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Abstract To identify microRNAs (miRNAs) associated with
estrogen receptor (ESR1) status, we profiled luminal A,
ESR1+ breast cancer cell lines versus triple negative (TN),
which lack ERα, progesterone receptor and Her2/neu.
Although two thirds of the differentially expressed miRNAs
are higher in ESR1+ breast cancer cells, some miRNAs, such
as miR-222/221 and miR-29a, are dramatically higher in
ESR1− cells (∼100- and 16-fold higher, respectively). MiR-
222/221 (which target ESR1 itself) and miR-29a are predicted
to target the 3′ UTR ofDicer1. Addition of these miRNAs to
ESR1+ cells reduces Dicer protein, whereas antagonizing
miR-222 in ESR1− cells increases Dicer protein. We
demonstrate via luciferase reporter assays that these miRNAs
directly target the Dicer1 3′ UTR. In contrast, miR-200c,
which promotes an epithelial phenotype, is 58-fold higher in
the more well-differentiated ERα+ cells, and restoration of
miR-200c to ERα− cells causes increased Dicer protein,
resulting in increased levels of other mature miRNAs
typically low in ESR1− cells. Together, our findings explain

why Dicer is low in ERα negative breast cancers, since such
cells express high miR-221/222 and miR-29a levels (which
repress Dicer) and low miR-200c (which positively affect
Dicer levels). Furthermore, we find that miR-7, which is
more abundant in ERα+ cells and is estrogen regulated,
targets growth factor receptors and signaling intermediates
such as EGFR, IGF1R, and IRS-2. In summary, miRNAs
differentially expressed in ERα+ versus ERα− breast
cancers actively control some of the most distinguishing
characteristics of the luminal A and TN subtypes, such as
ERα itself, Dicer, and growth factor receptor levels.
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Abbreviations
EMT Epithelial to mesenchymal transition
ESR1 Estrogen receptor alpha gene
ERα Estrogen receptor alpha protein
miRNA MicroRNA
RISC RNA induced silencing complex
TRBP Tar RNA-binding protein
TN Triple negative
UTR Untranslated region

Introduction

Since specific microRNAs (miRNAs) are capable of regulating
hundreds of mRNAs simultaneously, it was not unexpected to
find that miRNA profiling can distinguish breast cancer
subtypes [5]. MiRNAs function by binding to the 3′
untranslated region (UTR) of their targets and either prevent
translation or cause mRNA degradation. The human RNase
III-type nuclease Dicer performs the final step of biogenesis
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of miRNAs in which the pre-miRNA stem loop is cleaved to
produce a mature miRNA. The mature miRNA is then
incorporated into the RNA induced silencing complex,
consisting of Dicer, Tar RNA-binding protein (TRBP),
argonaute proteins, and several other proteins, which guide
the mature miRNA to specific target mRNAs. Conditional
deletion of Dicer enhances transformation and tumorigenesis,
and Dicer functions as a haploinsufficient tumor suppressor
[36, 37]. Three separate studies of estrogen receptor alpha
(ESR1) positive (ESR1+) versus negative (ESR1−) breast
cancers found that the majority of differentially expressed
miRNAs are less abundant in ESR1− tumors [5, 26, 45]. It is
likely that reduced Dicer expression is related to the global
down-regulation of the miRNAome observed in cancer, and
it is thought that the reduced number and abundance of
miRNAs in human cancers reflects an altered differentiation
state [7, 43]. Expression of Dicer is lower in breast cancer
cell lines and clinical samples that have undergone epithelial
to mesenchymal transition (EMT) [23], and Dicer is
differentially expressed between ESR1 positive versus
negative breast tumors [11]. Similarly, lower Dicer levels
are associated with loss of ESR1 in ovarian cancers [18].

Dicer levels are regulated by let-7 via binding sites in the
Dicer1 3′ UTR and coding region [19, 60]. MiR-103/107
was recently reported to repress Dicer1 through three sites
in the Dicer 3′ UTR [44]. We observed that the 3′ UTR of
Dicer1 also contains well-conserved binding sites for miR-
221/222, which directly target ESR1 [16, 65] and for miR-
29a. We find these to be the most differentially expressed
miRNAs higher in ERα- negative versus ERα+ breast
cancer cells. We hypothesized that miR-221/222 directly
represses not only ESR1, but also Dicer itself, and that
miR-29a also directly targets Dicer, possibly explaining
why Dicer is lower in ERα negative breast cancers.

In contrast to miR-221/222 and miR-29a, the majority of
differentially expressed miRNAs are higher in ERα+ cells,
and of these, miR-200c is the most differentially expressed.
We previously observed that restoration of miR-200c to
dedifferentiated endometrial cancer cells increased Dicer1
mRNA levels [14]. We now demonstrate that restoration of
miR-200c to triple negative (TN) breast cancer cells (that
lack ERα, progesterone receptors, and Her2neu expression)
causes an increase in Dicer protein resulting in an increase
in the mature form of some of the miRNAs that are
typically lower ERα− cells.

Materials and Methods

Cell Culture and Hormone Treatments

MCF7 and T47D breast cancer cells, which belong to the
luminal A subtype, were grown in DMEM, L-glutamine,

penicillin/streptomycin, and fetal bovine serum (FBS).
MDA-MB-231 breast cancer cells (triple negative subtype)
were grown in MEM containing FBS, HEPES, NEAA, L-
glutamine, penicillin/streptomycin, and insulin. BT549
breast cancer cells (triple negative subtype) were grown in
RPMI containing FBS and insulin. Hec50 cells were grown
in DMEM containing FBS and penicillin/streptomycin.
Cells were maintained at 37°C and 5% CO2. The identity
of all cell lines was confirmed using the Identifiler DNA
profiling kit (ABI) in the University of Colorado Cancer
Center Sequencing Core Facility.

MCF7 cells were grown in phenol red-free media
containing charcoal stripped serum for 24 h prior to
hormone treatments. The cells were treated with ethanol,
10 nM estradiol, or a combination of 10 nM estradiol and
1 μM ICI 182,780 (ICI, Tocris Bioscience) for 24 h before
harvesting total RNA using Trizol (Invitrogen), which
retains both small RNA species such as miRNAs and larger
RNAs such as mRNAs and rRNAs.

Immunoblotting

Whole cell lysates made with RIPA buffer were separated on
SDS PAGE gels and transferred to PVDFmembranes, blocked,
and probed overnight at 4°C. Primary antibodies used were:
ERα (clone AER611,NeoMarkers), E-cadherin (clone NCH-
38, DAKO), ZEB1 (rabbit polyclonal, Dr. Doug Darling,
University of Louisville); N-cadherin (clone 13A9, Upstate),
Vimentin (clone V9, Sigma), Dicer (rabbit polyclonal, Sigma),
α-tubulin (clone B-5-1-2, Sigma), EGFR (rabbit polyclonal,
Cell Signaling Technology), IGF1Rβ (rabbit polyclonal
(C-20), Santa Cruz Biotechnology), IRS-1 [56], IRS-2 (rabbit
polyclonal (H-205), Santa Cruz Biotechnology), ERK1/2
(MAPK), phospho-specific and total (rabbit polyclonal, Cell
Signaling Technology). After incubation with HRP-
conjugated secondary antibodies, results were detected using
Western Lightning Chemiluminescence Reagent Plus (Perkin
Elmer).

MiRNA Microarray Profiling

Total RNAwas prepared using Trizol (Invitrogen). Labeling,
hybridization to miRNA microarray slides, and feature
extraction was performed by ThermoFisher using the Agilent
miRNA microarray platform containing all miRNAs in the
Sanger version 10 database. Each miRNA probe is spotted in
seven locations to allow for statistical analysis to be
performed. Relative intensity data for the multiple probes for
each miRNAwas subjected to statistical filtering. Probes with
p values ≤0.05 in at least two of the eight slides were
retained for further analysis. For the luminal versus triple
negative screen, the filtered array data was analyzed and
clustering was performed using GeneSpring GX 10 (Agilent
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Technologies). Data was filtered using a twofold change
cutoff and a p value of 0.05 (ANOVA, Benjamini
Hochberg FDR multiple testing correction). For the
graphical representation of the data, averages were taken
for T47D and MCF7 to generate the ERα+ values and
averages for MDA-MB-231 and BT549 were used to
generate the ERα− values.

Real Time RT-PCR

TaqMan MiRNA Reverse Transcription kit was used to
generate cDNA from total RNA using a miR-7, miR-29a,
miR-221, miR-22, miR-193, miR-148a, or U6 specific
primers (Applied Biosystems). For normalization, real time
RT-PCR was performed on the cDNA using 18S rRNA
primers and probe (Applied Biosystems). For miR-34a,
miR-19b, miR-20a, and miR-106a, poly A tailing and
reverse transcription was performed using the NCode
miRNA qRT-PCR kit (Invitrogen). SYBR green real time
RT-PCR was performed using the Universal Forward
Primer (Invitrogen) and a miRNA specific primer. For
normalization, levels of β-actin were quantified using gene-
specific primers. The relative miRNA levels were calculated
using the comparative Ct method (ΔΔCt). Briefly, the Ct
(cycle threshold) values for the rRNA, U6, or actin were
subtracted from Ct values of the miRNA to achieve the ΔCt
value. The 2−ΔCt was calculated and then divided by a
control sample to achieve the relative miRNA levels
(ΔΔCt). Reported values are the means and standard errors
of three biological replicates.

