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Abstract
Recently, microRNAs (miRNAs) have received increasing attention in the field of cancer research.
miRNAs play important roles in many normal biological processes; however, the aberrant miRNA
expression and its correlation with the development and progression of cancers is an emerging field.
Therefore, miRNAs could be used as biomarkers for diagnosis of cancer and prediction of prognosis.
Importantly, some miRNAs could regulate the formation of cancer stem cells and the acquisition of
epithelial-mesenchymal transition, which are critically associated with drug resistance. Moreover,
some miRNAs could target genes related to drug-sensitivity, resulting in the altered sensitivity of
cancer cells to anti-cancer drugs. Emerging evidences have also shown that knock-down or re-
expression of specific miRNAs by synthetic antisense oligonucleotides or pre-miRNAs could induce
drug sensitivity, leading to increased inhibition of cancer cell growth, invasion, and metastasis. More
importantly, recent studies have shown that natural agents including isoflavone, 3,3′-
diindolylmethane, and (−)-epigallocatechin-3-gallate altered miRNA expression profiles, leading to
an increased sensitivity of cancer cells to conventional therapeutics. These emerging results suggest
that specific targeting of miRNAs by different approaches could open new avenues for cancer
treatment through overcoming drug resistance and thereby improve the outcome of cancer therapy.
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1. Introduction
The microRNAs (miRNAs) are a group of small RNAs, which are single-stranded and consist
of 19–25 nucleotides (~22 nt). They do not code for any protein or peptide; however, they
regulate gene expression by multiple mechanisms. In 1993, the first miRNA, lin-4, was
discovered when authors were conducting a genetic analysis in Caenorhabditis elegans (Lee
et al., 1993; Wightman et al., 1993). Lee et al identified two lin-4 transcripts of approximately
22 and 61 nt, which contain sequences complementary to a repeated sequence element in the
3′-untranslated region (UTR) of lin-14 mRNA, suggesting that miRNA lin-4 could regulate
lin-14 mRNA translation via an antisense RNA-RNA interaction (Lee et al., 1993). Several
years later, another important miRNA, let-7, was discovered also in Caenorhabditis elegans
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(Reinhart et al., 2000). Reinhart et al found that let-7 encodes a temporally regulated 21 nt
RNA that is complementary to elements in the 3′-UTR of the heterochronic genes including
lin-14, lin-28, lin-41, lin-42 and daf-12 (Reinhart et al., 2000), suggesting that the expression
of these genes could be inhibited by let-7. It has been reported that miRNA lin-4 and let-7 could
regulate developmental timing by binding and inhibiting the heterochronic genes in
Caenorhabditis elegans (Reinhart et al., 2000), suggesting the importance of miRNAs in the
process of development. The homologs of the let-7 gene and let-7 miRNA were soon identified
in human and other animals (Basyuk et al., 2003; Pasquinelli et al., 2000). In recent years, more
miRNAs have been discovered and their biological functions have been investigated (Ambros,
2001; Iorio and Croce, 2009; Vandenboom Ii et al., 2008). It has been found that miRNAs play
important roles in the regulation of many physiological and pathological processes in human
and animals (Ambros, 2001; Iorio and Croce, 2009; Vandenboom Ii et al., 2008). The basic
mechanism of miRNA action is that miRNA could imperfectly bind to the 3′-UTR of target
mRNAs, resulting in translational repression or target mRNA cleavage. However, other
mechanisms may also exist.

Since miRNAs are involved in the control of the processes of development and differentiation,
it is not surprising that miRNAs critically influence the development and progression of cancer.
More importantly, recent studies have demonstrated that miRNAs regulate the formation of
cancer stem cells (CSCs) (Peter, 2010; Shimono et al., 2009; Wellner et al., 2009) and the
acquisition of the epithelial-mesenchymal transition (EMT) phenotype (Adam et al., 2009; Li
et al., 2009c), which are critically associated with drug resistance. Experimental evidence also
revealed that miRNAs regulate anticancer drug resistance (Zheng et al., 2010), suggesting that
targeting specific miRNAs could be a novel therapeutic approach for the treatment of cancers
by increasing the drug sensitivity of cancer cells or by eliminating CSCs or EMT-type cells
that are typically drug resistant. Recently, it has been reported that miRNA regulation can be
influenced by natural chemopreventive agents, leading to increased drug sensitivity and
inhibition of tumor cell proliferation (Li et al., 2009c; Zhang et al., 2008). Therefore, targeting
miRNA by natural agents could be a novel strategy for cancer therapy, in particular by
combining conventional therapeutics with natural chemopreventive agents that are known to
be non-toxic to humans.

2. miRNA biogenesis and gene expression
Most miRNA genes are located in intergenic regions more than one kilobase away from
annotated genes. miRNA biogenesis (Fig. 1) begins with transcription by either RNA
polymerase II or RNA polymerase III, yielding a primary miRNA (pri-miRNA) which is
hundreds to thousands of nucleotides in length (Lee et al., 2004;Winter et al., 2009). Human
pri-miRNAs usually contain a hairpin stem of 33 base-pairs, a terminal loop, and two single-
stranded flanking regions upstream and downstream of the hairpin. In the next step of miRNA
biogenesis, pri-miRNA undergoes several cleavages and modifications. First, the pri-miRNA
is cleaved by the nuclear microprocessor complex formed by the RNase III (Drosha) and the
DGCR8 (DiGeorge critical region 8) protein, yielding the precursor miRNA (pre-miRNA)
which is about 70 nucleotides in length (Denli et al., 2004;Gregory et al., 2004;Han et al.,
2004;Landthaler et al., 2004;Lee et al., 2002;Lee et al., 2003). Then, the pre-miRNA is
transported to the cytoplasm by the nuclear export factor Exportin 5 which binds the pre-
miRNA (Lund et al., 2004;Yi et al., 2003). In the cytoplasm, another RNase III (Dicer) in
complex with the double-stranded RNA-binding protein TRBP cleaves the pre-miRNA hairpin
and yields an RNA duplex about 22 nucleotides in length (Winter et al., 2009). Then, under
the mediation of Ago2, the RNA duplex is dissociated to two single strands. One strand is the
functional guide strand which is mature miRNA and complementary to the target mRNA
(Hammond et al., 2000;Rand et al., 2005;Winter et al., 2009). The other strand is the passenger
strand which is degraded. The mature miRNA is then incorporated into the RNA-induced

Sarkar et al. Page 2

Drug Resist Updat. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



silencing complex (RISC) and guides RISC to target mRNA (Hammond et al., 2000;Rand et
al., 2005;Winter et al., 2009). It is commonly accepted that mature miRNAs regulate gene
expression by binding to the 3′-untranslated region (3′-UTR) of target mRNA, causing
degradation of mRNA or inhibition of their translation to functional proteins (Fig. 1) (Saxena
et al., 2003;Winter et al., 2009). However, how the RISC-miRNA complex actually triggers
the silencing of mRNA gene expression requires further detailed investigation. In addition,
miRNAs also might bind to protein factors required for translation or alter mRNA secondary
structure, inhibiting protein translation (Ambros, 2001).

