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Emerging Role of MicroRNAs
in Drug-Resistant Breast Cancer

SARMILA MAJUMDER AND SAMSON T. JACOB
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Intrinsic or acquired resistance to commonly used therapeutic agents is a major challenge in treating cancer
patients. Decades of research have unraveled several unique and common mechanisms that could contribute to
drug resistance in breast cancer. Recent studies unraveled the regulatory role of small noncoding RNA, desig-
nated as microRNA (miRNA), that were thought to be “junk” RNA in the past. Practically all aspects of cell
physiology under normal and disease conditions were found to be regulated by miRNAs. In this review, we will
discuss how miRNA profile is altered upon resistance development and the critical regulatory role miRNAs play
in conferring resistance to commonly used therapeutic agents. It is hoped that further studies will lead to use of
these differentially expressed miRNAs as prognostic and predictive markers, as well as novel therapeutic targets
to overcome resistance.
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INTRODUCTION strong evidences that microRNAs (miRNAs) could
regulate both EMT [reviewed in (88)] and formation
of cancer-initiating cells [reviewed in (33)]. Further,Breast cancer is the most common malignant tu-

mor in women, accounting for 31% of all female can- constantly evolving concept about TICs suggests that
non-TICs could regenerate to TICs and repopulatecers worldwide. It is one of the leading causes of

cancer-related deaths among women in the Western the tumor after effective therapeutic targeting of the
TICs in the primary tumor. This could lead to re-world despite better screening, early detection, and

advent of targeted therapies. Although chemotherapy newed tumor growth after completion of the therapy
(35). Considering the ubiquitous role of miRNAs inimproves survival rates in the adjuvant setting,

around 50% of all treated patients will relapse (37). regulating numerous cellular pathways, it is highly
likely that miRNAs play a key role in this transitionThe major reason for therapeutic failure is the devel-

opment of resistance against current therapeutic agents. as well and contribute to development of resistance.
Considerable effort therefore has been made to un-It is increasingly evident that drug-resistant mam-

mary carcinoma cells are generated by prolonged ex- derstand the role of miRNAs in conferring drug resis-
tance in different types of cancers in the last fewposure to the antineoplastic agents. It is also likely

that such resistant cells are already present in the tu- years.
A significant fraction of the genes in all organismsmor before treatment that evade the therapy and facil-

itates relapse. do not encode proteins, but code for a diverse group
of noncoding RNAs. One class of small noncodingDrug-resistant tumors are best described by their

ability to undergo epithelial to mesenchymal transition RNA genes produce exceedingly short transcripts of
about 22 nucleotides in length from characteristic(EMT) and enrichment of tumor-initiating cells (TIC)

that results in a highly aggressive tumor usually after hairpin precursors. These small RNAs, designated
miRNAs (or miRs) can either cleave mature mRNAprolonged dormancy. Recent studies have demonstrated
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molecules or inhibit their translation through imper- breast cancer, making it increasingly harder to over-
come. Extensive research has identified several cellfect base-pairing predominantly with 3′-UTR of pro-

tein coding genes, thereby fine tuning the expression cycle regulatory genes, prosurvival genes, proapopto-
tic genes, and chemokines that are deregulated duringof the protein. Currently, there are 1,733 miRNAs

(48), and about one third of all human genes appear development of drug resistance (58,67,71). Recent
studies, including our own, have demonstrated a roleto be targeted by miRNAs. Research spanning over a

decade has shown that these small RNAs can regulate of miRNAs in differential gene expression leading to
resistance. The potential role of specific miRNAs inalmost all aspects of cell physiology under normal as

well as disease conditions (4). the loss of sensitivity to drugs, particular to antican-
cer agents, offers a novel mechanism for acquiring
resistance to most widely used drugs in cancer ther-
apy. The involvement of different miRNAs in confer-miRNA BIOGENESIS
ring resistance to treatment of breast cancer is dis-

miRNAs are mostly transcribed by RNA polymer-
cussed in detail in the next section and is summarized

ase II as approximately 1–3 kb long primary tran-
in Table 1.

