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The cell surface receptor tyrosine kinase HER2/neu enhances
tumor metastasis. Recent studies suggest that deregulated
microRNA (miRNA) expression promotes invasion and metas-
tasis of cancer cells; we therefore explored the possibility that
HER2/neu signaling induces the expression of specific miRNAs
involved in this process. We identified a putative oncogenic
miRNA,miR-21, whose expression is correlatedwithHER2/neu
up-regulation and is functionally involved in HER2/neu-in-
duced cell invasion.We show thatmiR-21 is up-regulated via the
MAPK (ERK1/2) pathway upon stimulation of HER2/neu sig-
naling in breast cancer cells, and overexpression of other
ERK1/2 activators such as RASV12 or ID-1 is sufficient to
inducemiR-21 up-regulation inHER2/neu-negative breast can-
cer cells. Furthermore, the metastasis suppressor protein
PDCD4 (programmedcell death 4) is down-regulatedbymiR-21
in breast cancer cells expressing HER2/neu. Our data reveal a
mechanism for HER2/neu-induced cancer cell invasion via
miRNAderegulation. In addition, our results identifymiR-21 as
a potential therapeutic target for the prevention of breast cancer
invasion and metastasis.

The HER2/neu (c-erbB-2) proto-oncogene encodes a trans-
membrane protein-tyrosine kinase growth factor receptor,
p185HER2, which is a member of the human epidermal growth
factor receptor family. HER2/neu overexpression is found in
about 30% of human breast cancers and several other cancer
types. HER2/neu overexpression is associated with a poor clin-
ical outcome, including a positive correlation with metastasis
(1, 2). The involvement of HER2/neu in metastasis is supported

by studies demonstrating that HER2/neu increases themetastatic
potential of human and murine cancer cell lines (3) and induces
lung metastasis in transgenic animal models (4). Additionally,
HER2/neu signaling up-regulates genes that play important roles
in cell invasion andmetastasis, such as cyclooxygenase-2, CXCR4,
andmatrixmetalloproteinases (5–7).Given the complex signaling
network initiated byHER2/neuoverexpression in cancer cells, it is
likely that HER2/neu regulates additional unidentified players
involved in these processes.
miRNAs4 constitute a class of 21 or 22 nucleotides noncod-

ing RNAs that play an important role in development and cel-
lular processes. Aberrant expression of miRNAs is associated
with cancer (8), suggesting that some miRNAs can function as
tumor suppressor genes or oncogenes. miRNAsmay also coop-
erate with the loss of tumor suppressors or overexpression
oncogenes in cancer cells to contribute to a fully malignant
phenotype. Up-regulation of several miRNAs in breast cancer
cells, such as miR-21 and miR-10b, can increase cell invasion
andmetastasis (9, 10). HER2/neu signaling activates a variety of
transcription factors, such as AP-1, Myc, and NF-�B that alter
miR-21 and other miRNA transcription (8, 11, 12). We there-
fore hypothesize that HER2/neu signaling may induce the
expression of specific miRNAs, which contribute to the
increased metastatic potential of HER2/neu-overexpressing
cancer cells.
Here we describe a putative oncogenic miRNA, miR-21,

whose expression is correlated with HER2/neu up-regulation.
We found thatHER2/neu signaling up-regulatesmiR-21 via the
MAPK (ERK1/2) pathway and that its increased expression
promotes cell invasion. Furthermore, miR-21 suppressed
expression of the metastasis suppressor PDCD4 in HER2/neu-
expressing breast cancer cells. Our data show a newmechanism
by which HER2/neu induces cell invasion via miR-21 deregula-
tion in breast cancer cells. This raises the possibility that anti-
miR-21 therapies might exhibit a synergistic effect with other
anti-HER2/neu therapeutics, for example Herceptin, in treat-
ing HER2/neu-associated breast cancers.

EXPERIMENTAL PROCEDURES

Cell Lines and DNA Constructs—Human breast cancer cell
line SKBR3 (ATCC) was cultured in McCoy’s 5Amedium with
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10% fetal bovine serum. BT-474 (ATCC) was cultured in RPMI
1640 with 10% fetal bovine serum. The HeLa (ATCC) cell line
and its HER2/neu transfectant were maintained in Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum. The
human breast cancer cell lineMDA-MB-435 transfected with a
neo vector or a HER2-expressing vector were gifts from Dr.
Mien-Chie Hung (M. D. Anderson Cancer Center, Houston,
TX) and have been characterized and described previously (6).
These cells were maintained in Dulbecco’s modified Eagle’s
medium/F-12 supplemented with 10% fetal bovine serum and
400�g/ml geneticin (Invitrogen). pEBS7 and pEBS7-HER2/neu
vectors were gifts from Dr. Mikala Egeblad (13). Ets-1 small
hairpin RNA-expressing vector was obtained from SuperArray
Bioscience Corp. (Frederick, MD). Replication-defective
mouse stem cell (MSCV-IRES-GFP) retrovirus encoding con-
trol vector, activated H-Ras (G12V), activated myristoylated
AKT, Myc, or ID-1 were prepared as previously described (14).
Nontransformed human MCF10A breast epithelial cells were
infected with each of the recombinant retrovirus to generate
stable cell populations. Greater than 80%ofMCF10A stable cell
populations expressed cis-linked GFP fluorescence marker as
judged by fluorescence microscopy. The wild type ERK2 and
dominant negative ERK2 were gift from Dr. Mien-Chie Hung
(M. D. Anderson Cancer Center) and have been characterized
and described previously (15). To construct the mCherry
miR-21 and mCherry miR-155 sensor vectors, the GFP gene in
the pSicoR vector (16) was replaced with the mCherry gene
using the Age1 and BsrG1 sites. The oligonucleotides with
either two complementary miR-21-binding sites (5�-GTACA-
TCAACATCAGTCTGATAAGCTACCCGGGTCAACATC-
AGTCTGATAAGCTAG-3�) or miR-155-binding sites
(5�-GTACACCCCTATCACGATTAGCATTAACCCGGG-
CCCCTATCACGATTAGCATTAAG-3�) were cloned down-
stream the mCherry gene using the BsrGI and EcoRI sites to
produce the mCherry miR-21 sensor vector and the mCherry
miR-155 sensor vector, respectively. To construct the miR-21
expression vector, 550 bp including the miR-21 pri-cursor was
amplified by PCR from human genomic DNAwith the forward
primer 5�-AGTTTTCTTGCCGTTCTGTAAGT-3� and the
reverse primer 5�-GTCATGAAGACTATCCCCATTTC-3�.
The final PCR product was ligated into a PCR2.1 TOPO TA
cloning vector (Invitrogen) according to the manufacturer’s
instructions. The resulting vector was sequence verified and
subsequently digested with BamHI and XhoI to release the
DNA fragment, which was inserted into amodified pSicoR vec-
tor downstream from the GFP gene.
Microarray Analysis—1,544 modified oligonucleotides with

C6 5� amino linkers (IDT) were printed in triplicate using a
microarrayer on house-made poly-L-lysine slides (17). The
probes were reverse complements of annotated (18) and pre-
dicted miRNAs (19), with some probes shortened to standard-
ize melting temperature. Probe sequences are listed in supple-
mental Table S1. Before hybridization, the arrays were
prehybridized, and probes were UV cross-linked. miRNA
microarrays were performed essentially as described (20) with
the following modifications. RNA was extracted with TRIzol
(Invitrogen) according to the manufacturer’s protocol. 5 �g of
total RNA was added to a ligation reaction containing either

250 ng of 5�-phospate-citidyl-uridyl-Cy3-3� or 1 �g of 5�-
phosphate-citidyl-citidyl-uridyl-Dy647-3� (Dharmacon), and
labeling was allowed to proceed overnight on ice. