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Decreased microRNA-214 levels in breast cancer cells coincides with increased cell
proliferation, invasion and accumulation of the Polycomb Ezh2 methyltransferase

Assia Derfoul', Aster H.Juan!",
Michael J.Difilippantonio®’, Nallasivam Palanisamy
Thomas Ried? and Vittorio Sartorelli'*

3,4,5
b

'Laboratory of Muscle Stem Cells and Gene Regulation, National Institute of
Arthritis, Musculoskeletal and Skin Diseases, National Institutes of Health,
Bethesda, MD 20892-8022, USA, 2Section of Cancer Genomics, Genetics
Branch/CCR/NCI/, National Institutes of Health, Bethesda, MD 20892, USA,
*National Genome Centre, Singapore and, *“Michigan Center for Translational
Pathology and *Department of Pathology, University of Michigan Medical
School, Ann Arbor, MI 48109, USA

*To whom correspondence should be addressed.

Laboratory of Muscle Stem Cells and Gene Regulation, National Institute of
Arthritis, and Musculoskeletal and Skin Diseases, National Institutes of
Health, 50 South Drive, Room 1351, Bethesda, MD 20892-8022, USA.

Tel: +1 301 435 8145; Fax: +1 301 480 9699;

Email: sartorev@mail.nih.gov

MicroRNAs (miRNAs) are small non-coding RNAs, which regu-
late gene expression by inhibiting translation or promoting deg-
radation of specific target messenger RNAs (mRNAs). Alteration
of the levels of a number of miRNAs is common in solid and
hematological tumors. We have shown previously that miR-214
regulates Ezh2 in skeletal muscle and embryonic stem cells. The
current study was aimed at examining the role of miR-214 in
breast cancer where miR-214 levels are reduced but whether this
phenomenon bears a functional relevance is unknown. MiR-214
expression was inversely correlated with Ezh2 mRNA and protein
levels in breast cancer cell lines and at least one copy of the miR-
214 alleles was found to be deleted in 24% (6/25) of primary
breast tumors. Experimental increase of miR-214 in breast cancer
cell lines correlated with reduction of Ezh2 protein levels, a known
marker of invasion and aggressive breast cancer behavior. Sup-
porting a direct targeting mechanism, miR-214 decreased lucifer-
ase activity from a construct containing the Ezh2 3’ untranslated
region. Expression of miR-214 specifically reduced cell prolifera-
tion of breast cancer cells and inhibited the invasive potential of
a highly metastatic breast cancer cell line. These findings indicate
that reduced miR-214 levels may contribute to breast tumorigen-
esis by allowing abnormally elevated Ezh2 accumulation and
subsequent unchecked cell proliferation and invasion.

Introduction

MicroRNAs (miRNAs) are 20-23 nucleotides-long non-coding RNAs
expressed in a cell- and tissue-specific manner, which act by nega-
tively regulating the stability and translational efficiency of their tar-
get messenger RNA (mRNAs) (1,2). MiRNAs have been implicated
in the initiation and progression of cancer and miRNA loci are fre-
quently located at fragile sites and genomic regions involved in cancer
where they exhibit copy number alterations (3,4). Expression of the
majority of miRNAs is reduced in human cancers (5-7). However, in
some instances, overexpression of specific miRNAs promotes tumor-
igenesis (8). These observations suggest that miRNAs can function
either as tumor suppressors or oncogenes, conferring a predictive di-
agnostic value to miRNA expression (9). In solid tumors, such as
stomach, pancreatic and prostate cancer, alteration of the levels of
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a small number of miRNAs, including miR-214, has been identified
as a signature for these tumors (10,11). In breast cancer, miR-214
expression is reduced, however, the functional relevance of this
finding remains unaddressed (10,11).