Immunohistochemistry

Sections were cut at 4 μm and heat immobilized. After
deparaffinization and antigen retrieval, endogenous peroxidase
was blocked. Sections were incubated with primary antibody
for 1 h. Primary antibody used was Estrogen Receptor alpha
(clone 1D5, Dako). Vectastain Elite ABC kit (Vector Labs)
was used for serum blocking and antibody detection, followed
by incubation with 3, 3′-diaminobenzidine (Dako) for protein
visualization.

In Situ Hybridization

Sections of paraffin-embedded specimens were deparaffi-
nized in xylene, rehydrated with ethanol, and subjected to
proteinase K digestion (10 μg/ml, 5 min) and 0.2% glycine
treatment. Samples were refixed in 4% paraformaldehyde
and treated with acetylation solution, rinsing with PBS
between treatments. Slides were prehybridized at 53°C for
1 h in hybridization solution (50% formamide, 5× SSC,
0.5 mg/ml yeast tRNA, heparin). Double-DIG LNA-
modified DNA probe complementary to mature miR-222

or scramble control (Exiqon) at 40 nM in hybridization
solution was incubated overnight at 50°C and washed in
SSC at increasing stringency (5 to 0.2× SCC) at 50°C, then
with PBST at room temperature. Slides were incubated for
1 h with blocking solution (TBST, 1% BSA, 0.1% FBS)
and then 1 h with 1:2,000 dilution of anti-digoxigenin
antibody (Roche). After washing with TBST, slides were
incubated with AP solution for 15 min and then BM purple-
substrate until color development was evident (24 to 72 h).
The reaction was stopped when positive controls developed
purple color while negative controls remained colorless.

Transfections

Transfections of 50 nM miR-221, miR-222, miR-29a, miR-
200c, and miR-7 mimics (Ambion) were performed as
described previously [14]. Protein and RNAwere harvested
72 h post-transfection.

Luciferase Assays

Fragments of the ESR1 3′ UTR containing the putative
binding sites for miR-203, miR-221, and miR-22 (nucleo-
tides 2126–2472, ESR1 A) and a region that does not
contain any miR-221 or miR-22 binding sites (nucleotides
3585–4249, ESR1 B) were amplified by PCR from HeLa
genomic DNA (New England Biolabs). Fragments of the
Dicer1 3′ UTR containing putative binding sites for miR-
29a (nucleotides 1096–1752, Dicer 3′ UTR A) or miR-221/
222 (nucleotides 2636–3028, Dicer 3′ UTR B) were also
amplified. These fragments were cloned into pMIR-
REPORT (Ambion). Site-directed mutagenesis was used
to introduce a three-nucleotide mutation into the location
where the miRNA see sequence binds (Dicer A mut and
Dicer B mut). For ESR1, MCF7s were used, and for Dicer,
Hec50 (an endometrial cell line) was used. Cells (20,000)
per well were plated into a 96 well plate. The cells were
mock transfected, transfected with 50 nM negative control
mimic, with mimics for miR-221 or miR-222 (for the ESR1
fragments), miR-29a, miR-222, or antagonists for miR-29a
or miR-222 (for the Dicer fragments) (Dharmacon). After
24 h, firefly reporter plasmid (0.196 μg) and a Renilla
luciferase normalization plasmid pRL-SV40 (0.004 μg)
were introduced using Lipofectamine 2000. Cells were
harvested 48 h later for analysis using the Dual Luciferase
Reporter assay system (Promega).

Generation of Stable Cell Lines

Cell lines stably expressing shRNAs targeting ZEB1 or
luciferase were generated using SMARTvectorTM shRNA
Lentiviral Particles (Thermo Scientific Dharmacon) as described
previously [15]. For stable expression of the miR-222
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Fig. 1 MiRNAs differentially
expressed in luminal versus triple
negative breast cancer cell lines. a
Protein expression of epithelial
markers (ERα, E-cadherin) and
mesenchymal markers (ZEB1,
vimentin, N-cadherin) in luminal
A (MCF7 and T47D) and triple
negative (MDA-MB-231 and
BT549) cell lines. PSTAIR is
shown as a loading control. b
Immunoblot of Dicer in luminal
A (MCF7 and T47D) and triple
negative (MDA-MB-231 and
BT549) cells, with α-tubulin as a
loading control. c MiRNA
microarray analysis performed in
luminal A versus triple negative
cell lines. Biological duplicate
samples for each cell line were
hybridized to Agilent miRNA
microarrays. Heatmap of
miRNAs that exhibit a 1.5-fold
differential expression between
luminal and triple negative cell
lines
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antagonist, pmiR-222-Zip, or pGreenPuro Scramble Control
(System Biosciences Inc.), lentiviral vectors were packaged in
293FT cells and virus was harvested after 48 h. Virus was
added to MDA-MB-231 or BT549 cells at 1:10 or 1:1 virus:
media and selection was performed using puromycin.

