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Abstract MicroRNAs (miRNAs) have emerged as important
targets of chemopreventive strategies in breast cancer. We
have found that miRNAs are dysregulated at an early stage
in breast cancer, in non-malignant ductal carcinoma in situ
(DCIS). Many dietary chemoprevention agents can act by
epigenetically activating miRNA-signaling pathways in-
volved in tumor cell proliferation and invasive progression.
In addition, many miRNAs activated via chemopreventive
strategies target cancer stem cell signaling and prevent tumor
progression or relapse. Specifically, we have found that
miRNAs regulate DCIS stem cells, which may play important
roles in breast cancer progression to invasive disease. We have
shown that chemopreventive agents can directly inhibit DCIS
stem cells and block tumor formation in vivo, via activation of
tumor suppressor miRNAs.

Keywords Chemoprevention - MicroRNAs - Breast cancer -
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Introduction

Breast cancer is a heterogeneous disease, which occurs via
multiple genetic and epigenetic alterations in gene expression.
Breast cancer is not a single disease but consists of numerous
histological stages and molecular subtypes. Approximately
70 % of breast cancers are dependent on estrogen receptor
(ER) signaling which promotes tumor cell proliferation and

This article is part of the Topical Collection on Epigenetics and
Phytochemicals

N. Duru - R. Gernapudi - G. Eades - R. Eckert - Q. Zhou (D<)
Department of Biochemistry and Molecular Biology, University of
Maryland School of Medicine, Baltimore, MD 21201, USA
e-mail: qgzhou@som.umaryland.edu

survival [1]. Estrogen signaling pathway promotes breast tu-
morigenesis through direct control of gene expression via nu-
clear ER signaling and via genotoxic metabolites of estrogen
hormone [2].

Obstacles to improving clinical outcomes include better
understanding of disease recurrence, overcoming drug resis-
tance, and preventing metastasis. Despite improvements in
early detection and the development of targeted therapies for
some breast cancer types, breast cancer remains the second
leading cause of cancer deaths among women [3].

Nearly all breast cancers arise from breast epithelial cells of
the terminal ductal lobular unit [4]. Based on the site of origin,
if the tumor arises in the milk ducts or the lobular glands,
breast cancers are classified as ductal or lobular carcinomas.
Majority of invasive tumors are infiltrating ductal carcinoma
(IDC). Breast tumors may begin as atypical hyperplasia, be-
nign lesions that possess some but not all characteristics of
carcinoma whose presence is viewed as a risk factor for breast
cancer. Breast cancer is first apparent as carcinoma in situ,
premalignant non-invasive lesions. Next, it is thought that
these lesions may undergo a series of critical progressions
towards incurable metastatic disease.

DCIS and the Transition to IDC

Ductal carcinoma in situ (DCIS) is the most common type of
non-invasive early stage breast cancer in women, accounting
for 80 % of cases. It is characterized by the abnormal growth
of epithelial cells in the ducts, confined within the ductal area,
maintenance of the basement membrane and lack of stromal
invasion [5]. With the advancements in diagnostic technolo-
gies, the disease can be diagnosed at a very early stage and
appropriate therapeutic strategies be adopted that may reduce
the chances of progression to other malignant forms.
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Detection of ductal carcinoma in situ (DCIS), an early non-
invasive stage of breast cancer was rare prior to widespread
mammography but now accounts for 25 % of newly detected
breast cancer cases, where it is typically observed as
microcalcifications on mammograms [6, 7]. The standard of
care for DCIS patients involves surgery and radiation and, for
some patients, targeted hormonal therapy [8]. About 15 % of
patients with DCIS possess recurrent disease following
therapy [9].

Studies have indicated that DCIS is a precursor lesion for
invasive forms of breast carcinomas. In some cases, DCIS is
transformed to IDC, characterized by penetration of cancer
cells into the stromal area. It was reported in the cell-based
assays that there are few genetic differences between the DCIS
and IDC components [10-14], indicating that the epithelial
cells in the DCIS are pre-invasive in nature. The progression
of invasion is a complex and dynamic process, and the under-
lying molecular mechanisms are still poorly understood.

Evidence suggests that cancer stem-like cells serve as ma-
lignant precursor cells in DCIS lesions and that these cells
possess enhanced migratory capacity and are primed for inva-
sive progression [15, 16, 17¢]. Currently, due to dearth of
information and lack of available diagnostic technologies, cli-
nicians are unable to predict which patients are at greater risk
for progression to invasive disease. Furthermore, for patients
without ER+ lesions, there are no available molecularly
targeted treatments to supplement surgery and radiation. Can-
cer stem-like cells in DCIS lesions may serve as important
therapeutic targets for chemopreventive strategies.

MicroRNAs

MicroRNAs (miRNAs) are short non-coding RNA molecules
approximately 22 nucleotides in length. miRNAs function by
targeting untranslated regions of protein coding messenger
RNAs (mRNAs) via seed sequence complementarity. This
miRNA targeting results in mRNA degradation or translation-
al inhibition [18].

Pioneering work from Dr. Carlo Croce and Dr. George
Calin revealed that miRNAs are dysregulated in nearly every
type of human cancer when compared to normal tissue [19].
Furthermore, they found that miRNAs were frequently locat-
ed at fragile sites, sites of amplifications, and common
breakpoint regions [20]. Moreover, it has also been found that
numerous miRNAs are subject to gain or loss of expression
via dysregulation of epigenetic programs [21-24]. Function-
ally, miRNAs have been found to regulate every hallmark of
tumorigenesis.

