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Estrogen Receptor « Signaling Regulates Breast
Tumor-initiating Cells by Down-regulating miR-140 Which
Targets the Transcription Factor SOX2*
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Background: miR-140 is down-regulated in non-invasive and invasive breast tumors compared with normal breast tissues.
Results: Estrogen receptor « signaling down-regulates miR-140 in breast cancer where miR-140 targets embryonic transcrip-

tion factor SOX2.

Conclusion: ERa signaling regulates breast tumor-initiating cells through modulating miR-140 targeting of SOX2.
Significance: Understanding cancer stem cell biology may reveal biomarkers or targets for therapeutic intervention.

Several reports have indicated that miR-140, a possible tumor
suppressor microRNA (miR), is down-regulated in breast
tumors compared with normal breast tissues. However, the role
of miR-140 in breast tumorigenesis is unclear. We initiated
studies that examined estrogen receptor « (ERa) signaling in
the tissue-specific regulation of miR-140 in breast cancer. We
found that estrogen stimulation of ERa-positive breast cancer
cells resulted in decreased miR-140 expression. We performed
promoter analyses and examined predicted ERa binding ele-
ments in the miR-140 promoter using luciferase constructs of a
miR-140 promoter deletion series. Our studies revealed that
ERa binds to one specific estrogen response element flanking
the miR-140 promoter and consequently suppresses miR-140
transcription. We found that the stem cell self-renewal regula-
tor SOX2 is a novel target of miR-140, and that this miR-140/
SOX2 pathway critically regulates breast tumor-initiating cell
survival, providing a new link between ER« signaling and breast
cancer stem cell maintenance.

Long-term exposure to high levels of estrogens is considered
amajor risk factor for breast cancer (1). Estrogen exposure con-
tributes to breast tumorigenesis through estrogen receptor
(ER)?signaling and through genotoxic estrogen metabolites (2).
Growing evidence suggests that cancer stem cells (CSCs) par-
ticipate in the processes of tumor initiation, malignant progres-
sion, drug resistance, disease recurrence, and treatment failure
(3). CSCs, like embryonic stem cells, are capable of self-renew-
ing cell divisions (4) and express the key pluripotency-associ-
ated transcription factors including SOX2, NANOG, and
OCT4 (5-7). In particular, SOX2 physically interacts with
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OCT4 and NANOG forming a protein complex that binds the
promoters of numerous stem cell differentiation factors, sup-
pressing their expression (8). Hyper- or hypoactivation of
SOX2, NANOG, and OCT4 may lead to aberrant self-renewal
in cancer cells. Recent studies have shown that SOX2 overex-
pression leads to aberrant stem cell self-renewal signaling in
breast cancer cells (5). Normal breast tissue expresses very low
levels of SOX2 but breast carcinomas (e.g. DCIS) express ele-
vated levels of SOX2, suggesting that activation of SOX2 may
contribute to malignant progression of breast cancer (9, 10).

Recently, estrogen signaling has been implicated in the reg-
ulation of breast CSCs (11). Estrogen treatment of ERa-positive
breast cancer cells was found to increase mammosphere forma-
tion capacity, a surrogate measure of CSC renewal (12). Fur-
thermore, estrogen treatment was found to increase the
frequency of CD44+/CD24- breast CSCs. One proposed mech-
anism for ERa regulation of CSCs involved transcriptional con-
trol of the SOX2/NANOG/OCT4 self-renewal pathway. For
example, ERa was shown to be associated with the promoter
region of OCT4, and the CSC inhibitor, Metformin, was found
to inhibit ERa association with the OCT4 promoter, potentially
interfering with CSC self-renewal (12).

The small non-coding RNAs, microRNAs (miRs), are also
contributors to the initiation and progression of human can-
cers. Loss of a subset of tumor suppressor miRs in cancer cells
can promote angiogenesis, growth advantage, tissue invasion,
and metastasis (13). In breast cancer, these miR networks are
involved in a complex relationship with ERa signaling in which
numerous miRs target ERe and important co-signaling mole-
cules and likewise ERa regulates the transcription and matura-
tion of numerous miRs (14—16). Therefore, it is possible if not
likely that miRs are involved in ER« regulation of breast CSCs.

MiR-140 was first identified in chondrocytes where it is
abundantly expressed and is important in cartilage develop-
ment and homeostasis (17). Reduced expression of miR-140 is
observed in osteoarthritic chondrocytes and miR-140 '~ mice
display early onset osteoarthritic-like changes in articular car-
tilage (17). MiR-140 is encoded within intron 16 of Wwp2, an E3
ubiquitin ligase (18). In chondrocytes, tissue specific control of
miR-140 is regulated by a trio of SOX proteins that enhance
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miR-140 transcription through direct interaction with a spe-
cific SOX response element on intron 10, a region possessing in
vivo promoter activity (19). In addition, Il-1 beta, a cytokine
important in the pathogenesis of osteoarthritis, has been shown
to down-regulate miR-140 expression in chondrocytes (20).
Finally, Wnt/B-catenin signaling and TGEF-f3 signaling have
also been shown to reduce miR-140 expression in chondrocytes
(18, 21). Among the previously confirmed targets of miR-140
are Spl (18), BMP2 (22), Smad3 (21), IGFBP-5 (23), HDAC4
(24), and ADAMTS5 (17) mRNAs.

In addition to its role in regulating chondrocytes, miR-140
has been found to be important to numerous other tissues and
cell types. miR-140 expression has been detected in the brain,
breast, lung, colon, ovary, and testis (25). Expression profiling of
tumors and normal tissues has revealed a possible tumor sup-
pressive role for miR-140 in many cancers. miR-140 expression
is down-regulated in ovarian (26), lung (27), colon (24), osteo-
sarcoma (24) and basal cell carcinomas (28). Recently, deep
sequencing experiments have revealed miR-140 down-regula-
tion in early in situ breast tumors, invasive breast tumors, and in
numerous breast cancer cell lines (29). Here, we have identified
tissue specific regulation of miR-140 expression by ER« in
mammary epithelial cells and in breast cancer cells. Subse-
quently, we examined a possible role for miR-140 in ER« regu-
lation of breast tumor-initiating cells. We found that the well-
known embryonic stem cell self-renewal regulator, SOX2 (30),
is targeted by miR-140 and is critical for breast tumor-initiating
cell maintenance.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—Breast cancer cell lines MCF-7
and T47D and embryonic kidney cell line 293T (HEK-293T)
were grown in Dulbecco’s modified Eagle’s medium (DMEM)
+ 10% fetal bovine serum (FBS, HyClone; Rockford, IL) and 1%
L-glutamine (Invitrogen; Carlsbad, CA). Non-tumorigenic
mammary epithelial cell line MCF10A was grown in DMEM/
F-12 medium (Invitrogen) supplemented with 10 pg/ml insulin
(Sigma), 100 ng/ml cholera toxin (Sigma), 0.5 ug/ml hydrocor-
tisone (Sigma), 20 ng/ml EGF (Invitrogen), and 5% horse serum
(Invitrogen). MCF10A stably transfected with ERa (ERIN) cells
(31) were grown in medium lacking phenol red and containing
charcoal stripped serum. Cells were incubated in an atmo-
sphere containing 5% CO, at 37 °C. Reagents used in this study
include 17-B-estradiol (E2) (Sigma) and bisphenol A (BPA)
(Sigma) dissolved in ethanol.

Quantitative Real-time PCR—Total RNA was extracted
using TRIzol (Invitrogen). Total RNA from Invasive Ductal
Carcinoma (IDC) patient tumor tissue and normal tissue con-
trols were extracted with RNeasy Lipid Tissue Midi Kit (Qia-
gen) following manufacturer’s instructions. qRT-PCR was car-
ried out using the Light Cycler 4801l instrument (Roche). Small
RNA was converted to cDNA using the First-Strand Synthesis
Kit (SABioscienses; Flat Lake, MD). Analysis of miR expression
was performed using miR specific (miR-140) primer sets
(SABiosciences) normalizing to U6 snRNA expression as a con-
trol. Analysis of mRNA expression was performed using prim-
ers specific for SOX2 (F: 5'-TGTCATTTGCTGTGGGTGAT-
3, R: 5'-GGGGTGCAAAAGAGGAGAGT-3'), ERa (F: CTC-
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TCCCACATCAGGCACAR: CTTTGGTCCGTCTCCTCCA)
and normalized to GAPDH mRNA (F: GAAGGTGAAGGTC-
GGAGTC, R: GAAGATGGTGATGGGATTTC).

Western Blotting and Immunohistochemistry—Protein
expression was examined by Western blotting using rabbit
polyclonal antibodies for ERa (HC-20, Santa Cruz Biotechnol-
ogy; Santa Cruz, CA) and SOX2 (Neuromics; Edina, MN). Pro-
tein expression was detected by chemiluminescence (ECL,
Amersham Biosciences; Arlington Heights, IL). Expression of
B-actin (Sigma) was used as a loading control. Formalin fixed,
paraffin-embedded human breast cancer and normal tissue
samples were obtained from the Tissue Bank of the University
of Maryland School of Medicine. Sections were deparaffinized
using xylene. Antigens were retrieved by boiling in sodium Cit-
rate (10 mm, pH 6.0). Polyclonal rabbit anti-SOX2 or anti-ER«
antibody (1:200) was applied at 4 °C overnight followed by a
biotin conjugated bovine anti-rabbit secondary antibody
(1:250, Santa Cruz Biotechnology) at room temperature for 1 h.
Avidin-biotin peroxidase substrate kit (Vector Laboratories;
Burlingame, CA) was used to develop brown precipitate.
Hematoxylin was utilized for nuclei staining