Results

MiRNAs are Differentially Expressed in ERα+ and ERα−
Breast Cancer Cell Lines, the Majority Being More
Abundant in ERα+ Cells

We performed miRNA microarray profiling of two breast
cancer cell lines representing the luminal A subtype (MCF7
and T47D) and two representing the TN subtype (MDA-
MB-231 and BT549). Luminal A cells are relatively well
differentiated and retain expression of ERα and E-cadherin,
while the TN cells, in particular the basal-like or claudin

low subset (which the MDA-MB-231 and BT549 cells
represent) [24], have lost expression of these luminal
markers and express mesenchymal markers such as ZEB1,
N-cadherin, and vimentin (Fig. 1a) and have thus under-
gone EMT. We also observe that Dicer levels are higher in
luminal A cell lines (MCF7 and T47D) compared to TN
cell lines (MDA-231 and BT549) (Fig. 1b). Previous
reports have indicated that Dicer1 mRNA expression is
lower in carcinoma cells with a mesenchymal phenotype
[11, 23]. To determine if this is true in large scale datasets,
we mined four breast cancer microarray datasets for Dicer1
expression separating the data into ESR1+ and ESR1−
cohorts. Dicer1 mRNA levels are significantly lower in the
ESR1− breast cancers in all four studies (Supplemental
Fig. 1). We find that 53 miRNAs are differentially
expressed in luminal A versus TN cell lines (Fig. 1c).
Consistent with previous reports that the majority of
miRNAs are downregulated in aggressive breast cancers
[5, 26, 45], two thirds (31) of the 53 differentially expressed

Fig. 2 MiR-222 and miR-29a are higher in ERα- cell lines compared to
ERα+. a Graphical representation of miRNAs more highly expressed in
ERα+ breast cancer cell lines that are 1.5 different with P<0.05. The
blue bars are the average values for the ERα+ cells (T47D and MCF7),
while the red bars are the average values for the ERα− cells (MDA-
MB-231 and BT549). b Real time PCR validation of miR-222 (left) and

miR-29a (right) expression levels, relative to the BT549 values. Error
bars represent standard error of the mean. c Graphical representation of
miRNAs more highly expressed in ERα+ cell lines and (d) real time
PCR validation of miR-200c expression levels, relative to BT549
values. Error bars represent standard error of the mean

310 HORM CANC (2010) 1:306–319



miRNAs that we identify are higher in ERα+ cells
compared to ERα− (Fig. 1c).

MiR-221/222 and miR-29a are the Most Differentially
Expressed miRNAs More Abundant in ERα− Cells

Of the miRNAs higher in ERα− cells, the most differen-
tially expressed and most abundant were the highly
homologous miR-221 and miR-222, as well as miR-29a
(Fig. 2a). Real time PCR on independent samples con-
firmed that these miRNAs are more abundant in ERα−
(Fig. 2b). The most differentially expressed miRNA that is
higher in ERα+ cells is miR-200c, which has been
previously demonstrated to be lost in high grade cancers
[6, 14, 58], followed by the other miR-200 family members
(Fig. 2c). The differential expression of miR-200c in ERα+
and ERα− was also confirmed by RT-PCR (Fig. 2d).

MiR-222 and miR-22 Act Additively to Decrease ESR1

Study of the miRNAs predicted to target the ESR1 3′ UTR
using Miranda, PicTar, and Targetscan target prediction
programs indicates that the miR-221/222 and miR-22 target
sites are in close proximity (Fig. 3a). These miRNAs have
been previously reported to target ESR1 [48, 52, 65], and
we find that they are both higher in ESR1− cell lines
(indicated in red). In contrast, we find that many of the
other miRNAs predicted to bind the ESR1 3′ UTR are
paradoxically more abundant in ESR1+ (indicated in blue)
(Fig. 3a). MiRNAs can cooperate to downregulate a target
when their binding sites are closely located as the miR-221/
222 and miR-22 sites are [10, 57]. While the addition of
each miRNA alone to ESR1+ MCF7 cells causes a marked
decrease in ERα protein, an additive effect was observed
when both miRNAs are combined (Fig. 3b). To demon-
strate direct targeting of the miRNAs to the 3′ UTR of the
ESR1 transcript, we utilized luciferase reporter assays in
which two regions of the ESR1 3′ UTR (termed ESR1 A
and B) were cloned into the region 3′ of the luciferase gene
on a reporter vector. The region denoted ESR1 A contains
the miR-221/222 and miR-22 target sites, while ESR1 B is
predicted not to be targeted by miR-221/222, miR-22, or
any of the miRNA that are higher in ERα− cells and serves
as a negative control. Empty luciferase reporter vector
containing no target sequences downstream of luciferase
also serves as a negative control. These vectors were
transfected into MCF7 cells (which lack miR-221/222) in
combination with either a scrambled negative control, the
miR-22 or miR-221 mimics alone or both miR-22 and miR-
221 in combination (Fig. 3c). We observe an 18.8%
decrease in luciferase activity in the cells transfected with
ESR1 A and the miR-22 mimic compared to the scrambled
negative control. With the miR-221 mimic, there is a 13.7%