scripts from intragenic or intergenic regions of pro-
tein coding genes (52,76). These primary transcripts
called pri-miRNAs are further processed to about

miRNAs IN ENDOCRINE RESISTANCE
70–100 nucleotides hairpin pre-miRNA by the ribo-
nuclease Drosha and DiGeorge syndrome critical re- Tamoxifen
gion gene 8 (DGCR8) complex in the nucleus (50,

Approximately two thirds of all invasive breast
51). The pre-miRNA is then transported with the help

cancers are estrogen (ER) or progesterone receptor
of exportin 5 to the cytoplasm (9) where it undergoes

(PR) positive, including at least half of all cancers in
further processing by the ribonuclease Dicer into a

premenopausal women. Selective estrogen receptor
mature double-stranded miRNA (36). A single strand

modulators (SERMs) or selective estrogen receptor
of the miRNA duplex is incorporated into a ribo-

downregulators (SERDs) and aromatase inhibitors
nucleoprotein effector complex also known as the

are the two broad groups of currently approved anti-
RNA-induced silencing complex (RISC) (36,61). Based

estrogen therapies (41). As the name implies, SERM
on complementarities between the guide RNA and

and SERD blocks function of ER whereas aromatase
the mRNA, RISC identifies target messages and leads

inhibitors interfere with estrogen production in post-
to either endonucleolytic cleavage of targeted mRNA

menopausal women. Tamoxifen is a nonsteroidal tri-
or translational repression (5,57). Further, Argonaute

phenylethylene derivative that binds to the estrogen
proteins (argonaute 1–argonaute 4), the protein fac-

receptor and blocks estrogen signaling in mammary
tors comprising RISC, play a critical role in miRNA

epithelium (42). There is evidence that tamoxifen
biogenesis, maturation, and miRNA effector func-

also interferes with several other signaling pathways:
tions (6,16,39).

IGF-1 (22), TGF-β, etc. (13,43). The Early Breast
Cancer Trialists’ Collaborative Group demonstrated
a significant improvement in 15-year survival with

MECHANISMS OF DRUG RESISTANCE
the addition of adjuvant tamoxifen for 5 years follow-
ing surgery (24). Further, tamoxifen can also reduceBreast cancer is a heterogeneous disease that is

treated with different drug regimens. Development of the incidence of contralateral breast cancer and has
been approved as a prophylactic agent to preventresistance to current treatment options is the major

challenge in curing this disease. Over the last three breast cancer. Tamoxifen (SERM) is the only agent
approved for younger, premenopausal women withdecades, extensive studies have unraveled mecha-

nisms underlying drug resistance and disease relapse breast cancer for the treatment of ER-positive DCIS
and as a chemopreventive agent. Fulvestrant (SERD)[reviewed in (49)] and several hypotheses have been

suggested for the mechanisms of drug resistance. is used to treat postmenopausal women with ER-posi-
tive metastatic breast cancer when other treatmentsWhile clonal selection and subsequent expansion of

cells that failed treatment was the central hypothesis (e.g., tamoxifen) have failed. Despite this accom-
plishment in the management of women with poten-in the 1970–1980 period (69), tumor dormancy through

restricted angiogenic activity (85) was popular in the tially endocrine-responsive breast cancers, a signifi-
cant proportion of these women will experience1990s. The most recent hypothesis is drug-induced

selection of TICs that leads to disease relapse and disease progression secondary to an inherently intrin-
sic or acquired resistance to endocrine agents (55).metastasis (74). It is believed that each of these

mechanisms contributes to resistance development in Our study using tamoxifen-resistant and -sensitive
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TABLE 1
SUMMARY OF MicroRNAS INVOLVED IN DRUG RESISTANCE IN BREAST CANCER