Cloning, miR-140 Sponge Inhibitor, Transfections, and Lucif-
erase Assay—A 596-bp genomic DNA fragment [NCBI Refer-
ence Sequence: NW_926462.1, strand (+), nucleotides
23546875-23547470] encompassing the miR-140 sequence
and its upstream and downstream flanking sequence was
amplified by PCR using genomic DNA of normal human mam-
mary epithelial (HME) cells as the template and cloned into
Xbal and BamHTI sites of pHIV-Zsgreen vector. The following
primers were used F: 5'- ATCGACTCTAGAAGAGAGAGAG-
AGCGCTGTGG-3',and R: 5'-ATCGACGGATCCCATGCT-
GCCTTCAGATGAGA-3'. The miR-140 expression plasmid
was confirmed by sequencing.

The 3'-UTR of SOX2 was amplified by PCR using genomic
DNA of HME cells as the template and cloned into pGL3 vector
(Promega; Madison, WI). The following primers were used for
PCR F: 5'-ACTGAAGCTAGCACACTGCCCCTCTCACAC-
AT-3" and R: 5'-ACTGAACTCGAGTGCTTTCTTGGCTG-
AGCAC-3'. The potential miR-140-binding site in the SOX2
3’-UTR was then mutated using the Generate Site-Directed
Mutagenesis System (Invitrogen). The following mutagenesis
primers (5'-ATAAGTACTG GCGAACCATCTCAGAGCTC-
TTGTTTAAAAAGGGCAAAAG-3',and 5'-CTTTTGCCCT-
TTTT AAACAAGAGCTCTGAGATGGTTCGCCAGTACT-
TAT-3") were used, and the resulting mutant contains three
point mutations: C(Tto A) G(Tto A) G (Gto C) T.

To obtain the luciferase constructs, fragments from the
Wwp2 gene promoter region were amplified by PCR and cloned
into Kpnl and BglII sites of pGL3 basic vector. The following
primers were used: p140R 5'-ATCGACAGATCTCACCCAT-
TTCGGAGCAAC-3', p140L1 5'-ATCGACGGTACCGGGC-
AGAGTAGGTGGCATT-3', p140L2 5'-ATCGACGGTACC-
TTGCCAGGAAATAGAAATACAGA-3’, and pl40L3 5'-
ATCGACGGTACCCAAAAAGTAGAGACTAAGTGTTCA-
ACC-3'. The estrogen binding sites were predicted using
Genomatix software and alignment of the conserved estrogen
response element (ERE) sequence, AGGTCANNNTGGACCT,
with the miR-140 promoter. Three potential EREs (—1042 to
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—1020, —614 to —592 and —79 to —50) were identified. To
mutate the ERE(—79 to —50), a genomic DNA fragment was
amplified using p140R and p140L1 and cloned into pGEM-
Teasy vector (Promega). Two synthesized DNA fragment, 5'-
CTAGGTGGCCCGCACCTGCGA GCCTGGCCAGCCTC-
TTCCGCGTGTGGACAGCGCGCGCCGTGTCGACAGCC-
GGCCCGAGTGCGGGCGGTGGAAGGCGGAAGTAGGA-
GAGGAGTTCG-3" and 5'GCGCCGAACTCCTCT CCTAC-
TTCCGCCTTCCACCGCCCGCACTCGGGCCGGCTGTC-
GACACGGCGCGCGCTGTCCACACGCGGAAGAGGCT-
GGCCAGGCTCGCAGGTGCGGGCCAC-3" were then
annealed and inserted into the resulting plasmid digested with
Avrll and Kasl. The synthesized DNA fragment contains a
mutated ERE (=79 to —50), CGTGTGGACAGCGCGCGC-
CGTGTCGACAGC, in contrast to the wild type ERE, GGT-
CAGGTGACCGCGCGCGGTCACGTGACC. The mutated
promoter fragment was then released by Xhol and BglII treat-
ment and cloned into the pGL3-miR-140-promoter plasmid
digested with Xhol and BglII