decrease in luciferase activity versus the negative control.
When both mimics are combined, we observe a 32.7%
decrease in luciferase activity, demonstrating an additive
effect when the two miRNAs are combined. We performed
in situ hybridization for miR-222 (the homolog of
miR-221) on luminal A versus TN (confirmed ERα,
progesterone receptor and Her2/neu negative) breast cancer
clinical samples obtained from the University of Colorado
Breast Cancer Tissue Bank (protocol 04-0066). Figure 3c
shows in situ hybridization for miR-222 and IHC for ERα
on five representative TN and five luminal A breast
cancers. We find miR-222 expression only in TN tumors,
whereas in luminal A tumors, miR-222 staining is absent
(Fig. 3c). Examples of the levels of staining in cells positive
(MDA-MB-231) and negative (MCF7) for miR-222 are
shown in Supplemental Fig. 2.

MiR-221, -222, and miR-29a Target Dicer1

In order to test our hypothesis that a direct link exists
between miRNAs overexpressed in ESR1− cells and low
Dicer levels, we transfected mimics for miR-221/222 and
miR-29a into ESR1+ T47D cells and found that they each
decrease Dicer protein to almost undetectable levels
(Fig. 4a). Real time PCR for each of these miRNAs in the
transfected cells is shown in Supplemental Fig. 3. Further-
more, inhibition of miR-222 by stable expression of the
antagonist miR-222-ZIP results in increased Dicer protein
in both MDA-MB-231 and BT549 cells (Fig. 4b). The
Dicer1 3′ UTR contains well-conserved predicted target
sites for miR-221/222 and miR-29a in close proximity to

Fig. 3 MiR-22 and miR-221 act additively to decrease ERα
levels. a Map of 3′ UTR of ESR1 showing putative miRNA binding
sites. Target sites for miRNAs that have higher expression in ESR1−
cells are circled in red, while target sites for miRNAs more highly
expressed in ESR1+ cells are in blue. b Western blot of MCF7 cells
treated with a mock transfection, a scrambled negative control, miR-
22 mimic, a miR-221 mimic or a combination of miR-221 and miR-
22 mimics. Protein was harvested 72 h after transfection, transferred,
and probed for ERα and α-tubulin as a loading control. The
experiment was repeated three times; shown is a representative blot.
c The region of the ESR1 3′ UTR containing the miR-22 and 221
binding sites (ESR1 A) and a separate region of the ESR1 3′ UTR
not containing miR-22 or miR-221 binding sites (ESR1 B) were each
cloned downstream of luciferase in a reporter vector. These
constructs or the empty reporter vector were transfected into cells
treated with a scrambled negative control, miR-22 mimic, miR-221
mimic or both, and a luciferase assay performed. Error bars
represent standard error of the mean for five replicates. Single
asterisk indicates a statistically significant difference, P<0.05,
compared to ESR1 A and two asterisks indicate a statistically
significant difference, P<0.01, compared to EV and ESR1 B (two-
way ANOVA, Bonferroni post test). d In situ hybridization for miR-
222 and immunohistochemistry for ESR1 in luminal and triple
negative clinical samples (ESR1 staining is brown and miR-222
staining is purple). MiR-222 in situ staining with a scrambled
negative control is shown at the bottom (×400 magnification)

b
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Fig. 4 MiR-29a and miR-221 or 222 reduce Dicer protein expression
by directly targeting Dicer. a Immunoblot for Dicer in T47D cells
mock transfected, transfected with a scrambled negative control, miR-
29a, miR-221, or miR-222 mimic. b Immunoblot for Dicer in MDA-
MB-231 and BT529 cells stably expressing miR-222 antagonist (222-
Zip) or scrambled negative control (SCR-Zip). c Map of 3′ UTR of
Dicer1 showing putative miRNA binding sites. Target sites for
miRNAs that have higher expression in triple negative cells are in
red, target sites for miRNAs more highly expressed in luminal cells

are in blue. d Luciferase assay on fragments of the Dicer1 3′ UTR
containing the miR-29a binding site (left) or the miR-221/222 binding
site (right), fragments containing mutated binding sites or an empty
vector. Hec50 cells were mock transfected, transfected with a
scrambled negative control, miR-29a or miR-222 mimics, antagonists
of miR-29a or miR-222, or a combination of both. The mutations
introduced into the putative miRNA binding sites are pictured below
the graphs. Asterisk indicates P<0.05, Student's t test
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previously characterized let-7 sites (Fig. 4c). We cloned two
regions of the Dicer1 3′ UTR containing the putative miR-
29a or miR-221/222 binding sites (Dicer A and B) as well
as those same fragments containing mutated miRNA target
sites (Dicer A and B mut) downstream of luciferase
(Fig. 4c). There is a decrease in luciferase activity only in
the cells treated with miR-29a or miR-222 with the
appropriate Dicer construct (Fig. 4d). This effect is
abrogated when the target site is mutated, showing that
the binding site is functional. Furthermore, antagonists of
miR-29a and miR-222 are able to prevent binding, showing
that the effect is specific to these miRNAs.

