolism of the majority of drugs.

MiRNA-27b directly targets and downregulates CYP1B1

to affect drug metabolism in breast and cervical cancer

[176]. In colon cancer cells, miRNA-148a targets tran-

scription factor pregnane X receptor (PXR), which regu-

lates CYP3A4 [177]. Overexpression of miRNA-148a

diminished the protein levels of PXR, and this attenuates

the induction of CYP3A4. In addition, CYP1A1 is a target

of miRNA-892a, and CYP2J2 is negatively regulated by

let-7b [178, 179]. It was proved that in transgenic mice,

knockdown of CYP3A by miRNA-based shRNA dramatic-

ally reduced enzymatic activity [180, 181].

Regulation of drug transport and DNA damage repair-

related genes

The increased expression of drug efflux pump genes is

one of the most important mechanisms of drug resistance

in tumors [182]. The most common include ABCC1,

ABCG2, and ABCB1, which encode the ABC transporter

proteins MDR associated protein (MRP1), breast cancer

resistance protein (BCRP), and P-gp, respectively. These

proteins have similar trans-membrane domains and

protect tumor cells by pumping the drugs out of the

membrane [183]. In recent years, a large number of

studies have found that miRNAs could directly target

drug efflux pump, thereby regulating cell resistance to

drugs. For example, in HCC, miRNA-223 targeted

ABCB1, thereby downregulating the cell resistance to

DOX [51]. MiRNA-133a targeted ABCC1, rendering

the cells more sensitive to ADM [52]. MiRNA-298 was

found to target ABCC1 in breast cancer cells, increasing
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sensitivity of cells to DOX [184]. MiRNA-328 and

miRNA-487a could enhance cell sensitivity to mitoxan-

trone (MX) by targeting ABCG2 in breast cancer [185,

186]. Other ABC-related genes, such as ABCA1 and

ABCB9, were regulated by miRNA-31 and miRNA-106a,

and they regulated drug resistance of lung cancer cells to

CDDP [58, 63]. Let-7c targeted ABCC2 in NSCLC, in-

creasing sensitivity to gefitinib [57].

Some chemotherapeutic agents such as CDDP and

DOX induce cell apoptosis via DNA damage. Damaged

DNA strands require DNA damage repair enzymes to re-

pair the affected sequences. Once the damage DNA chains

were repaired, the cell can continue to survive. There are

a lot of enzymes involved in the repair of DNA damage,

and changes in their expression influence drug resistance

to DNA damaging agents. Some miRNAs reverse drug re-

sistance by targeting DNA damage repair-related enzyme

genes. For example, miRNA-9 targeted BRCA1 in ovarian

cancer, thereby increasing sensitivity of cells to CDDP

[83]. MiRNA-138 targeted ERCC1 in NSCLC, thus in-

creasing sensitivity to CDDP [59]. Obviously, inhibition of

DNA damage repair systems to increase the efficacy of

DNA damage agents is a promising approach in the treat-

ment of cancer.

Conclusions
The discovery of miRNAs has deepened our understand-

ing of human diseases, including cancer. In this article, we

have reviewed miRNAs that regulate resistance to chemo-

therapy in different tumors. The expression of miRNAs is

regulated by a series of factors and dysregulated miRNA

expression often leads to antitumor drug resistance. The

interaction of miRNAs with mRNA, protein, and other

non-encoding RNA constitutes their whole regulatory net-

work. The complexity of this network gives miRNAs a

wide range of biological functions, which, at the same

time, ensure its great potential for clinical application. For

example, the “inhibition” or the “replacement” treatment

strategy can be performed based on the upregulation or

downregulation of miRNAs in cancer cells, respectively

[187]. In addition, the expression of miRNAs has been val-

idated as prognosis indicators in patients with certain can-

cers. Last but not least, miRNAs could act as promising

clinical cancer biomarkers [188]. However, there is still a

long way before complete clinical applications of miRNAs

are fully developed.

As mentioned above, miRNAs are considered to have

great potential in the treatment of cancer. Indeed, the ef-

ficacy and safety of miRNA-related treatments are better

than those of treatments based on siRNA [189]. Al-

though the role of miRNA in reversing drug resistance is

unquestionable, there are still several important issues

that need to be further addressed. First, due to the het-

erogeneity of tumor cells and the diversity of anticancer

drugs, some miRNAs have different regulatory effects on

drug resistance in different types of tumors, some even

being the opposite. Therefore, it is necessary to further

and extensively confirm the mechanisms and effects of

these miRNAs regulating cellular drug resistance and to

screen some of the miRNAs with broad-spectrum regu-

lation of resistance for mechanism research and clinical

development. Second, in vitro studies are abundant,

whereas in vivo studies are still relatively rare. Given the

complexity of the animal’s internal environment, some

miRNAs that exhibit good regulation of drug resistance

in in vitro studies may not necessarily be effective in

vivo. Therefore, the effects of most of the miRNAs need

to be further verified in vivo. Third, miRNAs are large

molecules; therefore, studies regarding their timely and

effective targeting and entry into tumor cells in the body

require attention. At present, there are very few studies

in this field. Methods such as coupling specific tumor li-

gands onto the surface of the miRNA-based drugs en-

sure that miRNAs can be transported to tumor tissues

to a greater extent, as well as reduce the side effects and

improve the safety of miRNA drugs [190]. Fourth, the

safety of miRNAs in vivo has yet to be evaluated

systematically.

Taking into account that miRNAs can effectively

regulate tumor cell resistance to chemotherapy, the use

of miRNA in combination with chemotherapy to

achieve a better therapeutic effect is promising. For ex-

ample, Wu et al. [191] tried to combine miRNA-27b

with a variety of anticancer drugs. They found that this

miRNA could enhance the anticancer effect of chemo-

therapy by p53 activation and CYP1B1 inhibition, indi-

cating that the miRNA and the drug had obvious

synergistic effect in cancer treatment. In addition, some

studies have attempted to encapsulate miRNAs with

small molecule drugs in a nano-carrier. Some examples

include the co-encapsulation of miRNA-205 and GEM

in a nano-carrier for pancreatic cancer treatment [192],

co-encapsulation of miRNA-34a, and DOX for breast

cancer treatment [193]. These studies showed that the

combined action of drug-resistance regulatory miRNAs

and chemotherapy drugs had a synergistic effect on

tumor cells inhibition, which could improve the effects

of chemotherapy drugs, and reverse drug resistance to

a certain extent. Based on the mechanisms of tumor

cell resistance to chemotherapy, the combination of

miRNAs with chemotherapy drugs will be a very prom-

ising therapeutic regimen for inhibiting or killing tumor

cells in the future, which is worth further study.
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