The miR-140 sponge was constructed using a method
reported by Li et al. (32) Briefly, two oligonucleotides, 5'-TCG-
AGCTACCATAGGATTAACCACTGCTACCATAGGATT-
AACCACTGCTACCATAGGATTAACCACTGCTACCAT-
AGGATTAACCACTGCTACCATAGGATTAACCACTGC-
TACCATAGGATTAACCACTGCTACCATAGGATTAAC-
CACTGCTACCATAGGATTAACCACTGGGGCC-3’, and
5'CCAGTGGTTAATCCTATGGTAGCAGTGGTTAATCC-
TATGGTAGCAGTGGTTAATCCTATGGTAGCAGTGGT-
TAATCCTATGGTAGCAGTGGTTAATCCTATGGTAGC-
AGTGGTTAATCCTATGGTAGCAGTGGTTAATCCTAT-
GGTAGCAGTGGTTAATCCTATGGTAGC-3’, containing 8
tandem miR-140-binding sites were annealed and cloned into
the 3'-UTR of a gfp gene in the pcDNA5-CMV-d2eGFP vector
(Invitrogen). The fusion construct of the gfp gene and the miR-
140 sponge was then subcloned into the pBABE-puro vector.
As a control, the gfp gene including its corresponding 3'-UTR
alone was also cloned into pPBABEO-puro.

Cells were transfected with miR-140 expression vector,
siRNA for ERa, miR-140 promoter deletion series constructs,
miR-140 sponge or control vectors using Lipofectamine 2000
(Invitrogen) according to manufacturer’s instructions. For dual
luciferase assays, cells were transfected with reporter plasmids
in combination with Renilla luciferase phGR-TK (Promega) as
internal control. Luciferase activity was measured 48 h after
transfection using the Dual-Luciferase Reporter Assay System
(Promega) and a luminometer.

Chromatin Immunoprecipitation—ChIP was carried out as
described previously (33). Cells were cross-linked with 1%
formaldehyde followed by sonication. Chromatin was incu-
bated with antibodies against ERc overnight at 4 °C for immu-
noprecipitation. Rabbit IgG was used a negative control. Immu-
noprecipitated chromatin was analyzed by qRT-PCR using
primers for the miR-140 promoter (ERE CHIPL 5'-GACGAT-
AAAAAGGCCTCCTC-3'; ERE CHIPR 5'-CTCTCCTACTT-
CCGCCTTCC-3’). Results were normalized to input.

Mammosphere and Flow Cytometry—For growth of mam-
mospheres, cells were separated to single cells using cell disso-
ciation buffer (Millipore; Billerica, MA) and 40 um cell strain-
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ers (Fisher Scientific; Pittsburgh, PA) and counted. 20,000
cells/ml were seeded in 6-well plates coated with 2% polyhema
(Sigma) dissolved in 95% ethanol. After 7 days, mammo-
spheres > 100 um were counted. Flow cytometry was per-
formed on cells co-stained with CD44-APC and CD24-PE anti-
bodies (BD Pharmingen, San Diego, CA).

Statistical Analysis—Statistical analysis was performed by
Student’s ¢ test. p values of < 0.05 (*) were considered signifi-
cant. Data are presented as mean = S.E. Data were analyzed
using GraphPad Prism 4.0 software.

RESULTS

Identification of a New Target of miR-140 in Human Breast
Cancer Cells, the Stem Cell Self-renewal Regulator SOX2—DPre-
vious reports have indicated that miR-140 is down-regulated in
breast tumors compared with normal breast tissues (29). To
better understand the regulatory role the prospective tumor
suppressor miR-140 might play in breast cancer cells, we sought
to identify the pathways regulated by miR-140 in mammary
epithelial cells. We used TargetScan 6.0 (35) to examine the
predicted targeted mRNAs of miR-140. Among prospective
miR-140 targets, we selected SOX2 mRNA (targeted by miR-
140 -3p) for further investigation since: SOX2 expression is fre-
quently altered in human breast cancers (9), subtle changes in
SOX2 dose dictate critical outcomes in cancer stem cell self-
renewal (5, 36), and SOX2 regulation is poorly understood in
mammary epithelium. SOX2 mRNA 3'-UTR contains a pre-
dicted 7-mer match to the miR-140 seed region (Fig. 14). We
examined expression of miR-140 and SOX2 mRNA by qRT-
PCR in mammary epithelial cells and in breast cancer cells.
miR-140 and SOX2 mRNA display inverse expression in non-
tumorigenic MCF10A mammary epithelial cells and MCF-7
breast cancer cells (Fig. 1B) suggesting a potential regulatory
relationship.

