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Retinoids are promising agents for the treatment/prevention
of breast carcinoma.We examined the role ofmicroRNAs inme-
diating the effects of all-trans-retinoic acid (ATRA), which sup-
presses the proliferation of estrogen receptor-positive (ER��)
breast carcinoma cells, such asMCF-7, but not estrogen receptor-
negative cells, such asMDA-MB-231.We found that pro-onco-
genicmiR-21 is selectively induced by ATRA in ER�� cells. In-
duction ofmiR-21 counteracts the anti-proliferative action of
ATRA but has the potentially beneficial effect of reducing cell
motility. In ER�� cells, retinoid-dependent induction ofmiR-21
is due to increased transcription of theMIR21 gene via ligand-de-
pendent activation of the nuclear retinoid receptor, RAR�. RAR�
is part of the transcription complex present in the 5�-flanking
region of theMIR21 gene. The receptor binds to two functional
retinoic acid-responsive elementsmapping upstream of the tran-
scription initiation site. Silencing ofmiR-21 enhances ATRA-de-
pendent growth inhibition and senescence while reverting sup-
pression of cell motility afforded by the retinoid. Up-regulation of
miR-21 results in retinoid-dependent inhibition of the estab-
lished target, maspin. Knockdown and overexpression ofmaspin
inMCF-7 cells indicates that the protein is involved in ATRA-
induced growth inhibition and contributes to the ATRA-depen-
dent anti-motility responses. Integration between whole genome
analysis of genes differentially regulated by ATRA inMCF-7 and
MDA-MB-231 cells, prediction ofmiR-21 regulated genes, and
functional studies led to the identification of three novel direct
miR-21 targets: the pro-inflammatory cytokine IL1B, the adhe-
sionmolecule ICAM-1 and PLAT, the tissue-type plasminogen
activator. Evidence for ICAM-1 involvement in retinoid-depen-
dent inhibition ofMCF-7 cell motility is provided.

All-trans-retinoic acid (ATRA)2 and derivatives (retinoids)
are promising agents in the treatment/chemoprevention of
hematologic and other malignancies (1, 2), including breast

carcinoma (3). Breast cancer is an heterogeneous group of
tumors with variable response to therapeutic agents, includ-
ing retinoids. Generally, breast carcinoma cells expressing
estrogen receptor type � (ER��) are sensitive to, whereas the
ER�-negative (ER��) counterparts are refractory to, the anti-
proliferative activity of retinoids (1).
MicroRNAs (miRNAs) are short RNAs controlling the sta-

bility of target mRNAs or their translation into protein prod-
ucts (4). They influence cell homeostasis and response to
drugs (5, 6), modulating the activity of numerous target tran-
scripts simultaneously, via binding to the 3�-untranslated re-
gion. Little is known about the effects of retinoids on miRNAs
in breast carcinoma and/or other neoplasias (7).
MCF-7 breast carcinoma cells are ER��, whereas the

MDA-MB-231 counterparts are ER�� (8) (9).MCF-7 are sen-
sitive, whereasMDA-MB-231 cells are refractory to the tran-
scriptional and proliferative effects of E2. The pair of cell lines
is a model (10–16) for the association between ER� positivity
and response to the anti-proliferative effects of retinoids.
We used predominantly theMCF-7 andMDA-MB-231 cell

lines to study the effects of ATRA and derivatives on miRNA
expression. miR-21 was the only miRNA whose expression
was perturbed by the retinoid. Retinoid-dependent induction
of the miRNA was observed inMCF-7 and other ER�� cell
lines. The consequences of miR-21 induction were evaluated
in terms of retinoid-dependent functional responses and gene
expression.

EXPERIMENTAL PROCEDURES

Cell Lines and Chemicals—All of the cell lines were from
the American Type Culture Collection. Breast cancer cells
were grown in F12 medium (Invitrogen) containing 5% char-
coal-stripped calf serum (Lonza, Walkersville, MD) with 0.01
�M E2. ATRA and E2 were from Sigma. AM580 and CD437
have been described (17, 18).
Single-cell Motility—Single-cell motility assays were per-

formed on BSA-coated substrate (19) using the Imaging Sta-
tion CellR̂ (Olympus, Segrate, Italy) and the software Image J
(Rasband W, National Institutes of Health, Bethesda, MD).
Microarrays—miRNA microarrays were generated by spot-

ting 1,450 miRNAs, (Exiqon miRNA probe set v8.1) in quad-
ruplicate onto Corning epoxide-coated slides. Samples from
TRIzol-extracted RNA (20 �g) were enriched for microRNA
using the flash PAGE fractionator system (Ambion, Austin,
TX) and subsequently labeled for hybridization using the mir-
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Vana miRNA labeling kit (Ambion). Three competitive hy-
bridization experiments were performed in duplicate, using
microRNA fractions pooled from three independent cell cul-
tures (20). Arrays were scanned using a GenePix 4000B Scan-
ner driven by GenePix Pro 4.0 (Molecular Devices). All of the
analyses were performed with the statistical programming
and graphics environment R. Differentially expressed
miRNAs were identified using the empirical Bayes approach,
which ranks genes on a combination of magnitude and con-
sistency of differential expression (20, 21). Gene expression
microarray (G4112F; Agilent, Palo Alto, CA) experiments
were performed as detailed (22). miRNA and gene expression
microarray results were deposited in the GEO database
(GSE18693).
Cell Growth and Senescence—Cell growth was evaluated

using MTT (23), and senescence was determined with a �-ga-
lactosidase kit (Cell Signaling Technology, Beverly, MA) or
with the EpiQuick global trimethyl histone H3-K9 quantifica-
tion kit (EPIGENTEK, Brooklyn, NY).
ChIP, Oligonucleotides, Plasmid Constructs, and

Transfections—ChIP assays (24) were performed with anti-
RAR� (sc-551x), anti-ER� (sc-542x), and anti-CYP1A1 (sc-
20772) irrelevant antibodies (Santa Cruz Biotechnology). A
list of the oligonucleotides used in the study are described in
supplemental Table S1. In vitromutagenesis was performed
with the QuikChange site-directed mutagenesis kit (Strat-
agene, Cedar Creek, TX). The RARE-tk-Luc, RAR�, and
RAR� expression plasmids were described (24, 25). The anti-
miR-21 (AM10206), pre-miR-21 (PM10206) oligonucleotides,
and Silencer Select siRNAs for ICAM-1 (s7087) and for
maspin (s10466) were from Ambion Inc. FlexiTube siRNAs
for PLAT (SI00018746 and SI02779903) were obtained from
Qiagen. The green fluorescent protein plasmid (pEGFP-N1)
was from Clontech. The cDNAs coding for ICAM-1, maspin,
and PLAT were amplified by RT-PCR fromMCF-7 RNA and
subcloned first in pCR2.1 vector (TA cloning kit; Invitrogen)
and subsequently reamplified by PCR and subcloned in
pcDNA3 (Invitrogen) gene (supplemental Table S1). To ob-
tain the luciferase reporter constructs driven by theMIR21
promoter, a 1.5-kb fragment of the 5�-flanking region was
amplified by PCR and was inserted in the corresponding fire-
fly luciferase reporter plasmid both in the sense (miR-21 S)
and antisense (miR-21 AS) orientations as follows. The frag-
ment was first subcloned in the plasmid pCR2.1 (AT cloning
kit; Invitrogen) and subsequently digested either by XhoI and
HindIII (for the sense orientation) or by XhoI and KpnI (for
the anti sense orientation). These fragments were inserted in
the plasmid pGL-3 Basic Vector (Promega Italia, Milan, Italy)
to obtain the plasmid DNA constructs in the appropriate ori-
entations. The cells were transfected with 50 nM of pre-miR-
21, anti-miR-21, or control oligonucleotides using the siPORT
NeoFX reagent (Ambion). siRNAs (5 nM of Silencer Select
siRNA or 30 nM of FlexiTube siRNA) were transfected with
siPORT NeoFX reagent, whereas cDNA constructs were in-
troduced using FuGENE HD transfection reagent (Promega).
Transactivation experiments with the miR-21 promoter con-
structs and 3�-UTR-luciferase assays were performed using
MCF-7 and 293T cells (5, 24), respectively.

