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Abstract: Chemo-resistance, which is the main obstacle in cancer therapy, is caused by the onset of drug-resistant
cells in the heterogeneous cell population in cancer tissues. MicroRNAs regulate gene expression at the post-transcriptional level, and they are involved in many different biological processes, including cell proliferation, differentiation, metabolism, stress response, and apoptosis. The aberrant expression of microRNAs plays a major pathogenic
role from the early stages of the carcinogenesis process. Recently, microRNAs have been reported to play an important role in inducing resistance to anti-cancer drugs. Specific microRNA alterations occur selectively in cancer
cells, rendering these cells resistant to various chemotherapeutic agents. For example, resistance to 5-fluorouracil
is mediated by alterations in miR-21, miR-27a/b, and miR-155; the sensitivity to Docetaxel is influenced by miR-98,
miR-192, miR-194, miR-200b, miR-212, and miR-424; and the resistance to Cisplatin is mediated by miR-let-7,
miR-15, miR-16 miR-21 and miR-214. Chemo-resistant cancer cells are characterized by altered functions in enzymes that are involved in microRNA maturation, primarily including Dicer, as demonstrated in ovarian cancer, oral
squamous cell carcinoma, breast cancer and cervical cancer. Based on the evidence reviewed in this paper, various
strategies have been developed to artificially re-establish microRNA expression in resistant cells, thus restoring
chemo-sensitivity. These strategies employ synthetic analogs, anti-microRNA oligonucleotides, locked nucleic acid,
microRNA sponges, drugs that inhibit DNA methylation or histone deacetylation, and the introduction of microRNA
mimics. The ability to modulate microRNA expression is a promising strategy for overcoming the problem of drug
resistance in cancer treatment.
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Introduction
Chemo-resistance is the main obstacle to the
effectiveness of cancer therapies as it allows
the cancer cells to survive the treatment and
proliferate uncontrollably, leading to cells with
a more aggressive phenotype that are more
able to metastasize to other organs than naïve
cancer cells [1]. Currently, no therapy has an
efficacy of 100% [2] because drug resistance
limits the potency of both conventional chemotherapeutic and novel biological agents [3].
Tumors can be intrinsically resistant to chemotherapy or the resistance can be acquired as a
result of the pharmacological treatment of cancer cells that were previously sensitive to the
drug [4]. Indeed, tumors can be characterized
by molecular heterogeneity [5], and this hetero-

geneity can contribute to the onset of drug
resistance through a therapy-induced selection
of a resistant cell subpopulation that is present
in the original tumor. Cancer tissues generally
consist of a mixed population of malignant
cells; some of these cells are sensitive to cancer drugs, while others are drug resistant.
According to the Cancer Stem Cells theory,
tumor tissues are composed of a sub-population of tumorigenic stem cells that undergo differentiation, giving rise to cancer cells. These
cancer stem cells are chemo-resistant and are
involved in the formation of metastases [6].
Meads et al. reported a chemo-resistance
mechanism named environment-mediated drug
resistance, which is based on communication
between the tumor cells and their microenvironment. Signaling events originating in this microenvironment allow these cells to escape apop-
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tosis induced by chemotherapeutic agents,
leading to the creation of surviving foci of residual cells [7].
Chemotherapy kills drug-sensitive cells, but
resistant cells survive and become more
aggressive and prone to metastasis due to the
hypoxic conditions established by the therapy
in the neoplastic mass [8-10].
During the acquisition of resistance, cancer
cells can become cross-resistant to a range of
chemotherapies, which may ultimately lead to
treatment failure [11].
This general situation is enhanced in lung cancer, which is highly prone to develop chemoresistance since its early onset. Indeed, lung
cancer typically occurs in smokers, and thus, it
is composed of cells that have adapted for
decades and are to resist the toxic environment
established by the cigarette smoke. Lung cancer develops from cells that are targeted by
multiple cigarette smoke-induced genetic and
epigenetic alterations that escape the apoptotic pathway [12]. These cells grow well in the
presence of highly genotoxic cigarette smoke
condensate [13] due to the existence of effective mechanisms that counteract the cigarette
smoke genotoxicity. These mechanisms mainly
include the activation of glutathione conjugation-based phase II detoxification reactions and
the up-regulation of multidrug resistance protein 1 (MDR1). Indeed, we demonstrated that in
p53 mutant mice undergoing 4 weeks of exposure to cigarette smoke, phase I and II metabolic reactions are strongly induced, which is a
feature that is paralleled by MDR1 up-regulation [14]. MDR1 is modulated by changes in
microRNA expression and is a sensitive target
of cigarette smoke-induced molecular alterations [15]. In particular, cigarette smoke alters
the expression of miR-30c, miR-138, and miR378, which play a pivotal role in activating the
expression of the MDR1 protein that is involved
in the extracellular extrusion of the glucuronoconjugated genotoxic metabolites of cancer
chemotherapeutic drugs. This finding explains
the mechanism by which lung cancer cells, particularly in smokers and ex-smokers, become
highly chemo-resistant. To overcome drug
resistance, the molecular mechanisms underlying drug resistance must be identified and
understood with the aim of discovering new
drugs that are able to interfere with chemoresistance [1].
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Etiology and mechanisms of chemo-resistance
Drug resistance is a complex phenomenon that
can occur at different levels. One of the most
common mechanisms is the action of a specific
group of trans-membrane proteins, whose task
is to remove cytotoxic molecules from the cell.
These proteins belong to the class of ATPbinding cassette proteins, which are involved in
the regulation of the absorption and excretion
of many different toxic compounds. One of
these proteins, P-glycoprotein (Pgp), is mainly
responsible for drug resistance targeted at a
wide range of chemotherapeutic agents with
different mechanisms of action. Pgp is physiologically expressed in almost all tissues at low
levels, but its expression is increased in the
epithelial cells that are implicated in excretion,
such as those located in the small intestine,
pancreatic ductules and kidney proximal tubules [16]. In many cancer tissues, Pgp overexpression determines intrinsic drug resistance. However, chemotherapy can also enhance
the expression of proteins, causing acquired
resistance [17]. The overexpression of the Pgp
protein in the membranes of cancer cell leads
to an increased drug efflux and reduces the
accumulation of the therapeutic effective dose
in the cytoplasm, thus rendering the drugs ineffective for cancer treatment [18].
MicroRNAs play a major role in regulating Pgp
expression and activity [19], as demonstrated
by miR-145 in intestinal cells [20] and miR-130
in Cisplatin-resistant ovarian cancer cells. Accordingly, the modulation of these microRNAs
may be a possible therapeutic strategy for overcoming multidrug resistance in cancer cells
[21] and limiting the efficacy of hydrophobic
and amphipathic molecules, such as vinca
alkaloids, mitomycin C, anthracyclines, and taxanes [22].
Another mechanism underlying resistance is
the lack of drug activation at the metabolic
level. Indeed, many compounds must be converted to their active metabolites before they
exert their cytotoxic effects. For example, the
antimetabolite 5-Fluorouracil requires different
enzymes, such as uridine phosphorylase, to
become activated, and its therapeutic efficacy
is associated with the levels of these enzymes
in the liver [23, 24]. Nevertheless, this drug is
inactivated in the liver by dihydropyrimidine
dehydrogenase before it reaches the tumor
Am J Cancer Res 2017;7(6):1350-1371
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site, thus decreasing the amount of the drug
that can reach the target site [25]. MicroRNAs
play a major role in regulating the balance
between the activation and detoxification of
5-Fluorouracil. For example, miR-27a/b are pivotal regulators of dihydropyrimidine dehydrogenase [26]. Regarding uridine phosphorylase, 2
bioinformatics databases [27] predict that this
enzyme is targeted by 9 different microRNAs.
These microRNAs, according to their decreasing target score in miRDB, are as follows: miR581, miR-5011, miR-4446, miR-578, miR-221,
miR-8073, miR-5002, miR-4635 and miR5197.
Regarding the effectiveness of cancer therapies, drug targets must not undergo alterations
in their expression level. Indeed, when the
enzyme thymidylate synthase (the target of the
5-Fluorouracil metabolite fluorodeoxyuridine
monophosphate) [28] is overexpressed, drug
resistance occurs. The same situation occurs
when the thymidylate synthase gene is amplified [29]. This amplification likely results from a
loss of function of the molecule.
Modification of DNA-methylation also leads to
drug resistance. In lung cancer, DNA methylation contributes to the down-regulation of the
Dickkopf-related protein 3 (DKK3) gene, which
is a tumor suppressing gene. This down-regulation makes the cells resistant to Docetaxel by
promoting the proliferative capacity and inhibiting of apoptosis [30]. The same resistance to
Docetaxel-based chemotherapy is also observed in human lung adenocarcinoma cells in
which the gene RUNX3 is down-regulated
because of its methylation [31]. MicroRNAs are
deeply involved in the regulation of DNA methylation; particularly, miR-29 modulates DNA
methyl-transferase expression, thus, in turn,
regulating the epigenetic silencing of multiple
genes that are involved in cancer growth and
chemo/radio-resistance [32]. In glioma cells,
the role of DNA-methylation is further supported by the action of Temozolomide on DNA methyltransferase through miR-29 [33].
Many drugs that are used in cancer chemotherapy act by targeting DNA directly or indirectly,
causing DNA damage and leading to a cell cycle
arrest as follows: if the damage can be repaired,
the cell survives; otherwise, the cell dies.
Platinum agents induce the formation of DNA
adducts that are removed by the nucleotide
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excision repair (NER) pathway via a complex
process that involves many different proteins,
including the excision repair cross-complementary 1 (ERCC1) protein [34]. A high expression
level of ERCC1 is associated with platinum chemo-resistance both in ovarian and gastric tumors. A positive correlation has been observed
between the low expression of ERCC1 and the
prolonged survival of patients with non-small
cell lung cancer (NSCLC), who are treated with
Cisplatin plus Gemcitabine [35]. MicroRNAs
play a fundamental role in this type of chemoresistance because ERCC1 is regulated by miR139 and miR-199 as demonstrated in leukemic
cells [36]. miR-199a is also involved in the progression of osteosarcoma, and its expression
is down-regulated compared with that in healthy osteoblasts. When miR-199a-3p is transfected into U-2OS osteosarcoma cells, it enhances the Doxorubicin sensitivity via CD44
inhibition [37]. miR-199a is also down-regulated in ovarian cancer, and its transfection into
cancer-initiating cells leads to an increased
sensitivity in these cells to Cisplatin, Paclitaxel,
and Adriamycin. Moreover, in the transfected
cells, CD44 expression is reduced, suggesting
that miR-199a plays an inhibitory role against
this protein [38].
Another mechanism underlying the resistance
that is associated with DNA-damaging agents
is represented by mutations in the DNA mismatch repair (MMR) genes. The loss of this
repair mechanism leads to drug resistance,
rendering the cell unable to recognize the damage and activate apoptosis. Furthermore, indirect damage caused by the loss of MMR
includes genome instability that occurs as
result of the increased mutation rate [39]. MMR
undergoes microRNA regulation, particularly by
miR-21 and miR-155 [40]. Indeed, Cisplatin
inhibits the growth of aggressive A549 lung
cancer cells by up-regulating MSH2 expression
through miR-21 down-regulation [41].
RAD18 is a DNA damage-activated E3 ubiquitin
ligase that is involved in DNA damage repair in
cancer cells. Liu et al. showed that this protein
is overexpressed in 5-Fluorouracil-resistant
colon cancer, while miR-145 is down-regulated.
Using luciferase reporter assays, the authors
demonstrated that RAD18 is targeted by miR145, and when the expression of this protein is
decreased, 5-Fluorouracil chemo-resistance is
overcome [42].
Am J Cancer Res 2017;7(6):1350-1371