In breast cancer, they function as oncogenes (e.g., miR-21)
or tumor suppressor genes (e.g., miR-34) [22-24]. Expression
profiling has revealed unique signatures of miRNA dysregu-
lation in different histological types and molecular subtypes of
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breast cancer. A study that included the miRNA expression
patterns of 51 human breast cancer cell lines revealed differ-
ential miRNA profiles among different subtypes of breast
cancer. It has been found that more than hundred miRNAs
were differentially expressed within the luminal and basal
subtypes of breast cancer cell lines. 40 miRNA were found
to be differentially expressed within basal-like and normal-
like/claudin low breast cancer cell lines while 39 miRNAs
were associated with the ERBB2 overexpression and 24
miRNAs were associated with E-cadherin mutations within
the luminal group. On the other hand, 31 miRNAs were asso-
ciated with the E-cadherin promoter hypermethylation within
the breast cancer cell lines that have no luminal origin. Fur-
thermore, 30 miRNAs were associated with pl6INK4 status
and a few miRNAs were associated with BRCA1, PIK3CA/
PTEN, and TP53 mutation status. Finally, 12 miRNAs were
associated with DNA copy number variation of the respective
locus [25]. Another study investigated the miRNA expression
profiles of primary breast tumors from the patients who were
disease-free 5 years after the surgery or developed either early
or late recurrence. It has been observed that miR-149, miR-
10a, miR-20b, miR-30a-3p, and miR-342-5p were downreg-
ulated in tumors from patients who had early recurrence com-
pared to the patients with no recurrence. These data confirmed
the potential role of miRNAs to be used as prognostic markers
for the different types and status of breast tumors [26]. Fur-
thermore, it has been shown that miRNA dysregulation is an
early event in breast cancer since DCIS lesions also possess
dysregulated miRNA expression [27¢]. miRNAs are also dys-
regulated within subpopulations of breast cancer cells as some
miRNAs demonstrate significantly different expression in
cancer stem-like cells when compared with non-stem cancer
cells [28]. Moreover, we have recently identified miR-140,
which is downregulated in DCIS lesions, as a critical
regulator of DCIS stem cells that may serve as chemo-
preventive target for inhibiting progression to invasive
disease [17¢].

Epigenetics

It is well known that alterations in the epigenetic landscape of
tumor cells play important roles in breast tumorigenesis. Epi-
genetic alterations in breast cancer include global DNA hypo-
methylation and localized hypermethylation in CpG islands of
tumor suppressor genes in addition to altered histone acetyla-
tion and methylation [29, 30]. Even early stage breast cancers
demonstrate altered epigenetic profiles, as altered DNA and
histone methylation have been observed in DCIS lesions.
Members of the polycomb group (e.g., BMI-1, EZH2) are
frequently overexpressed in breast tumors [31-33]. Polycomb
group proteins are involved in silencing differentiation genes
in embryonic stem cells. Differentiation genes are marked
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with H3K27me3 via PRC2 complex, which is often guided
via long non-coding RNA. This mark is recognized by PRC1
complex which catalyzes H2A mono-ubiquitination resulting
in the tightening of chromatin and repression of gene expres-
sion [34]. In breast cancer, these proteins may play oncogenic
role, preventing differentiation and promoting stem-like char-
acteristics in cancer cells.

Numerous miRNAs are dysregulated via epigenetic mech-
anisms in breast cancer, i.e., miR-200 [24, 35], miR-335 [36],
miR-195 [37], miR-34 [22, 23], miR-375 [38], etc. Cellular
specialization and terminal differentiation often involves
changes in epigenetic profile as well as changes in miRNA
expression. Vrba et al. found that 10 % of miRNAs in mam-
mary tissues were subject to cell type-specific epigenetic reg-
ulation (either DNA methylation of trimethylation of histone 3
lysine 27 (H3K27me3)) [39]. As cancer is akin to loss of
differentiation, it is unsurprising that this involves altered epi-
genetic machinery and as such, dysregulated miRNA
expression.

In addition, miRNAs have been found to directly regulate
epigenetic enzymes, and dysregulation of miRNA expression
may alter the epigenetic landscape. miR-29b was found to
regulate DNMT3a/b and to be lost in some breast cancers
[40, 41]. Dr. Michael Clarke and Dr. Kevin Struhl’s work
revealed that the miR-200 family regulates multiple compo-
nents of polycomb group including BMI-1 and Suzl2 [42,
43]. Furthermore, they found a critical role of miR-200 and
polycomb group in regulating breast cancer stem cells. The
miR-200 family has also been implicated in regulating SIRT1,
a class III histone deacetylase overexpressed in breast cancers
[35]. As miR-200 family members are frequently downregu-
lated in advanced breast cancer via epigenetic mechanisms,
this creates a negative feedback loop promoting a stem cell-
like state in cancer cells [44].

Several other miRNAs have been implicated in the regula-
tion of polycomb group proteins in breast cancer. miR-214
and miR-26a are both downregulated in breast cancer and
have been shown to target the 3’ untranslated region (3’
UTR) of EZH2 mRNA in breast cancer cells [45, 46]. Resto-
ration of these miRNAs resulted in EZH2 downregulation and
inhibition of breast cancer growth in vitro and in vivo.

Since epigenetic mechanisms frequently underlie miRNA
dysregulation in breast cancer, this provides a potential thera-
peutic window for restoring miRNA expression. Multiple epi-
genetic drugs have been developed that are effective in
targeting breast tumor cells including DNMT and HDAC in-
hibitors. Furthermore, there is ongoing drug development for
therapeutics to target polycomb group including EZH2 inhib-
itors, which would potentially target cancer stem cells. Epige-
netic therapy impacts global heterochromatin resulting in very
nonspecific targeting, but one mechanism of anti-tumor activ-
ity is through activation of silenced tumor suppressor
miRNAs. We have found that treatment with epigenetic

therapy can reactivate multiple miRNAs in early stage breast
cancer, specifically silenced miR-140, which can target DCIS
stem cells and inhibit tumor growth [17¢].

Role of miRNAs in Cancer Prevention
and Chemosensitivity

Cancer chemoprevention is the incorporation of chemical
agents that are found naturally in food and/or administration
of them as pharmaceuticals to prevent, delay, or inhibit the
process of carcinogenesis. Growing research implies the role
of dietary factors in the regulation of miRNA expression and
their targets [47]. Given that regulation of miRNAs is associ-
ated with tumor cell proliferation, apoptosis, differentiation,
angiogenesis, invasion, metastasis as well as pathways in
stress response, it stands to reason that some nutrients and
bioactive food compounds involved in the alteration of
miRNA expression might prove effective to protect
against cancer.

The potential link between dietary chemoprevention and
miRNA regulation was first demonstrated with studies show-
ing that miRNAs that are associated with diabetes and obesity
were also associated with carcinogenesis. For instance, lower
levels of adiponectin and higher levels of leptin that are in-
volved in insulin resistance have also been associated with
abnormally regulated miRNAs in carcinogenesis such
as let-7, miR-27, and miR-143, reporter tumor suppres-
sor miRNAs [48].

Retinoids/Vitamin A

Retinoids are promising chemopreventive agents for breast
cancer [49]. All-trans retinoic acid (ATRA) is the major me-
tabolite of vitamin A, which is an essential dietary factor as-
sociated with cell proliferation and differentiation. ATRA de-
creased the proliferation of estrogen receptor (ER)-positive
(luminal) breast cancer cells but did not have the same effect
on ER-negative (basal) breast cancer cells [S0]. miRNAs were
found to be involved in the mechanism of action of ATRA
against breast cancer. It was found that in ER-positive breast
cancer cells, ATRA increased the expression of miR-21,
which antagonized the anti-proliferative effect of ATRA but
reduced the cell motility of cancer cells [50]. Further experi-
ments showed that the retinoid-driven upregulation of miR-21
occurred through the enhanced transcription of miR-21 gene
via the ligand-dependent activation of the nuclear retinoid
receptor RARx. Knockdown of miR-21 brought back the
ATRA-dependent growth inhibition and senescence while
the suppression of cell motility was prevented. Moreover, up-
regulation of miR-21 caused the retinoid-dependent inhibition
of maspin, whose function was associated with ATRA-
induced growth inhibition and ATRA-dependent anti-motility
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responses. Additional research was carried out to identify the
genes differentially expressed in ER-positive and negative
breast cancer cells upon the treatment with ATRA. These
studies revealed pro-inflammatory cytokine IL1B, the adhe-
sion molecule ICAM-1, and PLAT (tissue-type plasminogen
activator) as novel targets of miR-21 [50].

Resveratrol

Resveratrol (3,4',5-trihydroxy-trans-stilbene) is a dietary poly-
phenol and chemopreventive agent found in grapes, berries,
and peanuts. Resveratrol acts on multiple discrete stages of
carcinogenesis including initiation, promotion, and progres-
sion by regulating cell division and growth, apoptosis, inflam-
mation, angiogenesis, and metastasis [51]. In mice, resveratrol
in the diet significantly decreased the incidence and multiplic-
ity of 7,12-dimethylbenz(a)anthracene(DMBA )-initiated
mammary tumors [52]. In rats, dietary resveratrol inhibited
DMBA-induced mammary cancer via the maturation of the
mammary gland and decrease of cell proliferation [53]. Xeno-
graft studies in nude mice showed that resveratrol was able to
inhibit the growth of basal MDA-MB-231 tumor explant, in-
crease apoptosis, and decrease angiogenesis [54]. The sponta-
neous tumorigenesis in HER-2/neu transgenic mice was de-
layed when their water was supplemented with resveratrol
[55]. Resveratrol was reported to be associated with the de-
crease of expression of oncogenes miR-155 and miR-21 and
with the increase of the expression of tumor suppressor miR-
663 [56]. Overexpression of oncogenes miR-155 and miR-21
has been identified in many solid tumors including breast
cancer [57]. The mechanism through which resveratrol regu-
lates miRNA expression is not currently understood.

EGCG/Green Tea

In several cancers including breast cancer the chemopreven-
tive effects of polyphenols such as epigallocatechin-3-gallate
(EGCQG) and other tea catechins have been observed [58].
Polyphenols induce apoptosis, cell cycle arrest, and inhibits
angiogenesis. miRNAs are shown to be involved in mecha-
nism of action of the EGCGs. Combined polyphenols resver-
atrol, quercetin, and catechin administered by gavage have
been reported to reduce the primary growth of xenografts of
basal MDA-MB-231 breast cancer cells in nude mice [59, 60].
miRNA expression profile of luminal MCF7 breast cancer
cells were determined upon the administration of green tea
polyphenols. Treatment of MCF7 cells with low concentra-
tions of green tea extract polyphenol-60 significantly modified
the miRNA expression profile. Forty-eight-hour post-
treatment with 10 pg/ml polyphenon-60 altered the expres-
sion of 23 miRNAs, including miR-21 and miR-27, both of
which were downregulated [61].
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Vitamin D

miRNA expression patterns in several cancers including
breast cancer were also associated with vitamin D and its
metabolites 1,25-dihydroxyvitamin D3 (1, 25D3) and 25-
hydroxyvitamin D3 (25(OH)D3). 25(0OH)D3 protects the
breast epithelial cells against cellular stress, which is among
the key factors for the early carcinogenic process, via the
regulation of miR-182 expression [62].

Chemosensitization via miRNAs

In addition to their potential chemopreventive role in breast
cancer, numerous studies demonstrated the potential signifi-
cance of miRNAs as cancer therapeutics. One potential ther-
apeutic approach would be to target the appropriate miRNAs
involved in drug resistance to sensitize cancer cells to the
chemotherapy [47].

Among the miRNAs that are deregulated in breast cancer,
miR-221 and miR-222 expressions are increased in ERo-
negative cells and were found to directly interact with the 3'-
untranslated region of ERoa. MiR-221 and/or miR-222 trans-
fection made ER-positive (luminal) MCF7 and T47D breast
cancer cells resistant to tamoxifen. On the other hand, silenc-
ing miR-221 and/or miR-222 sensitized ER-negative (basal)
MDA-MB-468 cells to tamoxifen-induced cell growth arrest
and apoptosis [63].

MiR-200c is another potential target for developing novel
therapeutics to treat aggressive and chemoresistant breast can-
cers. miR-200c expression was reported to be associated with
a less aggressive phenotype of breast cancer and with the
enhanced sensitivity of breast cancer cells to microtubule-
targeting agents [64]. The function of miR-200c was investi-
gated in several breast cancer cell lines including relatively
well-differentiated luminal breast cancer cell lines that are
ER positive and express the epithelial marker E-cadherin
(MCF7, T47D, BT474, ZR75) and less differentiated basal
breast cancer cell lines that are ER and E-cadherin negative
(MDA-MB-231 and BT-549). The mechanism of action of
miR-200c was found to be through suppressing its direct tar-
get ZEB1, which is a transcription factor that is able to repress
E-cadherin and is associated with epithelial to mesenchymal
transition [65]. Another direct target of miR-200c is TUBB3,
which is also associated with resistance to microtubule-
binding chemotherapeutic agents [64]. miR-200c suppresses
ZEB1 and TUBB3, reduces the invasive capacity of cancer
cells by restoring E-cadherin expression, and increases their
chemosensitivity to microtubule-targeting agents.