Chemotherapeutic Up-/
Agent MicroRNA Downregulation Potential Target Genes Reference(s)

Tamoxifen miR-221, miR-222, miR-181 ↑ p27(Kip1), TIMP3 64
miR-221, miR-222 ↑ ERα 91
miR-21, miR-342, miR-489 ↓ 64
miR-342 ↓ BMP-7, Gemin4, SEMAD3 21
miR-451 ↓ 14-3-3ζ 7

Tamoxifen + miR-21, miR-181b, miR-26a,
exemestane miR-26b, miR-27b, miR-23b ↓ 59

Tamoxifen +
exemestane miR-200c ↑ 59

Tamoxifen +
radiation miR-301 ↑ FOXF2, PUMA, PTEN, COL2A1 79

Fulvestrant miR-221, miR-222 ↑ multiple oncogenic signaling pathways 75,89

Trastuzumab miR-342 ↓ BMP-7, Gemin4, SEMAD3 21

Letrozole miR-128a ↑ TGBR1 62

miR-127, miR-200a, miR-200c,
miR-34a, miR-15a, miR-16,

Doxorubicin miR-27b, let-7 ↓ BCL6, TCF8, E2F3 & Notch1, CYP1B,K-RAS 47

miR-21, miR-28, miR-106a,
Doxorubicin miR-206 ↑ RB1, PTEN, ERα, BRCA1 47

Cisplatin miR-146a, miR-10a, miR-221/222 ↑ 73

miR-345, miR-200c, miR-126,
Cisplatin miR-127 ↓ ZEB1/2,MRP1 73

Paclitaxal,
doxorubicin,
VP16 miR-155 ↑ FOXO3a 44

human breast adenocarcinoma cell lines (MCF-7) tamoxifen, as opposed to transient overexpression of
miR-221/222 (S. Majumder, unpublished data). Anshowed increased expression of miR-221, miR-222,

miR-181b, and downregulation of miR-21, miR-342, interesting observation was that the tissue metallopro-
tease inhibitor TIMP3 is targeted by miR-221, miR-and miR-489 in the tamoxifen-resistant cells. Expres-

sion of miR-221, miR-222, and miR-181b was also 222, and miR-181b, thereby facilitating the growth
factor signaling in the tamoxifen-resistant cells (S.significantly elevated in HER2/neu-positive primary

human breast cancer that is known to exhibit rela- Majumder, unpublished data).
A few miRNAs are also significantly downregu-tively high level of resistance to endocrine therapy

(64). The level of cell cycle inhibitor p27(Kip1), one lated in the tamoxifen-resistant cells. Our microarray
analysis revealed that miR-342, miR-489, and miR-of the targets of miR-221/222, was significantly di-

minished in tamoxifen-resistant cells. While post- 21 are few of the several miRNAs diminished in the
tamoxifen-resistant cells (64). A recent study demon-translational modification and sequestration of p27(Kip1)

in the cytoplasm contribute to tamoxifen resistance strated that miR-342 expression was drastically re-
duced in Her2∆16 (oncogenic splice isoform of HER2)in breast cancer (8), miRNA-mediated suppression of

p27(Kip1) could be additional mechanism by which overexpressing MCF-7 cells that are resistant to both
endocrine therapy (21,68) and to trastuzumab (65).cells lose sensitivity to tamoxifen. Another laboratory

(91) demonstrated that miR-221 and miR-222 over- MiR-342 expression was also markedly curtailed in
two other MCF-7 variants resistant to tamoxifenexpression in ER-positive cells suppresses ERα ex-

pression at the protein level. Although both studies when treated with 17-β-estradiol (E2) and 4-hydroxy-
tamoxifen (20). A similar trend of miR-342 downreg-showed that ectopic expression of miR-221/222 ren-

ders the parental MCF-7 cells resistant to tamoxifen ulation was also observed in 16 ER-positive primary
breast tumors from patients who underwent tamoxi-(64,91), ERα protein is stabilized in the resistant

MCF-7 cells generated upon long-term exposure to fen treatment. Six patients in this group developed
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recurrences and distant metastasis. BMP-7, and Gemin4 proteins could potentially affect cell proliferation, in-
vasion, migration, and angiogenesis. The disparitieswere identified as the direct targets of miR-342 in the

MCF-7/ Her2∆16 cells (21). among the miRNAs that are differentially regulated
in tamoxifen-resistant breast cancer could be attrib-MiR-24, miR-27, miR-23, and miR-200 were also

downregulated in the tamoxifen-resistant cells. Simi- uted to overall genetic variation from patient to pa-
tient.larly, we also observed increased expression of miR-

375, miR-171, miR-213, miR-203, and miR-32 in the
drug-resistant cells (64). Further exploration of the Fulvestrant
role of these miRNAs in conferring resistance to ta-

Fulvestrant is another commonly used antiestrogenic
moxifen is warranted. This will require identification

compound in patients with advanced breast cancer who
of their target mRNAs and understanding the func-

have failed prior endocrine therapy. Fulvestrant a 7-
tional relevance of altered levels of the corresponding

alkylsulphinyl analogue of 17-estradiol, competitively
proteins. An important question is whether alteration

inhibits binding of estradiol to the ER, blocks receptor
in the levels of a distinct protein or a class of proteins

dimerization, nuclear localization, where ER acts as a
resulting from upregulation or downregulation of spe-

transcription factor. This leads to rapid degradation of
cific miRNAs plays a direct role in conferring resis-

the ER/fulvestrant complex, thereby completely inhib-
tance to tamoxifen. In this context, it is of interest

iting estrogen signaling through ER. Unfortunately,
that a recent study has demonstrated relatively low

prolonged use of fulvestrant also leads to acquired
level of miR-451 in tamoxifen-resistant cells com-

resistance in majority of ER-positive breast cancer
pared to parental MCF-7 cells and higher expression

patients. MicroRNA microarray analysis of fulves-
of 14-3-3ζ, a target of this miRNA (7). The 14-3-

trant-resistant MCF-7 cells revealed downregulation
3 proteins constitute a family of highly conserved,

of 14 miRNAs and upregulation of miR-221 and
ubiquitously expressed dimeric proteins (2). These

miR-222 compared to fulvestrant-sensitive parental
noncatalytic proteins forms protein complexes with

MCF-7 cells (89). Computational analysis revealed
other signaling molecules, like Bad and FOXO/Fork-

that these downregulated miRNAs have the potential
head, etc., and exert their effect by modulating sub-

to affect 13 different pathways, including TGF-β, Wnt,
cellular localization or catalytic activity of target pro-

MAPK signaling, and mTOR pathways that are al-
teins (83). Remarkably, higher expression of 14-3-3ζ

tered in fulvestrant-resistant cell line. Detailed analy-
that promotes cell survival by inhibiting apoptosis

sis of the role of miR-221/222 in conferring resis-
correlates significantly with disease recurrence and is

tance to fulvestrant revealed the importance of these
a marker of poor prognosis in ER-positive women

two miRNAs in cell cycle progression and cell prolif-
treated with tamoxifen (29).

eration. Global gene expression profiling to identify
A recent analysis of tumors from patients (n = 15)

miR-221/222 target genes demonstrated deregulation
receiving a combination of exemestane (an inhibitor

of multiple oncogenic signaling pathways previously
of CYP19 aromatases, enzymes catalyzing the last

associated with drug resistance. Importantly, activa-
steps of estrogen biosynthesis) and tamoxifen daily

tion of β-catenin by miR-221/222 supported estro-
as a neoadjuvant therapy, for 4 months demonstrated

gen-independent growth and fulvestrant resistance
increased expression of miR-21, miR-181b, miR-26a,

whereas these two miRNAs alleviated TGF-β-medi-
miR-26b, miR-27b, miR-23b, and reduction in miR-

ated growth inhibition in breast cancer cells (75).
200c expression compared to the pretreatment tumor
biopsy samples (59). Some of these miRNAs are

Aromatase Inhibitors
common to the deregulated miRNAs identified in re-
sistant cell lines, suggesting that the drug-induced al- Aromatase inhibitors (AIs) are a third group of

drugs that can block the growth of ER-positive tu-teration in miRNA expression could be an early yet
a long drawn out process. A recent case control study mors by inhibiting estrogen production in the body.