The Polycomb group (PcG) proteins contribute to the maintenance
of cell identity by regulating chromatin function and transcriptional
repression (12). Ezh2 is the catalytic component of the Polycomb
repressive complex 2 (PRC2) that mediates epigenetic silencing by
trimethylating histone H3 lysine 27 (H3K27me3) (13). Ezh2 is pref-
erentially expressed in embryonic tissues and present at low levels in
terminally differentiated adult tissues (14), where it acts as a negative
regulator of cell differentiation (15-17). In addition, Ezh2 promotes
cell proliferation (18,19). Upregulation of Ezh2 mRNA and protein
levels were first reported in metastatic prostate cancers (20). Subse-
quently, Ezh2 overexpression was noted in several neoplasias, includ-
ing gastric tumors (21), melanoma (22), bladder cancers (23),
lymphomas (19) and breast cancers (24). Increased levels of Ezh2
are also observed in non-invasive forms of cancer such as ductal
in situ carcinoma (DISC) and atypical hyperplasia. Moreover, Ezh2
was shown to promote neoplastic transformation of breast epithelial
cells suggesting that Ezh2 may contribute to the initiation and
progression of breast cancer (25). Overexpression of Ezh2 promotes
invasion of normal breast cell lines and increased Ezh2 protein levels
predict breast cancer aggressiveness and poor clinical outcome
(24,26). However, the mechanisms leading to increased expression
of Ezh2 in breast tumors are poorly understood.

It has been recently reported that reduced miR-101 levels are as-
sociated with increased Ezh2 accumulation in bladder, prostate, gas-
tric and breast cancer (27,28). MiR-101 targets the Ezh2 3’ UTR
(untranslated region), promoting its translational inhibition (24).
Ezh2 mRNA and protein are upregulated in breast cancer and corre-
late with tumor aggressiveness. However, deletion of miR-101 was
detected in only 55% of the analyzed breast tumors (28). In addition to
miR-101, several other miRNAs are predicted to target Ezh2 3" UTR,
including miR-214 (29). MiR-214 expression is reduced in breast
cancer and human breast cancer cell lines (10,11). However, the role
of miR-214 in this neoplasia is unknown.

Here, we report that miR-214 expression is inversely correlated
with Ezh2 mRNA and protein levels in MCF-7 and in the invasive
MDA-MB-231 breast cancer cell line and that deletion of at least one
copy of the miR-214 genomic alleles occurs in 24% (6/25) cases of
breast cancer examined. Overexpression of miR-214, but not that of
a mutant miR-214 version, results in inhibition of breast cancer cell
proliferation and invasion. Moreover, miR-214 causes inhibition of
a reporter construct containing the Ezh2 3" UTR and reduces endog-
enous Ezh2 protein levels in both MCF-7 and MDA-MB-231 cells.
These results offer a further insight into Ezh2 misregulation and
establish a link between miR-214 and Ezh2 in breast cancer cells.

Materials and methods

Plasmids and oligomers

To generate the miR-214 plasmid construct, a genomic fragment of primary miR-
214 was amplified by polymerase chain reaction (PCR) and inserted into the
BamHI and EcoRI sites of the plasmid vector pcDNA3 (Invitrogen, Carlsbad,
CA). The mutated pcDNA-miR-214 construct was generated by site-directed
mutagenesis using the QuickChange kit (Stratagene, La Jolla, CA). Human
Ezh2 silencing RNA (siRNA) and double-stranded oligomer corresponding to
the mature miR-101, miR-214 or miR-214 mutant as well as the anti-miR-214
were purchased (Invitrogen).

Tissues and genomic PCR analyses

Human breast cancer tissues were obtained with Institutional Review Board
approval at the University of Singapore/National University Hospital,
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Singapore (NUS/NUH). MiR-214 and miR-101 gene loci were examined using
comparative genomic hybridization and the Agilent oligoarray 244K for copy
number analysis, as previously described previously (28).

Cell culture and transfections

MCF-10A cells were purchased from Lonza (Allendale, NJ) and were grown in
mammary epithelial cell growth medium (MEGM) supplemented with hydro-
cortisone, insulin and human epidermal growth factor (Lonza, Annendale, NJ).
MCEF-7 and MDA-MB-231 were purchased from American Type Culture Col-
lection (Rockville, MD). Cells were grown in monolayer culture in high glucose
Dulbecco’s modified Eagle’s medium (Invitrogen), containing L-glutamine, 1.5
g/l sodium carbonate and supplemented with 10% fetal bovine serum (Invitro-
gen) and antibiotic solution (10 000 U Penicillin, 10 000 pg Streptomycin; In-
vitrogen). For stable cell lines, pcDNA, miR-214 or miR-214 mutant plasmids
were transfected in MCF-7 or MDA-MB-231 cells using Lipofectamine 2000
according to the manufacturer’s procedure (Invitrogen). Transfectant cells
were selected with 0.6 or 1 mg/ml of geneticin (G-418) for 2 weeks. Pooled
clones (n > 50) were employed for subsequent experiments. For transient trans-
fections, MCF-7 and MDA-MB-231 cells were transfected for 48-72 h with
either Ezh2 siRNA, green fluorescent protein-siRNA or 1, 10 or 100 nmol of
wild-type or mutant miR-214 oligomers. Cells generated from transient or stable
expression were processed for RNA extraction and immunoblot performed ac-
cording to standard procedures.

Real-time PCR and miRNA TagMan real-time PCR analyses

Total RNA (0.5-1 pg) was reverse transcribed using cDNA synthesis kit
(Applied Biosystems, Foster City, CA). About 2 pl of a 1:10 dilution of the
synthesized cDNA were used for quantitative real-time PCR, using SyberGreen
PCR MasterMix (Applied Biosystems) on the Mx3000P Real-Time PCR ther-
mocycler (Stratagene). Relative mRNA levels were determined by comparing
threshold cycles of amplified genes with GAPDH or beta-actin using the ACT
method. For miRNA quantitative real-time PCR, single-stranded cDNA from
RNA samples was prepared using the TagMan® MicroRNA Reverse Transcrip-
tion Kit (Applied Biosystems). Real-time PCR was performed using Tagman
miRNA probes and TagMan universal PCR master mix from Applied Biosys-
tems. Data were normalized to the signal obtained from the RNU6B control
probe. The oligonucleotide sequences used as primers or probes for reverse
transcription (RT)-PCR or real-time PCR are listed in supplementary Table 1,
available at Carcinogenesis Online.

Luciferase reporter analysis

The Ezh2-3" UTR reporter construct (pEzh2-UTR-Luc) consists of the mouse
Ezh2-3" UTR gene (+2577/4-3428 from the start of transcription) inserted
downstream of the luciferase reporter gene in the pGL3 control vector (Prom-
ega, Madison, WI). A mutant form was also generated (mut-Ezh2-UTR) using
direct site mutagenesis (Stratagene). Cells were transfected with 200 ng of the
pEzh2-3’ UTR reporter construct using Lipofectamine 2000 (Invitrogen). Fol-
lowing 48 h, cells were processed for luciferase activity. In designated experi-
ments, 100 nmol of miR-214 or miR-101 or the combination of both miRNAs
were transfected in MCF-7 and MDA-MB-231 in the presence of either pGL3 or
pGL3-Ezh2-3" UTR reporter construct. In all these experiments, 10 ng of Re-
nilla reporter construct (Promega) was cotransfected to normalize for differences
in transfection efficiency.

Immunoblots

Cells were lysed, their extracts resolved by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and transferred onto nitrocellulose filters. Immunoblots were
performed with the following antibodies: anti-Ezh2, Bmil, phosphatase and tensin
homolog, E-cadherin (Cell Signaling, Danvers, MA), E7 tubulin antibody (De-
velopmental Studies Hybridoma Bank, Iowa City, IA) and anti-H3K27me3 (Up-
state Biotechnology, Temecula, CA), anti-histone H3 (Abcam, Cambridge,
MA), anti-cyclin D and E polyclonal antibody (Santa Cruz Biotechnology,
Santa Cruz, CA). Densitometry analyses were performed using NIH image
software. Bands from blots were scanned, and signal intensities were calcu-
lated by subtracting local background from total intensities and relative in-
tensities were graphed after normalization to the corresponding corrected
control intensities for actin.