Cancer chemo-resistance and microRNA
In cancer chemo-resistant cells, the mechanisms underlying apoptosis are often inhibited,
including both intrinsic and extrinsic pathways,
due to the overexpression of anti-apoptotic proteins, such as Bcl-2, or the decreased expression of pro-apoptotic proteins, such as Fas [43].
Regarding the Bcl-2 gene, its expression is
increased in chemo-resistant acute myeloid
leukemia [44] and breast cancer [45].
The Bcl-2 pathway in chemo-resistant cells is
under microRNA control as demonstrated by
miR-138 in glioblastoma [46] and miR-192 and
miR-98 in lung cancer [47]. Xiang et al. transfected the Cisplatin-resistant A549 cell line
with miR-98 and found that the expression of
the anti-apoptotic proteins Bcl-2 and Bcl-XL is
decreased, leading to spontaneous apoptosis
[47]. In colorectal cancer, miR-139-5p is involved in the regulation of apoptosis by targeting Bcl-2. The lower expression of miR-139-5p
in cancer cell lines and tumor specimens leads
to decreased apoptosis. When colorectal cancer cells are transfected with miR-139-5p,
Bcl-2 is reduced, and apoptosis is enhanced
[48]. Liu et al. confirmed that miR-139-5p is
down-regulated in colorectal cancer cells that
are treated with 5-Fluorouracil and 5-Fluorouracil-resistant cancer cells. Moreover, these
authors found that NOTCH-1 is targeted by miR139-5p, and when this microRNA expression is
enhanced, the chemotherapeutic effects of
5-Fluorouracil are increased [49]. In breast
cancer, miR-139-5p is down-regulated, and
cells transfected with this miRNA mimic are
characterized by a decreased cell growth.
Regarding Docetaxel-resistant breast cancer,
the miR-139-5p down-regulation increases the
chemo-sensitivity via the NOTCH-1 pathway
[50].
In A549 Cisplatin-resistant lung cancer cell
lines, the inhibition of apoptosis is due to the
down-regulation of Bim as determined by high
expression of miR-192 in these cells that
directly targets Bim [51].
The so-called guardian of the human genome,
P53, is also a pivotal regulator of apoptosis.
The lack of functional P53 due to mutations
leads to drug resistance, which is ultimately
due to the lack of apoptosis activation after
genotoxic drugs-induced DNA damage as demonstrated in 5-fluorouracil [52]. However, the
link between p53 and chemo-resistance
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remains controversial. In fact, there are some
studies that did not find any correlation between
P53 expression and therapy failure. For example, Paradiso and colleagues performed a retrospective study on advanced colorectal cancer patients to detect the ability of the P53
status to predict the clinical response to chemotherapy. In this study, the authors could not
show any association between the protein P53
positivity in the samples and the clinical
response to chemotherapy [53]. This finding is
likely related to the high heterogeneity in p53
mutations, and only a few of these mutations
have an impact on cancer progression and chemo-resistance [54]. Overall, p53 mutations, if
well characterized from a functional standpoint,
are important predictors of cancer outcome
[55]. The P53 status and function are modulated by microRNAs, particularly miR-34, which is
recognized as a pivotal p53 effector [56, 57].
MicroRNA and chemo-resistance
MicroRNAs are small non-coding RNAs consisting of 20-25 nucleotides. MicroRNAs are evolutionarily conserved, and their pivotal role is the
regulation of gene expression at the post-transcriptional level [58]. MicroRNAs are involved in
many different biological processes, including
cell proliferation, differentiation, metabolism,
stress response and apoptosis. Thus, their aberrant expression is associated with pathologies, particularly cancer [59]. Moreover, microRNA deregulation can influence the outcome of
cancer therapies and allows tumors to acquire
a chemo-resistant phenotype. This outcome
was first demonstrated by a study that reported
a difference in the microRNA expression profiles of Tamoxifen-sensitive and resistant MCF-7
breast cancer cells [60]. Similarly, Sarkar et al.
noted that the expression levels of miR-194,
miR-200b, and miR-212 are down-regulated in
Docetaxel-resistant non-small cell lung cancer
cells compared to those levels in sensitive
cells, while miR-98, miR-192, and miR-424 are
up-regulated [61, 62]. Regarding lung cancer,
the expression of miR-98 is decreased by 3-fold
in the Cisplatin-resistant A549 cell line compared to that in the parental line; when miR-98
expression is restored, the cells become sensitive to Cisplatin partially through the miR98-mediated regulation of high mobility group
A2 (HMGA2) oncogene regulation [47]. In
chronic myeloid leukemia, miR-424 expression
is lower compared to that in healthy samples.
Am J Cancer Res 2017;7(6):1350-1371
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Figure 1. A schematic view of the chemo-resistance mechanisms induced by miRNAs. Drug efflux: Expression of
P-glycoprotein (MDR1) is regulated through the binding of microRNAs (miR27a, miR-130, miR145, miR-298, miR451) to their target mRNA. The microRNA (miR-145) three-dimensional mature structure was modeled using the
Web Server RNAComposer [Popenda et al, 2012]. The atomic structure of the human mitochondrial ABC transporter
ABCB10 [Shintre et al., 2013; PDB code 3ZDQ] is represented in ribbons using the program Chimera [Pettersen et
al., 2004]. Drug metabolism: Using the same software described above, the action of miR-27a on dihydropyrimidine dehydrogenase [Dobritzsch et al., 2001; PDB code 1H7X], a major determinant of the pharmacokinetics of
the anti-cancer drug 5-Fluorouracil, is reported. DNA methylation: Gene methylation by DNA methyltransferases is
regulated by miR-29. In this panel, the atomic structure of the protein structure of mouse DNMT1 and a fragment
of hemi-methylated CpG DNA [Song et al., 2012; PDB code 4DA4]. DNA excision repair: The figure shows the 3D
structure of the central domain of human ERCC1, a DNA excision repair protein [Tsodikov, 2005; PDB code 2A1I]
that is regulated by miR-139 and miR-199. DNA mismatch repair: miR-21 and miR-155 are involved in the regulation of the DNA mismatch repair protein MutS [Oblomova et al., 2000; PDB code 1EWR]. Intrinsic apoptosis: Bcl-2
three-dimensional structure [Checco et al., 2015; PDB code 5AGW] and the regulators miR-138 and miR-192 are
shown. p53-mediated apoptosis: The quaternary assembly of the p53 protein core domains bound to a naturally
occurring response element (RE) located at the promoter of the Bcl-2-associated X protein (BAX) gene [Chen et al.,
2013; PDB code 4HJE].