To validate whether miR-140 could directly target the SOX2
mRNA 3'-UTR, we performed luciferase reporter assays by
cloning the 3'-UTR of SOX2 into luciferase reporter con-
structs. We also constructed mutant luciferase reporters by
mutating 4 bases of the predicted miR-140 seeding site by PCR-
based mutagenesis to abolish miR-140 targeting. HEK-293T
cells, which lack miR-140 expression (data not shown), were
co-transfected with wild type or mutant SOX2 3’-UTR lucifer-
ase vectors in addition to miR-140 expression vector. Fig. 1C
shows that miR-140 overexpression decreased wild-type but
not mutant SOX2 3'-UTR reporter activity compared with
controls. To confirm miR-140 regulation of SOX2 mRNA in
breast cancer, we overexpressed miR-140 in MCEF-7 breast can-
cer cells and examined SOX2 mRNA levels by qRT-PCR. Sim-
ilar to our results in HEK-293T cells, miR-140 overexpression
caused marked inhibition of SOX2 mRNA levels in MCE-7
breast cancer cells. In contrast, miR-140 silencing through
miR-140 sponge inhibitor increased SOX2 expression at both
mRNA and protein levels in MCF10A cells (Fig. 1D). Together,
these results suggest that miR-140 negatively regulates SOX2
expression in normal mammary epithelium and in breast can-
cer cells.
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FIGURE 1. The transcription factor SOX2 is a novel target for miR-140 in breast cancer cells. A, targetScan 6.0 predicts a miR-140 response element in the
SOX2 mRNA 3'-UTR. Aniillustration of the SOX2 3’-UTR as well as the seed sequence of miR-140. B, inverse expression of miR-140 and SOX2. Relative expression
of miR-140 and SOX2 in MCF10A and MCF-7 cells as determined by qRT-PCR. C, (left) HEK-293T cells were transfected with 2 png pGL3 luciferase vector
containing either wild-type SOX2 3’-UTR or mutant SOX2 3’-UTR (abolishing miR-140 targeting). Cells were co-transfected along with 2 g miR-140 expression
vector for 48h and lysed and luciferase activity was measured with a luminometer. Right, MCF-7 cells were transfected with miR-140 expression vector and
SOX2 mRNA was measured by qRT-PCR, normalizing to GAPDH mRNA. D, MCF10A cells were transfected with 2 ug of miR-140 sponge inhibitor for 24 h, and
SOX2 protein was measured by Western blot, normalizing to B-actin expression. n = 3, mean = S.E.
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FIGURE 2. Estrogen receptor signaling regulates miR-140 and SOX2 expression in normal breast tissue and in breast cancer cells. A, Western blot showing
ERa expression in non-tumorigenic mammary epithelial cells (MCF10A) and MCF10A cells stably transfected with ERa (MCF10AERIN) cells, normalizing to B-actin
expression. ERa-positive MCF-7 breast cancer cells are included as a control. B, MCF10A and MCF10AERIN were treated with 10 nm estradiol (E2) or EtOH control for
24 h. miR-140 and SOX2 expression was measured by qRT-PCR normalizing to U6 snRNA or GAPDH mRNA, respectively. C, MCF-7 cells were treated with 10 nm E2 for
24 h and miR-140 and SOX2 expression was measured by qRT-PCR. Pretreatment with 50 nm ERa siRNA was used to block E2-induced changes in mir-140 expression.
n = 3 = S.E. D, immunohistochemistry staining of normal breast tissue and breast tumor tissue (IDC associated with DCIS) with SOX2 and ER« antibody. E, qRT-PCR
analysis of miR-140 expression in normal breast tissue and fresh tumor tissue from patients with IDC, normalizing to U6 snRNA.

ERa Signaling Inhibits miR-140 Expression in Breast Cancer
Cells—Results from Fig. 1B revealed an inverse relationship

a growth response to E2 (31), and are used as a cell culture
model for studying ERa signaling. We examined miR-140

between miR-140 and SOX2 mRNA in normal mammary epi-
thelium and breast cancer cells. In addition, these findings
pointed to the possibility that miR-140 and SOX2 levels may be
impacted by ERa status and as a result we sought to character-
ize any role ERa may play in regulating miR-140 expression.
MCF10A cells are ERa-negative, non-tumorigenic breast epi-
thelial cells that show insensitivity to hormone stimulation (e.g
17-B-estradiol (E2)). MCF10A cells engineered to express ER«
(MCF10A-ERIN) (see Fig. 2A) are non-cancerous, demonstrate
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expression in MCF10A and MCF10A-ERIN cells by qRT-PCR.
The expression of miR-140 was significantly decreased in
MCF10A-ERIN cells as compared with MCF10A cells (Fig. 2B).
As expected, we found that E2 treatment failed to alter miR-140
levels in MCF10A (ERa-negative) cells. However, we found that
E2 notably inhibited miR-140 expression in MCF10A-ERIN
(ERa-positive) cells, suggesting that ERa may be involved in
the regulation of miR-140 expression in normal mammary
epithelium.
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We followed up our examination of miR-140 regulation in
mammary epithelial cells by examining miR-140 regulation in
breast cancer cells. We examined miR-140 regulation in the
ERa-positive breast cancer cell line MCF-7 (Fig. 2C). We trans-
fected MCEF-7 cells with ERa siRNA for 72 h and examined
miR-140 expression by qRT-PCR. We observed that E2 stimu-
lation suppressed miR-140 levels in MCF-7 cells expressing
ERa. However, ERa knockdown completely blocked the estro-
gen-induced inhibitory effect on miR-140. Based on these com-
bined observations, we concluded that ERa signaling inhibits
miR-140 expression in both mammary epithelial cells and
breast cancer cells. Furthermore, we found that E2 stimulation
also impacted SOX2 expression in MCF10A-ERIN cells and
MCE-7 breast cancer cells. In contrast to our findings regarding
miR-140, E2 treatment was found to stimulate SOX2 expres-
sion in cells expressing ERa (Fig. 2, B and C).