3. miRNAs in cancer development and progression
miRNAs play important roles in normal biological processes including cell proliferation,
differentiation, apoptotic cell death, stress resistance and physiological metabolism (Ambros,
2001; Ambros, 2003). Experimental and clinical studies have revealed that miRNAs are
critically involved in the development and progression of cancers and that aberrant expression
of miRNAs has been associated with the stage, progression and metastasis of cancers (Iorio
and Croce, 2009; Nicoloso et al., 2009; Vandenboom Ii et al., 2008). During the process of
cancer development and progression, miRNAs may function as tumor suppressor genes or
oncogenes.

3.1. miRNAs function as oncogenes or tumor suppressors
Some miRNAs have been found to be down-regulated in cancer, suggesting that they could
function as tumor suppressor genes (Iorio and Croce, 2009). These miRNAs include let-7,
miR-15, miR-16, miR-17-5p, miR-29, miR-34, miR-124a, miR-127, miR-143, miR-145 and
miR-181 (Table 1). Among these the let-7 family is the most studied miRNA group with tumor
suppressor activity. The expression of let-7 is down-regulated in various cancers and let-7
might be used as biological markers for cancer detection and prognosis (Bussing et al., 2008;
Johnson et al., 2007; Lee and Dutta, 2007; Takamizawa et al., 2004). It has been found that
miR-15 and miR-16 also have tumor suppressor activity. Transfection with synthetic miR-16
into 22Rv1, Du145, PPC-1 and PC-3M-luc prostate cancer cells significantly reduced
proliferation of prostate cancer cells (Takeshita et al., 2009). Also miR-16 inhibits prostate
cancer growth by down-regulation of CDK1 and CDK2, which are associated with cell cycle
control and cell proliferation (Takeshita et al., 2009).

miR-34 is another important miRNA with tumor suppressor activity. miR-34a can be directly
transactivated by p53 (Chang et al., 2007) and its upregulation resulted in increased apoptosis
and altered the expression of genes related to cell cycle progression, apoptosis and angiogenesis
(Chang et al., 2007).

Other miRNAs have been found to be upregulated in tumor cells, suggesting that they might
possess oncogenic activity. The known oncogenic miRNAs include miR-21, miR-155,
miR-221, miR-222 and miR-17–92 (Table 1). Knock-down of miR-21 (Chan et al., 2005;Ribas
et al., 2009;Seike et al., 2009;Si et al., 2007) in breast cancer cells led to the inhibition of cell
proliferation, down-regulation of Bcl-2 and induction of apoptosis in vitro and in vivo (Si et
al., 2007). The miR-17–92 cluster consisting of miR-17, miR-18a, miR-19a, miR-20a,
miR-19b-1 and miR-92-1 also showed oncogenic activity in various cancers (Diosdado et al.,
2009;He et al., 2005;Manni et al., 2009). Animal studies have demonstrated that forced
expression of the miR-17–92 cluster and c-myc could accelerate tumor development in a mouse
B-cell lymphoma model (He et al., 2005). The expression of miR-155 was also increased in
various cancers (Greither et al., 2009;Habbe et al., 2009). A significant correlation between
elevated miR-155 expression and low overall survival (p = 0.005) in pancreatic cancers was
observed (Greither et al., 2009). Moreover, patients with elevated miR-155 expression level
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in tumor tissue had a 6.2-fold increased risk of tumor-related death compared to patients with
lower expression of miR-155 (Greither et al., 2009).

3.2. miRNAs and EMT
miRNAs also control embryonic stem cell differentiation (Dirks, 2009; Lin et al., 2009; Wang
et al., 2009b) and recently, miRNAs have been found to be involved in the acquisition and
maintenance of CSCs and EMT-type cells, which may play important roles in drug resistance
and metastasis (Adam et al., 2009; Garzia et al., 2009; Gibbons et al., 2009; Gregory et al.,
2008b; Gregory et al., 2008a; Ji et al., 2009a; Ji et al., 2009b; Kong et al., 2009; Sabbah et al.,
2008; Shimono et al., 2009). Recent studies suggested that glioma stem cells caused drug
resistance and that miR-125b was critical for the suppression of human U251 glioma stem cell
proliferation (Shi et al., 2010); This suggests that up-regulation of miR-125b may increase drug
sensitivity by inhibiting glioma stem cell proliferation. miR-34 is activated by p53 and thus
functioning as a tumor suppressor. miR-34 targets Notch, HMGA2 and Bcl-2, which are
involved in the self-renewal process and survival of CSCs. Transfection of human gastric
cancer Kato III cells with miR-34 could reduce the expression of Bcl-2 and chemosensitize
Kato III cells (Ji et al., 2008). Re-expression of miR-34 also inhibited tumor sphere formation
and growth (Ji et al., 2008), suggesting inhibitory effects on the self-renewal of CSCs.

Recently, we have investigated the expression levels of miR-200 and let-7 in EMT phenotypic
pancreatic cancer cells (Li et al., 2009c). We found that miR-200b, miR-200c, and miR-200a
were down-regulated in gemcitabine-resistant cells with an EMT phenotype. Many members
of the let-7 family were also down-regulated in EMT-type gemcitabine-resistant cells.
Moreover, we found that the re-expression of miR-200 family in gemcitabine-resistant cells
resulted in the up-regulation of the epithelial marker E-cadherin and down-regulation of
mesenchymal markers including ZEB1 and vimentin both at the mRNA and protein levels (Li
et al., 2009c). After 14 days of transfection, the morphology of miR-200 transfected
gemcitabine-resistant cells was partially changed from elongated fibroblastoid to epithelial
cobblestone-like appearance (Li et al., 2009c). These results suggested that the loss of the
miR-200 family is critical for the acquisition of EMT characteristics. Moreover, we have also
found that re-expression of miR-200b in platelet-derived growth factor (PDGF)-D
overexpressing EMT-type cells led to the reversal of EMT with the down-regulation of ZEB1,
ZEB2 and Slug expression and the inhibition of cell invasion (Kong et al., 2009). Other
investigators also reported that the expression of miR-200 was tightly associated with the
epithelial phenotype and sensitivity to EGFR inhibitors-induced growth inhibition in bladder
carcinoma cell lines (Adam et al., 2009).

4. The role miRNAs as diagnostic and prognostic markers in human cancers
In vitro and in vivo studies have suggested that miRNAs might be useful as diagnostic and
prognostic markers. Recent data suggest that miRNA profiling can be used for tumor typing.
Blenkiron, et al. examined miRNA expression in 93 primary human breast tumors using a flow
cytometric miRNA expression profiling method (Blenkiron et al., 2007). They classified the
breast tumors as luminal A, luminal B, basal-like, HER2+ and normal-like based on the miRNA
expression profiling. Further analysis showed that miRNAs were differentially expressed
between these tumor-subtypes, and that some of the miRNAs were associated with
clinicopathological features. The expression of miRNAs could also be used to classify basal
versus luminal tumor-subtypes (Blenkiron et al., 2007), providing additional information for
pathological diagnosis. Porkka, et al. reported miRNA expression profiling for different types
of prostate tumor and prostate cancer cell lines. They found differential expression of 51
miRNAs between benign tumors and carcinomas. Importantly, they were able to successfully
distinguish prostate carcinoma from benign prostatic hyperplasia by miRNA expression
clustering analysis (Porkka et al., 2007). Other investigators also found differential miRNA

Sarkar et al. Page 4

Drug Resist Updat. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



expression profiles between normal tissues and cancers (Lee et al., 2007; Mattie et al., 2006;
Raponi et al., 2009; Yang et al., 2008a).