In another study, microRNA array was performed to com-
pare the miRNA expression profiles of tumor tissues from
patients with triple-negative breast cancer (TNBCs) to normal
breast tissues and the cell viability following treatment with
doxorubicin was investigated to assess the association of the
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expression profiles of miRNAs with chemosensitivity [66].
Five miRNAs (miR-155-5p, miR-21-3p, miR-181a-5p, miR-
181b-5p, and miR-183-5p) were up regulated and six
miRNAs (miR-10b-5p, miR-451a, miR-125b-5p, miR-31-
5p, miR-195-5p, and miR-130a-3p) were downregulated in
TNBCs. The data showed that overexpression of miR-130a-
3p or miR-451a enabled TNBC cells to be chemosensitive to
doxorubicin. Another study confirmed the association of miR-
451 with chemoresistance to doxorubicin in luminal breast
cancer cells. MCF7 cells transfected with miR-451 reduced
the MDR1 gene product, p-glycoprotein (P-gp), and increased
sensitivity of MCF7 cells to doxorubicin [67].

Other studies performed on luminal breast cancer cell
models revealed miR-205 and miR-125b as additional poten-
tial targets for chemosensitivity [68—70]. miR-205 was report-
ed to be downregulated in breast tumors compared to normal
counterparts. HER3 receptor is one of miR-205 direct targets,
which inhibits the activation of Akt. Transfection of miR-205
to SKBR3 breast cancer cells reduced their clonogenic poten-
tial and sensitized them to tyrosine-kinase inhibitors Gefitinib
and Lapatinib, preventing the HER3-mediated resistance.
These findings introduced miR-205 as a potential tumor sup-
pressor in breast cancer and showed its potential as a novel
therapeutic for chemosensitization [68].

Blood serum samples from 56 breast cancer patients with
IDC that were pre-operative neoadjuvant chemotherapy were
investigated for the profiles of their circulating miRNAs prior
to any treatment [70]. Several miRNA expressions were fur-
ther tested in surgical samples to determine the effect of the
chemotherapy on cancer cell proliferation and apoptosis. miR-
125b was found to be significantly associated with therapeutic
response as it showed a higher expression level in non-
responsive patients. Furthermore, breast cancers with upregu-
lation of miR-125b had a higher level of proliferating cells and
lower level of apoptotic cells compared to the samples re-
ceived after neoadjuvant chemotherapy. The data was con-
firmed in vitro with MCF7 breast cancer cells, where overex-
pression of miR-125b increased the chemoresistance and
downregulation of miR-125b sensitized breast cancer cells to
chemotherapy. E2F3 appeared as a novel and direct target of
miR-125b in breast cancer cells as overexpression of miR-
125b significantly reduced E2F3 protein level in
MCF7 cells [70].

Association of miRNAs with Breast Cancer Stem Cells

In addition to finding miRNAs dysregulated in tumors com-
pared to normal tissues, researchers have found that miRNA
expression also varies within heterogeneous tumor samples
where different subpopulations of tumor cells possess unique
miRNA signatures. Breast cancer stem cells (BCSCs) were
found to possess a unique miRNA signature.

miRNA expression in human CD44"/CD24 "% lineage-
BCSCs were compared to the lineage-non-stem cancer cells
(NSCC). As many as 37 miRNAs were found to be differen-
tially expressed in BCSCs compared to NSCCs [42]. Among
these, three clusters including miR-200c-141, miR-200b-
200a-429, and miR-183-96-182 were downregulated in hu-
man BCSCs, normal human and murine mammary
stem/progenitor cells and embryonal carcinoma cells. miR-
200c was found to regulate the expression of BMII and
Suz12, which is involved in stem cell self-renewal. Further-
more, miR-200c suppressed the clonogenicity of the BCSCs
in vitro and the tumorigenicity of human BCSCs in vivo [42].

The miR-200a family is involved in epithelial to
mesenchymal transition (EMT) in breast cancer [65].
Our lab showed that epigenetic silencing of miR-200a
expression was associated with the transformation of
normal mammary epithelial cells through the overex-
pression of SIRTI1 [35]. MiR-200a is also downregulat-
ed in MDA-MB-231 breast cancer cells compared to
non-tumorigenic MFC10A cells. Reintroduction of
miR-200a was able to prevent the transformation. These
results further confirmed miR-200a as a tumor suppres-
sor in breast cancer.

Similar results were observed in a synthetic model in which
mammary epithelial cells were transformed via engineering
with an ER-Src oncogene and induction of SRC via tamoxifen
treatment [28]. The isolated cancer stem cells emerged from
transformed cells showed differential expression of miRNAs
compared to non-stem cancer cells. In particular, miR-200
family, let-7 family, and miR-145 downregulation were
observed.

In CSCs isolated from breast cancer cell lines, let-7
miRNAs were also significantly downregulated. Let-7 lentivi-
rus-infected BCSCs were less proliferative, and formed less
mammospheres, indicating let-7 can negatively regulate self-
renewal of BCSCs [71]. Furthermore, Let-7 infection led to
decreased tumor formation and metastasis in vivo. Reducing
let-7 expression, on the other hand, enhanced the self-renewal
capacity of non-tumor-initiating cells in vitro. The targets of
let-7, H-RAS, and HMGA2 decreased with the let-7 infection
as expected. Silencing H-RAS reduced the self-renewal ca-
pacity of BCSCs but had no effect on differentiation, whereas
silencing the HMGA2 enhanced differentiation without hav-
ing any effect on self-renewal. These results demonstrate that
let-7 regulates the stem cell properties of BCSCs by silencing
more than one target.

Yu and colleagues extended their research to investigate the
role of miR-30 on stem cell-like behaviors in BCSCs [72].
miR-30 was reduced in CSCs where its target genes Ubc9
and ITGB3 were upregulated. Restoration of miR-30 in CSCs
inhibited their self-renewal capacity by decreasing Ubc9 and
increased apoptosis by decreasing ITGB3. Similarly, silencing
miR-30 in differentiated breast cancer cells increased their
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ability to self-renew. Their in vivo studies showed that ectopic
expression of miR-30 in breast tumor-initiating xenografts
reduced tumorigenesis and metastasis, whereas silencing
miR-30 had the opposite effect.