Real Time PCR—Mature miR-21 miRNA was measured
using TaqMan assays (Applied Biosystems). The primary
transcript, pri-miR-21, and potential miR-21 target tran-
scripts were determined by PCR with SYBR green or custom-
designed TaqMan assays (24). For the detection of pre-miR21,
miRNAs were fractionated on a polyacrylamide gel, and
Northern blot analysis was performed with a 212-bp probe
(nucleotides 2,385–2,596 of AY699265). A DNA fragment
complementary to RUN-6 (106 nucleotides) was amplified
fromMCF-7 RNA by RT-PCR using the oligonucleotide
primers listed on supplemental Table S1 and subsequently
subcloned in pCR2.1 vector (TA cloning kit; Invitrogen).
The RUN-6 insert was reamplfied by PCR using T7 and
M13 reverse primers, 32P-labeled, and used as a probe to
show the equal amounts of RNA were loaded on the gel.
The following TaqMan assays (Applied Biosystems) were
used for the quantitative determination of the following
mRNAs: PLAT, Hs00938315_m1; PTX3, Hs00173615_m1;
ICAM-1, Hs99999152_m1; IL1B, Hs01555413_m1; CCR1,
Hs00174298_m1; TNFAIP3, Hs01574287_m1; SERPINB5
(Maspin), Hs00985283_m1; and ACTB (�-actin endoge-
nous control), 433762F.
Western Blot, ELISA, and FACS Analyses—Western blot

experiments were performed on total cellular extracts accord-
ing to routine procedures (24) using the following antibodies
from Cell Signaling Inc. (Danvers, MA): anti-maspin (catalog
number 9117). Anti-�-actin antibody (catalog number sc-
8432) were from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA). Anti-CCR1 antibodies were from Abcam (Cambridge,
UK; catalog number ab1681), and anti-PLAT antibodies were
from Affinity Biologicals Inc. (Ancaster, Canada). IL1B and
PLAT proteins were measured in cell extracts using commer-
cially available ELISA assays (IL1B Quantikine, catalog num-
ber DLB50; R & D Systems, Minneapolis, MN; PLAT,
ZYMUTEST tPA antigen; Hyphen BioMed, Neuville sur Oise,
France, catalog number sRK011A). FACS analysis of ICAM-1
was performed with the anti ICAM-1 (Invitrogen; catalog
number 07-5403) following co-transfection of anti-miR-21 or
anti-NC oligonucleotides and pEGFP-N1 (containing the en-
hanced GFP gene). After staining with secondary antibodies
conjugated with phycoerythrin, dual color FACS analysis was
performed, and the mean associated red fluorescence caused
by ICAM-1 surface binding was measured on the GFP� frac-
tion of cells, using a FACSCalibur instrument (Becton Dickin-
son, Milano, Italy).

RESULTS

miR-21 Is the Only miRNA Induced by ATRA in MCF-7
Cells—We determined the differential profiles of miRNA ex-
pression inMCF-7 andMDA-MB-231 cells cultured with or
without ATRA (Fig. 1A). During logarithmic growth, diver-
gent miRNA profiles were evident in the two cell lines, with
MDA-MB-231 cells having high expression of miR-142–3p,
miR-18a, and miR-135b and low expression of miR-342, as
observed in ER�� and basal breast tumors (26). Relative to
MCF-7,MDA-MB-231 cells showed low expression of three
miRNA clusters (miR-200c/miR-141; miR-200a/miR-200b/
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miR-429; and miR-182/miR-96/miR-183) down-regulated in
cancer stem cells (27).
Although ATRA did not affect the miRNA profile ofMDA-

MB-231 cells, in theMCF-7 counterparts, the retinoid caused
significant increases of a single miRNA, miR-21 (Fig. 1, A and
B). The result was confirmed by RT-PCR (Fig. 1C). Induction
of miR-21 was detectable after 2 h and leveled off at 24 h
(Fig. 1D).
ATRA Induces Transcription of the MIR21 Gene via Reti-

noic Acid-responsive Elements—To determine the mechanism
of miR-21 induction inMCF-7 cells, we measured the levels of
the primary transcript (pri-miR-21) and the 77-nucleotide
hairpin pre-miRNA (Fig. 2A). Both pri-miR-21 and pre-
miR-21 were induced by ATRA, suggesting increased tran-

scription of theMIR21 gene. Similar effects were not observed
inMDA-MB-231 cells, in which the basal levels of pri-miR-21
and pre-miR-21 were left unaffected by the retinoid (data not
shown).
Two predicted retinoid-regulated elements (RARE-1 and

RARE-2) are present in the 5�-flanking region ofMIR21 (Fig.
2B) (28, 29). To define the functional activity of the predicted
RARE-1 and RARE-2 sequences, theMIR21 5�-flanking region
was inserted upstream of a luciferase reporter. InMCF-7 cells,
the reporter was induced by ATRA only when the promoter
was in the sense orientation (Fig. 2C). Transactivation of
MIR21 was specific, because ATRA did not affect the activity
of a control reporter (p-GL3). InMDA-MB-231 cells, the ba-
sal level ofMIR21 promoter activity was left unaltered by