Recent evidence suggests that alterations in miRNA expression might be used as markers for
prediction of cancer prognosis (Raponi et al., 2009; Wang et al., 2009a). In lung squamous cell
carcinoma, several miRNAs including miR-155, let-7 and miR-146a have been found to have
prognostic value (Raponi et al., 2009). Among them, miR-146b alone was found to have the
strongest prediction accuracy for stratifying prognostic groups. The miRNA signatures were
also used in predicting overall survival. In lung adenocarcinomas, high miR-155 and low let-7a
expression correlated with poor survival (Yanaihara et al., 2006). In breast cancer, nine
miRNAs including miR-21, miR-365, miR-181b, let-7f, miR-155, miR-29b, miR-181d,
miR-98 and miR-29c were up-regulated whereas miR-497, miR-31, miR-355, miR-320,
miR-127 and miR-30a-3p were down-regulated compared to normal adjacent tissue (Yan et
al., 2008). The most significantly up-regulated miRNA was miR-21, which correlated with
advanced tumor stage, lymph node metastasis and poor survival of the patients, suggesting that
miR-21 could serve as a molecular prognostic marker for breast cancer aggressiveness (Yan
et al., 2008). In pancreatic cancer, up-regulation of miR-21 was strongly associated with high
Ki67 proliferation index and liver metastasis (Roldo et al., 2006), whereas miR-196a-2 showed
predictive value in the survival of patients diagnosed with pancreatic cancer (Bloomston et al.,
2007). Although these data support the idea that miRNA expression signatures could be used
as prognostic markers for human cancers, none have been used as yet for prediction of the
therapeutic response in patients.

It is interesting to note that miRNAs are maintained in a protected state in serum and plasma.
The miRNAs in plasma were found to be packaged inside exosomes that are secreted from
cells; therefore, they are protected from endogenous RNase activity (Mitchell et al., 2008).
This property of miRNAs allows the detection of miRNA expression directly from human
serum, increasing the value of miRNA expression profiling in diagnosis of cancer and
prediction of prognosis.

5. The role of miRNAs in drug resistance
Chemotherapy is an important therapeutic strategy for cancer treatment. However,
chemotherapy fails to eliminate all tumor cells because of intrinsic or acquired drug resistance,
which is the most common cause of tumor recurrence (Broxterman et al., 2009; Fojo, 2007).
Recent studies have suggested altered expression of specific miRNAs in drug resistant tumor
cells.

5.1. miRNAs and chemotherapy resistance
miRNAs play important roles in the regulation of drug sensitivity (Table 2). The expression
of three miRNAs (miR-200b, miR-194 and miR-212) was significantly down-regulated while
the expression of three other miRNAs (miR-192, miR-424 and miR-98) were significantly up-
regulated in docetaxel resistant SPC-A1 non-small cell lung cancer (NSCLC) cells (Rui et al.,
2009), suggesting differential miRNA expression patterns between docetaxel resistant and
sensitive lung cancers. The expression of miR-140 was associated with chemosensitivity to
methotrexate and 5-fluorouracil (5-FU) in osteosarcoma tumor xenografts (Song et al., 2009).
To confirm this, an in vitro study was conducted. Tumor cells transfected with miR-140 proved
to be more resistant to methotrexate and 5-FU, whereas blocking endogenous miR-140 partially
sensitized resistant colon CSC-like cells to 5-FU treatment, suggesting that miR-140 could be
a candidate target to develop novel therapeutic strategy to overcome drug resistance (Song et
al., 2009). Another study determined that 5-FU and oxaliplatin (L-OHP) down-regulated the
expression of miR-197, miR-191, miR-92a, miR-93, miR-222 and miR-1826 in HCT-8 and
HCT-116 colon cancer cells (Zhou et al., 2010). A recent study showed that miR-181a and
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miR-630 regulated cisplatin-induced cancer cell death in NSCLC cells (Galluzzi et al., 2010).
In a clinical study, in which 57 patients with ovarian cancer were received surgical therapy and
platinum-based chemotherapy (Eitan et al., 2009), miRNA expression profiles of tumor
samples were assessed. Seven miRNAs were found to be significantly, differentially expressed
in tumors from platinum-sensitive vs. platinum-resistant patients. These seven miRNAs
included miR-27a, miR-23a, miR-30c, let-7g, miR-199a-3p, miR-378 and miR-625, which
were overexpressed in platinum-resistant patients (Eitan et al., 2009).

5.2. miRNA-21 and drug resistance
As indicated previously miR-21 is a miRNA with oncogenic activity. In breast cancer, it was
recently found that miR-21 was overexpressed while the tumor suppressor protein PDCD4 was
down-regulated (Bourguignon et al., 2009). These alterations caused up-regulation of
inhibitors of apoptosis proteins (IAPs) and multidrug-resistant protein 1 (MDR1), leading to
anti-apoptosis and chemotherapy resistance. Interestingly, transfection of MCF-7 cells with a
specific anti-miR-21 sensitized the cells to undergo apoptotic cell death, suggesting that this
strategy could overcome chemotherapy resistance in breast cancer cells (Bourguignon et al.,
2009). Over-expression of miR-21 was also found in glioblastoma, which contributed to drug
resistance since suppression of miR-21 by specific antisense oligonucleotides led to increased
cytotoxic effect of a semisynthetic podophyllotoxin derivative (VM-26) against U373 MG
glioblastoma cells (Li et al., 2009b). Moreover, the miRNA expression profiles of MCF-7/
AdrVp (doxorubicin and verapamil resistance) and MCF-7 parent cells were compared and it
was found that the levels of miR-21, let-7i and miR-141 were significantly upregulated and
that miR-34a and miR-148a were down-regulated in MCF-7/AdrVp cells (Chen et al.,
2009a). These results suggest that miR-21 is a critical factor involved in drug resistance and
that down-regulation of this miRNA might be useful to overcome drug resistance.

5.3. miR-221 and miR-222 in anti-estrogen and in TRAIL resistance
MiR-221 and miR-222 are oncogenic miRNAs and might also contribute to drug resistance.
When miRNA and mRNA expression patterns were compared between the anti-estrogen
fulvestrant resistant MCF7-FR cells and the drug-sensitive parent MCF7 cells, it was found
that two miRNA (miR-221 and miR-222) were upregulated, whereas 14 miRNAs (including
let-7i, miR-181a, miR-638, miR-204, miR-191, miR-346, miR-212, miR-328, miR-211 and
miR-424) were down-regulated in MCF7-FR cells, suggesting a role of these miRNAs in anti-
estrogen resistance (Xin et al., 2009). miRNA-221 and miR-222 also appeared to negatively
regulate the estrogen receptor alpha (ERα) expression by direct binding to 3′-UTR of ERα and
this regulation was associated with tamoxifen resistance in breast cancer (Zhao et al., 2008).
In addition, miR-221 and/or miR-222 transfected MCF-7 and T47D cells became resistant to
tamoxifen and knock-down of miR-221 and/or miR-222 was found to sensitize MDA-MB-468
cells to tamoxifen-induced cell growth arrest and apoptosis (Zhao et al., 2008).