When this microRNA is transfected into K562
chronic myeloid leukemia cells, its expression
leads to a reduced proliferation and increased
sensitivity to Imatinib, leading to apoptosis
[63]. In non-small cell lung cancer, cell proliferation is influenced by miR-194 expression. The
expression of this microRNA is down-regulated
in cancerous-lung tissues compared with that
in normal tissues. When exogenous miR-194 is
introduced into lung cancer cells, proliferation,
migration and invasion are reduced while apoptosis is increased. These results are also
observed in the Cisplatin-resistant lung cancer
cell line, in which miR-194 is down-regulated,
and its ectopic expression leads to an increased
Cisplatin sensitivity [64].
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MicroRNAs influence the response to cancer
treatments by regulating the expression of
genes that are involved in the cell-cycle control,
apoptosis, and DNA repair [1]. Regarding the
latter, miR-155 and miR-21 are responsible for
5-Fluorouracil resistance in colorectal cancer
by interfering with the DNA-repair system [65,
66]. miR-125b, which targets p53, inhibits the
apoptosis that leads to Doxorubicin, Vincristine,
Etoposide and Mafosfamide resistance in Ewing sarcoma/primitive neuroectodermal tumors. High levels of this microRNA are observed
in Doxorubicin-resistant Ewing sarcoma cells
compared to those in sensitive cells [67]. In
lung cancer, the resistance to apoptosis is
mediated by miR-128-2, which renders the

Am J Cancer Res 2017;7(6):1350-1371

Cancer chemo-resistance and microRNA
cells resistant to Cisplatin, Doxorubicin and
5-Fluorouracil. The overexpression of this
microRNA determines chemo-resistance by targeting the transcriptional repressor E2F5,
which leads to the accumulation of the p21 protein in the cytoplasm and the inhibition of apoptosis [68].

vemurafenib compared to that in wild-type
cells. Moreover, the inverse correlation between
the RNA levels of miR-579-3p and BRAF in
resistant cells shows that miR-579-3p controls
BRAF expression. The ectopic expression of
this microRNA in vemurafenib-resistant melanoma cells reduces drug resistance [75].

In contrast, certain microRNAs promote drug
sensitivity. Li and co-workers reported that in
colon cancers characterized by p53 mutations,
miR-22, which is a positive regulator of the
tumor suppressor gene phosphatase and tensin homolog (PTEN), enhances the sensitivity to
Paclitaxel. This enhancement occurs through
the promotion of PTEN expression and the consequent inhibition of Akt phosphorylation [69].
Another example is provided by miR-214, which
increases the chemo-sensitivity to Cisplatin in
cervical cancer by counteracting the expression of the anti-apoptotic protein Bcl-2 [70].

A schematic overview of the chemo-resistance
mechanisms that are induced by alterations in
different microRNAs is shown in Figure 1.