FIGURE 1. MicroRNA profiles in MCF-7 and MDA-MB-231 cells. A, heat map of microRNAs showing significant differences (adjusted p � 0.05) in at
least one of the comparisons indicated. Relevant microRNAs are listed on the right. B, relative levels of miR-21 (means � S.D. of two independent
microarray experiments performed in triplicate). C, RT-PCR validation of microarray results (mean � S.D.; three independent cultures). The cells were
treated with ATRA (1 �M) for 6 h. The data are normalized for the content of the Z30 microRNA endogenous standard. The data are representative of
three independent experiments. **, significantly higher than the corresponding control value (p � 0.01, Student’s t test). D, time course of miR-21
induction. The results were obtained as in C and are representative of two independent experiments. **, significantly higher than the corresponding
control value (p � 0.01, Student’s t test).
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FIGURE 2. Transcriptional regulation of MIR21 by retinoids in ER�� cell lines via RAR�. A, MCF-7 cells were treated with ATRA (1 �M) or vehicle (Me2SO)
for 48 h. Upper panel, RT-PCR analysis of pri-miR-21, using a primer pair corresponding to sequences placed outside the miR-21 containing stem-loop region
of the primary transcript. Two sets of primers were selected from the published sequence (AY699265) and used for the amplification of pri-miR-21. Because
the results obtained with the two pairs of primers were superimposable, only the results obtained with the first pair are shown. Each value is the mean �
S.D. of three separate cultures. Lower panel, Northern blot analysis of pre-miR-21 (radiolabeled probe encompassing the stem-loop region). MW, molecular
weight. The blot was rehybridized with a U6 snRNA probe (RNU-6) to confirm that similar amounts of low molecular weight RNA were loaded in each lane.
The results are representative of two independent experiments. B, nucleotide sequence of the 5�-flanking region of the MIR21 gene. The two predicted
RAREs (retinoic acid responsive elements, RARE-1 and RARE-2) and the estrogen responsive element (ERE) overlapping with RARE-1 are indicated by gray
boxes. The point mutations (Mut1 and Mut2) introduced in RARE-1 and RARE-2 are indicated. The putative TATA box is underlined with a solid line. The puta-
tive transcription initiation site is indicated. The sequence boxed in black represents exon 11 of the TMEM-49 coding gene, which overlaps the MIR21 gene.
The sequence in bold type corresponds to the miR-21 stem-loop. Residue �1 corresponds to the first nucleotide of the miR-21 stem-loop sequence. The two
arrows below the sequence pointing in opposite directions indicate the position of the two oligonucleotides used for the amplification of the 5�-flanking
region of the miR-21. C, MCF-7 cells were transfected with firefly luciferase reporter constructs driven by the 5�-flanking region of human MIR21 in the sense
or antisense orientation. A plasmid containing a CMV-based enhancer/promoter was used as a negative control for the effect of ATRA (pGL-3). The cells
were treated with ATRA (1 �M) or AM580 (0.1 �M) for 24 h. The results are expressed in arbitrary units following normalization with Renilla luciferase
(mean � S.D., two replicate transfections). D, functional analysis of the putative RARE-1 and RARE-2 sequences. Constructs containing the firefly luciferase
reporter gene driven by the wild type MIR21 promoter (WT) or the same promoter with point mutations in RARE-1 and RARE-2 (Mut1 and Mut2, see text) or
deletion of RARE-1 sequences (�RARE1) were transfected in MCF-7 cells, before treatment with vehicle or ATRA (1 �M) for 24 h.
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ATRA (data not shown). Point mutations were introduced in
critical residues of the RAR-binding consensus repeats ((A/
G)G(G/T)TCA) of RARE-1 (Mut1: AGGACA, nucleotide
�4,218) and RARE-2 (Mut2: AGTGCA, nucleotide �3,570)
(Fig. 2B).Mut1 abrogated transcriptional activation ofMIR21
by ATRA, although a minor reduction was also observed with
Mut2 (Fig. 2D). The role of RARE-1 in ligand-dependent
transactivation of MIR21 transcription was confirmed by de-
letion of both RAR-binding consensus repeats (�RARE1). All
of this indicates that both RARE-1 and RARE-2 control the
transcriptional activity ofMIR21 in a retinoid-dependent
manner.
RAR� Is a Primary Determinant of Retinoid Sensitivity in

MCF-7 Cells and Is the Retinoid Receptor Responsible for
miR-21 Induction by ATRA—In basal conditions (Fig. 3A),
MCF-7 andMDA-MB-231 cells express RAR�, RAR�, RXR�,
and RXR� mRNAs. The levels of these transcripts reflect the
relative amounts of the corresponding proteins, as demon-
strated for RAR�, RAR�, and RXR� (Fig. 3B). The major
quantitative difference in the complement of receptors is ob-
served for RAR�, which is much more abundant inMCF-7
than inMDA-MB-231 cells (30). This is consistent with the
observation that ER�� breast carcinomas generally express
higher levels of RAR� mRNA.3
RAR� is the primary determinant of the sensitivity to the

anti-proliferative and transcriptional effects of ATRA in
MCF-7 cells, as indicated by the results obtained with the
RAR�-selective agonist, AM580; the RAR�-specific agonist,
CD437; and the pan-RAR agonist, ATRA (17) (2, 18). In fact,
AM580 (0.1 �M) inhibitedMCF-7 growth more efficiently
than ATRA (1 �M) (Fig. 3C) and was more powerful in acti-
vating the retinoid reporter, RARE-tk-Luc (Fig. 3D). At recep-
tor-selective concentrations (0.01 or 0.1 �M) (31), CD437 ex-
erted modest anti-proliferative and transcriptional effects. As
expected, inMDA-MB-231 cells, AM580 and CD437 were
devoid of growth inhibitory activity and caused an activation
of RARE-tk-Luc 2 orders of magnitude lower relative to
MCF-7 cells.
We evaluated the relative importance of RAR� and RAR�

for miR-21 induction inMCF-7 cells, comparing the effects of
AM580, CD437, and ATRA. Induction of miR-21 inMCF-7
cells was observed with the RAR� ligand, AM580, but not
with the RAR� agonist, CD437 (Fig. 3E). AM580 was also ca-
pable of transactivating the luciferase reporter construct
driven by theMIR21 promoter (Fig. 2C). All of this indicates
that transcriptional activation ofMIR21 is mediated predomi-
nantly by RAR�. The contention is supported by the fact that
RAR� binds to the endogenousMIR21 promoter inMCF-7
cells, as demonstrated by ChIP experiments (Fig. 3F). In
MCF-7 cells treated with ATRA, RAR�-specific signals were
determined with amplimers encompassing the RARE-1- and
RARE-2-containing regions, whereas no binding to a tran-
scribed region ofMIR21 was detected. This demonstrates that
RAR� is recruited to the promoter ofMIR21 upon ligand acti-
vation. The results of ChIP analysis complement the func-

tional data on the promoter and support the concept that
MIR21 is a direct RAR�-target gene.
Induction of miR-21 by ATRA Is Observed Only in ER��

Cells—To investigate the determinants of cell-specific miR-21
induction, we selected three other breast carcinoma cell lines
with different sensitivity to ATRA and distinct patterns of
ER�/RAR/RXR expression (Fig. 3B). ER�� T47D cells were
sensitive to the anti-proliferative action of ATRA and re-
sponded to the retinoid with miR-21 induction (Fig. 4A). In
contrast, expression of the miRNA was unaltered in ER��

SKBR3 andMDA-MB-453 cells, showing sensitivity and re-
sistance to ATRA, respectively. Our results suggest a correla-
tion between ER� positivity and ATRA-dependent miR-21
up-regulation. The data obtained with SKBR3 cells support
the concept that sensitivity to retinoids and high levels of
RAR� in the context of ER� negativity are insufficient for
miR-21 induction.
Selective induction of miR-21 by ATRA in ER�� cells may

be controlled by multiple factors, including antagonistic (32)
or cooperative (33) interactions between estrogen and reti-
noid receptors (34, 35). Interestingly, theMIR21 promoter
contains an estrogen-regulated element, overlapping to
RARE-1 (Fig. 2B) (36). For all these reasons, the effect of
ATRA treatment on ER� binding to the miR-21 promoter
was evaluated by ChIP analysis inMCF-7 cells (Fig. 4B). In the
absence of ATRA, ER� bound to the promoter region con-
taining the putative estrogen-regulated element site. Treat-
ment of cells with ATRA resulted in release of ER� from the
promoter and concomitant recruitment of RAR� to the same
regulatory region. This is in line with similar antagonistic ef-
fects reported for other ER�- and RAR-dependent genes (32).
In a further set of experiments, we evaluated whether in-

duction of miR-21 by ATRA was influenced by E2.MCF-7,
T47D, andMDA-MB-231 cells were estrogen-starved and
subsequently exposed to ATRA, E2, or E2 � ATRA (Fig. 4C).
miR-21 levels inMDA-MB-231 were unaffected by E2 and/or
the retinoid, whereas the estrogen inhibited miR-21 expres-
sion inMCF-7 (36) and T47D cells. In these conditions,
ATRA-dependent increases in miR-21 were evident both in
the presence and absence of E2. As observed inMCF-7 cells,
induction of miR-21 in T47D cells involved ATRA-dependent
and E2-independent up-regulation of pri-miR-21 (Fig. 4D).
Thus, ligand-activated ER� does not exert significant effects
on miR-21 induction by ATRA, suggesting that undefined
permissive mechanisms underlay retinoid-dependent up-reg-
ulation of miR-21 in ER�� cells.
miR-21 Modulates Growth, Senescence, and Motility in

MCF-7 Cells—Induction of miR-21 by an anti-proliferative
agent like ATRA in ER�� breast carcinoma cells was unex-
pected, because the miRNA is endowed with oncogenic prop-
erties (37–41). To study the role of miR-21 induction in some
of the cellular responses to ATRA, we overexpressed or si-
lenced miR-21 by transient transfection of validated oligonu-
cleotides (pre-miR-21 and anti-miR-21). Pre-miR-21 stimu-
latedMCF-7 cell proliferation at the time points considered
(Fig. 5A). In complementary studies, anti-miR-21 did not alter
the proliferative action of E2 (Fig. 5B). ATRA exerted only
minimal effects on the growth of control oligonucleotide3 E. Garattini, unpublished observations.
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(anti-NC)-treated and E2-stimulatedMCF-7 cells at these
early time points. In contrast, significant growth inhibition by
ATRA was observed upon miR-21 silencing, indicating sensi-
tization ofMCF-7 cells. These results suggest that miR21 in-

duction is part of negative feedback loops counteracting the
anti-proliferative activity of ATRA.
Senescence is a modality by which cells stop dividing and is

the final destiny of ATRA-treatedMCF-7 cells (13). The effect
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of miR-21 silencing on ATRA-induced senescence was evalu-
ated, using two molecular markers: �-galactosidase and tri-
methyl K9 histone H3 (Fig. 5, C and D). Control-transfected
cells became positive for �-galactosidase after 4 days of treat-

ment with ATRA. The percentage of senescent cells was sig-
nificantly augmented in ATRA- and anti-miR-21-treated cul-
tures. Similar effects were observed with trimethyl K9 histone
H3, a marker of senescence-associated changes in chromatin

FIGURE 3. Significance of RAR� for miR-21 induction by ATRA and retinoid sensitivity in MCF-7. A, the panel shows the levels of the transcripts encod-
ing RAR and RXR nuclear retinoic acid receptors in MCF-7 and MDA-MB-231 cells. The results were obtained from the whole genome gene expression mi-
croarray data set and represent the means � S.D. of six separate slides. The data are expressed in absolute fluorescent units, and the values determined in
MCF-7 and MDA-MB-231 are directly comparable. B, Western blot analyses of the indicated RAR and RXR proteins are shown in the panel. The results were
obtained using extracts of the indicated breast carcinoma cell lines. The total amount of protein present in each lane is similar, as indicated by the �-actin
signal obtained. C, the growth curves of MCF-7 and MDA-MB-231 cells incubated in the presence of vehicle (Me2SO), ATRA (1 �M), AM580 (0.1 �M), or CD437
(0.1 �M) for the indicated amounts of time are shown. Each value is the mean � S.D. of three replicate cultures. D, MCF-7 and MDA-MB-231 cells were trans-
fected with the retinoid-dependent reporter construct, RARE-tk-Luc, and treated for 24 h with the indicated concentrations of ATRA, AM580, or CD437
(mean � S.D., two replicate transfections). All of the results are representative of at least two independent experiments. E, RT-PCR determination of miR-21
in MCF-7 cells treated with the indicated concentrations of ATRA, AM580, or CD437, for 48 h (mean � S.D., three independent cultures). **, significantly
higher than control (Student’s t test, p � 0.01). F, ChIP assays were performed on MCF-7 cells E2-depleted for 5 days and subsequently treated with vehicle
or ATRA in the presence of E2 for 2 h, using anti-RAR� antibodies and relative negative controls. irr. Ig, irrelevant antibodies of the same Ig type as the anti-
RAR� counterparts. For the amplification of the transcribed region (tr. reg.) of MIR21, we used the same pair of amplimers described for Fig. 2A.