Another study showed that miR-221, miR-222 and miR-181 were upregulated while miR-21,
miR-342, and miR-489 were down-regulated in tamoxifen-resistant MCF-7 cells (Miller et al.,
2008). Ectopic expression of miR-221 or miR-222 rendered the parent MCF-7 cells resistant
to tamoxifen through inhibiting their target p27Kip1, which was reduced by 50% in resistant
cells (Miller et al., 2008). In addition to breast cancer, an increase of miR-221 and miR-222
also correlated with TRAIL resistance in NSCLC cells (Garofalo et al., 2008). Transfection
with anti-miR-221 or anti-miR-222 rendered CALU-1-resistant cells sensitive to TRAIL and
TRAIL-sensitive H460 cells treated with miR-221 and miR-222 pre-miRNAs became resistant
to TRAIL. It is known that miR-221 and miR-222 target the 3′-UTR of both Kit and p27kip1
mRNAs; however, these miRNAs mainly targeted p27kip1 to regulate TRAIL signaling
(Garofalo et al., 2008). In addition, controversial results have also been reported showing that
the expression of miR-221 and miR-128b was down-regulated in MLL-AF4 ALL (Kotani et
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al., 2009) and re-expression of miR-128b and miR-221 cooperatively sensitized MLL-AF4
ALL cells to glucocorticoids (Kotani et al., 2009), suggesting that more investigations on
miR-221 in drug resistance are needed.

5.4. miRNA let-7 family and drug resistance
A study in ovarian cancer showed that let-7i expression was significantly reduced in
chemotherapy-resistant patients (n = 69, P = 0.003) and the decreased let-7i expression was
significantly associated with shorter progression-free survival of patients diagnosed with late-
stage ovarian cancer (Yang et al., 2008b). Furthermore, in vitro reduction of let-7i expression
was associated with resistance of ovarian and breast cancer cells to cisplatin, suggesting that
let-7i could be useful as a therapeutic target to modulate platinum-based chemotherapy and
perhaps as a biomarker to predict chemotherapy response and survival of ovarian cancer
patients (Yang et al., 2008b). However, a contradictory role of let-7 in drug resistance has been
reported. In the NCI-60 human cancer cell lines (Blower et al., 2008) a change of the cellular
levels of let-7i (and miR-16 and miR-21 as well) by pre-miRNA or miRNA inhibitor
transfection affected the potencies of a number of the anticancer agents by up to 4-fold. Let-7i
inhibition increased the sensitivity of A549 cells to NSC 670550. Similarly, let-7e expression
was up-regulated in one resistant ovarian cancer cell line while it was down-regulated in another
resistant cell line (Sorrentino et al., 2008).

5.5. miRNAs and therapy resistance in prostate cancer
The miRNA expression profiles between androgen responsive and castrate resistant prostate
cancer cell lines were compared and found to be different. There were 17 differentially
expressed miRNAs with 10 up-regulated and 7 down-regulated. Among these, miRNA-125b
was found to have the ability of rendering LNCaP cells resistant to androgen withdrawal (Vere
White et al., 2009).

In addition, miRNAs are also known to play important roles in the response to cellular stress
caused by radiotherapy. For instance, the miR-521 mimetic significantly sensitized prostate
cancer cells to radiation treatment, while radiation treatment down-regulated the levels of
miR-521 and up-regulated cockayne syndrome protein A (CSA) protein (Josson et al., 2008),
which plays an important role in the radio-sensitivity of prostate cancer cell lines. Therefore,
regulating miRNAs could be a novel strategy for enhancing the effect of radiation treatment
on prostate cancer cells.

5.6. Other miRNAs involved in drug resistance
miR-34a is down-regulated in drug resistant prostate cancer cells and ectopic miR-34a
expression resulted in cell cycle arrest and growth inhibition and attenuated chemoresistance
to the anticancer drug camptothecin (Fujita et al., 2008). miR-205, which targets the HER3
receptor was down-regulated in breast tumors compared with normal breast tissue. The
reintroduction of miR-205 in SKBR-3 breast cancer cells inhibited their clonogenic potential
and increased the responsiveness to the tyrosine kinase inhibitors of EGFR, gefitinib, and of
EGFR/HER2, lapatinib, abrogating HER3-mediated resistance (Iorio et al., 2009).

Another miRNA, namely miR-328 targets the 3′-UTR of the drug transporter gene ABCG2,
since transfection of miR-328 into drug resistant MCF-7/MX100 cells downregulated ABCG2
3′-UTR-luciferase activity and ABCG2 expression, resulting in increased mitoxantrone
sensitivity (Pan et al., 2009). Additionally, the expression of miR-15 and miR-16 was down-
regulated in the multidrug-resistant gastric cancer cell line SGC7901/VCR and in vitro it was
demonstrated that forced over-expression of miR-15b or miR-16 sensitized SGC7901/VCR
cells again to anticancer drugs by reducing Bcl-2 protein in SGC7901/VCR cells, suggesting
that Bcl-2 is a direct target of miR-15b and miR-16 (Xia et al., 2008). Also, miR-451 was found
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to down-regulate the expression of the MDR1 (P-glycoprotein) gene and transfection of the
MCF-7/DOX-resistant cells with miR-451 resulted in increased sensitivity of cells to
doxorubicin (Kovalchuk et al., 2008).

It was reported that miR-200c levels were high in well-differentiated endometrial, breast and
ovarian cancer cell lines, but extremely low in poorly differentiated cancer cells (Cochrane et
al., 2009) and that high expression of TUBB3, one of the miR-200c target genes, was a common
mechanism of resistance to microtubule-binding agents in many solid tumors. Importantly, re-
expression of miR-200c inhibited TUBB3 expression and increased the sensitivity to
microtubule-targeting agents by 85% (Cochrane et al., 2009). It was found that miR-214
induced cell survival and cisplatin resistance through targeting the 3′-UTR of the PTEN,
leading to down-regulation of PTEN protein, activation of the Akt pathway and drug resistance
in human ovarian cancer (Yang et al., 2008a). Collectively, these results suggest that miR-34a,
miR-205, miR-200, miR-328, miR-15b, miR-16, miR-214 and miR-451 might play important
roles in sensitization of tumor cells to different classes of anti-cancer drugs.

6. Targeting miRNAs to increase drug sensitivity
Targeting miRNAs for cancer therapy is an emerging field for treatment optimization aiming
to enhance inhibition of cancer cell proliferation and/or to increase the sensitivity to
conventional chemotherapy. Strategies to regulate miRNA expression in cancers include
inactivation of oncogenic miRNAs, activation of tumor suppressor miRNAs, and targeting
specific miRNAs to restore drug sensitivity. Experimental studies have shown that anti-sense
oligonucleotides can block the function of miRNAs (Hutvagner et al., 2004; Meister et al.,
2004; Orom et al., 2006). Importantly, in vivo studies have shown that intravenous
administration of anti-sense oligonucleotides against miR-16, miR-122, miR-192 and miR-194
caused a significant reduction in the expression of the corresponding miRNA levels in different
tissues (Krutzfeldt et al., 2005), demonstrating the possibility of delivery of anti-sense
oligonucleotides in vivo. These results suggest that silencing of specific oncogenic miRNAs
in vivo could be a novel therapeutic strategy for cancer treatment. In addition, re-expression
of tumor suppressor miRNAs likewise could be another important strategy for cancer
treatment. Up-regulation of let-7 tumor suppressor miRNA by pre-let-7 transfection led to the
inhibition of proliferation of lung and liver tumor cells in vitro (Johnson et al., 2007), suggesting
the value of restoring tumor suppressor miRNAs in cancer treatment. However, major
limitations for optimal use of synthetic oligonucleotides have to be overcome, because they
are easily degraded as well as due to the lack of appropriate in vivo delivery systems.