This is predominantly used to treat postmenopausalwith 71 patients treated with tamoxifen or tamoxifen
plus radiation, reported direct association of miR-301 women with ER-positive breast cancer. Letrozole, an-

astrazole, and exemestane are the three AIs approvedexpression with distant metastasis (79). These pa-
tients were classified into two groups. One group by the U.S. Food and Drug Administration for treat-

ing breast cancer patients.(n = 33) had experienced local, lymph node, or dis-
tant metastasis within 10 years whereas the other In women with hormone-responsive advanced

breast cancer, letrozole was superior to tamoxifen ingroup (n = 38) did not exhibit any relapse or death
from cancer in >10 years’ follow-up. This study iden- prolonging the time to disease progression and time

to treatment failure as first-line therapy. It was attified FOXF2, BBC3 (PUMA), PTEN, and COL2A1
as direct targets of miR-301. Altered levels of these least as effective as anastrozole and more effective
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than megestrol as a second-line therapy (23). Differ- Similar study with cisplatin-resistant MCF-7 cells
revealed significant upregulation of miR-146a, miR-ential upregulation of miR-128a is reported in letro-

zole resistant MCF-7 cells compared to the parental 10a, and miR-221/222 and downregulation of miR-
345, miR-200c, miR-126, and miR-127 (73). TheMCF-7-overexpressing aromatase gene (MCF-7aro)

(62). The predicted target of human miR-128a is 3′- expression of ZEB1/2 and MRP1, the targets of miR-
200c and miR- 345, respectively, was upregulated inUTR of TGBR1 gene that leads to reduced levels of

the TGF-β signaling pathway. Indeed, the sensitivity the cisplatin-resistant cells.
Of the multiple miRNA that are deregulated into TGF-β was compromised in the letrozole-resistant

cells. The inhibition of endogenous miR-128a re- breast cancer (40), upregulation of miR-155 has been
reported in several studies. Kong et al. demonstratedsulted in resensitization of the letrozole-resistant lines

to TGF-β growth inhibitory effects. It is critical to an inverse correlation between miR-155 and FOXO3a
expression and attributed increased miR-155 expres-explore further the functional significance of miR-

128 upregulation in patients with AI-resistant breast sion to paclitaxel, doxorubicin, and VP16 resistance
(44). In their analysis of the 77 human breast cancertumor.
specimens and 11 normal breast tissues, upregulation
of miR-155 was detected in 55 breast cancers and one
normal breast tissue. Among the 55 tumors demon-ROLE OF miRNAs IN RESISTANCE TO OTHER
strating elevated miR-155 level, 41 (75%) had lowDRUGS USED IN BREAST CANCER THERAPY
levels of FOXO3a (p < 0.001). Of the 22 specimens
with downregulated miR-155, high levels of FOXO3aOther chemotherapeutic agents used in treating

breast cancer include doxorubicin, paclitaxel, topo- were exhibited in 16 tumor tissues (73%). Further
analysis of miR-155 and FOXO3a levels in 38 recur-tecan, and 5-fluorouracil. As anticipated, many pa-

tients develop resistance to these drugs as well after rent chemo- and/or radioresistant breast cancers re-
vealed significantly elevated miR-155 and low FOXO3aprolonged exposure. The expression of 84 miRNAs

was significantly (p < 0.01) deregulated in the doxo- in 31 of the recurrent tumors. This finding suggests
that miR-155 regulates FOXO3a expression in vivo,rubicin-resistant cells (47). Of these miRNAs, the ex-