Next, we sought to confirm the significance of our findings from
cell culture models (regarding the inverse relationship between
miR-140 and SOX?2) in breast cancer patient tissues. Using IHC,
we examined SOX2 expression in ERa-positive, hormone-respon-
sive breast tumor tissues of Invasive Ductal Carcinoma (IDC) asso-
ciated with Ductal Carcinoma Iz Situ (DCIS). We observed signif-
icantly increased SOX2 staining in breast cancer tissues compared
with normal tissue controls (Fig. 2D). Likewise, we examined miR-
140 expression in IDC patient tumor tissues (# = 8) by qRT-PCR.
In agreement with previous studies, we observed dramatic down-
regulation of miR-140 in breast tumors compared with normal
breast tissue controls (Fig. 2E).

Identification of ERa Binding Sites in miR-140 Promoter—The
current understanding of ERa signaling is that E2 binding to
ERa leads to subsequent dimerization of receptors and recruit-
ment and binding to estrogen response elements (ERE) on ER«
target gene promoters (34). To investigate the potential direct
regulatory involvement of ERa in controlling miR-140 expres-
sion, we analyzed the predicted transcription factor binding
sites located within 2 kb region upstream of the transcriptional
start site of miR-140 using Genomatix software. Among the
predicted transcription factor response elements, 3 potential
EREs were found in the miR-140 promoter (—1042/—1020,
—614/—592, and —79/—50). To examine whether these pre-
dicted EREs were indeed involved in the regulation of miR-140
promoter activity, we cloned the miR-140 promoter into a lucif-
erase reporter construct and created a deletion series of miR-
140 promoter reporters lacking these putative EREs by deplet-
ing or mutating the EREs (Fig. 34). ERa-positive MCF-7 breast
cancer cells were transfected with wild type or mutant miR-140
promoter luciferase reporters in the presence or absence of
estrogens. Fig. 34 shows the results of miR-140 promoter activ-
ity assays for wild type and mutant miR-140 luciferase con-
structs including the deletion of EREs at —1042/—1020 and
—614/—592 or the mutation of the ERE at —79/—50. The addi-
tion of E2 resulted in decreased reporter activity for the wild-
type promoter. E2-dependent suppression of miR-140 pro-
moter activity was reversed when the —79/—50 ERE was
mutated. Deletion of the ERE at —1042/—1020 and —614/
—592 had negligible impact on the effects of estrogen action,
suggesting that the presence of the —79/—50 ERE may be more
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FIGURE 3. A, identification of Estrogen Response Elements (ERE) in the miR-140
Promoter. The miR-140 promoter region, ~2 kb of the region upstream of the TSS
of Wwp2 gene, was cloned into a luciferase reporter to examine promoter activ-
ity. Predicted ERE sites (3) in the miR-140 region were mutated or deleted in a
series of truncated reporters. MCF-7 cells were transfected with 2 ug of reporter
plasmid along with control Renilla luciferase reporter for dual-luciferase activity
assays. Cells were treated with 10 nm E2 or EtOH vehicle control. After 24 h cells
were lysed and assayed for luciferase activity. Control reporter possessed no pro-
moter activity. n = 3 = S.E. B, estrogen stimulation enhances ERa binding at the
miR-140 promoter. Results for miR-140 promoter region ChiP for ERa antibody.
Cross-linked, sonicated chromatin was immunoprecipitated with ERa antibody
or negative control rabbit IgG antibody following stimulation with 10 nmE2 or 10
nM BPA or EtOH control. qRT-PCR was carried out for miR-140 promoter region
(—79/—50ERE).n = 2, mean = S.E.

critical for estrogen-receptor binding, which in turn enables
ERa to inhibit miR-140 promoter activity.

Estrogen Stimulation Induces ERa Binding at the miR-140
Promoter—To validate direct association of ERa with miR-140
promoter, we performed chromatin immunoprecipitation
(ChIP) analysis in MCF-7 breast cancer cells (ERa-positive) for
the putative ER binding elements (—79/—50) within the miR-
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FIGURE 4. A, SOX2 is required for tumor-initiating cell survival in MCF-7 breast cancer cells. MCF-7 breast cancer cells were stably transfected with SOX2 shRNA
(followed by puromycin selection) or transiently transfected with 2 g of SOX2 expression construct for 24 h. Cells were stained with CD44-APC and CD24-PE
antibodies and CD44+/CD24- subpopulations were examined by flow cytometry. n = 3. B, qRT-PCR showing SOX2 mRNA and ERa mRNA levels following SOX2
overexpression or knockdown or miR-140 overexpression, normalizing to GAPDH mRNA.