MicroRNAs are also involved in other mechanisms underlying resistance, such as the control of drug uptake and drug metabolism. Bao
et al., analyzes the microRNA expression profiles of Doxorubicin-sensitive and Doxorubicinresistant breast cancers and found that miR298 is down-regulated in the resistant cells,
which is associated with the increased expression of P-glycoprotein and the increased drug
efflux [71]. This effect is also observed when
miR-451 and miR-27a are up-regulated as
determined by the overexpression of p-glycoprotein in multidrug-resistant ovarian and cervical cancer cell lines [72].
Regarding drug metabolism, the cytochrome
p450 family enzymes play a pivotal role in this
mechanism. The expression of many of these
enzymes is under microRNA control. miR-27b is
implicated in the regulation of the CYP1B1 protein, and when this microRNA is down-regulated, CYP1B1 is overexpressed in tumor tissues
[73]. The miR-27b down-regulation is also evident in Tamoxifen-resistant breast cancer cells
in which it targets HMGB3. When this microRNA is re-expressed, their cells become chemosensitive, their invasion is reduced and the
epithelial-mesenchymal transition (EMT)-like
properties are reversed [74].
Regarding melanoma, Fattore et al. found that
miR-579-3p expression is significantly reduced
in melanoma cell lines that are resistant to
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Most frequently involved microRNAs in cancer
chemo-resistance
miR-let-7
Let-7, which is one of the best-known microRNA
families, was first identified in Caenorhabditis
elegans, and it is responsible for developmental timing [76]. It is evolutionarily conserved,
and in many organisms, such as rats, mice and
humans, it constitutes a family with multiple
members, including eleven members in humans [77]. Let-7 is a tumor suppressor microRNA that targets the oncogene ras. In lung cancer, its expression is lower compared to that in
normal lung tissues, while the expression of the
RAS protein is enhanced in lung cancer [78].
The early let-7 down-regulation is a fundamental step in cigarette smoke-induced lung carcinogenesis [79] and is accompanied by the overexpression of multidrug resistance mechanisms
[12].
Yang et al. performed a microRNA microarray
analysis in both ovarian cancer samples and
ovarian and breast cancer cell lines to identify
the microRNAs that are involved in the resistance to Cisplatin. These authors found that
the let-7i expression was reduced in the chemo-resistant specimens [80]. Another study
showed that let-7e is down-regulated in the
ovarian cancer cell line A2780CIS, which is
resistant to Cisplatin. This result is also
observed in the ovarian cancer cells A2780TC1
and A2780TC3, which are resistant to Paclitaxel
[81]. Using the ovarian cancer Cisplatin-resistant cell line A2780/CP, Cai et al. found that
the expression of let-7e is reduced compared to
that in the parental cell line A2780. When let-7e
is transfected into these cells, its consequent
overexpression leads to a re-sensitization of
A2780/CP, while the inhibition of this microRNA
in the parental cell line determines the acquisition of Cisplatin-resistance [82].
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Considering gastric cancer, Yang et al. reported
that in the chemotherapy-resistant SGC7901/
DDP and SGC7901/VCR gastric cancer cell
lines, the expression of let-7 is lower compared
to that in the chemotherapy-sensitive cells
[83]. In the breast cancer Tamoxifen-resistant
cell line MCF-7 Tam, the level of let-7b/i is significantly reduced compared to that in the
parental cells, indicating that this microRNA in
involved in chemo-resistance. Indeed, the
transfection of let-7 mimics enhances the sensitivity of MCF7 cells to Tamoxifen [84].
The expression of let-7 is also decreased in
esophageal squamous cell carcinoma. Sugimura et al. measured the microRNA expression
in pretreated biopsies from 98 patients with
esophageal cancer and found that let-7c is
down-regulated, and this down-regulation is
associated with a poor response to Cisplatin
and a poor prognosis. However, when the
authors induced the expression of let-7c in the
esophageal squamous cell carcinoma cell
lines, the chemo-sensitivity was restored [85].
miR-21
miR-21 is an oncomiR whose expression is frequently up-regulated in different tumors, including tongue and prostate carcinomas and nonsmall cell lung cancer [86-88]. When miR-21 is
inhibited in breast and glioma cell lines, cell
proliferation is reduced, and apoptosis is
increased [89, 90]. The miR-21 inhibitioninduced apoptosis is found in Cisplatinresistant ovarian cells. Chan et al. performed
microRNA microarrays and discovered that
miR-21 is overexpressed in the Cisplatinresistant ovarian cell line A2780. When this
microRNA is down-regulated by anti-microRNA
inhibitors, the cells become more sensitive to
the drug [91].
In pancreatic cancer, the overexpression of
miR-21 is strongly associated with chemoresistance. Paik et al. used the human pancreatic cancer cell line Panc-1 and noted that the
suppression of miR-21 by indole-3-carbinol
enhances the sensitivity of the cells to the drug
Gemcitabine [92]. Indole-3-carbinol was recognized as a miR-21 modulator in mice [93].
The overexpression of miR-21 is associated
with Cisplatin-resistance in osteosarcoma
cells. When the cells are transfected with anti-
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miR-21, they show a higher sensitivity to
Cisplatin because the knockdown of miR-21
leads to a down-regulation of the bcl-2 proapoptotic protein [94].
In the glioblastoma cells U373 MG, miR-21 is
up-regulated, and this up-regulation causes a
resistance to the drug VM-26 (Teniposide),
which is a topoisomerase II inhibitor. Using specific antisense oligonucleotides in glioblastoma
cells, the cytotoxicity of the drug is increased
[95].
In non-small cell lung cancer, miR-21 expression is up-regulated in PC-9 gefitinib-resistant
cells compared to that in the parental cells,
while the silencing of miR-21 restored the chemo-sensitivity to this monoclonal antibody,
inhibiting the epidermal growth factor receptor
pathway [96]. Dong et al. discovered that miR21 silencing reverses the lung cancer cell multidrug resistance. In the lung cancer cell line
A549/DDP, which is resistant to Cisplatin, miR21 silencing reduces the expression of P-glycoprotein and increases apoptosis. Furthermore, cell proliferation is inhibited, and cells
are blocked in the G0/G1 phase of the cell cycle
[97]. In the MCF-7 breast cancer cell line, miR21 silencing provides another example of
reversing multidrug resistance. Indeed, after
this procedure, the MCF-7 cells become sensitive to the drug topotecan, which is a topoisomerase inhibitor [98].
miR-15/miR-16
miR-15 and miR-16 are members of a family
that includes miR-15a/b, miR-16, miR-195,
miR-497 and miR-322, is involved in cell cycle
control by targeting CDK1, CDK2, and CDK6 as
well as cyclins D1, D3, and E1, and, consequently, is responsible for cell cycle arrest at
the G1 phase [99]. miR-15b is implicated in the
modulation of the stress response by inducing
p53 phosphorylation, DNA repair and apoptosis after irradiation of the human bronchial epithelial cell line HBEC [100].
Calin et al. reported that miR-15a and miR-16-1
under normal conditions negatively regulate
the anti-apoptotic protein Bcl-2, leading to
apoptosis; however, when these microRNAs are
down-regulated, the cells can escape apoptosis, which contributes to malignant transformations [101, 102].

Am J Cancer Res 2017;7(6):1350-1371

Cancer chemo-resistance and microRNA
In the multidrug resistant gastric cancer cell
line SGC7901/VCR, which is resistant to Vincristine, the expression levels miR-15b and
miR-16 are down-regulated compared to those
in the parental cell line. This finding is confirmed by a drug sensitivity assay, which shows
that the overexpression of these microRNAs
renders the cells sensitive to anticancer drugs
(Vincristine, Doxorubicin, Etoposide and Cisplatin). Moreover, the down-regulation of these
microRNAs results in the up-regulation of the
Bcl-2 protein, leading to apoptosis inhibition
[103].
Blower et al. used the lung cancer A549 cell
line and found that the inhibition of miR-16 is
responsible for the decreased sensitivity of
these cells to the drug Plumbagin (AKT inhibitor) [104]. Conversely, miR-15b overexpression
determines resistance to tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) in
non-small cell lung cancer cells [105, 106].
Zhao et al. showed that in Cisplatin-resistant
lung adenocarcinoma A549/CDDP cells, miR15 expression is enhanced compared to that in
the parental cell line. This increased expression
is also found in vivo in tissues sampled from
lung adenocarcinoma patients, who received
Cisplatin-based chemotherapy. Even in this situation, the overexpression of miR-15 is associated with Cisplatin resistance and a poor prognosis [107].
Regarding breast cancer, chemo-resistant
MCF-7/HER2delta16 cells become sensitive to
Tamoxifen when miR-15a/16 are re-introduced
into these cells [108]. This finding was further
confirmed by Chu et al. in Tamoxifen-resistant
ER-positive breast cancer cell lines in which the
introduction of miR-15a/16 leads to chemosensitivity through the inhibition of Cyclin E1
and Bcl-2 [109].
In the chemo-resistant ovarian cancer A2780CP20 cell line, Dwivedi et al. reported that the
ectopic expression of miR-15a and miR-16 is
involved in the inhibition of chemo-resistance
mechanisms and tumor progression, leading to
sensitization to Cisplatin. This finding is confirmed in vivo in a mouse model of chemo-resistant ovarian cancer in which the combined
delivery of these two microRNAs reduced the
tumor burden [110].
In the Temozolomide-resistant U251MG/TR
cell line, miR-16 expression is down-regulated
1357