pression of miR-127, miR-200a, miR-200c, miR-34a, and that elevated level of miR-155 could be a marker
of chemo- and/or radioresistant breast cancer.miR-15a, miR-16, miR27b, and let-7 was signifi-

cantly reduced whereas the expression of miR-21, Using a mouse model of breast cancer where SK-
BR3 cells were serially passaged in NOD/SCID micemiR-28, miR-106a, and miR-206 was elevated in the

doxorubicin-resistant cells. The levels of mRNAs treated with epirubicin, Yu et al. demonstrated signif-
icant increase in TIC population after 3–4 passagescorresponding to BCL6, TCF8, E2F3 & Notch1,

CYP1B1, and K-RAS, which are targets of miR-127, (90). This observation was similar to that found in
tumor tissues from breast cancers patients who re-miR-200c, miR-34a, miR-27b, and let-7, respec-

tively, are elevated in the doxorubicin-resistant cells. ceived neoadjuvant chemotherapy compared to tu-
mors resected from chemotherapy-naive patients (90).On the contrary, the levels of RB1, PTEN, ERα, and

BRCA1, targets of miR-106a, miR-21, miR-206, and The expression of let-7 family of miRNAs was sig-
nificantly reduced in the mammospheres compared tomiR-28 respectively, are much higher in the doxoru-

bicin-sensitive MCF-7 cells, demonstrating an in- the parental and differentiated cells. Similarly, let-7
expression was also diminished in the TICs isolatedverse correlation between the miRNAs and their cor-

responding targets in these cell lines. In addition, the from clinical specimens compared to the adherent
cells from the same specimens irrespective of chemo-expression of the miRNA processing enzymes Dicer1

and AGO2 was also significantly reduced in the resis- therapy. These data suggest that reduced let-7 level
could be an intrinsic property of TICs that is enrichedtant cells, which could contribute to the massive de-

regulation of miRNA expression observed. Further, upon exposure to chemotherapeutic agents.
this study showed that miR-451, which is undetect-
able in MCF-7/DOX cells, contributes to increased
expression of multidrug resistance 1 (MDR1), thereby MAJOR PATHWAYS REGULATED BY
contributing to increased resistance to doxorubicin. THE miRNAs IN DRUG RESISTANCE
Ectopic expression of miR-451 increased sensitivity
of the doxorubicin-resistant cancer cells to the drug Several pathways are affected by deregulation of

miRNAs in breast cancer due to de novo or acquiredand resulted in suppression of MDR1. These studies
implicate that several miRNAs function in concert resistance to common therapies. Some of these path-

ways could be common target of different miRNAswhen tumor develops resistance to a specific drug,
which can also occur in multiple drug resistance. and multiple miRNAs could affect the same pathway
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targeting different or same protein. The effect of such hibitor of CDK2/cyclin complex and the closely re-
lated protein p57/Kip2. MiR-221 and miR-222 aremiRNA deregulation is outlined below and schemati-

cally represented in Figure 1. also upregulated in aggressive prostate cancer cell
lines or glioblastoma cells that contain low levels of
p27 (30,31). In addition, during a screen for miRNAsMiR-221/222 and Regulation of Estrogen Signaling
capable of reducing p27 levels and increasing cell

MiR-221/222 overexpression facilitates growth of proliferative capacity Agami and colleagues (54)
MCF-7 cells in estrogen-free media whereas the identified miR-221/miR-222. Stein and colleagues re-
growth of parental MCF-7 cells is retarded, showing ported upregulation of miR-221 and miR-222 upon
signs of cellular damage. This estrogen-independent exit from quiescence resulting from their targeting of
growth upon miR-221/222 overexpression was attrib- p27/Kip1 and p57/Kip2 (63). Further, ectopic expres-
uted to increased expression and activation of β- sion of the miR-221/222 cluster activates CDK2, fa-
catenin (75). A direct role of ERα in regulating β- cilitates G1/S phase transition, and enhances tumor
catenin activation or expression is not clear despite growth by negatively regulating p27kip1 and p57kip2.
several attempts to determine possible convergence
of ERα signaling and β-catenin pathway. MiR-451 and Multidrug Resistance Pathway