140 promoter using ERe antibody. ChIP results (Fig. 3B)
revealed ERa recruitment to the miR-140 promoter in response
to E2 stimulation (1.93-fold that of control cells), suggesting
ERa directly associates with this promoter region. Similar
results were observed in bisphenol A (BPA, a xenoestrogen)-
treated cells. Given these findings in combination with our
observations that E2 treatment inhibits miR-140 levels in
human mammary epithelial cells and in breast cancer cells (Fig.
2, Band C), we conclude that ERa binds to a specific promoter
element (—79/—50) of miR-140, where ER« inhibits the tran-
scription of miR-140.

SOX2 Is Required for Tumor-initiating Cell Survival in Breast
Cancer Cells—SOX2 is an embryonic transcription factor that
regulates embryonic stem cell self-renewal that is overex-
pressed in breast cancers (9, 30). We examined the possibility
that SOX2 overexpression may promote breast tumor-initiat-
ing cell self-renewal. It is well established that the surface mark-
ers CD44 and CD24 can be used to separate breast CSCs from
non-stem cancer cells (NSCCs) and that CD44"e"/CD241°%
subpopulations demonstrate increased tumor-initiating capac-
ity in xenograft models of breast cancer (37). We examined the
impact of SOX2 knockdown on this previously described sub-
population enriched in tumor-initiating cells. We observed a
dramatic decrease in the CD44M&"/CD24!°" subpopulation fol-
lowing stable knockdown of SOX2 by shRNA in MCEF-7 breast
cancer cells (0.32% compared with 13.2% for control cells) (Fig.
4A). Likewise, we found that transient SOX2 overexpression
resulted in a dramatic increase in this subpopulation (22.5%) in
MCE-7 cells. Knockdown and overexpression of SOX2 are
shown by qRT-PCR analysis in Fig. 4B. We observed no signif-
icant changes in ERa levels following knockdown or overex-
pression of SOX2. These results indicate the significance of
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SOX2 in maintaining tumor-initiating cell survival in ERa-pos-
itive breast cancer cells.

ERa Signaling Regulates Tumor-initiating Cell Survival in
Part through a miR-140/SOX2 Pathway—Mammosphere cul-
ture is performed in attachment-free, serum-free, and non-dif-
ferentiating conditions where differentiated breast cancer cells
die from anoikis while other cells remain viable and grow (from
clonal expansion of single cells with self-renewal properties) as
non-adherent spheres enriched in breast CSCs and progenitor
cells (38, 39). Using mammosphere assays to examine in vitro
self-renewal of breast cancer cells, we tested the role of miR-140
and SOX2 in regulating stemness properties of breast cancer
cells. We examined mammosphere formation in MCF-7 cells
following transfection with miR-140 or SOX2 expression vec-
tors (lacking a 3'-UTR). As a control, MCF-7 cells maintained
in estrogen-free conditions (media containing stripped serum
and lacking phenol red) were also cultured as mammospheres.
These cells produced smaller, fewer mammospheres compared
with MCF-7 cells cultured in the presence of estrogens. We
tested the impact of restoring miR-140 expression on mammo-
sphere growth and found that miR-140-overexpressing MCF-7
cells produced smaller and fewer mammospheres compared
with control MCE-7 cells (Fig. 5, A and B). Furthermore, we
examined the impact of SOX2 overexpression on mammo-
sphere formation, finding that SOX2-overexpressing MCEF-7
cells produced more numerous, larger spheres compared with
controls. Finally, we found that co-transfection of miR-140 +
SOX2 resulted in increased mammosphere formation because
the SOX2 expression construct lacking its 3'-UTR is protected
from miR-140 targeting, demonstrating the importance of SOX2
in miR-140 regulation of tumor-initiating cell growth. Similar
trends were observed in subsequent sphere passages. These results
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provide support for a novel mechanism by which ER« signaling
might regulate breast CSCs, through regulation of miR-140
expression and subsequent targeting of SOX2 mRNA.