compared to that in the parental cells. Treating
the resistant cells with miR-16 mimics enhances chemo-resistance, while the use of miR-16
inhibitors increases Temozolomide sensitivity
[111].
miR-34a
miR-34a, which is a pivotal actor in the p53
network, is involved in the inhibition of genes
that are implicated in the cell cycle control and
apoptosis by targeting the mRNA of these proteins, such as CDK4, CDK6, Cyclin D1, Cyclin
E2, E2F3, and BCL2. miR-34a is frequently
down-regulated in many tumors. Fujita et al.
determined that the expression of miR-34a is
significantly reduced in the prostate cancer
p53-null cell line PC3 and the p53-mutated
DU145 cell line compared to that in the p53
wild-type cells. The transfection of the miR-34a
precursor into PC3 cells leads to the inhibition
of cell growth. Moreover, this transfection can
enhance the sensitivity to the drug Camptothecin through apoptosis activation [112].
In gastric cancer, Cao et al. found that in the
Cisplatin-resistant cancer cell line SGC-7901/
DDP, miR-34a is down-regulated, indicating
that the overexpression of this microRNA increases the sensitivity of gastric cancer cells to
Cisplatin [113]. The expression of miR-34a is
reduced in breast cancer MCF-7 cells that are
resistant to Adriamycin compared to that in
sensitive cells [114]. Conversely, another study
performed in breast cancer cells showed an upregulation of miR-34a. Indeed, Kastl et al.
found that in the MCF-7 Docetaxel-resistant
cell line, the expression of miR-34a is increased,
and the response to this drug could be modified
through the modulation of miR-34a. Indeed, in
the MCF-7 Docetaxel-resistant cells, the inhibition of this microRNA leads to chemo-sensitivity, while its overexpression is responsible for
the onset of drug resistance in MCF-7 Docetaxel-sensitive cells [115].
miR-221/222
miR-221 and miR-222 are implicated in the
regulation of endothelial inflammation and
angiogenesis [116]. These microRNAs are overexpressed in many different cancer types,
including breast cancer. miR-221 and miR-222
are involved in the resistance to Tamoxifen in
breast cancer. To clarify the underlying mechanism, Miller et al. performed a microRNA microarray analysis using MCF-7 cell lines that are
Am J Cancer Res 2017;7(6):1350-1371
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Table 1. MicroRNAs altered in chemo-resistant cancer cells
microRNA

Alteration
Main target
trend

Drug resistance

Cancer

Experimental
condition

References

miR-let-7b

↓

c-Myc

Cisplatin; Vincristine

Gastric cancer

Cell culture

[83]

miR-let-7b/i

↓

Estrogen receptor alpha

Tamoxifen

Breast cancer

Cell culture

[84]

miR-let-7c

↓

IL-6/STAT3 pathway

Cisplatin

Esophageal cancer Human biopsy

[85]

miR-let-7e

↓

TGFBR1, OSMR, IL6, MMP11*

Cisplatin

Ovarian cancer

Cell culture

[81]

↓

TGFBR1, OSMR, IL6, MMP11*

Paclitaxel

Ovarian cancer

Cell culture

[81]

↓

EZH2
CCND1

Cisplatin

Ovarian cancer

Cell culture

[82]

↓

H-RAS
HMGA2

Cisplatin

Ovarian and
breast cancer

Cell culture,
human biopsy

[80]

miR-let-7i
miR-15/miR-16

↓

Bcl-2

Vincristine

Gastric cancer

Cell culture

[103]

miR-15a/miR-16

↓

Bcl-2 and cyclin E1

Tamoxifen

Breast cancer

Cell culture

[109]

miR-16

↓

Bcl-2
K-RAS-2A

Plumbagin (AKT
inhibitor)

Lung cancer

Cell culture

[104]

↓

Bcl-2

Temozolomide

Glioma

Cell culture

[111]

↓

MSH2

Cisplatin

Lung cancer

Cell culture

[41]

↑

DNA mismatch repair genes

5-Fluorouracil

Colon cancer

Cell culture

[65, 66]

↑

PDCD4
c-IAP2

Cisplatin

Ovarian cancer

Cell culture,
human biopsy

[91]

↑

PDCD4

Gemcitabine

Pancreatic cancer

Cell culture

[92]

↑

Bcl-2

Cisplatin

Osteosarcoma

Cell culture

[94]

↑

LRRFIP1

VM-26 (Teniposide)

Glioblastoma

Cell culture

[95]

↑

PTEN

Gefitinib

Lung cancer

Cell culture

[96]

↑

MDR-related gene expression and
inhibition of the AKT signaling
pathway

Cisplatin

Lung cancer

Cell culture

[97]

miR-21

↑

Bcl-2

Topotecan

Breast cancer

Cell culture

[98]

miR-22

↑

PTEN

Paclitaxel

Colon cancer

Cell culture

[69]

miR-27a

↑

MDR1/P-glycoprotein

Doxorubicin;
Vinblastine

Ovarian and
cervical cancer

Cell culture

[72]

↑

Dihydropyrimidine
dehydrogenase

5-Fluorouracil

Colon cancer

Cell culture

[26]

miR-27b

↓

HMGB3

Tamoxifen

Breast cancer

Cell culture

[74]

miR-29

↓

O6-methylguanine-DNA
methyltransferase

Temozolomide

Glioma

Cell culture

[33]

miR-34a

↓

SIRT1

Camptothecin

Prostate cancer

Cell culture

[112]

↓

PI3K/AKT/survivin signaling
pathway

Cisplatin

Gastric cancer

Cell culture

[113]

↓

NOTCH1

Adriamycin

Breast cancer

Cell culture

[114]

↑

BCL-2 and cyclin D1

Docetaxel

Breast cancer

Cell culture

[115]

miR-98

↑

HMGA2, Bcl-XL and Bcl-2

Cisplatin

Lung cancer

Cell culture

[47]

miR-145

↓

RAD18

5-Fluorouracil

Colon cancer

Cell culture

[42]

miR-125b

↑

P53

Doxorubicin

Ewing sarcoma

Cell culture

[67]

miR-130

↑

PTEN

Cisplatin

Ovarian cancer

Cell culture

[21]

miR-138

↑

Bcl-2 pathway

Temozolomide

Glioma

Cell culture

[46]

miR-139

↓

Bcl-2

5-Fluorouracil;
Oxaliplatin

Colon cancer

Cell culture,
mice model,
human biopsy

[48]

↓

NOTCH-1

5-Fluorouracil

Colorectal cancer

Cell culture,
human biopsy

[49]