Activation of the MDR1 (ABCB1) gene is one of
MiR-221/222 and Cell Cycle Regulation

the most common causes of resistance to chemother-
apy. MDR1 activation leads to overexpression of P-Several studies have shown that miR-221/222 reg-

ulates cell cycle by targeting p27(Kip1), a critical in- glycoprotein (P-gp), a 170–190-kDa transmembrane

Figure 1. Several microRNAs are deregulated in endocrine-resistant breast cancer, affecting multiple signaling pathways. MicroRNAs that
are up- or downregulated in response to different therapeutic agents are indicated using green and red dotted arrows, respectively. Several
target genes and downstream signaling pathways affected by the deregulated genes are depicted, along with the functional implication (in
red boxes). As shown here, cell proliferation, cell cycle regulation, cell survival, metastasis, and sensitivity to growth suppressors could be
altered due to differential expression of miRNAs in endocrine-resistant breast cancer.
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glycoprotein that belongs to the ATP-binding cassette noninvasive modalities for disease prediction. Unfor-
tunately, most of the differentially expressed miRNAssuperfamily and acts as a multidrug transporter (32).

Overexpression of P-gp can confer resistance to a reported in drug-resistant breast cancer were analyzed
in cell lines exposed to the drug for prolonged period.broad range of structurally and functionally diverse

chemotherapeutic drugs (53). It is known that MDR1 It is therefore obvious that most of the deregulation
is induced by the drug treatment and could not begene is induced in response to variety of chemical

and physical insults by a complex set of transcrip- used as prognostic markers. Although attempts were
made in some studies to correlate differentially ex-tional activation events (1,15,17,18,38,84). Recent

findings demonstrate that decrease in miR-451 levels pressed miRNAs in drug-treated cells with those
from the primary tumor biopsies obtained from pa-in multiple drug resistant breast tumors can also

cause increased expression of MDR1. tients, systematic studies to obtain a miRNA profile
of primary tumors to predict drug response is war-
ranted.MiR-200, EMT, and TICs

Because substantial deregulation of miRNA ex-
Epithelial gene expression is transcriptionally sup-

pression occurs in drug resistance, therapeutic strate-
pressed during EMT, which is key to breast cancer

gies to modulate miRNA expression looms as a
metastasis and aggressiveness. These include mem-

promising option to treat drug-resistant tumors or de-
bers of the snail family, bHLH family, and ZFH fam-

lay development of drug resistance. Use of miRNA
ily (ZEB1 and ZEB2) (82) proteins. Several studies

mimics to increase expression of the downregulated
have shown that miR-200 family of miRNAs inhibits

miRNAs and antagomiRs to reduce the expression of
translation of ZEB1 mRNA (80,87) and ZEB1 sup-

overexpressed miRNAs are two direct therapeutic ap-
presses the expression of all miR-200 family members

proaches tested both in vitro and in vivo. Use of miR
(miR-141, -200a,b,c, and -429), resulting in the dou-

mimics in cell cultures has been shown to increase
ble-negative ZEB/miR-200 feedback loop (11,12,34,

the miRNA levels and suppress the specific target
45,72). It can be speculated that suppression of miR-

genes in many cancers including breast cancer cell
200 family members observed in several drug-resis-

lines. A vector-based technique using Pol III H1RNA
tant breast tumors, therefore, results in increased

gene promoter has also been used to achieve stable
ZEB1 expression and facilitates EMT. These EMT

expression of miRNAs in cell cultures (19,56). In ad-
activators not only enhance cellular motility, but are