Cell proliferation analysis

For cell growth experiments, MCF-7 and MDA-MB-231 cells stably express-
ing the miR-214, the mutant miR-214 form or the empty vector (pcDNA) were
plated at 12.5 x 103 cells/cm? in a 12-well plate in duplicates and cell numbers
were determined at 24, 48 and 72 h. For Ezh2 siRNA experiments, cells were
counted 24, 48 and 72 h posttransfection. For 5’-bromo-2’-deoxyuridine
(BrdU) staining, cells were pulsed with BrdU for 4 h, then washed with phos-
phate-buffered saline and fixed in 4% paraformaldehyde, permeabilized for
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15 min in 0.2% Triton-1x phosphate-buffered saline. Cellular DNA was dena-
tured in 1.5N HCI for 25 min at 37°C and cells were neutralized in 0.1 M borate
buffer, pH 8.5. Cells were incubated overnight with the anti-BrdU mouse
monoclonal antibody (GE Healthcare, Piscataway, NJ) followed by incubation
with anti-mouse IgG-Alexa 488 (Molecular Probes). Cells were counted in 10
random fields and the ratio of BrdU/DAPI stained cells was calculated.

Cell invasion analysis

MDA-MB-231 cells stably expressing the miR-214, miR-214 mutant or the empty
vector pcDNA were plated at 5 x 10* cells/cm? in a 10 cm plate and cultured
overnight in Dulbecco’s modified Eagle’s medium medium containing 10% fetal
bovine serum then cells were serum starved. MCF-7 cells were transfected with
100 nM of anti-miR-214 oligomers using Lipofectamine (Invitrogen). Following
24 h of transfection, cells were serum starved for another 24 h. MCF-7 and MDA-
MB-231 cells were collected following trypsin treatment. Cells were then seeded
on a laminin-coated plate (Calbiochem-EMD Chemicals, Gibbstown, NJ). Fetal
bovine serum containing medium was added to the lower chamber as a chemo-
attractant. After 24 h, the invading cells were dissociated from the lower side of the
insert and stained in a cell detachment solution containing calcein. Fluorescence
was measured as recommended (Calbiochem, La Jolla, CA). Alternatively, cells
were seeded on a laminin-coated 24-well insert (Calbiochem-EMD Chemicals)
and incubated for 48—72 h. Non-invading cells were gently removed from the top
of the insert with a cotton swab. Invasive cells on the lower side of the inserts and
in the 24-well plate were stained with crystal violet, air-dried and photographed.

Statistical analysis

For all experiments, statistical analyses were performed using three indepen-
dent experiments conducted in triplicates and the mean = SD (P < 0.05) was
determined by analysis of variance.

Results

miR-214 levels are reduced in breast cancer cells and miR-214 locus
is deleted a subset of breast cancer

The Ezh2 3’ UTR contains an atypical miR-214 site which is highly
conserved in mammals (Figure 1A). To determine whether miR-214
has a role in breast tumors, we first correlated miR-214 expression
with Ezh2 mRNA and protein levels in the benign breast epithelial
cells MCF-10A and in MCF-7 and MBA-MB-231 cancer cell lines.
These cell lines are of luminal (MCF-10A and MCF-7) and basal
origin (MDA-MB-231) and are associated with very low (MCF-7)
and high (MDA-MB-231) invasiveness potential, respectively. Quan-
titative real-time RT-PCR (qPCR) and immunoblot of Ezh2 showed
increased Ezh2 mRNA and protein levels in the MCF-7 and MBA-
MB-231 cancer cells, when compared with the benign breast epithe-
lial cells MCF-10A (Figure 1A). Consistent with Ezh2 upregulation,
its enzymatic activity was also increased, as revealed by increased
H3K27me3 levels (Figure 1A). The Ezh2 upregulation was inversely
correlated with ~4- and 7-fold reduction of mature miR-214 levels
in the human MCF-7 and MDA-MB-231 breast cancer cell lines,
respectively, when compared with the benign immortalized breast
epithelial cells MCF-10A (Figure 1B). These differences were main-
tained when MCF-10A cells were grown in identical culture condi-
tions as those of MCF-7 and MDA-MB-231 (data not shown).