In order to overcome such limitations, recent studies have shown that natural agents including
isoflavone, 3,3′-diinodolylmethane (DIM), indole-3-carbinol (I3C), curcumin, (−)-
epigallocatechin-3-gallate (EGCG) and others could alter the expression of specific miRNAs
(Li et al., 2009c; Melkamu et al., 2009; Sun et al., 2008; Tsang and Kwok, 2009; Li et al.,
2010). Considering the relatively non-toxic characteristics of natural agents, targeting of
miRNAs by these natural agents combined with conventional chemotherapy could be a novel
and safer approach for achieving better treatment outcome.

Recently, we have focused our attention on designing better treatment strategies for pancreatic
cancer. It is well-known that the aggressiveness of pancreatic cancer is in part due to its drug
resistance, which is partly associated with pancreatic CSCs and the acquisition of an EMT
phenotype. Therefore, we investigated the effects of isoflavone and DIM on miRNAs in
pancreatic cancer cells that are gemcitabine-resistant and have an EMT phenotype. We found
that re-expression of miR-200 by pre-miR-200 transfection or treatment of gemcitabine-
resistant cells with isoflavone or DIM resulted in the up-regulation of miR-200 and the down-
regulation of ZEB1, slug and vimentin, which was consistent with a morphologic reversal of
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the EMT phenotype leading to an epithelial cobblestone-like morphology (Li et al., 2009c).
Isoflavone and DIM also induced the expression of let-7 (Li et al., 2009c), which could be
mechanistically linked to the treatment effects. Importantly, we found that miR-200 re-
expression or isoflavone and DIM treatment increased sensitivity of gemcitabine-resistant
pancreatic cells to gemcitabine. The resistant cells transfected with miR-200b showed 20.8%
– 38.2% more growth inhibition by gemcitabine treatment. The resistant cells pre-treated with
DIM showed 14.8% – 17.4% more inhibition while the cells pre-treated with isoflavone showed
15.4% – 17.1% more inhibition (Li et al., 2009c). Therefore, conventional chemotherapy
combined with isoflavone or DIM could be a novel strategy for more optimal treatment of
pancreatic cancer.

Interestingly, Sun et al. reported that another chemopreventive agent, curcumin, also altered
miRNA expression profiles in pancreatic tumor cells (Sun et al., 2008). They found that up-
regulation of miR-22 expression by curcumin or by transfection with pre-miR-22s suppressed
the expression of its target genes SP1 transcription factor and estrogen receptor 1 (Sun et al.,
2008). Another natural agent, I3C, down-regulated miR-21 and up-regulated miR-21 target
genes PTEN, PDCD4, and RECK (Melkamu et al., 2009), thus, targeting miR-21 by I3C could
be a novel strategy to increase drug sensitivity. Tsang, et al. recently reported the effects of
EGCG on the expression of miRNAs in human tumor cells (Tsang and Kwok, 2009). They
found that miR-16 was up-regulated and Bcl-2 was down-regulated by EGCG. Since miR-16
could sensitize cancer cells to anti-cancer drugs, EGCG could increase drug sensitivity through
up-regulation of miR-16.

So far, there is no report on clinical trials which utilize the miRNA approach to regulate drug
sensitivity for cancer therapy. However, several phase II clinical trials are being or will be
conducted to investigate differential miRNA expression profiles after cancer patients receive
different chemotherapy and radiotherapy regimens (www.ClinicalTrials.gov). The anticancer
drugs used in those clinical trials include cisplatin, paclitaxel, carboplatin, erlotinib, docetaxel
and cetuximab for NSCLC, azacytidine and bortezomib for relapsed or refractory acute
myeloid leukemia, and melphalan, prednisone, thalidomide, lenalidomide, and dexamethasone
for myeloma (www.ClinicalTrials.gov). By comparison of miRNA profiles, the specific
miRNAs that are critically involved in drug resistance might be identified opening new avenues
for the design of novel and targeted therapeutic strategies for improving the treatment outcome
of patients and we optimistically believe that such strategies are within reach.

7. Conclusions and perspectives
In conclusion, recent evidence demonstrates that miRNAs may play important roles in the
regulation of anticancer drug sensitivity and resistance. Aberrant miRNA expression can
reduce the response of cancer cells to anti-cancer agents such as gemcitabine, docetaxel,
methotrexate, 5-fluorouracil and tamoxifen. Thus, targeting specific miRNAs is an emerging
strategy to increase the sensitivity of cancer cells to anti-cancer drugs.

Interestingly, natural agents such as isoflavone, DIM, I3C, curcumin, EGCG or other
unexplored “natural agents” might be very useful for the targeting of miRNAs. Therefore,
targeting miRNAs by natural agents could open new avenues toward more successful treatment
of cancer by eliminating CSCs or EMT-type cells or increasing the drug sensitivity in general.
Strikingly, in addition to the specific miRNAs which alter drug sensitivity, several studies have
implicated other non-coding RNAs, the vault RNAs, as a regulator of drug resistance (Persson
et al., 2009). Vault particles are conserved organelles that in certain tumor cells correlate with
drug resistance development via unknown mechanisms (Broxterman et al., 1999). Human vault
RNAs (vRNAs) produce several small RNAs (svRNAs) that may regulate gene expression
similar to miRNAs. It has been found that svRNAb down-regulates CYP3A4 expression, a key
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enzyme in drug metabolism, to alter drug resistance (Persson et al., 2009), suggesting that this
newly discovered small molecule may be responsible for part of the in vivo drug resistance
similar to miRNAs. Therefore much remains to be discovered on the regulation of anti-cancer
drug resistance and exciting possibilities to target these small RNAs for the development of
new therapeutics are coming forward.
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Figure 1.
Biogenesis of miRNA and its effect on gene expression.

Sarkar et al. Page 18

Drug Resist Updat. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Sarkar et al. Page 19

Ta
bl

e 
1

Th
e 

lis
t o

f m
iR

N
A

s w
hi

ch
 h

av
e 

on
co

ge
ni

c 
or

 tu
m

or
 su

pp
re

ss
or

 a
ct

iv
ity

.

m
iR

N
A

T
es

te
d 

in
 tu

m
or

s
A

lte
ra

tio
n

T
ar

ge
te

d 
ge

ne
s

R
ef

er
en

ce
s

O
nc

og
en

ic
 a

ct
iv

ity

m
iR

-2
1

C
ol

on
, b

re
as

t, 
pa

nc
re

at
ic

, l
un

g,
 pr

os
ta

te
,

liv
er

, a
nd

 g
as

tri
c 

ca
nc

er
s

In
cr

ea
se

PT
EN

, T
PM

1,
 P

dc
d4

, m
as

pi
n

(C
ha

n 
et

 a
l.,

 2
00

5;
 Io

rio
 e

t a
l.,

 2
00

5;
 L

i e
t a

l.,
 2

00
9a

; R
ib

as
 e

t a
l.,

 2
00

9;
 S

i e
t a

l.,
 2

00
7;

 Y
ao

et
 a

l.,
 2

00
9)

m
iR

-1
55

Lu
ng

 a
nd

 b
re

as
t c

an
ce

rs
, C

LL
* ,

A
M

L*
In

cr
ea

se
A

T1
R

, T
P5

3I
N

P1
(G

iro
ne

lla
 e

t a
l.,

 2
00

7;
 G

re
ith

er
 e

t a
l.,

 2
00

9;
 H

ab
be

 e
t a

l.,
 2

00
9;

 Io
rio

 e
t a

l.,
 2

00
5)

m
iR

-1
7–

92
Lu

ng
, b

re
as

t, 
co

lo
n,

 g
as

tri
c,

 p
an

cr
ea

tic
ca

nc
er

s, 
ly

m
ph

om
as

In
cr

ea
se

Ts
p1

, C
TG

F,
 E

2F
1,

 A
IB

1,
 T

G
FB

R
2

(D
io

sd
ad

o 
et

 al
., 

20
09

; H
e e

t a
l.,

 2
00

5;
 M

an
ni

 et
 al

., 
20

09
; N

or
th

co
tt 

et
 al

., 
20

09
; U

zi
el

 et
 al

.,
20

09
)

m
iR

-1
06

a
C

ol
on

 a
nd

 g
as

tri
c 

ca
nc

er
s

In
cr

ea
se

R
B

-1
(D

ia
z 

et
 a

l.,
 2

00
8;

 X
ia

o 
et

 a
l.,

 2
00

9)

m
iR

-3
73

Te
st

ic
ul

ar
 tu

m
or

, G
as

tri
c 

ca
nc

er
In

cr
ea

se
LA

TS
2

(L
ee

 e
t a

l.,
 2

00
9)

m
iR

-1
97

Lu
ng

 c
an

ce
r

In
cr

ea
se

A
C

V
R

1,
 T

SP
A

N
3,

 F
U

S1
(D

u 
et

 a
l.,

 2
00

9)

m
iR

-2
21

B
re

as
t a

nd
 li

ve
r c

an
ce

rs
, C

LL
In

cr
ea

se
K

IT
, p

27
(K

ip
1)

, p
57

, P
TE

N
(P

ar
k 

et
 a

l.,
 2

00
9a

)

m
iR

-2
22

B
re

as
t a

nd
 li

ve
r c

an
ce

rs
, C

LL
In

cr
ea

se
K

IT
, p

27
(K

ip
1)

, p
57

, P
TE

N
(G

re
ith

er
 e

t a
l.,

 2
00

9)

m
iR

-3
72

Te
st

ic
ul

ar
 tu

m
or

In
cr

ea
se

LA
TS

2
(V

oo
rh

oe
ve

 e
t a

l.,
 2

00
7)

Tu
m

or
 su

pp
re

ss
or

 a
ct

iv
ity

le
t-7

Lu
ng

, o
va

ria
n 

ca
nc

er
, b

re
as

t, 
an

d
co

lo
re

ct
al

 c
an

ce
rs

D
ec

re
as

e
R

A
S,

 P
R

D
M

1,
 H

M
G

A
2,

 c
-M

yc
,

E2
F,

 c
yc

lin
 D

2
(J

oh
ns

on
 e

t a
l.,

 2
00

7;
 Jo

hn
so

n 
et

 a
l.,

 2
00

5;
 L

ee
 a

nd
 D

ut
ta

, 2
00

7;
 T

ak
am

iz
aw

a 
et

 a
l.,

 2
00

4)

m
iR

-1
5

m
iR

-1
6

G
as

tri
c 

an
d 

lu
ng

 c
an

ce
rs

D
ec

re
as

e
B

cl
-2

, W
t-1

(C
al

in
 e

t a
l.,

 2
00

8;
 C

im
m

in
o 

et
 a

l.,
 2

00
5;

 T
ak

es
hi

ta
 e

t a
l.,

 2
00

9)

m
iR

-3
4

B
re

as
t, 

pa
nc

re
at

ic
, c

ol
on

 c
an

ce
rs

D
ec

re
as

e
E2

F3
, N

ot
ch

1,
 C

D
K

4,
 C

D
K

5
(C

ha
ng

 e
t a

l.,
 2

00
7;

 C
or

ne
y 

et
 a

l.,
 2

00
7;

 Ji
 e

t a
l.,

 2
00

9b
)

m
iR

-1
7-

5p
B

re
as

t c
an

ce
r, 

C
LL

*
D

ec
re

as
e

A
IB

1,
 E

2F
1,

 p
21

, B
IM

(M
ra

z 
et

 a
l.,

 2
00

9;
 R

ob
er

tu
s e

t a
l.,

 2
00

9)

m
iR

-2
9

Lu
ng

 a
nd

 b
re

as
t c

an
ce

rs
, C

LL
* ,

A
M

L*
D

ec
re

as
e

M
C

L-
1,

 T
C

L-
1,

 D
N

M
T3

s
(M

ra
z 

et
 a

l.,
 2

00
9;

 P
ar

k 
et

 a
l.,

 2
00

9b
)

m
iR

-1
24

a
A

LL
* ,

 m
ed

ul
lo

bl
as

to
m

a
D

ec
re

as
e

C
D

K
6

(A
gi

rr
e 

et
 a

l.,
 2

00
9;

 P
ie

rs
on

 e
t a

l.,
 2

00
8)

m
iR

-1
27

B
re

as
t c

an
ce

r, 
ly

m
ph

om
a

D
ec

re
as

e
B

cl
-6

(R
ob

er
tu

s e
t a

l.,
 2

00
9)

m
iR

-1
43

G
as

tri
c 

an
d 

pr
os

ta
te

 c
an

ce
rs

D
ec

re
as

e
R

as
, E

R
K

5
(C

he
n 

et
 a

l.,
 2

00
9b

; C
la

pe
 e

t a
l.,

 2
00

9;
 T

ak
ag

i e
t a

l.,
 2

00
9)

m
iR

-1
45

B
re

as
t a

nd
 g

as
tri

c 
ca

nc
er

s
D

ec
re

as
e

M
uc

in
1,

 E
R

G
(S

ac
hd

ev
a 

an
d 

M
o,

 2
01

0;
 S

pi
zz

o 
et

 a
l.,

 2
01

0;
 T

ak
ag

i e
t a

l.,
 2

00
9)

m
iR

-1
81

C
ol

or
ec

ta
l c

an
ce

r
D

ec
re

as
e

TC
L-

1,
 E

2F
5,

 e
IF

5A
(P

ek
ar

sk
y 

et
 a

l.,
 2

00
6)

m
iR

 –
 1

46
a

Pa
nc

re
at

ic
 c

an
ce

r
D

ec
re

as
e

IR
A

K
-1

, E
G

FR
(L

i e
t a

l.,
 2

01
0)

* C
LL

, c
hr

on
ic

 ly
m

ph
ob

la
st

ic
 le

uk
em

ia
; A

M
L,

 a
cu

te
 m

ye
lo

id
 le

uk
em

ia
; A

LL
, a

cu
te

 ly
m

ph
ob

la
st

ic
 le

uk
em

ia
.