dition, numerous preclinical studies have demon-
also involved in the maintenance of stem cell proper-

strated the efficacy of recombinant adeno-associated
ties and cell survival (60,66). Overexpression of

virus (rAAV) gene delivery vectors (3,14,46), and
ZEB1 in tumor cells indirectly activates expression

several clinical trials using these vectors are under
of BMI-1, a stem cell factor, and additional targets

way, showing promising results (http://regenxbio.
of miR-200. Thus, inhibition of miR-200 expression

com/nav_therapeutics/ clinical_trials). Similarly, for
in drug-resistant tumors also leads to maintenance of

antagomiRs, modified oligonucleotides to resist
stem cell properties, as shown for breast and pancre-

nuclease digestion are routinely used in in vitro stud-
atic cancer (80,87).

ies to knock down miRNAs. The modifications to
protect from degradation are continuously evolving.
These targeted alterations include 2′-O-methyl,2′-

PROGNOSTIC IMPLICATIONS
methoxyl modification and locked nucleic acid

AND THERAPEUTIC OPTIONS
(LNA) antisense oligonucleotide that contains con-
formationally locked nucleotide monomers with aEarly detection and prediction of response to a

therapeutic agent remains the greatest challenge in methylene bridge connecting the 2′-oxygen and 4′-
carbon atoms of the ribose ring (27,28,30). Effectivemanaging cancer patients. Several predictive geno-

typing tools such as OncotypeDx, MammaPrint, and suppression of miR-122 in nonhuman primate liver
by systemic delivery of an unconjugated, PBS-formu-PAM50 are available where the expression of a fixed

set of cancer-related genes is assessed to predict sen- lated LNA-antagomiR further advances the possibil-
ity of effective antagomiR therapy in the near futuresitivity to specific treatment [reviewed in (10)]. Al-

though this approach helps clinicians to make in- (26). This technique was further modified recently
and using “tiny LNA,” which are 8-mer locked nu-formed decisions about breast cancer treatment options,

there is still need for additional prognostic and pre- cleic acid oligonucleotides targeting only the seed se-
quence, efficient uptake and long-term silencing ofdictive markers to provide tailored therapy to an indi-

vidual patient. Recent studies demonstrated circulat- miRNAs within a family, sharing same seed se-
quence, was demonstrated in many normal tissuesing stable form of miRNAs in the serum, plasma, and

packaged in microvesicles (81,86), which could be and in mouse breast tumors (70). In addition, several
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studies have now demonstrated use of adenoviral, as technologies to profile miRNA using miniscule
amount of RNA are being explored. Further, extraor-lentiviral, or retroviral vectors expressing miRNA

target sites to saturate the endogenous miRNA and dinary stability of miRNAs in serum, plasma, or mi-
crovesicles makes these small RNA molecules prom-prevent suppression of the target genes. This ap-

proach has been designated as microRNA decoy, ising biomarkers for disease detection, prediction of
response to therapy, and to monitor tumor response.sponge, or eraser (25,77,78). In our recent study, di-

rect injection of antagomiR-221/222 to tamoxifen- The other significant advancement is the miRNA/
antimiRNA-based therapy in treating cancer patients.resistant xenografts in mice caused significant reduction

in miR-221/222 level and sensitization of the tumors to As outlined in this review, development of resistance
to almost all commonly used drugs is associated withtamoxifen (S. Majumder, unpublished data).
marked alteration in miRNA expression. Major strides
have been made in miRNA therapy in the last decade.
It is therefore important to evaluate combination ther-

CONCLUSION

In the last decade or so, miRNAs have emerged as
apy with miRNA/antimiRNA as a component to avert

the most powerful small molecules to regulate every
development of drug resistance or as an alternative to

aspect of cell physiology. Altered expression of spe-
conventional therapy for recurrent disease in the future.

cific miRNAs has enormous potential to predict treat-
ment outcome. Nevertheless, extensive investigation
in primary patient tumors with known treatment his-
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