↓

NOTCH-1

Docetaxel

Breast cancer

Cell culture

miR-155

↑

DNA mismatch repair (MMR) genes

5-Fluorouracil

Colorectal cancer

Human biopsy

miR-192

↑

Bim

Cisplatin

Lung cancer

Cell culture

[51]

miR-194

↓

FOXA1

Cisplatin

Lung cancer

Cell culture,
human biopsy

[64]

miR-199a

↓

CD44

Doxorubicin

Osteosarcoma

Cell culture,
human biopsy

[37]
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[50]
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↓

CD44

Cisplatin;
Paclitaxel;
Adriamycin

Ovarian cancer

Human biopsy

[38]

miR-200b

↓

Bcl-2

Docetaxel

Lung cancer

Cell culture

[61]

miR-212

↓

BAG1, ABCC3, DYRK2, RNF8*

Docetaxel

Lung cancer

Cell culture

[61]

miR-214

↓

Bcl-2

Cisplatin

Cervical cancer

Lung cancer

[70]

miR-221/222

↑

p27

Tamoxifen

Breast cancer

Cell culture,
human biopsy

[117]

↑

Estrogen receptor alpha

Tamoxifen

Breast cancer

Cell culture

[118]

↑

PTEN

Trastuzumab

Breast cancer

Human biopsy

[119]

↑

PTEN

Cisplatin

Osteosarcoma

Cell culture

[120]

miR-221
miR-298

↓

P-glycoprotein

Doxorubicin

Breast cancer

Cell culture

[154]

miR-424

↑

LNA

Docetaxel

Lung cancer

Cell culture

[61, 62]

↓

BCR-ABL

Imatinib

Chronic myeloid
leukemia

Cell culture,
human blood
specimens

[63]

miR-451

↑

P-glycoprotein

Doxorubicin
Vinblastine

Ovarian and
Cervical cancer

Cell culture

[72]

miR-579

↓

BRAF

Vemurafenib

Melanoma

Cell culture

[75]

*Putative targets identified by bioinformatics in silico models only.

either sensitive or resistant to Tamoxifen. The
expression of miR-221 and miR-222 was significantly up-regulated in the Tamoxifen-resistant
cells compared to that in sensitive cells.
Furthermore, the ectopic expression of these
microRNAs renders the sensitive MCF-7 cells
resistant to the drug. The expression of miR221 and miR-222 is also enhanced in HER2/
neu-positive primary human breast cancer tissues that are frequently resistant to endocrine
therapy [117].
Zhao et al. found the same association between
miR-221/miR-222 and the resistance to
Tamoxifen in breast cancer [118].
Further evidence of the involvement of miR-221
in drug resistance is provided by Ye et al., who
observed that in HER2-positive breast cancer,
this microRNA is implicated in the inhibition of
apoptosis and the induction of Trastuzumab
resistance by targeting PTEN [119]. In the
osteosarcoma SOSP-9607 and MG63 cell
lines, the expression of miR-221 is increased
compared to that in naive osteoblasts. This upregulation is significantly associated with the
Cisplatin-resistance and reduced apoptosis
[120].
The specific relationships between the microRNAs and chemo-resistance in different cancer
types are summarized in Table 1.
Dicer
The mechanism that links alterations in microRNAs and chemo-resistance is, at least partially,
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related to molecular damage that hampers the
function of enzymes involved in the microRNA
maturation process.
RNase III ribonuclease Dicer (EC: 3.1.26.3) is a
large multi-domain protein that plays a central
role in microRNA biogenesis by cleaving the
double stranded microRNA (dsRNA) precursor
into segments, leading to fragments of approximately 25 nucleotides in length. Structurally,
this enzyme includes a PAZ domain, which
binds to the end of the dsRNA that is flanked by
two catalytic ribonuclease III domains on the
enzyme C-terminal domain [121]. The distance
between the PAZ domain and the two RNase III
domains is approximately 65 Å, which matches
the length of a 25 base pair RNA [122].
Biochemical, structural and molecular modeling studies [123] initially indicated that the PAZ
domain binds one end of the dsRNA, while a
positively charged flat area between the PAZ
and the RNAse III domains orients the double
helix. More recently, the three-dimensional
structures of the PAZ domain in human Dicer in
complex with different siRNA were solved [124].
A visual analysis of these structures confirmed
that the 2 nucleotide overhangs at the 3’ end of
the siRNA are located in the PAZ domain in
which they are tightly bound in place by hydrogen bonds. Furthermore, this study highlighted
that the 5’-phosphate is located near the phosphate-binding site, which was identified in the
platform domain, and it is connected to the
side chains of Arg778, Arg780, Arg811 and
His982. The phosphate-binding cleft is sepaAm J Cancer Res 2017;7(6):1350-1371
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Figure 2. Binding modes of different drug active metabolites within the Dicer PAZ domain. A: Doxorubicinol-binding
mode. Left panel: Protein surface is colored according to its electrostatic potential (red negative, blue positive) and
is reported with the location of the 3’- and phosphate (5’-)-binding sites. Doxorubicinol, which is the doxorubicin
active metabolite, is circled in black. Pre-miRNA is represented by a pink color. Central panel: Enlarged detailed
interaction between the Paz domain and Doxorubicinol. Right panel: Binding modes of the active metabolites
of Doxorubicinol. Residues involved in the metabolite binding are drawn in sticks and are labeled. The hDicerspecific helix is colored in cyan. B: 4-hydroxycyclophosphamide-binding mode. Left panel: Protein surface is colored
according to its electrostatic potential (red negative, blue positive) and is reported with the location of the 3’and phosphate (5’-)-binding sites. 4-hydroxycyclophosphamide (4HCP), which is one of the active metabolites of
cyclophosphamide, is circled in black. Pre-miRNA is represented by a pink color. Central panel: Enlarged detail
of the interaction between the Paz domain and 4-hydroxycyclophosphamide. Right panel: Binding modes of the
active metabolites 4-hydroxycyclophosphamide. Residues involved in metabolite binding are drawn in sticks and
are labeled. The hDicer-specific helix is colored in cyan. C: Phosphoramide mustard binding mode. Left panel:
Protein surface is colored according to its electrostatic potential (red negative, blue positive) and is reported with
the location of the 3’- and phosphate (5’-)-binding sites. Phosphoramide mustard (PHM), which is one of the active
metabolites of cyclophosphamide, is circled in black. Pre-miRNA is represented by a pink color. Central panel: Enlarged detailed interaction between the Paz domain and phosphoramide mustard. Right panel: Binding modes of
the active metabolites of phosphoramide mustard. Residues involved in metabolite binding are drawn in sticks and
are labeled. The hDicer-specific helix is colored in cyan.

rated from the 3’-binding pocket by the Dicerspecific helix, which is an alpha-helical segment
that extends from the protein in a knob-like
manner. In a cleavage-competent complex
model, this helix is disrupted by directing the
RNA duplex towards the protein. The pre-miRNA
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2-nucleotide 3’-overhang is positioned in the
Dicer 3’ pocket, and the terminal pair mismatch
is disrupted. In this case, the 5’-phosphate of
pre-miRNA can occupy the phosphate-binding
site. When pre-miRNA cleavage occurs, the
helix Dicer-specific helix folds into a knob-like