Yu and colleagues also linked miR-34c dysregulation to the
functions of BCSCs in luminal breast cancer models [22, 23].
Their data showed that ectopic expression of miR-34c¢ de-
creased the self-renewal capacity of breast tumor-initiating cells
(BT-ICs), inhibited EMT, and decreased the tumor cell migra-
tion through the repression of NOTCH4. They identified a
hypermethylated CpG site in the promoter of miR-34c, which
had a role in the downregulation of miR-34c in BCSCs by
preventing DNA binding activities of SP1. This data confirms
the importance of epigenetic regulations of miRNAs in BCSC
and presents miR-34c as a potential target for eliminating CSCs.

In a similar study, miR-181 was implicated in the regula-
tion of cancer stem cells [73]. Treatment with TGF-f3, which
is involved in miR-181 regulation, induced their
mammosphere formation ability. The expression of miR-181
family members was increased in tumor-initiating
mammospheres, which suggested the importance of miR-
181 regulated by TGF-f3 for maintaining the BCSC

phenotype.

Breast Cancer Stem Cells and Chemoresistance

The role of miRNAs in the chemoresistance of tumor-initiating
cells was recently investigated. miR-128 was found to be sig-
nificantly downregulated in chemoresistant BCSCs [74]. BM1
and ABCCS5 were found to be upregulated in these CSCs and
were discovered to be direct targets of miR-128. Introduction of
miR-128 to BCSCs decreased the expression of BM1 and
ABCCS and increased the apoptotic rate and DNA damage
upon treatment with doxorubicin. This suggests that miR-128
restoration might be a good therapeutic strategy to target
BCSCs. Another group confirmed the potential of miR-128
as a therapeutic target in BCSCs [75]. They found that overex-
pression of miR-128 decreased the mammary carcinoma stem
cell-like behavior in MDA-MB-231 breast cancer cells, re-
duced the percentage of CD44"/CD24 "™ subpopulation
in vitro, and decreased the tumor-initiating ability in vivo.

miR-16 expression was also found to be significantly re-
duced in mammary tumor stem cells [76]. Overexpression of
miR-16 or inhibition of its target WIP1 decreased the self-
renewal ability of mammary tumor stem cells in mice and
sensitized MCF7 cells to doxorubicin.

A novel BCSCs subpopulation was isolated that have a
PROCR/ESA" phenotype. miRNA profiling revealed miR-
495 upregulation [77]. Ectopic expression of miR-495 in
breast cancer cells increased their ability to form colonies
in vitro and tumors in vivo. E-cadherin was identified to be
a direct target of miR-49; E-cadherin expression was de-
creased via miR-495 targeting, contributing to cell invasion.
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REDDI1 was identified as another direct target of miR-495 and
its suppression by miR-495 resulted in enhanced cell prolifer-
ation in hypoxia conditions. E12/E47 transcription factor was
significantly upregulated in BCSCs and also turned out to be
directly regulated by miR-495. These results showed that
miR-495 plays a key role in the maintenance of stem cell-
like phenotypes of BCSCs and might be a potential target
for the development of novel therapeutics.

miRNA Targeting of DCIS CSCs

We have examined the role of miRNAs in DCIS and identified
miR-140 downregulation as a reproducible marker of DCIS,
and even a more dramatic decrease was observed in IDC sam-
ples [17¢, 78]. Furthermore, our lab provided a direct link
between BCSC maintenance and miR-140 expression, which
implies a role for BCSCs in DCIS to IDC transition through
miR-140 regulation. miR-140 is a potential tumor suppressor
that is downregulated in breast cancer including early stage
DCIS. Our research revealed that upon the stimulation with
estrogen, miR-140 expression decreases in ER-positive lumi-
nal breast cancer cells [78]. We also found that E2 stimulation
significantly increased the CD44"€"/CD24'°™ subpopulation.
When miR-140 was overexpressed following estrogen stimu-
lation, however, the percentage of CD44™¢"/CD24"% subpop-
ulation significantly decreased. We identified the stem cell
regulator SOX2 as a novel target of miR-140.

Next, we found that miR-140 is significantly downregulat-
ed in DCIS stem cells, which is suspected to play an important
role in the progression of DCIS to IDC [17¢]. We identified
important pathways regulated by miR-140 in DCIS stem cells,
including SOX9 and ALDHI, which are highly activated in
DCIS stem cells. Moreover, restoration of miR-140 via mo-
lecular approach or through the dietary compound sulforaph-
ane (SFN) decreased SOX9 and ALDHI expression in ER-
negative/basal-like DCIS model as well as reducing tumor
growth in vivo. All together, these results suggest that miR-
140 might be a strong candidate to be included in preventive
strategies for patients with basal-like DCIS.

We further characterized a CD49f"/CD24 " stem cell-like
subpopulation with high ALDH1 activity in DCIS cells
[16¢]. These studies revealed that DCIS stem cells are more
migratory compared to non-stem cancer cell counterparts. We
also found that DCIS stem cells could be targeted with the
chemopreventive agent sulforaphane (SFN), which reduced
ALDHI1 expression (at least in part through miR-140 activa-
tion), decreased mammosphere formation and decreased pro-
genitor colony formation capacity. Moreover, we found that
exosomes from DCIS stem cells differentially expressed sev-
eral miRNAs including miR-140, miR-29a, and miR-21 and
SFN was able to reprogram DCIS stem cell intercellular
signaling as evidenced via changes in exosomal miRNA
secretion.
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Conclusions

Despite improvements in detection and therapeutic manage-
ment, breast cancer remains the second leading cause of
cancer-related death among women. Furthermore, advanced
metastatic breast cancer remains an incurable disease. There-
fore, new prevention strategies are needed to curb disease
formation and progression.