Since miR-101 is known to target Ezh2 and was also found to be
deleted in a large number of breast cancers (28), we investigated the
genomic organization of the region encompassing the miR-214 locus.
DNA obtained from 25 primary breast tumors and 5 matched normal
samples was examined by comparative genomic hybridization using the
Agilent oligoarray 244K for copy number determination. Six of the 25
tumor samples (24%) revealed loss of at least one copy of the miR-214
locus, as compared with matched normal breast tissue (Figure 1C). Since
deletion of miR-101 was found in 55% of the tumors (28), we evaluated
the status of miR-101 gene in the cancers with a miR-214 deletion. Of
the six tumors harboring deletion of miR-214 locus, only three (50%)
revealed deletion of the miR-101 locus as well (Figure 1D), whereas
three of the six (50%) positive tumors displayed a selective miR-214
deletion (Figure 1C). These data indicate that, in some breast cancers,
loss of miR-214 is not accompanied by concomitant deletion of miR-101
and suggest that increased Ezh?2 levels in breast cancer and cell lines may
result from reduction of miR-214 in a miR-101-independent manner.
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Fig. 1. Ezh2 mRNA and protein levels in breast cancer cell lines and miR-214 expression and genomic locus deletion in breast tumors. (A) Schematic of miR-214
site on the Ezh2 3" UTR (top left panel) and its conservation across mammalian species (top right panel), Ezh2 RT-qPCR (lower left panel) and Ezh2, H3K27me3
and total histone H3 immunoblot (lower right panel) of the benign immortalized breast epithelial cell line MCF-10A and the MCF-7 and MDA-MB-231 breast
cancer cell lines. (B) miRNA TagMan RT-PCR of miR-214 in MCF-10A, MCF-7 and MDA-MB-231 breast cell lines. The three cell lines were cultured in the
same growth medium. Shown are levels of miR-214 corrected to RNU6B used as an internal control (*P < 0.05, **P < 0.005, ***P < 0.0002). (C) High resolution
comparative genomic hybridization analysis of breast cancers show a non-focal deletion in a region containing miR-214 in a subset of tumors (right panel) but not
in the benign samples (left panel). (D) Tumor samples from (C) harboring a deletion in miR-214 show focal deletion for miR-101 in 3/6 tumor samples (left panel)
but not in the benign samples (right panel). Horizontal green and blue lines correspond to the ratio profile for copy number changes in each sample and the red and
green dots indicate the probes represented on the array platform (Agilent 244K array CGH). (D) Graph represents miR-214 deletion frequency in primary breast
tumors and their distribution as a function of the presence or absence of a concomitant miR-101 deletion.

miR-214 targets the Polycomb Ezh2 methyltransferase

To examine the effect of miR-214 on Ezh2, MCF-7 and MDA-MB-231
cells were transiently transfected with oligonucleotides corresponding to
mature miR-214 or its mutant counterpart. The results of these experi-
ments showed that miR-214, but not its mutant form, specifically re-
duced the Ezh2 protein levels in a dose-dependent manner (Figure 2A,

left panel). However, no change in Ezh2 mRNA was detected, as mea-
sured by RT—qPCR (Figure 2A, right panel). In addition to miR-214,
a highly conserved miR-199 putative site is located within the Ezh2
3" UTR (Figure 1A). Since miR-199a/a* is clustered with miR-214
and the two miRNAs are cotranscribed in several tissues and cell lines
(30,31), we reasoned that miR-199 may also regulate Ezh2. Indeed,
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Fig. 2. miR-214 overexpression reduces Ezh2 levels by targeting the 3’ UTR of Ezh2 in breast cancer cell lines. (A) Immunoblot of Ezh2 and phosphatase and tensin
homolog (left panel) and Ezh2 mRNA by RT-qPCR (right panel in MCF-7 and MDA-MB-231 cells transiently transfected with increasing amounts (1,10 or 100
pmol, respectively) of wild-type or mutant (mut) miR-214 oligomers. (B) Immunoblot of Ezh2 in MCF-7 and MDA-MB-231 cells stably transfected with either
a construct encoding the pre-miR-199 or the pre-miR-214. (C) miRNA TagMan RT-PCR of mature miR-214 (right panel), and RT—qPCR of primary miR-214 and
mutant miR-214 (mut) relative to control (left panel), in MCF-7 and MDA-MB-231 cells stably expressing either miR-214, mut or the control plasmid. (*P < 0.05;
**P < 0.005; ***P < 0.0002; NS, not significant. (D) Immunoblot (left panel) of Ezh2, phosphatase and tensin homolog, Bmil, H3K27me3 and total histone H3 and
Ezh2 mRNA RT-PCR (right panel) of MCF-7 and MDA-MB-231 cells stably transfected with either a construct encoding the pre-miR-214, the mutant form or an
empty control vector. Shown is a representative experiment of three sets of stable transfectants, with -actin as a control for equal loading of protein cell extract. (E)
Luciferase activity of wild-type Ezh2-3" UTR or the mutant, mut-Ezh2-3" UTR reporter constructs in MCF-7 or MDA-MB-231 cells stably expressing either the wild-
type pre-miR-214, the mutant form, mut or the control vector. The data represent the mean + SD (**P < 0.005) as determined from three independent experiments
performed in triplicate. (F) Luciferase activity of wild-type Ezh2-3" UTR or the pGI3 control vector in the presence of miR-214 or miR-101 or both oligomers in
MCF-7 and MDA-MB-231. The data represent the mean + SD as determined from two independent experiments done in triplicate.

stable expression of a precursor miR-199 in MDA-MB-231 and MCF-7 with either a construct expressing precursor miR-214, a mutant form of
cells resulted in a reduction of Ezh2 protein levels (Figure 2B). Since we miR-214 (mut) or control plasmid. RT-qPCR showed that in addition to
have shown previously that miR-214 targets Ezh2 in skeletal muscle and the premature wild-type miR-214 and mut forms (Figure 2C, right
embryonic stem cells, we decided to focus on the miR-214 role on breast panel), Dicer-processed mature miR-214 was also efficiently overex-
cancer cells. MCF-7 and MDA-MB-231 cells were stably transfected pressed in MCF-7 and MDA-MB-231 cells (Figure 2C, left panel).
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Immunoblot analysis of MCF-7 and MDA-MB-231 cell lines stably
expressing precursor miR-214 showed reduced Ezh2 protein when com-
pared with control plasmid, but not in cells expressing the miR-214
mutant form (Figure 2D). Ezh2 reduction well correlated with reduced
H3K27 me3 levels (Figure 2D, left panel). However, Ezh2 RNA levels
were not significantly changed in both MCF-7 and MDA-MB-231 cell
lines stably expressing precursor miR-214 (Figure 2D, right panel),
consistent with a role of miR-214 in posttranscriptional regulation of
Ezh2 (29). We examined phosphatase and tensin homolog, a reported
miR-214 target in ovarian cancer (6). In both MCF-7 and MDA-MB-
231, miR-214 overexpression had no effect on phosphatase and tensin
homolog, indicating that this protein is not regulated by miR-214 in
breast cancer cell lines (Figure 2A and D). In addition, miR-214 expres-
sion did not affect the levels of Bmil, a component of the PRC1 com-
plex, indicating targeting specificity of miR-214 for Ezh2 (Figure 2D).
To examine whether miR-214 directly targets the 3" UTR of Ezh2,
luciferase reporter constructs containing the wild-type or mutated form
of the mouse Ezh2 3" UTR were transfected in cells stably overexpress-
ing either wild-type or mutant miR-214. In cells expressing miR-214,
luciferase activity from the construct containing the Ezh2 3" UTR was
decreased by >40% in both MCF-7 and MDA-MB-231 cells (Figure
2E). Expression of the mutated miR-214 form did not induce any sig-
nificant change in luciferase activity when compared with control cells
(Figure 2E). Luciferase activity from a construct harboring a mutation in
the miR-214 site of Ezh2 3'UTR was unaffected in MCF-7 and MDA-
MB-231 cells expressing either miR-214 or its mutant form (Figure 2E).
Collectively, these results indicate that miR-214 regulates Ezh2 protein
accumulation in breast cancer cells by directly targeting Ezh2 3" UTR.
To test whether miR-101 and miR-214 can co-operate in reducing Ezh2
levels, miR-214, miR-101 or the combination of both miRNAs were
transfected in MCF-7 and MDA-MB-231 cells in the presence of either
pGL3 (control) or pGL3-Ezh2-3" UTR reporter construct. Figure 2F
shows that while either miR-214 or miR-101 reduced luciferase activity,
their coexpression did not further downregulate luciferase activity.