Dicer is Positively Regulated by miR-200c

We previously observed that miR-200c increases Dicer1
message [14]. We also observed that due to reciprocal
repression between miR-200c and ZEB1 [6], reducing
ZEB1 expression with shRNA causes an increase in
endogenous miR-200c [15]. We find that increasing
endogenous miR-200c in MDA-MB-231 cells by using
shZEB (which we have shown previously to relieve
repression of endogenous miR-200c [15] (Supplemental
Fig. 4) or adding exogenous miR-200c mimic increases
Dicer protein in MDA-MB-231 and BT549 cells (Fig. 5a,
b). Since miRNAs usually function in a repressive manner,
the mechanism by which miR-200c increases Dicer protein
is likely through an indirect mechanism. We hypothesized
that since many mature miRNAs are low in ERα− cells

(perhaps due to inefficient maturation as a result of low
Dicer), increasing Dicer might increase levels of mature
miRNAs typically low in the TN cells. To test this
hypothesis we measured levels of the mature forms of
miRNAs originally observed to be low in TN cells in cells
transfected with miR-200c mimic (in which endogenous
Dicer levels had increased). We find that in MDA-MB-231
cells, miR-193b, miR-34a, and miR-148a are increased
with miR-200c mimic compared to the negative control
(Fig. 5a). Several other miRNAs (miR-15b, miR-103, miR-
301a, and miR-106b), which we also find to be more
abundant in ERα+ cells, also demonstrated increased levels
in the miR-200c treated cells (data not shown). In BT549
cells, we observe an increase in miR-34a, miR-148a, and
miR-301a when transfected with the miR-200c mimic
(Fig. 5b). However, addition of miR-200c does not repress
miR-221/222 levels (data not shown).

MiR-7 is an Estrogen-Regulated miRNA that Targets
Growth Factor Receptors Overexpressed in TN Breast
Cancers

To identify miRNAs not only associated with ERα
positivity, but actually regulated by estradiol-bound ERα,
we performed miRNA microarray profiling of MCF7 cells
treated for 24 h with 10 nM estradiol or ethanol vehicle
control (Fig. 6a). At 24 h, the expression of six miRNAs
significantly decreased while eight significantly increased
with estrogen treatment. MiR-7 and miR-324-5p are both

Fig. 5 Restoration of miR-200c to ESR1− breast cancer cells
increases Dicer protein. Immunoblot for Dicer in MDA-MB-231 (a)
and BT549 (b) cells mock transfected, transfected with a scrambled
negative control or a miR-200c mimic for 72 h. Bottom, real time

PCR for miR-193b, miR-34a, and miR-148a in MDA-MB-231 cells
and mR-34a, miR-148a, and miR-301a in BT549 cells transfected
with a scrambled negative control or a miR-200c mimic. An asterisk
indicates P<0.05, Student's t test
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Fig. 6 MiR-7, which is associated with ERα positivity and is
upregulated by estrogen, targets growth factor receptors and down-
stream signaling molecules. a MiRNA microarray analysis of
miRNAs differentially regulated by 10 nM estradiol (white bars) at
24 h versus the ethanol vehicle controls (black bars) in MCF7 cells.
Shown are the miRNAs that have a 1.5-fold difference and P<0.05.
Error bars represent the range of biological duplicates. b Real time
PCR for miR-106a, miR-19b, and miR-20a in MCF7 cells treated with
the ethanol vehicle control, 10 nM estradiol (E2) or estradiol, and
1 μM ICI (E2+ICI) for 24 h. Shown are the averages of three replicate
samples, and error bars represent standard error of the mean. Asterisk
indicates a statistically significant difference between E2 treated and

the vehicle control, with P<0.05, Student's t test. c Real time PCR for
miR-7 was performed in two ESR1+ cell lines (MCF7 and T47D) and
two ESR1− cell lines (BT549 and MDA-MB-231), top, and in cells
treated with the ethanol vehicle control, 10 nM estradiol (E2) or
estradiol, and 1 μM ICI (E2+ICI) for 24 h, bottom. Shown are the
averages of three replicate samples, and error bars represent standard
error of the mean. d MDA-MB-231 cells were mock transfected,
transfected with a scrambled negative control, or a miR-7 mimic for
72 h. Protein was harvested and blots probed for EGFR, IGF1Rβ,
InRβ, IRS-1, IRS-2, phospho-MAPK ,and total MAPK (also used as a
loading control)