Currently, patients with early-detected tumors are candi-
dates for adjuvant hormonal therapy if their disease is ER
positive. However, for patients with ER-negative disease,
there are no available molecularly targeted agents. Dietary
agents are generally well-tolerated, and high-risk healthy in-
dividuals and patients with early non-malignant lesions may
be ideal candidates for chemopreventive strategies with the
most promising compounds. The potential is supported by
epidemiological studies, and the results from in vivo preclin-
ical models have so far been very promising.

We find that miRNAs, in particular, miR-140 can be acti-
vated via epigenetic therapy or dietary compounds and can
target DCIS stem cells, thereby preventing disease relapse or
progression to invasive carcinoma.

We have summarized the modulation of miRNAs in re-
sponse to many well-known dietary chemopreventive agents.
The fact that a single miRNA can regulate multiple genes and
a single gene can be regulated by multiple miRNAs chal-
lenges the elucidation of specific gene-miRNA interactions,
but such research is crucial to better identify chemopreventive
strategies to inhibit the signaling pathways critical to disease
formation and progression.

Acknowledgments This work was supported by grants from ACS and
NCIRO1 (to Q. Z.) and NCI F31 (to G.E.).

Compliance with Ethics Guidelines

Conflict of Interest Nadire Duru, Ramkishore Gernapudi, Gabriel
Eades, Richard Eckert, and Qun Zhou declare that they have no conflict
of interest.

Human and Animal Rights and Informed Consent This article does
not contain any studies with human or animal subjects performed by any
of the authors.

References

Papers of particular interest, published recently, have been
highlighted as:
+ Of Importance

1. Stanford JL, Szklo M, Brinton LA. Estrogen receptors and breast
cancer. Epidemiol Rev. 1986;8(1):42-59.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Yager JD, Davidson NE. Estrogen carcinogenesis in breast cancer.
N Engl J Med. 2006;354(3):270-82.

Jemal A, Siegel R, Xu J, Ward E. Cancer statistics, 2010. CA
Cancer J Clin. 2010;60(5):277-300.

Wellings SR. A hypothesis of the origin of human breast cancer
from the terminal ductal lobular unit. Pathol Res Pract.
1980;166(4):515-35.

Leonard GD, Swain SM. Ductal carcinoma in situ, complexities
and challenges. J Natl Cancer Inst. 2004;96(12):906-20.

CIL, Daling JR, Malone KE. Age-specific incidence rates of in situ
breast carcinomas by histologic type, 1980 to 2001. Cancer
Epidemiol Biomarkers Prev. 2005;14(4):1008-11.

Ernster VL, Ballard-Barbash R, Barlow WE, Zheng Y, Weaver DL,
Cutter G, et al. Detection of ductal carcinoma in situ in women
undergoing screening mammography. J Natl Cancer Inst.
2002;94(20):1546-54.

Fisher B, et al. Lumpectomy and radiation therapy for the treatment
of intraductal breast cancer: findings from national surgical
adjuvant breast and bowel project B-17. J Clin Oncol.
1998;16(2):441-52.

Fowble B, et al. Results of conservative surgery and radiation for
mammographically detected ductal carcinoma in situ (DCIS). Int J
Radiat Oncol Biol Phys. 1997;38(5):949-57.

Moelans C, et al. Molecular differences between ductal carcinoma
in situ and adjacent invasive breast carcinoma: a multiplex ligation-
dependent probe amplification study. Cell Oncol. 2011;34(5):
475-82.

Hwang ES, et al. Patterns of chromosomal alterations in breast
ductal carcinoma in situ. Clin Cancer Res. 2004;10(15):5160-7.
Buerger H, et al. Different genetic pathways in the evolution of
invasive breast cancer are associated with distinct morphological
subtypes. J Pathol. 1999;189(4):521-6.

Polyak K. Molecular markers for the diagnosis and management of
ductal carcinoma in situ. J Natl Cancer Inst Monogr.
2010;2010(41):210-3.

Park SY, Lee HE, Li H, Shipitsin M, Gelman R, Polyak K.
Heterogeneity for stem cell-related markers according to tumor
subtype and histologic stage in breast cancer. Clin Cancer Res.
2010;16(3):876.

Espina V, et al. Malignant precursor cells pre-exist in human breast
DCIS and require autophagy for survival. PLoS ONE. 2010;5(4):
¢10240.

LiQ, Eades G, Yao Y, Zhang Y, Zhou Q. Characterization of a stem-
like subpopulation in basal-like ductal carcinoma in situ (DCIS)
lesions. J Biol Chem. 2014;289(3):1303—12. Using flow cytometery
and xenograft models this study identifies and characterizes basal-
like DCIS stem cells as CD49f+/CD24- ALDH1bright and demon-
strates increased migratory capacity and altered intercellular sig-
naling / exosomal secretion of miRNAs.

LiQ, Yao Y, Eades G, Liu Z, Zhang Y, Zhou Q. Downregulation of
miR-140 promotes cancer stem cell formation in basal-like early
stage breast cancer. Oncogene. 2014;33(20):2589-600. This study
reported miR-140 as a key regulator in stem cell signaling in a
model of basal-like DCIS and identified SOX9 and ALDHI as its
direct targets, suggesting that miR-140 may be a novel target for
therapeutics against DCIS.

Winter J, et al. Many roads to maturity: microRNA biogenesis
pathways and their regulation. Nat Cell Biol. 2009;11(3):228-34.
Calin GA, Croce CM. MicroRNA signatures in human cancers. Nat
Rev Cancer. 2006;6(11):857—66.

Calin GA, et al. Human microRNA genes are frequently located at
fragile sites and genomic regions involved in cancers. Proc Natl
Acad Sci U S A. 2004;101(9):2999-3004.

Lehmann U, et al. Epigenetic inactivation of microRNA gene hsa-
mir-9-1 in human breast cancer. J Pathol. 2008;214(1):17-24.

@ Springer



168

Curr Pharmacol Rep (2015) 1:161-169

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Yu F, et al. MicroRNA 34c gene down-regulation via DNA meth-
ylation promotes self-renewal and epithelial-mesenchymal transi-
tion in breast tumor-initiating cells. J Biol Chem. 2012;287(1):
465-73.

Vrba L. Role for DNA methylation in the regulation of miR-200c
and miR-141 expression in normal and cancer cells. PLoS ONE.
2010;5(1):e8697.