miR-214 overexpression inhibits breast cancer cell proliferation

MiR-214 stable expression reduced cell growth of MCF-7 and MDA-
MB-231 cells by >20 and 30% (P = 0.03 and P = 0.004), respec-
tively, as measured by cell counts taken over a 72 h time course.
However, no significant growth reduction was observed in mut-
miR-214-expressing cells relative to control (Figure 3A). If the effects
of miR-214 are mediated by Ezh2, reducing Ezh2 is expected to re-
capitulate the effects of miR-214 overexpression. To directly test this
hypothesis, we transfected Ezh2 siRNA in MCF-7 and MDA-MB-231
cells. The results of these experiments are reported in supplementary
Figure 1A, available at Carcinogenesis Online and indicate that, sim-
ilarly to miR-214 overexpression (Figure 3A), Ezh2 reduction dimin-
ished cell proliferation, thus suggesting specificity for miR-214
effects on cell growth via Ezh2 down-modulation. To determine
whether miR-214-mediated growth reduction was due to inhibition
of cell proliferation, MCF-7 and MDA-MB-231 cells were subjected
to BrdU incorporation analysis and examined by immunofluorescence
(Figure 3B, left panel). MiR-214 expression reduced the proportion of
BrdU-positive cells by 33% in MCF-7 (P = 0.019) and by 26% in
MDA-MB-231 cells (P = 0.006), when compared with control cells
In contrast, expression of miR-214 mut had no significant effect on the
proliferation rate of MCF-7 and MDA-MB-231 (Figure 3B, right
panel). MiR-214-mediated cell growth inhibition was further in-
creased to 40% in both MCF-7 and MDA-MB-231 cells-expressing
miR-214, when cells were synchronized by serum starvation prior to
BrdU treatment (data not shown). To evaluate whether miR-214 in-
hibition of cell proliferation was associated with blockade of cell
cycle mediators, we examined expression of cyclins D1 and E as well
as Ezh2. Immunoblot showed that overexpression of miR-214 re-
sulted in a reduction of cyclin D1, cyclin E and Ezh2 protein levels
in both cell lines (Figure 3C). To further explore the regulation of
Ezh2 by miR-214, we examined the expression of the Ezh2 down-
stream target genes cyclin D1, IGFBP2, SFRP3 and c-Myc (20). In
MDA-MB-231 cells, overexpression of miR-214 resulted in a reduc-

miR-214 targets the Ezh2 in breast cancer cells

tion of c-Myc and cyclin D1 transcripts as measured by RT-qPCR
(Figure 3D). Inversely, expression of Ezh2 target genes IGFBP2 and
SFRP3 (20,32), that are associated with inhibition of cell prolifera-
tion, was upregulated in miR-214-expressing cells relative to control,
but was unaffected by miR-214 mutant (Figure 3D). Transfection of
Ezh2 siRNA in either MCF-7 or MDA-MB-231 cells resulted in
a similar profile of regulation of Ezh2 downstream target genes (sup-
plementary Figure 1B is available at Carcinogenesis Online), suggest-
ing specificity for miR-214 effects on mediators of cell proliferation
via Ezh2 down-modulation. In MCF-7 cells, miR-214 overexpression
resulted in decreased c-Myc and upregulation of IGFBP2, but no
significant change in the levels of cyclin D1 transcripts was observed.
The latter result points at a potential posttranscriptional regulation of
cyclin D1 in miR-214 transfected MCF-7 cells (Figure 3D).

miR-214 expression blocks in vitro cell invasion

To determine the effect of miR-214 on the invasive behavior of MDA-
MB-231 cells, we used a laminin basement membrane invasion chamber
assay. Expression of miR-214 markedly decreased the invasion potential
of MDA-MB-231 cells when compared with cells expressing the miR-
214 mutant or control cells (Figure 4A, left panel). Quantitative analysis
indicated that miR-214 expression resulted in a 56% reduction of cell
invasion (Figure 4A, right panel). However, this reduction was not
achieved with cells expressing the mutant miR-214 or transfected with
control plasmid (Figure 4A, right panel). Importantly, in both MCF-7 and
MDA-MB-231 cells, miR-214 expression correlated with increased ex-
pression of E-cadherin (ECADH-1) (Figure 4B), a transcript whose ex-
pression is inversely correlated with cell invasion (24,26). Upregulation
of ECADH-1 by miR-214 overexpression was confirmed by immunoblot
in MCF-7 (Figure 4B). ECADH-1 protein was below detection levels in
MDA-MB-231 (data not shown). We next evaluated whether reducing
the miR-214 levels in MCF-7 cells could alter their weakly invasive
behavior. MCF-7 cells transfected with anti-miR-214 had reduced
miR-214 levels (Figure 4C, left panel) and displayed increased cell in-
vasion, when compared with control-transfected MCF-7 cells (Figure
4C, right panel).

Discussion

In this study, we show that miR-214 targets Ezh2 in breast cancer cell
lines and that one miR-214 allele is deleted in 24% (6/25) of primary
breast tumors. Although miR-101 deletion is associated with increased
Ezh2 accumulation and consequent disease progression in breast can-
cers (27,28), our data suggest that Ezh2 accumulation may also result
from deletion of miR-214 without concomitant loss of miR-101 in a sub-
set of breast tumors. Our data are consistent with a number of studies
reporting that miR-214 levels are reduced in breast cancer (10,11). In
one study, reduction of miR-214 levels was associated with a subset of
tumors that are basal, estrogen receptor-negative, human epidermal
growth factor-2-positive, of histological high grade (10) and aggressive
behavior. This observation correlates well with the reported poor prog-
nosis of breast cancers expressing high level of Ezh2 (24,26). In addi-
tion, Ezh2 expression is upregulated in breast ductal carcinoma in situ
and atypical ductal hyperplasia (20), two conditions that are not char-
acterized by invasiveness, suggesting that Polycomb proteins control
several steps of breast tumorigenesis. Ezh2 overexpression in breast
cancer has been shown to repress a large number of genes, including
specific Polycomb group proteins, transcription factors and cell cycle
regulators (20). Inhibition of cell proliferation by miR-214 in MCF-7
and MDA-MB-231 cells in our study is consistent with this hypothesis
and is supported by downregulation of cyclin D1 and E in both cell lines
and relief of the repression of the Ezh2 downstream target IGFBP2
(20,32). Moreover, downregulation of c-Myc, which has been shown
to control Ezh2 gene expression by controlling its negative regulator
miR-26a (33), is consistent with this model and indicates that miR-214
specifically interferes with Ezh2-mediated activity on cell proliferation.
Importantly, the correlation of blockade of the invasive potential of
MDA-MB-231 in vitro by miR-214 expression with increased expres-
sion of ECADH-1 further indicates that miR-214 is also able to repress
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Fig. 3. miR-214 overexpression reduces proliferation of breast cancer cell lines. (A) Cell growth curves of MCF-7 MDA-MB-231 cells stably expressing miR-
214, mut-miR-214 (mut) or control vector. The data represent average cell numbers + SD determined at 24, 48 and 72 h from five experiments done in duplicates
(*P < 0.05, **P < 0.005). (B) BrdU staining of MCF-7 (left panel) and MDA-MB-231 (data not shown). The ratio of BrdU/DAPI-stained cells calculated using
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Ezh2-mediated invasion. However, it is clear that breast metastasis is
a very complex and regulated phenomenon (34) and other factors may
contribute to the different invasive behavior of MCF-7 and MDA-MB-
231 cells.

Overall, our data suggest that miR-214 (and possibly co-transcribed
miR-199a/a*) may function as a tumor suppressor and its deletion in
a subset of breast tumors is an independent event from deletion of
miR-101, thus providing an additional mechanism for increased Ezh2
levels. It is formally possible that miR-214 levels may be reduced in
tumors that do not harbor deletions of the miR-214 alleles. In these
cases, DNA methylation of miR-214 regulatory regions may silence
expression, as reported for several tumor suppressor genes (35).
Reduction in miRNA levels resulting from genomic loss or other
mechanisms coupled with increased Ezh2 levels may provide new
prognostic markers for the management of cancer.
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Supplementary Figure 1 and Table 1 can be found at http://carcin.
oxfordjournals.org/
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