FIGURE 4. miR-21 induction in ER�� and ER�� cell lines. A, in the bar graphs, the indicated cell lines were treated with ATRA (1 �M) for 48 h. The mi-
croRNA fraction was extracted and subjected to the determination of mature miR-21 by quantitative RT-PCR. The data are normalized for the content of the
Z30 microRNA endogenous standard and are the means � S.D. of three independent cultures. **, significantly higher than the corresponding control
(Student’s t test, p � 0.01). The data are representative of at least two independent experiments. In the line graphs, ER�� T47D as well as ER�� SKBR3 and
MDA-MB-453 cells were treated with ATRA (1 �M) for the indicated amount of time. The growth curves of the three cell lines are shown. Each value is the
mean � S.D. of three replicate cultures. **, significantly lower than the corresponding vehicle-treated value (Student’s t test, p � 0.01). B, ChIP assays were
performed on MCF-7 cells treated with vehicle or ATRA as in Fig. 3F, using anti-RAR� and anti-ER� antibodies as well as relative negative controls. irr. Ig, ir-
relevant antibodies of the same Ig type as the anti-ER� counterparts. For the amplification of the transcribed region (tr. reg.) of MIR21, we used the same
pair of amplimers described in Fig. 2A. The results are representative of two independent experiments. C, the indicated cell lines were depleted of E2 by
culturing in F12 medium supplemented with charcoal-stripped serum for 5 days. The cells (125,000/ml) were replated and treated with vehicle, E2 (0.01
�M), ATRA (1 �M), or the combination of the two agents for 48 h. Mature miR-21 was determined as above. The data are the means � S.D. of three inde-
pendent cultures. The results shown are representative of two independent experiments. **, significantly different (Student’s t test, p � 0.01). D, T47D cells
were depleted of E2 and treated as in C. Total RNA was extracted and subjected to quantitative RT-PCR for the determination of pri-miR-21. The data are the
means � S.D. of three independent cultures. The results shown are representative of two independent experiments. **, significantly higher (Student’s t test,
p � 0.01).
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FIGURE 5. Effects of overexpression or silencing of miR-21 on growth/senescence of MCF-7 cell and random motility of MCF-7, T47D, and MDA-MB-231
cells. A, E2-depleted MCF-7 cells were transfected with pre-miR-21 or the negative control pre-NC. Cell growth was evaluated 24 or 48 h later by the MTT assay
(mean � S.D., three independent cultures). B, E2-depleted MCF-7 cells were transfected with anti-miR-21 or the negative control, anti-NC. After 24 h from the trans-
fection, the cells were treated with ATRA and/or E2 for further 24 or 48 h and proliferation evaluated as in A. C, E2-depleted MCF-7 cells were transfected with anti-
miR-21 or anti-NC. After transfection, the cells were treated with vehicle or ATRA (1 �M) for a further 4 days in the presence of E2 (0.01 �M) and stained for the senes-
cence marker �-galactosidase. The pictures show representative light micrographs, and the bar graph illustrates the percentage of �-galactosidase-positive cells.
More than 500 cells/field, 4 fields/experimental point, were counted (mean � S.D., three independent cultures). For A–C, **, p � 0.01 (Student’s t test). The results
are representative of three independent experiments. D, E2-depleted MCF-7 cells were transfected with anti-miR-21 or the negative control, anti-NC. Twenty-four
hours after transfection, the cells were treated with ATRA (1 �M) or vehicle in the presence of E2 for another 48 h. Nuclear extracts were evaluated for the amounts
of trimethyl K9 histone H3, a marker of senescence-associated changes in chromatin structure, using a specific ELISA assay. The results are the means � S.D. of
three independent cultures. *, p � 0.05 (Student’s t test). E, MCF-7 cells were treated with vehicle or AM580 (0.1 �M) for 48 h. Single cell random motility was moni-
tored by time lapse microscopy for the indicated amount of time. Each value is the mean � S.E. of at least 16 cells/experimental point. CTRL, control. F, E2-depleted
MCF-7 or T47D cells (5 days) were transfected with anti-miR-21 or anti-NC along with pEGFP-N1 (containing the enhanced GFP gene) before treatment with ATRA (1
�M) or vehicle in the presence of E2 (0.01 �M). The displacement of individually tracked GFP-positive cells (mean � S.E., at least 10 GFP-positive cells/experimental
point) was measured by time lapse microscopy, starting 48 h after transfection. The results are representative of three independent experiments. All of the points
of the curves corresponding to the anti-NC and ATRA � anti-NC treatments are significantly different (Student’s t test, p � 0.01). G, MDA-MB-231 cells were trans-
fected with pre-miR-21 or pre-NC along with pEGFP-N1 before treatment with ATRA (1 �M) or vehicle. Random motility was measured as in E and F. The results are
representative of three independent experiments. All of the points of the curves corresponding to the pre-miR-21 and pre-NC treatments are significantly different
regardless of the presence/absence of ATRA (Student’s t test, p � 0.01).
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structure (42). Thus, miR-21 induction counteracts not only
the anti-proliferative but also the cell aging responses to
retinoids.
miR-21 is proposed to promote cancer cell dissemination

(43), whereas retinoids exert opposite effects (44). Given this
dichotomy, we evaluated the action of ATRA on random cell
motility, one component of the complex process of invasion,
using time lapse microscopy (Fig. 5, E–G). This assay was se-
lected becauseMCF-7 and T47D cells, unlikeMDA-MB-231
cells, are characterized by very low motility in Matrigel (45),
the semi-solid matrix commonly used in three-dimensional
invasion assays. ATRA (1 �M) inhibited the ability of both
MCF-7 and T47D cell lines to move in a nondirectional man-
ner while exerting no appreciable effect onMDA-MB-231
cells (data not shown). AM580 (0.1 �M) suppressed random
motility ofMCF-7 cells, indicating involvement of RAR� (Fig.
5E). The significance of miR-21 for ATRA-dependent de-
crease in motility was examined by inhibiting the miRNA in
MCF-7 and T47D cells. In the absence of ATRA, transfection
of anti-miR-21 in bothMCF-7 and T47D cells did not cause
significant alterations in cell motility (Fig. 5F). In contrast,
retinoid-dependent inhibition ofMCF-7 and T47Dmotility
was reproducibly and significantly attenuated by transfection
of anti-miR21. On the other hand and as expected on the ba-
sis of available reports (43), transfection of control or ATRA-
treatedMDA-MB-231 cells with pre-miR-21 always resulted
in augmentation of motility (Fig. 5G). Our findings demon-
strate that the ER��,MDA-MB-231 cells, and the ER��,
MCF-7, or T47D cells have different responses to modulation
of miR-21 levels in terms of motility. In addition, they indicate
that miR-21 induction mediates at least part of the reduction
in cell motility afforded by ATRA in ER�� cells.
miR-21 Regulates the Established Target, Maspin, in MCF-7

Cells—To identify functionally relevant genes regulated by
ATRA-dependent miR-21 induction, first, we focused on dif-
ferential expression of established miR-21 targets (46) in
MCF-7 andMDA-MB-231 cells, defining the expression of
the mRNAs encoding SERPINB5 (maspin) (47, 48), PTEN
(49), PDCD4 (37), HNRP4 (50), Spry2 (51), NFIB (29), TPM1
(39), and RECK (52) by microarray analysis (supplemental
Table S2). Six of the eight target mRNAs considered were left
unaffected by ATRA treatment in both cell lines. InMCF-7
cells, the retinoid caused up-regulation of PDCD4 mRNA and
protein (48 and 72 h) (data not shown). The only miR-21 tar-
get mRNA down-regulated by ATRA inMCF-7 cells was
maspin (Fig. 6A). Reduction of maspin mRNA by the retinoid
was accompanied by a decrease of the protein (24–72 h). Sub-
sequent RT-PCR experiments showed ATRA-dependent de-
crease of maspin not only inMCF-7 but also in T47D cells
and confirmed the lack of modulation by the retinoid in
MDA-MB-231 cells (Fig. 6B). InMCF-7 cells, down-regula-
tion of maspin mRNA was evident at 6 h and maximal at 48 h
(Fig. 6C). Consistent with the relative ability to induce miR-
21, AM580 was more effective than ATRA in reducing
maspin mRNA levels (Fig. 6D), which were not decreased by
CD437. The lower levels of maspin protein observed inMDA-
MB-231 cells (53) were not affected by ATRA treatment (data
not shown).