HORM CANC (2010) 1:306–319 315



higher in ESR1+ cells and positively regulated by estrogen.
We confirmed in independent samples by real time RT-PCR
that several members of the miR-17-92 cluster or the
paralog miR-106a-363 cluster are estrogen regulated
(Fig. 6b). MiR-20a and one of the copies of miR-19b
appear in the miR-17-92 cluster, while miR-106a and the
other copy of miR-19b are in the miR-106a-363 cluster. We
confirm that miR-7 is expressed more highly in ESR1+ cell
lines and estrogen increases miR-7 levels in an ESR1-
dependent manner (Fig. 6c). Bioinformatic analysis predicts
epidermal growth factor receptor (EGFR), insulin-like
growth factor 1 receptor (IGF1R), and insulin receptor
substrates 1 and 2 (IRS-1, IRS-2) as putative miR-7 targets.
IGF1R contains three predicted miR-7 binding sites and
IRS-2 contains two putative binding sites. Addition of a
miR-7 mimic to ESR1− cells dramatically decreased EGFR
and IGF1Rβ at the protein level with no effect on the
insulin receptor (Fig. 6d). There is also a profound decrease
in IRS-2 protein following the addition of the miR-7 mimic,
but no effect on IRS-1. Finally, we observe a decrease in
the amount of phosphorylated ERK1/2 (MAPK) with no
effect on total MAPK.

A schematic of the regulation of key distinguishing
features of TN versus luminal cancers by miRNAs is shown
in Fig. 7. Both Dicer and ERα are expressed at high levels
in luminal breast cancers and are markers of a differentiated
epithelial phenotype. MiR-221 and miR-222 are high in TN
breast cancers and target both Dicer and ERα. MiR-29a is
also high in TN breast cancers and targets Dicer. MiR-200c
is high in luminal breast cancers and increases Dicer
expression. MiR-7 is expressed at high levels in luminal
A cells and limits the expression of growth factors receptors

such as EGFR and IGF1R that are often overexpressed in
TN cancers, and the signaling intermediate IRS-2.

Discussion

MiRNA profiling of ERα+ versus ERα− breast cancer cell
lines reveals that the majority of miRNAs are lower in the
ERα− cells. This is consistent with previous reports of a
global decrease in miRNA expression in cancer [5, 26, 45].
While many miRNAs are located in fragile sites that are
often lost in cancer [7], it is also possible that decreased
expression of component(s) of the miRNA processing
machinery prevent efficient miRNA processing. Indeed,
cancer cells can have decreased expression of mature
miRNAs, while maintaining expression of precursors [39,
47, 59] and impairment of miRNA processing results in
transformation and increased tumorigenesis [36, 37].
MiRNAs are essential for differentiation and maintenance
of a differentiated state. Dicer-deficient stem cells are
unable to properly differentiate [27, 28], and loss of Dicer
causes apoptosis in differentiated neural crest cells [63] and
prostate epithelial cells [64]. The loss of differentiation and
increased aggressive behavior that accompanies EMT may
be in part due to decreased Dicer expression and a resultant
decrease in mature miRNA expression.

The data presented herein as well as that of others [11,
23] suggests that high Dicer levels in breast cancer are
associated with a well-differentiated epithelial, ERα+
phenotype, while lower Dicer levels are found in the less
differentiated ERα- cells. Furthermore, Dicer has been
shown to be positively regulated by estradiol [1]. Our
findings demonstrate that while the majority of miRNAs
are more abundant in ERα+ cells, miR-221/222 and miR-
29a are striking exceptions. ESR1 is directly targeted by
miR-221/222 and miR-22 [52, 65], and we demonstrate that
these miRNAs cooperate to decrease ERα. In clinical
samples, we find that expression of miR-222 and ERα is
mutually exclusive, consistent with previous reports of
miR-222 repressing ESR1 [48, 65] and the reciprocal
negative regulatory loop whereby ERα represses miR-222
[16].

We show that miR-221/222 and miR-29a directly target
Dicer, and these miRNAs are likely responsible for
repressing Dicer expression and function in ERα breast
cancer. We find that let-7 is higher in ERα breast cancer
cells, and it also directly targets and represses Dicer1 [19,
60]. Since there are let-7 sites in close proximity to both the
miR-221/222 and miR-29a binding sites, it is possible that
these miRNAs work cooperatively.

MiR-200c represses a program of mesenchymal genes to
maintain an epithelial state [6, 14, 15, 22, 25, 34], and here,
we show that it also positively regulates Dicer, likely

Fig. 7 MiRNA regulation of key proteins in luminal and triple
negative breast cancers. Dicer and ERα are expressed at high levels in
luminal breast cancers. MiR-221 and miR-222 are high in TN breast
cancers and target both Dicer and ERα. MiR-29a is also high in TN
breast cancers and targets Dicer. MiR-200c is high in luminal breast
cancers and increases Dicer expression. EGFR, IGF1R, and IRS-2 are
often activated or overexpressed in TN cancers and are all targeted by
miR-7
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through an indirect, yet to be identified mechanism.
Importantly, this may represent an additional means by
which miR-200c promotes a well-differentiated epithelial
phenotype. Our studies indicate that a subset of miRNAs
may be low due to insufficient Dicer. While lower levels of
mature miRNAs in ERα− cells can be explained by
decreased Dicer levels, this begs the question as to how
some miRNAs (such as miR-221/222 and miR-29a) are
abundant in ERα− breast cancers in the face of low Dicer
expression. In lower organisms, such as Drosophila, there
are two Dicer proteins; however, in humans, only one Dicer
gene exists (Dicer1). Not all miRNAs are equally affected
by Dicer depletion [21, 35], suggesting either that miRNA
stability is a factor, or perhaps another enzyme exists that
can process certain miRNA precursors when Dicer levels
are low. For example, miR-451 can be fully processed by
Ago2 [9, 13], which is higher in ERα− breast cancers [11]
and personal communication (Dorraya El-Ashry and Phillip
Miller).

Since both Dicer and ESR1 and their protein products
are low or absent in TN breast cancer cells, it makes sense
that both are targeted by miRNAs abundant in TN cells.
However, both the ESR1 and Dicer 3′ UTRs also have
putative target sites for miRNAs that are highly expressed
in ERα+ cells. It is likely that other factors are interfering
with the miRNA–mRNA interaction. For instance, RNA-
binding proteins can bind 3′ UTRs and prevent or recruit
miRNA binding [3, 4, 29, 30] or target sites can be mutated
or absent due to shortening of the 3′ UTR [20, 46, 50, 55].
Non-coding RNAs or pseudogenes can act as decoys to
soak up miRNAs and prevent them from interacting with a
target [54, 61]. For instance miR-193b (5.5-fold higher in
ESR1+ cells in our study) directly targets ESR1 when it is
transfected into MCF7 cells [40]. Perhaps overexpression
of this miRNA can overcome whatever is preventing the
already abundant endogenous miR-193b from targeting
ESR1. Similarly, miR-103/107 was recently reported to
directly target Dicer1 [44]. However, in our study and
others [42, 45], miR103/107 is higher in ERα+ cells (which
have high Dicer) as compared to ERα- cells. While miR-
193b and miR-103/107 can target ESR1 and Dicer if
overexpressed, these miRNA are already expressed at
higher levels in ERα+ cells that express substantial Dicer.
Nevertheless, it is possible that these miRNAs naturally
fluctuate under certain conditions in order to fine tune or
limit ERα or Dicer protein levels.

We sought to determine if any of the miRNAs differentially
expressed in ERα+ versus negative breast cancer cells are
differentially expressed because they are regulated by
estradiol-bound ERα [2, 8, 32]. Several miRNAs located in
the miR-17-92 cluster or its paralog clusters are upregulated
by estrogen. The miR-17-92 cluster (also known as oncomir-
1) has been implicated in several types of cancers [12, 17,

51]. MiR-7 was also both estrogen regulated and more
abundant in ERα+ cells. MiR-7 targets EGFR and decreases
proliferation [41, 62]. We further demonstrate that miR-7 can
also reduce IGF1R and IRS-2 protein expression. EGFR and
IGF1R are often overexpressed and constitutively active in
TN breast cancers and contribute to an aggressive phenotype
[33, 38]. Similarly, IGF1R is often activated in aggressive
cancers with poor prognosis, and overexpression of IGF1R
in a mouse model results in mammary gland tumors with a
basal-like phenotype [31]. Since IRS-2 is a signaling
intermediate in the IGF1R pathway [49, 53], miR-7 could
be a very effective means by which to abrogate this pathway.
Our data suggest that effective re-introduction of miR-7 into
TN breast cancer could offer an advantage over inhibitors
targeting either EGFR or IGF1R since it would target both
pathways simultaneously.

In summary, we demonstrate that the most highly
differentially expressed miRNAs more abundant in ERα−
breast cancers, namely miR-221/222 and miR-29a, directly
repress Dicer1. In contrast, miR-200c, which is more
abundant in ERα+ breast cancer cells, increases Dicer
protein levels. We conclude that miRNAs differentially
expressed in ERα+ versus negative breast cancer cells
function to control some of the most distinguishing
characteristics of the luminal A as compared to TN breast
cancer subtypes such as ERα status, Dicer protein levels,
and EGFR and IGF1R growth factor receptor expression.
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