Drug Resist Updat. Author manuscript; available in PMC 2011 June 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Sarkar et al. Page 20

Ta
bl

e 
2

Th
e 

lis
t o

f m
iR

N
A

s w
hi

ch
 re

gu
la

te
 d

ru
g 

se
ns

iti
vi

ty
.

m
iR

N
A

St
at

us
, b

io
lo

gi
ca

l e
ffe

ct
, o

r
re

gu
la

tio
n

T
ar

ge
t g

en
es

C
el

l o
r 

tis
su

e
R

ef
er

en
ce

s

m
iR

-1
25

b
Su

pp
re

ss
io

n 
of

 h
um

an
 g

lio
m

a 
st

em
ce

ll 
th

ro
ug

h 
ce

ll 
cy

cl
e a

rr
es

t a
t t

he
 G

1/
S

C
D

K
6,

 C
D

C
25

A
G

lio
m

a 
st

em
 c

el
ls

(S
hi

 e
t a

l.,
 2

01
0)

m
iR

-1
92

, m
iR

-4
24

, m
iR

-9
8

U
p-

re
gu

la
te

d 
in

 re
si

st
an

t c
el

ls
D

oc
et

ax
el

-r
es

is
ta

nt
 h

um
an

 N
SC

LC
 c

el
ls

(R
ui

 e
t a

l.,
 2

00
9)

m
iR

-2
6a

, m
iR

-1
81

a
17
β-

es
tra

di
ol

 re
pr

es
se

d 
m

iR
-2

6a
 a

nd
m

iR
-1

81
a

B
re

as
t c

ar
ci

no
m

as
(M

ai
llo

t e
t a

l.,
 2

00
9)

m
iR

-1
28

b,
 m

iR
-2

21
D

ow
n-

re
gu

la
te

d 
in

 re
si

st
an

t c
el

ls
.

R
ee

xp
re

ss
io

n 
of

 th
es

e 
m

iR
N

A
s

se
ns

iti
ze

d 
ca

nc
er

 c
el

ls
 to

gl
uc

oc
or

tic
oi

ds
.

M
LL

, A
F4

, M
LL

-A
F4

, A
F4

-
M

LL
, C

D
K

N
1B

A
cu

te
 ly

m
ph

oc
yt

ic
 le

uk
em

ia
 c

el
ls

(K
ot

an
i e

t a
l.,

 2
00

9)

m
iR

-1
40

U
p-

re
gu

la
te

d 
in

 c
ol

on
 c

an
ce

r s
te

m
-

lik
e 

ch
em

or
es

is
ta

nc
e 

ce
lls

.
B

lo
ck

in
g 

m
iR

-1
40

 se
ns

iti
ze

d
re

si
st

an
t c

ol
on

 c
an

ce
r s

te
m

-li
ke

 c
el

ls
to

 5
-F

U
.

H
D

A
C

4
O

st
eo

sa
rc

om
a 

tu
m

or
 x

en
og

ra
fts

(S
on

g 
et

 a
l.,

 2
00

9)

m
iR

-2
00

m
iR

-2
00

 c
on

tro
le

d 
th

e 
EM

T 
pr

oc
es

s
an

d 
se

ns
iti

vi
ty

 to
 E

G
FR

 th
er

ap
y

ER
R

FI
-1

bl
ad

de
r c

an
ce

r c
el

ls
(A

da
m

 e
t a

l.,
 2

00
9)

m
iR

-2
00

c
m

iR
-2

00
c 

re
st

or
ed

 c
he

m
os

en
si

tiv
ity

th
ro

ug
h 

in
hi

bi
tio

n 
of

 T
U

B
B

3.
ZE

B
1,

 Z
EB

2,
 T

U
B

B
3

en
do

m
et

ria
l, 

br
ea

st
, a

nd
 o

va
ria

n 
ca

nc
er

 c
el

ls
(C

oc
hr

an
e 

et
 a

l.,
 2

00
9)

m
iR

-2
00

b,
 m

iR
-2

00
c,

 le
t-7

b,
 le

t-7
c,

 le
t-7

d,
an

d 
le

t-7
e

R
ee

xp
re

ss
io

n 
of

 m
iR

-2
00

 re
su

lte
d 

in
th

e 
do

w
n-

 re
gu

la
tio

n 
of

 Z
EB

1,
 sl

ug
,

an
d 

vi
m

en
tin

, a
nd

 in
cr

ea
se

d 
ce

ll
se

ns
iti

vi
ty

 to
 g

em
ci

ta
bi

ne
.

ZE
B

1
pa

nc
re

at
ic

 c
an

ce
r

(L
i e

t a
l.,

 2
00

9c
)

m
iR

-2
00

b,
 m

iR
-1

94
, m

iR
-2

12
D

ow
n-

re
gu

la
te

d 
in

 re
si

st
an

t c
el

ls
D

oc
et

ax
el

-r
es

is
ta

nt
 h

um
an

 N
SC

LC
 c

el
ls

(R
ui

 e
t a

l.,
 2

00
9)

m
iR

-2
1

m
iR

-2
1 

in
hi

bi
te

d 
tu

m
or

 su
pp

re
ss

or
pr

ot
ei

n 
PD

C
D

4.
PD

C
D

4
B

re
as

t c
an

ce
r

(B
ou

rg
ui

gn
on

 e
t a

l.,
 2

00
9)

m
iR

-2
1

m
iR

-2
1 

m
ed

ia
te

d 
ch

em
or

es
is

ta
nc

e 
to

V
M

-2
6 

in
 g

lio
bl

as
to

m
a 

ce
lls

..
LR

R
FI

P1
G

lio
bl

as
to

m
a 

ce
lls

.
(L

i e
t a

l.,
 2

00
9b

)

m
iR

-2
1,

 m
iR

-3
42

, m
iR

-4
89

D
ow

n-
re

gu
la

te
d 

in
 th

e 
re

si
st

an
t O

H
T

(R
) c

el
ls

M
C

F-
7 

se
ns

iti
ve

 a
nd

 re
si

st
an

t c
el

ls
(M

ill
er

 e
t a

l.,
 2

00
8)

m
iR

-1
25

b
m

iR
N

A
-1

25
b 

ha
d 

th
e 

ab
ili

ty
 o

f
re

nd
er

in
g 

LN
C

aP
 c

el
ls

 re
si

st
an

t t
o

an
dr

og
en

 w
ith

dr
aw

al
.

Pr
os

ta
te

 c
an

ce
r

(V
er

e 
W

hi
te

 e
t a

l.,
 2

00
9)

m
iR

-2
05

m
iR

-2
05

 in
cr

ea
se

d 
re

sp
on

si
ve

ne
ss

 to
G

ef
iti

ni
b 

an
d 

La
pa

tin
ib

.
B

re
as

t c
an

ce
r c

el
ls

(I
or

io
 e

t a
l.,

 2
00

9)

m
iR

-3
28

m
iR

-3
28

 in
flu

en
ce

d 
dr

ug
 d

is
po

si
tio

n
in

 h
um

an
 b

re
as

t c
an

ce
r c

el
ls

A
B

C
G

2
B

re
as

t c
an

ce
r c

el
ls

(P
an

 e
t a

l.,
 2

00
9)

Drug Resist Updat. Author manuscript; available in PMC 2011 June 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Sarkar et al. Page 21

m
iR

N
A

St
at

us
, b

io
lo

gi
ca

l e
ffe

ct
, o

r
re

gu
la

tio
n

T
ar

ge
t g

en
es

C
el

l o
r 

tis
su

e
R

ef
er

en
ce

s

le
t-7

i
R

ed
uc

ed
 le

t-7
i e

xp
re

ss
io

n 
in

cr
ea

se
d

th
e 

re
si

st
an

ce
 o

f o
va

ria
n 

an
d 

br
ea

st
ca

nc
er

 c
el

ls
 to

 th
e 

ch
em

ot
he

ra
py

.