To gain direct evidence for miR-21 involvement in
retinoid-dependent control of maspin,MCF-7 cells were
transfected with anti-miR-21 and pre-miR-21 (Fig. 6E). Anti-
miR-21 increased the basal levels and prevented retinoid-de-
pendent down-regulation of maspin mRNA. Similar effects
were observed at the protein level. In contrast, pre-miR-21
enhanced the down-regulation of maspin mRNA and protein
afforded by ATRA. Altogether these results demonstrate that
ATRA-triggered induction of miR-21 in ER�� cells controls
the amounts of maspin protein primarily acting on the corre-
sponding transcript.
IL1B, ICAM-1, and PLAT Are New and Direct miR-21

Targets—We exploited our cellular model to identify novel
transcripts negatively controlled by ATRA via miR-21, using
gene expression microarrays in combination with a bio-infor-
matic approach. Given the large pool of miR-21 target genes
predicted by the commonly available algorithms, we progres-
sively restricted their number. Initially, ATRA-induced
changes in the transcriptomes ofMCF-7 andMDA-MB-231
cells were determined. Because miR-21 was induced by ATRA
inMCF-7 cells but not inMDA-MB231 cells, we focused on
genes whose retinoid-dependent regulation was significantly
different (p � 0.01) in the two cellular contexts (Fig. 7, left
panel, and supplemental Table S2). Of the 481 genes identi-
fied, 276 were either down-regulated inMCF-7 but not in
MDA-MB-231 or up-regulated by the retinoid inMDA-MB-
231 but not inMCF-7 cells (blue cluster). This is the regula-
tion pattern expected for direct targets of miR-21. Subse-
quently, we focused on the 66 genes of the blue cluster (17%)
predicted to be potential miR-21 targets by at least one of the
algorithms considered and for which functional information
is available. Interestingly, genes involved in inflammation and
immunity (Fig. 7,middle panel, yellow marks) are enriched in
this last group.
To examine the role of miR-21 in the regulation of these

genes,MCF-7 cells were transfected with anti-miR-21 or
anti-NC and treated with ATRA for 72 h before analysis of glo-
bal gene expression. The two transcriptomes were compared,
and the data obtained for the 66 predicted miR-21 target
genes were extracted (Fig. 7, right panel). We expressed the
results as the Log2 ratio of the anti-miR-21/anti-NC signal,
anticipating that this value would be positive for direct
miR-21 targets. Using a threshold value of 0.2, the prediction
was fulfilled for 15 (22%) of the genes.
Among the 15 genes up-regulated by anti-miR-21 transfec-

tion, we selected six candidates (IL1B, ICAM-1, PLAT, PTX3,
CCR1, and TNFAIP3) of biological interest for further valida-
tion (see supplemental Table S3 for the predicted seed se-
quences of the corresponding 3�-UTRs). IL1B, PTX3, and
TNFAIP3 were chosen for their role in mediating inflamma-
tory responses, which are involved in tumor growth and inva-
sion, given the enrichment of this type of genes in the blue
cluster. ICAM-1, PLAT, and CCR1 were considered, because
they are involved in cancer cell dissemination, a process po-
tentially affected by miR-21 via regulation of cell motility (Fig.
5). Differential regulation of these target mRNAs by ATRA in
MCF-7 andMDA-MB-231 cells was validated by RT-PCR, at
the RNA level (Fig. 8A), following treatment with vehicle or
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ATRA. IL1B, ICAM-1, and PLAT mRNAs were induced by
ATRA inMDA-MB-231. InMCF-7 cells, IL1B and ICAM-1
mRNAs were left unaffected, whereas PLAT was down-regu-
lated by the retinoid. This is consistent with ATRA-depen-
dent elevation of miR-21 inMCF-7 cells limiting the induc-
tion, otherwise observed inMDA-MB-231 cells, and/or
reducing expression of the transcripts. PTX3 and CCR1
mRNAs were not induced by ATRA inMDA-MB-231 cells
but were down-regulated inMCF-7 cells, which is also con-
sistent with targeting by miR-21. With the exception of TN-

FAIP3, which was not significantly induced by ATRA in
MDA-MB-231 cells, the mRNA regulation pattern was gener-
ally confirmed at the protein level (48 or 72 h) (data not
shown).
To define whether any of the six genes considered is a di-

rect miR-21 target, we cloned the 3�-UTR of the selected tran-
scripts downstream of a luciferase reporter and evaluated the
effect of miR-21 in 293T cells, which contain low levels of the
miRNA (54) (Fig. 8B, left panel). miR-21 inhibited the expres-
sion of the ICAM-1, PLAT, and IL1B constructs, indicating

FIGURE 6. Maspin is controlled by ATRA-dependent miR-21 induction in retinoid-responsive cells. A, effect of ATRA on the mRNA and protein levels of
maspin in MCF-7 and MDA-MB-231 cells. Left panel, MCF-7 or MDA-MB-231 was treated for 6 or 48 h with vehicle or ATRA (1 �M) prior to RNA extraction and
microarray analysis. The levels of maspin mRNA were determined from the whole genome gene expression microarray data set. The results are expressed in
absolute fluorescence units and are the means � S.D. of three biological replicates. Right panel, MCF-7 and MDA-MB-231 cells were treated for the indicated
amount of time with vehicle or ATRA (1 �M). The same amounts of total cellular extracts (a pool of three independent cultures) were separated on SDS-
PAGE and subjected to Western blot analysis with antibodies recognizing maspin (molecular mass, 40 kDa). �-Actin was used to demonstrate that identical
amounts of MCF-7 and MDA-MB-231 proteins were added to each lane of the gel. B–D, the levels of maspin transcripts were determined by RT-PCR using a
TaqMan assay. The results are the means � S.D., three independent cultures. B, MCF-7, MDA-MB-231, or T47D cells were treated with 1 �M ATRA for the indi-
cated amount of time. C, MCF-7 cells treated with 1 �M ATRA (time course). D, MCF-7 cells were treated with the indicated compounds. E, MCF-7 cells were
transfected with anti-miR-21, pre-miR-21, or the negative controls, anti-NC and pre-NC, before treatment with ATRA for 72 h. The graphs indicate the results
obtained by quantitative RT-PCR analysis of the maspin mRNA. The Western blots show the results obtained on the maspin protein (40 kDa). The same cell
extracts were subjected to Western blot analysis with anti-maspin and anti-�-actin antibodies. Lane C shows that the maspin signal detected in MDA-
MB231 cells is shown as a control to indicate that different levels of the protein are expressed in the two cell lines. The blot with �-actin (43 kDa) indicates
that the same amounts of protein were loaded in each lane. All of the data are representative of at least two independent experiments. *, p � 0.05; **, p �
0.01 (Student’s t test).
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that they are direct targets. Pre-miR-21 inhibition was re-
versed by deletion of the predicted “seed” sequence in the 3�-
UTR (Fig. 8B, right panel), confirming that miR-21 targets
these sites.

To verify that miR-21 induced by ATRA is relevant for the
regulation of the three identified targets: PLAT, IL1B, and
ICAM-1, we transfectedMCF7 cells with anti-miR-21 (Fig. 8,
C–E, left panels). At the mRNA level, transfection of anti-
miR-21 attenuated ATRA-dependent down-regulation of
PLAT (72 h). Furthermore, in cells treated with ATRA, chal-
lenge ofMCF-7 cells with anti-miR-21 resulted in the appear-
ance of detectable amounts of IL1B (48 and 72 h) and caused
a switch of ICAM-1 down-regulation into up-regulation (72
h). At the protein level, treatment of cells with anti-miR-21
for 72 h increased the amounts of PLAT and total (Western
blot) or membrane-associated (FACS) ICAM-1 proteins in an
ATRA-dependent fashion, consistent with what was observed
on the corresponding transcripts. The amounts of IL1B pro-
tein were always below the limit of detection in these cells,
even in the presence of anti-miR-21.
The relevance of miR-21 induction for the control of IL1B

and PLAT is supported by mirror results obtained inMDA-
MB-231 cells exposed to pre-miR-21 and ATRA (Fig. 8, C–E,
right panels). Forced expression of pre-miR-21 reduced
ATRA-dependent induction of PLAT and IL1B mRNAs and
proteins. By converse, the mRNA or protein expression pat-
tern of ICAM-1 observed in ATRA-treatedMDA-MB-231
cells was not affected by pre-miR-21 transfection. These last
results suggest that direct regulation of ICAM-1 bymiR-21 in
this cell context is superseded by other regulatory circuits
activated by the retinoid.
Relevance of Maspin, ICAM-1, and PLAT for MCF-7