Qi L, et al. Expression of miR-21 and its targets (PTEN, PDCD4,
TM1) in flat epithelial atypia of the breast in relation to ductal
carcinoma in situ and invasive carcinoma. BMC Cancer.
2009;9:163.

Riaz M, van Jaarsveld MT, Hollestelle A. miRNA expression pro-
filing of 51 human breast cancer cell lines reveals subtype and drive
mutation-specific miRNAs. Breast Cancer Res. 2013;15(2):R33.
Pérez-Rivas LG, Jerez JM, Carmona R, de Lugue V, Vicioso L,
Claros MG, et al. A microRNA signature associated with early
recurrence in breast cancer. PLoS ONE. 2014;9(3):¢91884.
Volinia S, Galasso M, Sana ME, Wise TF, Palatini J, Huebner K,
et al. Breast cancer signatures for invasiveness and prognosis de-
fined by deep sequencing of microRNA. Proc Natl Acad Sci.
2012;109(8):3024-9. Using biopsies from invasive ductal carcino-
ma, ductal carcinoma in situ and normal breast, this study searched
for the key miRNA regulators of transition from ductal carcinoma in
situ to invasive ductal carcinoma and identified a nine-microRNA
signature of this critical transition in breast cancer progression.
Iliopoulos D, et al. Inducible formation of breast cancer stem cells
and their dynamic equilibrium with non-stem cancer cells via IL6
secretion. Proc Natl Acad Sci U S A. 2011;108(4):1397-402.
Stephen B. DNA methylation and gene silencing in cancer. Nat Clin
Pract Oncol. 2005;2:S4-S11.

Baylin SB, Jones PA. A decade of exploring the cancer epige-
nome—biological and translational implications. Nat Rev Cancer.
2011;11(10):726-34.

Collett K, et al. Expression of enhancer of zeste homologue 2 is
significantly associated with increased tumor cell proliferation and
is a marker of aggressive breast cancer. Clin Cancer Res.
2006;12(4):1168-74.

Bachmann IM, et al. EZH2 expression is associated with high pro-
liferation rate and aggressive tumor subgroups in cutaneous mela-
noma and cancers of the endometrium, prostate, and breast. J Clin
Oncol. 2006;24(2):268-73.

Guo B, et al. Bmi-1 promotes invasion and metastasis, and its ele-
vated expression is correlated with an advanced stage of breast
cancer. Mol Cancer. 2011;10(1):10.

Richly H, Aloia L, Di Croce L. Roles of the Polycomb group pro-
teins in stem cells and cancer. Cell Death Dis. 2011;2:€204.

Eades G, Yao Y, Yang M, Zhang Y, Chumsri S, Zhou Q. miR-200a
regulates SIRT1 expression and epithelial to mesenchymal transi-
tion (EMT)-like transformation in mammary epithelial cells. J Biol
Chem. 2011;286(29):25992—-6002.

Png KJ, et al. MicroRNA-335 inhibits tumor reinitiation and is
silenced through genetic and epigenetic mechanisms in human
breast cancer. Genes Dev. 2011;25(3):226-31.

Li D, et al. Analysis of MiR-195 and MiR-497 expression,
regulation and role in breast cancer. Clin Cancer Res.
2011;17(7):1722-30.

de Souza RS, et al. Epigenetically deregulated microRNA-375 is
involved in a positive feedback loop with estrogen receptor in breast
cancer cells. Cancer Res. 2010;70(22):9175-84.

Vrba L, et al. Epigenetic regulation of normal human mammary cell
type specific miRNAs. Genome Res. 2011;21(12):2026-37.
Garzon R, et al. MicroRNA-29b induces global DNA hypomethy-
lation and tumor suppressor gene reexpression in acute myeloid
leukemia by targeting directly DNMT3A and 3B and indirectly
DNMTI. Blood. 2009;113(25):6411-8.

@ Springer

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Fabbri M, et al. MicroRNA-29 family reverts aberrant methylation
in lung cancer by targeting DNA methyltransferases 3A and 3B.
Proc Natl Acad Sci U S A. 2007;104(40):15805-10.

Shimono Y, et al. Downregulation of miRNA-200c links breast
cancer stem cells with normal stem cells. Cell.
2009;138(3):592-603.

Iliopoulos D, et al. Loss of miR-200 inhibition of Suz12 leads to
polycomb-mediated repression required for the formation and
maintenance of cancer stem cells. Mol Cell. 2010;39(5):761-72.
Zahnow CA, Baylin SB. Epigenetic networks and miRNAs in stem
cells and cancer. Mol Cell. 2010;39(5):661-3.

Derfoul A, et al. Decreased microRNA-214 levels in breast cancer
cells coincides with increased cell proliferation, invasion and accu-
mulation of the Polycomb Ezh2 methyltransferase. Carcinogenesis.
2011;32(11):1607-14.

Zhang B, et al. Pathologically decreased miR-26a antagonizes ap-
optosis and facilitates carcinogenesis by targeting MTDH and
EZH2 in breast cancer. Carcinogenesis. 2011;32(1):2-9.
Parasramka MA, et al. MicroRNAs, diet, and cancer: new mecha-
nistic insights on the epigenetic actions of phytochemicals. Mol
Carcinog. 2012;51(3):213-30.

Ross SA, Davis CD. MicroRNA, nutrition, and cancer prevention.
Adv Nutr Int Rev J. 2011;2(6):472-85.

Garattini E, Bolis M, Garattini SK, Fratelli M, Centritto F, Paroni G,
et al. Retinoids and breast cancer: from basic studies to the clinic
and back again. Cancer Treat Rev. 2014;40(6):739-49.

Terao M, et al. Induction of miR-21 by retinoic acid in estrogen
receptor-positive breast carcinoma cells: biological correlates and
molecular targets. J Biol Chem. 2011;286(5):4027-42.

Bishayee A. Cancer prevention and treatment with resveratrol: from
rodent studies to clinical trials. Cancer Prev Res. 2009;2(5):409-18.
Jang M, Cai L, Udeani GO, Slowing KV, Thomas CF, Beecher CW,
et al. Cancer chemopreventive activity of resveratrol, a natural prod-
uct derived from grapes. Science. 1997;275(5297):218-20.
Whitsett T, Carpenter M, Lamartiniere CA. Resveratrol, but not
EGCQG, in the diet suppresses DMBA-induced mammary cancer
in rats. J Carcinog. 2006;5:15.