O
va

ria
n 

an
d 

br
ea

st
 c

an
ce

r c
el

ls
(Y

an
g 

et
 a

l.,
 2

00
8b

)

le
t-7

i, 
m

iR
-1

6,
 m

iR
-2

1
C

el
lu

la
r l

ev
el

s o
f l

et
-7

i, 
m

iR
-1

6,
 a

nd
m

iR
-2

1 
af

fe
ct

ed
 th

e 
po

te
nc

ie
s o

f
an

tic
an

ce
r a

ge
nt

s.

N
C

I-
60

 h
um

an
 c

an
ce

r c
el

l l
in

es
(B

lo
w

er
 e

t a
l.,

 2
00

8)

m
iR

-3
4a

Ec
to

pi
c 

m
iR

-3
4a

 e
xp

re
ss

io
n 

re
su

lte
d

in
 a

tte
nu

at
ed

 c
he

m
or

es
is

ta
nc

e 
to

ca
m

pt
ot

he
ci

n

SI
R

T1
.

Pr
os

ta
te

 c
an

ce
r

(F
uj

ita
 e

t a
l.,

 2
00

8)

m
iR

-3
4

m
iR

-3
4 

m
ed

ia
te

d 
su

pp
re

ss
io

n 
of

 se
lf-

re
ne

w
al

.
B

cl
-2

, N
ot

ch
, H

M
G

A
2

G
as

tri
c 

ca
nc

er
(J

i e
t a

l.,
 2

00
8)

m
iR

-3
4a

, m
iR

-1
48

a
D

ow
n-

re
gu

la
te

d 
in

 M
C

F-
7/

A
dr

V
p

dr
ug

 re
si

st
an

t c
el

ls
M

C
F-

7/
A

dr
V

p 
ce

lls
(C

he
n 

et
 a

l.,
 2

00
9a

)

m
iR

-3
0c

, m
iR

-1
30

a,
 m

iR
-3

35
D

ow
nr

eg
ul

at
ed

 in
 al

l t
he

 re
si

st
an

t c
el

l
lin

es
.

M
-C

SF
pa

cl
ita

xe
l- 

an
d 

ci
sp

la
tin

-r
es

is
ta

nt
 o

va
ria

n 
ce

lls
(S

or
re

nt
in

o 
et

 a
l.,

 2
00

8)

m
iR

-2
21

, m
iR

-2
22

K
no

ck
do

w
n 

of
 m

iR
-2

21
 a

nd
/o

r
m

iR
-2

22
 se

ns
iti

ze
d 

ca
nc

er
 c

el
ls

 to
ta

m
ox

ife
n.

ER
α

M
C

F-
7 

an
d 

T4
7D

 b
re

as
t c

an
ce

r c
el

ls
(Z

ha
o 

et
 a

l.,
 2

00
8)

m
iR

-2
21

, m
iR

-2
22

Tr
an

sf
ec

tio
n 

w
ith

 a
nt

i-m
iR

-2
21

 a
nd

-2
22

 re
nd

er
ed

 re
si

st
an

t c
el

ls
 se

ns
iti

ve
to

 T
R

A
IL

.

K
it,

 p
27

ki
p1

no
n-

sm
al

l c
el

l l
un

g 
ca

nc
er

 c
el

ls
(G

ar
of

al
o 

et
 a

l.,
 2

00
8)

m
iR

-2
21

, m
iR

-2
22

, m
iR

-1
81

U
p-

re
gu

la
te

d 
in

 th
e 

re
si

st
an

t O
H

T(
R

)
ce

lls
p2

7K
ip

1
M

C
F-

7 
se

ns
iti

ve
 a

nd
 re

si
st

an
t c

el
ls

(M
ill

er
 e

t a
l.,

 2
00

8)

m
iR

-5
21

m
iR

-5
21

 m
im

ic
 se

ns
iti

ze
d 

pr
os

ta
te

ca
nc

er
 c

el
ls

 to
 ra

di
at

io
n 

tre
at

m
en

t.
C

SA
Pr

os
ta

te
 c

an
ce

r c
el

ls
(J

os
so

n 
et

 a
l.,

 2
00

8)

m
iR

-4
51

Tr
an

sf
ec

tio
n w

ith
 m

iR
-4

51
 re

su
lte

d i
n

th
e 

in
cr

ea
se

d 
se

ns
iti

vi
ty

 o
f c

el
ls

 to
D

O
X

,

M
D

R
1

M
C

F-
7/

D
O

X
- r

es
is

ta
nt

 c
el

ls
(K

ov
al

ch
uk

 e
t a

l.,
 2

00
8)

m
iR

-4
51

, m
iR

-2
7a

U
p-

re
gu

la
te

d 
in

 m
ul

tid
ru

g 
re

si
st

an
t

ca
nc

er
 c

el
l l

in
es

 A
27

80
D

X
5 

an
d 

K
B

-
V

1

M
D

R
M

D
R

 re
si

st
an

t c
el

ls
(Z

hu
 e

t a
l.,

 2
00

8)

m
iR

-1
7-

5p
A

nt
ag

om
ir-

17
-5

p 
ab

ol
is

he
d 

th
e

gr
ow

th
 o

f t
he

ra
py

-r
es

is
ta

nt
ne

ur
ob

la
st

om
a,

p2
1,

 B
IM

Th
er

ap
y-

re
si

st
an

t n
eu

ro
bl

as
to

m
a

(F
on

ta
na

 e
t a

l.,
 2

00
8)

m
iR

-1
5b

, m
iR

-1
6

O
ve

re
xp

re
ss

io
n 

of
 m

iR
-1

5b
 o

r
m

iR
-1

6 
se

ns
iti

ze
d 

ca
nc

er
 c

el
ls

 to
an

tic
an

ce
r d

ru
gs

.

B
cl

-2
M

ul
tid

ru
g-

re
si

st
an

t g
as

tri
c 

ca
nc

er
 c

el
ls

(X
ia

 e
t a

l.,
 2

00
8)

m
iR

-2
14

m
iR

-2
14

 in
du

ce
d 

ci
sp

la
tin

 re
si

st
an

ce
th

ro
ug

h 
ta

rg
et

in
g 

PT
EN

.
PT

EN
ov

ar
ia

n 
ca

nc
er

 c
el

ls
(Y

an
g 

et
 a

l.,
 2

00
8a

)

m
iR

-1
81

a,
 m

iR
-6

30
m

iR
-1

81
a 

en
ha

nc
ed

 a
nd

 m
iR

-6
30

de
cr

ea
se

d 
ci

sp
la

tin
-in

du
ce

d 
ap

op
to

si
s

A
54

9 
N

SC
LC

 c
el

ls
(G

al
lu

zz
i e

t a
l.,

 2
01

0)

Drug Resist Updat. Author manuscript; available in PMC 2011 June 1.