Am J Cancer Res 2017;7(6):1350-1371
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structure and orients the 5’-RNA away from the
protein [124]. These data are summarized in
diagrams shown in Figure 2.
These structural and functional data are relevant because Dicer expression is closely related to chemo-resistance. Chen et al. performed
a Western blot analysis and found that Dicer
expression is increased in a gefitinib-resistant
(PC9/GR) non-small cell lung cancer (NSCLC)
cell line compared to that in the gefitinib-sensitive cell line. Moreover, specimens from lung
cancer patients who were treated with gefitinib
were analyzed by quantitative reverse transcriptase PCR to determine the Dicer mRNA
expression level. In the chemotherapy responder group, the Dicer mRNA expression is lower
than that in the non-responder group [125].
The opposite result was reported by Kuang et
al., who compared Dicer expression in the ovarian cancer A2780 cell line and the Cisplatinresistant A2780/DDP cell line. Both the Western blot analysis and quantitative reverse transcriptase PCR revealed that Dicer expression is
decreased in resistant cells compared to that
in the parental cells, indicating that the enzyme
is involved in the resistance to Cisplatin [126].
In oral squamous cell carcinoma, an immunohistochemical analysis was performed using
specimens obtained from patients who were
treated with 5-FU chemoradiotherapy and
showed a decrease in Dicer expression, which
was also associated with a shorter overall survival [127]. Regarding breast adenocarcinoma,
Kovalchuk et al. found that the expression of
Dicer is decreased at the protein level in the
Doxorubicin-resistant MCF-7 cell line compared
to that in the parental cell line [128]. Conversely,
Selever et al. performed an immunoblot analysis on Tamoxifen-resistant and -sensitive MCF-7
cell lines and found that the Dicer levels are
elevated by 6-fold compared to those in the
resistant cells. This result was further confirmed by a quantitative RT-PCR comparison of
Tamoxifen-resistant metastatic tumors and
Tamoxifen-sensitive tumors [129]. Moreover,
when Dicer is knocked-down by siRNA in the
MCF-7 cell line, the cell cycle is blocked in the
G1 phase, and an increased sensitivity to Cisplatin occurs [130]. Even in glioblastoma cells,
a Dicer-knockdown leads to an increased sensitivity to Temozolomide [131]. In cervical cancer, Cai et al. performed a Western blot analysis and found that Dicer expression is decreased in a Cisplatin-resistant HeLa/DDP cell line
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compared to that in the parental cell line [132].
Kim et al. studies amphiphilic peptides as
potential anticancer drugs and discovered that
LK-L1C/K6W/L8C enhances Dicer activity by
1.5-fold during the processing of pre-miR-29b
into mature miR-29b. This result is indicative of
an interaction between LK-L1C/K6W/L8C and
the terminal loop region of pre-miR29b, which
increases its ability to bind Dicer [133].
The data describing Dicer and the chemo-resistance of cancer cells and primary tumors are
summarized in Table 2.
Evaluation of the interaction between Dicer
and cancer chemotherapeutic-drugs by computational analysis
To better understand the effects exerted by
anticancer drugs on Dicer activity, we performed molecular docking simulations (Figure
2) using a three-dimensional structure of the
Platform-PAZ-connector helix cassette of Human Dicer in complex with a 17-mer siRNA
[124]. The residues that were missing in the
X-ray diffraction data analysis were modeled
using the program MODELLER (Biovia, San
Diego, USA) [134] to yield a complete structure
of the protein domain. The following three anticancer drugs were docked to the protein: (1)
phosphoramide mustard (PHM); (2) 4-hydroxycyclophosphamides (4HCP), which are active
metabolites of Cyclophosphamide; and (3)
doxorubicinol (DOX), which is an active metabolite of Adriamycin (Doxorubicin).
The docking simulations were performed using
the program GOLD v. 5.2.2 [135] and further
validated using the program Autodock. Simulations with GOLD were executed using the
standard defaults as follows: for all tested
ligands, the number of islands was set to 5; the
population size was set to 100 (algorithm-software parameters); the number of operations
was set to 100,000; the niche size was set to 2;
and the selective pressure was 1.1; ChemPLP
scoring was used. The binding site center was
positioned as the NE1 atom of Trp 1038, and
the volume encompassed by 20 Å of that atom
was considered the possible binding zone.
Three-dimensional protein structures were
drawn using the program Chimera [136], and
the microRNA structures were modeled using
the web server RNAcomposer [137].
The docking simulations demonstrated that
4HCP and DOX bind to the 3’-binding site, while
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Table 2. Dicer alteration in drug-resistant cancers
Experimental
condition

Dicer alteration trend Performed assay

Drug resistance

Cancer

References

↑

Western blot;
Quantitative reverse transcriptase PCR

Gefitinib

Lung cancer

Cell culture and
human biopsy

[125]

↓

Western blot;
Quantitative reverse transcriptase PCR

Cisplatin

Ovarian cancer

Cell culture

[126]

↓

Immunohistochemical analysis

5-Fluorouracil

Oral squamous
carcinoma

Human biopsy

[127]

↓

Western blot

Doxorubicin

Breast cancer

Cell culture

[128]

↓

Immunoblot analysis;
Quantitative reverse transcriptase PCR

Tamoxifen

Breast cancer

Cell culture

[129]

↓

siRNA silencing

Cisplatin

Breast cancer

Cell culture

[130]

↓

siRNA silencing

Temozolomide

Glioblastoma

Cell culture

[131]

↓

Western blot

Cisplatin

Cervical cancer

Cell culture

[132]

↑*

Gel mobility-shift assay

Amphiphilic peptide Cervical and breast Recombinant
LK-L1C/K6W/L8C
cancer
human Dicer

[133]

*Functional analysis of Dicer activity.