miR-140 Regulates Tumor-initiating Cell Renewal in Estro-
gen-stimulated Breast Cancer Cells—Based on our observation
that in the presence of estrogens miR-140-regulated mammo-
sphere formation, we sought to further examine the impact of
miR-140 restoration on breast tumor-initiating cell survival.
Specifically we wanted to test the possibility that in breast can-
cer, ERa signaling promotes tumor-initiating cell renewal
through suppression of miR-140 expression. We cultured
MCE-7 cells in the absence of estrogens in starvation condi-
tions. In these culture conditions, miR-140 overexpression had
little to no impact on tumor-initiating cell frequency. Following
E2 treatment, there was a dramatic increase (40.6% compared
with 29%) in the CD44"&"/CD24'°" subpopulation (enriched in
tumor-initiating cells) (Fig. 6A4). We observed a dramatic
decrease in the CD44"'8"/CD24'°* subpopulation upon overex-
pression of miR-140 following estrogen stimulation (28.3%
compared with 40.6%). We confirmed these findings in a sepa-
rate ERa-positive breast cancer cell line, T47D cells, where
miR-140 overexpression reduced the CD44"€"/CD24'°% sub-
population frequency to 2.83% compared with 4.74% in control
cells (Fig. 6B). These results indicate the importance of miR-
140 in regulating estrogen-stimulated tumor-initiating cell
expansion in breast cancer cells.

DISCUSSION

In agreement with earlier reports (29), we observed miR-140
down-regulation in breast tumors compared with normal
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breast tissue. While examining the molecular mechanisms
underlying miR-140 regulation we identified ERa control of
miR-140 transcriptional activity. In breast cancers ERa is a
therapeutic target and prognostic marker that is predictive
for disease aggressiveness (40). We have confirmed direct
recruitment of ERa to an ERE in the miR-140 promoter. As it
has been previously shown that ER« can influence miR bio-
genesis (41), our data cannot rule out that ERa may regulate
miR-140 expression through more than one mechanism in
breast cancer.

Several reports have indicated overexpression of SOX2 in
breast cancers (5, 9, 10). This well-known embryonic stem cell
marker has recently been implicated in CSC self-renewal; in
particular, SOX2 has been shown to be induced in mammo-
sphere culture, which is conducive to short-term propagation
of mammary stem cells and breast CSCs (5). We first observed
inverse expression between miR-140 and its predicted target
gene SOX2 in mammary epithelium and breast cancer cells. We
validated interaction between miR-140 and SOX2 using lucif-
erase reporter assays, QRT-PCR, and Western blot. Very little is
known concerning the regulation of SOX2 in breast cancer. In
embryonic stem cells it is thought that auto-regulatory feed-
back loops involving several embryonic transcription factors
(OCT4, KLF4, Nanog, SOX2 etc.) maintain the other’s
respective gene expression (8). We have identified a mecha-
nism that is in part responsible for SOX2 dysregulation in
breast cancer, loss of miR-140 targeting of the SOX2
3'-UTR. We have shown through mammosphere culture
that miR-140 targeting of SOX2 regulates stemness proper-
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FIGURE 6. miR-140 regulates tumor-initiating cell renewal in estrogen-stimulated breast cancer cells. A, MCF-7 cells were cultured in starvation condi-
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expression vector or control vector. After 24 h, cells were stained with CD44-APC and CD24-PE antibodies, and CD44+/CD24- subpopulations were examined
by flow cytometry. B, T47D cells were cultured in starvation conditions, treated with 10 nm E2, and transfected with 2 ug of miR-140 expression vector.
Following 24 h CD44+/CD24- subpopulation frequency was examined by flow cytometry.n = 2.

ties of breast cancer cells. Finally, we further confirmed the
importance of this relationship by showing how miR-140
and SOX2 can regulate CD44"¢"/CD24'°" breast tumor-ini-
tiating cells.

It has been previously shown that ERa signaling can reg-
ulate breast CSC frequency, with ERa stimulation resulting
in increased numbers of CSCs (11, 12). It has also been
shown that Metformin, a drug that can selectively target
breast CSCs, can inhibit ERa regulation of stem cell genes
(12). Here we provide a new mechanism by which ERa reg-
ulates breast tumor-initiating cells, through transcriptional
control of miR-140 and subsequent miR-140 targeting of
SOX2 mRNA.

Many questions remain unanswered concerning a potential
ERa/miR-140/SOX2 pathway in breast cancer. First, it is
important to test whether in vitro results from cell culture
experiments can be translated into animal studies. A critical
property of CSCs is the ability to repopulate heterogeneous
tumor populations and to functionally demonstrate tumor-ini-
tiating capacity in vivo. There is significant interest in under-
standing the biology behind solid tumor stem cells and identi-
fying drug targets and therapeutic approaches for eliminating
these tumor subpopulations. In the future we will examine
miR-140 regulation of breast tumor-initiation in xenograft
studies. Additionally, we will explore the therapeutic potential
for miR-140 and SOX2 modulation to eliminate breast CSCs.
Finally, other studies have indicated miR-140 down-regulation
also occurs in ERa-negative breast tumors (29) presumably
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through an independent mechanism, and we will address this in
our ongoing experiments.
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