Garvin S, Ollinger K, Dabrosin C. Resveratrol induces apoptosis
and inhibits angiogenesis in human breast cancer xenografts
in vivo. Cancer Lett. 2006;231(1):113-22.

Provinciali M, Re F, Donnini A, Orlando F, Bartozzi B, Di Stasio G,
et al. Effect of resveratrol on the development of spontaneous mam-
mary tumors in HER-2/neu transgenic mice. Int J Cancer.
2005;115(1):36-45.

Tili E, Michaille JJ, Adair B, Alder H, Limagne E, Taccioli C, et al.
Resveratrol decreases the levels of miR-155 by upregulating miR-
663, a microRNA targeting JunB and JunD. Carcinogenesis.
2010;31(9):1561-6.

lTorio MV, Ferracin M, Liu CG, Veronese A, Spizzo R, Sabbioni S,
et al. MicroRNA gene expression deregulation in human breast
cancer. Cancer Res. 2005;65(16):7065-70.

Singh BN, Shankar S, Srivastava RK. Green tea catechin,
epigallocatechin-3-gallate (EGCG): mechanisms, perspectives
and clinical applications. Biochem Pharmacol. 2011;82(12):
1807-21.

Adams LS, et al. Blueberry phytochemicals inhibit growth and
metastatic potential of MDA-MB-231 breast cancer cells through
modulation of the phosphatidylinositol 3-kinase pathway. Cancer
Res. 2010;70(9):3594-605.

Thangapazham RL, et al. Green tea polyphenols and its constituent
epigallocatechin gallate inhibits proliferation of human breast can-
cer cells in vitro and in vivo. Cancer Lett. 2007;245(1):232-41.
Fix LN, et al. MicroRNA expression profile of MCF-7 human
breast cancer cells and the effect of green tea polyphenon-60.
Cancer Genomics Proteomics. 2010;7(5):261-77.



Curr Pharmacol Rep (2015) 1:161-169

169

62.

63.

64.

65.

66.

67.

68.

69.

70.

Peng X, et al. Protection against cellular stress by 25-
hydroxyvitamin D3 in breast epithelial cells. J Cell Biochem.
2010;110(6):1324-33.

Zhao J, et al. MicroRNA-221/222 negatively regulates estrogen
receptor o and is associated with tamoxifen resistance in breast
cancer. J Biol Chem. 2008;283(45):31079-86.

Cochrane DR, et al. MicroRNA-200c mitigates invasiveness and
restores sensitivity to microtubule-targeting chemotherapeutic
agents. Mol Cancer Ther. 2009;8(5):1055—-66.

Gregory PA, et al. The miR-200 family and miR-205 regulate epi-
thelial to mesenchymal transition by targeting ZEB1 and SIP1. Nat
Cell Biol. 2008;10:593-601.

Ouyang M, et al. MicroRNA profiling implies new markers of
chemoresistance of triple-negative breast cancer. PLoS ONE.
2014;9(5):€96228.

Kovalchuk O, et al. Involvement of microRNA-451 in resistance of
the MCF-7 breast cancer cells to chemotherapeutic drug doxorubi-
cin. Mol Cancer Ther. 2008;7(7):2152-9.

Torio MV, et al. MicroRNA-205 regulates HER3 in human breast
cancer. Cancer Res. 2009;69(6):2195-200.

Scott GK, Goga A, Bhaumik D, Berger CE, Sullivan CS, Benz CC.
Coordinate suppression of ERBB2 and ERBB3 by enforced expres-
sion of micro-RNA miR-125a or miR-125b. J Biol Chem.
2007;282(2):1479-86.

Wang H, et al. Circulating MiR-125b as a marker predicting
chemoresistance in breast cancer. PLoS ONE. 2012;7(4):¢34210.

71.

72.

73.

74.

75.

76.

71.

78.

Yu F, et al. let-7 regulates self renewal and tumorigenicity of breast
cancer cells. Cell. 2007;131(6):1109-23.

Yu F, et al. Mir-30 reduction maintains self-renewal and inhibits
apoptosis in breast tumor-initiating cells. Oncogene. 2010;29(29):
4194-204.

Wang Y, et al. Transforming growth factor-beta regulates the
sphere-initiating stem cell-like feature in breast cancer
through miRNA-181 and ATM. Oncogene. 2011;30(12):
1470-80.

Zhu Y, et al. Reduced miR-128 in breast tumor-initiating cells in-
duces chemotherapeutic resistance via Bmi-1 and ABCCS. Clin
Cancer Res. 2011;17(22):7105-15.

Qian P, et al. Loss of SNAIL regulated miR-128-2 on chromosome
3p22.3 targets multiple stem cell factors to promote transformation
of mammary epithelial cells. Cancer Res. 2012;72(22):6036-50.
Zhang X, et al. Oncogenic Wipl phosphatase is inhibited by miR-
16 in the DNA damage signaling pathway. Cancer Res.
2010;70(18):7176-86.

Hwang-Verslues W, et al. miR-495 is upregulated by E12/E47 in
breast cancer stem cells, and promotes oncogenesis and hypoxia
resistance via downregulation of E-cadherin and REDDI.
Oncogene. 2011;30(21):2463-74.

Zhang Y, Eades G, Yao Y, Li Q, Zhou Q. Estrogen receptor signal-
ing regulates breast tumor-initiating cells by down-regulating miR-
140 which targets the transcription factor SOX2. J Biol Chem.
2012;287(49):41514-22.

@ Springer



	Epigenetic Regulation of miRNAs and Breast Cancer Stem Cells
	Abstract
	Introduction
	DCIS and the Transition to IDC
	MicroRNAs
	Epigenetics
	Role of miRNAs in Cancer Prevention and Chemosensitivity
	Retinoids/Vitamin A
	Resveratrol
	EGCG/Green Tea
	Vitamin D
	Chemosensitization via miRNAs

	Association of miRNAs with Breast Cancer Stem Cells
	Breast Cancer Stem Cells and Chemoresistance
	miRNA Targeting of DCIS CSCs

	Conclusions
	References
	Papers of particular interest, published recently, have been highlighted as: • Of Importance