PHM is located within the phosphate-binding
pocket. All these metabolites, therefore, interfere with the correct activities of Dicer. In particular, DOX was bound in the 3’-anchor site through hydrogen bonds in a network that involved the Dicer residues Arg849, Glu851, Gln931, His933, Arg934, Thr984, and Ser985.
This binding mode was further stabilized by van
der Waals interactions with residues Leu848,
Leu850, Leu897, Trp1014, Trp1038, and Val1042. The same binding site also hosts 4HCP,
which is hydrogen bonded to the residues Arg849, His933, Arg934, Thr984, Ser985, and
His982, forming hydrophobic interactions with
Leu848, Phe935, Trp1014, and Trp 1038. The
second active metabolite of Cyclophosphamide,
PHM, is in the phosphate-binding site on the
other side of Dicer-helix. PHM is hydrogen
bonded to Arg778, Arg780, Arg811, His982,
and Glu1015, forming a halogen bond between
the Cl-atom and the -OH of Ser985, and is further stabilized by a hydrophobic interaction
with the aromatic ring of Phe777.
The binding positions determined by GOLD
were confirmed by the simulations performed
using Autodock.
These computational findings indicate that
Dicer is a major target of the pharmacodynamic
effects of anticancer compounds on the
microRNA machinery.
MicroRNA modulation as a therapeutic strategy to overcome chemo-resistance
MicroRNA alterations play a pivotal role in
establishing chemo-resistance to anti-cancer
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drugs. Accordingly, a reasonable strategy to
overcome chemo-resistance is to re-establish
microRNA expression. The recent employment
of synthetic analogs of small RNA molecules
termed “antagomirs” has shown that particular
microRNAs can be specifically targeted [138].
Various methods are available to artificially
modulate microRNA expression using synthetic
analogs, including anti-microRNA oligonucleotides, locked nucleic acid (LNA), and the
microRNA “sponge”.
The introduction of anti-microRNA oligonucleotides that are fully complementary to the primicroRNA, pre-microRNA or the mature microRNA can inhibit the microRNA activity [139].
Locked nucleic acids (LNA), also called “inaccessible RNAs”, are sequences of nucleotides
in which sugars are chemically modified (protected) through a “bridge” that connects the
2’-oxygen with the 4’ carbon. LNA oligonucleotides display an unprecedented hybridization
affinity toward complementary single-stranded
RNA. Structural studies have demonstrated
that LNA oligonucleotides cause A-type (RNAlike) duplex conformations [140].
The microRNA “sponge” method creates a continuous microRNA loss of function in cell culture lines and transgenic organisms. MicroRNAsponges have complementary binding sites to
specific microRNAs and are produced by transfecting cells with vectors containing multiple
microRNA-binding sites into the 3’ UTR of a
reporter gene. The sponge-binding sites are
specific to the microRNA seed region. By binding to this seed region, a whole microRNA famAm J Cancer Res 2017;7(6):1350-1371
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ily can be blocked, thus inhibiting the expression of all controlled genes. This transgenic
approach has been shown to be a promising
tool for controlling microRNA functions in various experimental systems [141, 142]. Sponges
with microRNA-binding sites, which maintain an
internal mismatch in the middle part to create a
bulge, demonstrate an increased potential in
suppressing the activity of intracellular microRNAs than those that are perfectly complementary to the microRNA of interest. This phenomenon is due to the decreased turnover of
sponges hampering their endonucleolytic cleavage. Since microRNA sponges can escape
destruction, they can sequester their target
microRNA for a prolonged time [143].
There are two possible options for re-establishing normal levels of microRNAs that are silenced
in cancer cells. The first option is the use of epigenetic drugs, such as inhibitors of DNA methylation (5-azacytidine, 5-aza-2’-deoxycytidine,
5-fluoro-2’-deoxycytidine) [144] or histone
deacetylation (SAHA, Romidepsin) [145], that
can inhibit tumor growth by restoring, among
other mechanisms, the expression of epigenetically silenced microRNAs [146]. For example,
miR-34a has a very low expression in different
tumors, such as breast, lung, colon, kidney,
pancreatic, and melanoma, because of the
aberrant CpG methylation in its promoter
region. The re-expression of miR-34a in the
cancer cell line leads to senescence and a cell
cycle block [147].
The second option is the direct introduction of
microRNA mimics into the cancer cells; these
mimics are synthetic small RNAs that consist of
the exact sequence of the endogenous microRNAs [146]. Since miR-34a and let-7 are downregulated in lung cancer, Trang et al. used the
mimics of these two microRNAs in association
with a neutral lipid emulsion as a delivery system and observed a tumor reduction in mice
[148].
In April 2013, MiRNA Therapeutics [149] started a phase I study (NCT01829971) to investigate the safety, pharmacokinetics and pharmacodynamics of MRX34, which is a microRNA
mimic of miR-34a. The main requirement for
patient recruitment (in progress up to December
2016) is the presence of primary liver cancer,
other selected solid tumors or hematologic
malignancies characterized by a decreased
expression of miR-34a [150].
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Overall analysis of the role of microRNA in
chemo-resistance to anti-cancer drugs and
problems limiting their clinical applicability
Chemotherapy is one of the main strategies in
cancer treatment; however, resistance to drugs
due to mutations, changes in gene expression
and drug-induced karyotypic alterations limits
its effectiveness [151]. The development of
high-throughput techniques allows for the identification of molecular signatures and genotypes that help predict the response to drugs.
Moreover, these strategies are useful for identifying novel therapeutic targets in to overcome
chemo-resistance [152]. In addition to the traditional mechanisms underlying resistance,
such as an increased drug efflux, decreased
drug activation, DNA methylation, DNA damage
repair, and evasion of apoptosis, it has been
recently discovered that microRNAs are fundamental players in drug resistance. Indeed,
there are dramatic differences in the microRNA
expression between cancerous and healthy tissues, particularly in drug-resistant cancer compared with that in normal tissue [153, 154].
Thus, microRNAs have attracted increasing
interest as potential agents to overcome chemo-resistance. The rationale for this application is based on the following two criteria: (a) in
cancer tissue, the expression of microRNAs is
dysregulated compared to that in normal tissues; (b) in cancer cells that are resistant to
chemotherapies, the expression of microRNAs
is dysregulated compared to that in sensitive
cancer cells; and (c) the cancer phenotype can
be modified by targeting microRNA expression.
This microRNA-based adjuvant therapy has
many advantages, such as the possibility of targeting multiple genes, most of which belong to
the same pathway. However, the use of microRNAs as therapeutic agents is a challenge that
includes issues regarding delivery, safety, and
potential off-target effects. One of the main
problems is the low stability of microRNAs in
vivo that have a very short half-life in extracellular and intracellular compartments because
of degradation by RNAses. Another obstacle is
represented by the poor cellular uptake of oligonucleotides, which is mainly due to their negative charge and size, that could hinder their
ability to cross the cell membrane [155]. To
limit microRNA degradation, chemical modifications have been made to generate LNA nucleotides [156], peptide nucleic acid (PNA) [157],
and phosphorothionate-containing oligonucleotides [158].
Am J Cancer Res 2017;7(6):1350-1371
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In addition to the problem of degradation,
microRNAs must overcome other obstacles before reaching their final destination in the target
tissue. For example, microRNAs must cross
physiological barriers, such as the capillary
endothelium or the blood-brain barrier in the
therapy of brain tumors. To help these drugs
reach their target, several strategies have been
proposed. MicroRNAs can be conjugated to a
cholesterol moiety to facilitate cell entry [159]
or they can be inserted into liposome nanoparticles [160]. The main disadvantage of liposomes is that they could induce an immune response [161]. In particular, cationic liposomes
could be characterized by toxicity because they
are prone to bind serum proteins, thus forming
complexes that activate the immune system
[162].
An addition hurdle in the use of microRNA therapeutics is that one microRNA can target many
different mRNAs, leading to off-target effects.
This obstacle can be overcome by binding cancer-specific ligands to the nanoparticles to specifically reach the target tissue. For this purpose, hyaluronic acid, which binds the cancer
stem cell marker CD44 or specific cancer cell
receptors, such as EGFR, can be adopted [163,
164].
Safety concerns regarding the use of microRNAs as therapeutic agents are also related to
their pro-inflammatory activity. In particular,
GC-rich oligonucleotides are potent activators
of the TLR3/7 receptors, which trigger an interferon alpha-related inflammatory response.
Indeed, a microRNA endogenous overload
results in interferon alpha production and lymphocytosis, leading to neurological damage in
the brain [165].
However, this immunological activation may have therapeutic benefits in the immune response
of cancer patients. Regarding this issue, Warren
et al. showed that GC dinucleotides enhanced
the efficacy of antitumor monoclonal antibody
therapy in mice with 38C13 murine B-cell lymphoma, confirming the immunostimulatory role
of these dinucleotides [166].
Similarly, Kranz et al. used RNA-lipoplexes to
stimulate the T-cell response in cancer immunotherapy by targeting antigen-presenting cells
[167].
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Conclusions
MicroRNAs could represent an effective therapeutic strategy for overcoming the obstacle of
chemo-resistance to anti-cancer drugs. However, there are still many challenges, particularly their stability in body fluids and tissues,
their ability to reach the target tissue, and their
limited cellular uptake. These problems require
further study before microRNAs can be effectively used in humans.
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