Growth and/or Motility—The roles of maspin and the two
newly identified miR-21 targets, ICAM-1 and PLAT, in the
growth and/or motility ofMCF-7 cells were evaluated, after
silencing and overexpression of the three genes by transient
transfection of validated siRNAs and cDNAs (Fig. 9A). Silenc-
ing of ICAM-1 and PLAT did not affect the growth ofMCF-7
cells in basal conditions or after treatment with ATRA (Fig.
9B, left panel). In contrast, down-regulation of maspin pre-
vented growth inhibition by the retinoid. In line with a role
for maspin in the process, overexpression of the protein en-
hanced retinoid-dependentMCF-7 cell growth inhibition
(Fig. 9B, right panel). This is consistent with the onco-sup-
pressive role of maspin (55) and indicates that down-regula-
tion of the protein by ATRA may be part of the negative
feedback loop set in motion by miR-21 induction on the reti-
noid-dependent anti-proliferative action (Fig. 5, A and B).
As with maspin, ICAM-1 and PLAT have been involved in

cancer cell invasion (55–57); we investigated their significance
forMCF-7 cell random motility (Fig. 9, C–E). Silencing of
maspin and ICAM-1 with specific siRNAs resulted in a signif-
icant reduction (p � 0.01) of cell motility. In contrast, silenc-
ing of PLAT was not associated with a significant effect on
this parameter. Mirror experiments conducted by transfec-
tion of cDNAs corresponding to the coding sequences of
maspin, ICAM-1, and PLAT support these observations. In
fact, ICAM-1 and maspin overexpression resulted in in-
creased basal cell motility. Based on these data, we propose
that at least part of the anti-motility effect of ATRA is medi-
ated by down-regulation of ICAM-1 and maspin following
retinoid-dependent induction of miR-21.

FIGURE 7. Identification of putative new miR-21 target genes. Gene ex-
pression profiling of MCF-7 and MDA-MB-231 cells treated with vehicle or 1
�M ATRA (Log2 ratio of ATRA versus vehicle). Left panel, heat map of genes
whose retinoid-dependent regulation is significantly different in the two
cell lines (p � 0.01) and classification in patterns consistent with miR-21
regulation (blue cluster) or not (orange cluster). Genes predicted to be target
of miR-21 by Miranda, PITA, or TargetScan are indicated in light blue. Middle
panel, partial blow-out of the blue cluster containing the 66 predicted and
annotated targets of miR-21. Right panel, heat map of the same transcripts
derived from MCF-7 cells treated with 1 �M ATRA (72 h) after transfection
with anti-miR-21 or anti-NC (Log2 ratio of ATRA�anti-miR-21 versus
ATRA�anti-NC). Genes belonging to inflammatory/immune responses/leu-
kocyte migration pathways are marked in yellow.
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DISCUSSION

We demonstrated that treatment of retinoid-sensitive
ER�� breast carcinoma cells with ATRA resulted in the in-
duction of miR-21. Up-regulation of miR-21 was the conse-
quence of increased transcription of the corresponding gene
via selective activation of RAR�. This was due to a direct ef-
fect of the ligand-activated receptor on two functional RAREs,
mapping to the 5�-flanking region ofMIR21.
Induction of the oncogenic miR-21 by an anti-proliferative

agent like ATRA in ER�� breast carcinoma cells was unex-
pected. For this reason, we deemed it important to establish
whether miR-21 induction was involved in some of the cellu-
lar responses potentially underlying the therapeutic activity of
ATRA. In theMCF-7 context, miR-21 counteracted the anti-
proliferative and pro-senescence effects of ATRA. This is con-
sistent with the reported role of miR-21 on the growth and
progression of breast carcinoma, suggesting that induction by
ATRA is part of an uncharacterized negative feedback loop
similar to the one activated by E2 in ER�� breast cancer cells
(6, 58) or interferon in colon cancer cells (59). On the other
hand, the results of the studies on the motility ofMCF-7 and
T47D cells performed with anti-miR-21 imply a role for the
miRNA in mediating inhibition of this process by ATRA. The
anti-motility action of miR-21 in ATRA-treated ER�� cells is
apparently against the idea that the miRNA is pro-invasive for
breast cancer cells, when three-dimensional in vitro assays are
used (54). This discrepancy probably reflects the absence of
localized stimuli guiding the direction of the cell movement in
the motility assay used in this study. Another point to be con-
sidered stems from the results obtained after calculation of
persistence (ratio of the direct distance from start point to
end point divided by the total track distance) in ATRA-
treatedMCF-7 and T47D cells transfected with anti-miR-21
or anti-NC. In these conditions, silencing of miR-21 was asso-
ciated with decreased persistence in both cell lines (MCF-7:
anti-miR-21 � 0.17 � 0.01, anti-NC � 0.24 � 0.02; mean �
S.E., n � 30; and T47D: anti-miR-21 � 0.15 � 0.01, anti-
NC � 0.27 � 0.02; mean � S.E., n � 30). Altogether, our data
suggest that miR-21 enhances instantaneous velocity. How-
ever, this phenomenon does not translate into efficient migra-
tion because of the observed decrease in persistence. Clearly
the effect of miR-21 on motility is complex and further com-
plicated by the concomitant cellular responses activated by
ATRA.
Apparently, our results provide contrasting evidence re-

garding the role of miR-21 induction in terms of the overall

anti-cancer activity of retinoids. In fact, induction of miR-21
seems to be detrimental for the growth inhibitory effect of
ATRA. As such, strategies aimed at suppressing this effect
should enhance the anti-proliferative action of the retinoid.
On the other hand, the observations on cell motility suggest a
potentially beneficial role of miR-21 induction for the anti-
metastatic activity of retinoids. However, caution should be
exercised in drawing any conclusion on this point. Indeed, it
must be stressed that motility is clearly only one component
of the complex process of cancer cell dissemination, which is
modulated by many other factors that are not considered with
the random motility assay employed in this study.
Among the few validated miR-21 targets, maspin is the only

one modulated by ATRA via induction of the miRNA in
MCF-7 cells. In this context, it is of particular relevance that
expression of two established miR-21 target genes, PTEN and
PDCD4, inhibiting growth and survival of cancer cells (37, 60)
was left unaltered (PTEN) or was increased (PDCD4) in
ATRA-treatedMCF-7 cells. This indicates that the two pro-
teins do not play a significant role in miR-21-dependent sup-
pression of retinoid-triggered growth inhibition. In contrast,
maspin, which is also endowed with onco-suppressor proper-
ties, is one of the miR-21 targets contributing to ATRA-de-
pendent growth inhibition ofMCF-7 cells, as suggested by our
silencing and overexpression experiments. In line with down-
regulation of maspin by miR-21, our data support a role for
the protein in mediating ATRA- and miR-21-dependent inhi-
bition of cell motility as well. The relevance of our observa-
tions for the reported role of certain forms of maspin in sup-
pressing the metastatic potential of cancer cells (47, 61)
remains to be established.
One of the most important outcomes of our study is the

identification of three novel and functionally validated
miR-21 targets: ICAM-1, PLAT, and IL1B. These three genes
are regulated by miR-21 primarily at the mRNA level.
ICAM-1 is an adhesion molecule, and its down-regulation

by miR-21 is not involved in cell growth. In contrast, silencing
of ICAM-1 resulted in reduction ofMCF-7 random cell motil-
ity, whereas overexpression of the protein exerted an opposite
effect. These data indicate that inhibition of ICAM-1 by
ATRA-dependent induction of miR-21 mediates at least part
of the anti-motility effects exerted by the miRNA in retinoid-
treated cells, consistent with the described pro-motility action
of the protein in breast carcinoma cells (62, 63).
PLAT codes for a fibrinolytic factor whose induction in

cells lacking miR-21 up-regulation may be part of a stereo-

FIGURE 8. Validation of selected novel miR-21 targets. A, MCF-7 or MDA-MB-231 cells were treated with ATRA (1 �M) for 48 h. Total RNA was extracted
and used for the determination of the indicated transcripts by quantitative RT-PCR. The data are normalized for the content of the �-actin control RNA and
are the means � S.D. of three independent cultures. The data are representative of three independent experiments. B, 293T cells were co-transfected with
pre-NC or pre-miR-21 and plasmids containing the Renilla luciferase reporter upstream of the indicated cDNA 3�-UTR. Forty-eight hours later, luciferase ac-
tivity was determined. The results were normalized for the transfection efficiency using firefly luciferase. Each value is the mean � S.D. of three replicates
and is representative of three independent experiments. Deletion mutants of the miR-21 seed sequences present in the 3�-UTR of the indicated cDNAs
were generated. Wild type Renilla luciferase-based constructs (hrl) or deletion mutants thereof were co-transfected with pre-miR-21 or pre-NC oligonucleo-
tide in the presence of the normalizing firefly luciferase plasmid (pGL-3) in 293T cells. After 48 h, the luciferase activities were measured in cell extracts. The
data are the means � S.D. of three independent cultures and are representative of two independent experiments. **, significantly different (Student’s t test,
p � 0.01). C–E, effect of anti-miR-21 in MCF-7 and pre-miR-21 in MDA-MB-231 cells on the ATRA-dependent regulation of PLAT, IL1B, and ICAM-1 mRNAs and
proteins. The cells were transfected with the indicated oligonucleotides, and the extracted RNA was subjected to RT-PCR. The results were normalized for
the expression of the �-actin mRNA, are the means � S.D. of triplicate cell cultures, and are representative of three independent experiments. **, signifi-
cantly different (p � 0.01). Total protein extracts were prepared from cells treated as above and subjected to ELISA (PLAT and IL1B) Western blot or FACS
(ICAM-1) analysis. PROT, protein.
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typed response to ATRA, which is anti-thrombotic (64).
Inhibition of PLAT expression by miR-21, as observed in
MCF-7 cells, does not seem to play a role in the anti-prolif-
erative effects exerted by ATRA. Nevertheless, PLAT
down-regulation may be therapeutically desirable, because
stimulation of a thrombotic response in cancer cells is as-

sociated with tumor growth and progression in vivo (65).
Although PLAT activates the motility of neural crest cells
(66), involvement of the protein in the miR-21-dependent
anti-motility effects observed in ATRA-treated ER�� cells
is once again ruled out by silencing and overexpression
studies.

FIGURE 9. Effect of maspin, ICAM-1, and PLAT silencing and/or overexpression on MCF-7 growth and motility in the presence and absence of ATRA.
A, MCF-7 cells were transfected with the indicated siRNAs or cDNAs. Seventy-two hours after transfection, protein extracts were subjected to Western blot
analysis. The same amounts of protein extracts (derived from a pool of three independent cultures) were separated on PAGE and detected by antibodies
against maspin (40 kDa), ICAM-1 (90 kDa), and PLAT (68 kDa). The last panel illustrates the levels of PLAT measured with a specific ELISA assay. NS siRNA,
irrelevant oligonucleotide provided by the same commercial source of the validated siRNAs that serves as a negative control in the experiments. B, left
panel, MCF-7 cells were transfected with validated siRNAs targeting maspin, ICAM-1, and PLAT or the appropriate negative control NS siRNA. Cell growth
was evaluated 48 h after the addition of vehicle (Me2SO) or ATRA (1 �M) by the MTT assay (mean � S.D., six independent cultures). **, p � 0.01 (Student’s t
test). The results are representative of two independent experiments. Right panel, MCF-7 cells were transfected with maspin cDNA or the corresponding
void vector (pcDNA3). Forty-eight hours later, cell growth was monitored by the MTT assay. **, significantly lower relative to all the other experimental
groups (p � 0.01). C–E, MCF-7 cells were transfected with maspin (C), ICAM-1 (D), PLAT (E), or control siRNA (left panels) or the corresponding cDNAs (right
panels) along with pEGFP-N1 (containing the enhanced GFP gene) in the presence of E2 (0.01 �M). The displacement of individually tracked GFP-positive
cells (mean � S.E., at least 15 GFP-positive cells/experimental point) was measured by time lapse microscopy, starting 48 h after transfection. The results are
representative of two independent experiments. Starting from 500 min, all of the points of the curves corresponding to the ICAM-1 siRNA or maspin siRNA
treatments are significantly lower than the corresponding NC siRNA points (Student’s t test, p � 0.05). Starting from 500 and 1,000 min, respectively, all the
points of the curves corresponding to the maspin and ICAM-1 cDNAs are significantly higher than the corresponding vector points (Student’s t test, p �
0.05) in untreated MCF-7 cells. The results are representative of two independent experiments.
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Finally, IL1B is an inflammatory protein, and our microar-
ray data indicate that ATRA up-regulates inflammation-re-
lated genes in ER�� MDA-MB-231 cells but not in ER��

MCF-7 cells. Based on the presence of several potential
miR-21 targets in this group of genes, including IL1B, we pro-
pose that retinoid-dependent miR-21 induction inhibits, ei-
ther directly or indirectly, certain aspects of the inflammatory
responses otherwise activated by retinoids in breast cancer
cells. Because inflammation is known to be involved in tumor
growth in vivo (67), the proposed anti-inflammatory action of
miR-21 may play a positive role in the overall therapeutic re-
sponses to retinoids.
In conclusion, this is the first demonstration thatMIR21 is

a direct retinoid target gene only in retinoid-sensitive ER��

breast carcinoma cells. The mechanisms underlying cell con-
text specificity are unknown, although simple anti-estrogenic
effects are unlikely. The role of miR-21 and the three novel
targets: ICAM-1, PLAT, and IL1B, in retinoid-induced anti-
proliferative, pro-senescence, and anti-motility effects re-
quires further study, because it has implications for the thera-
peutic use of these agents.
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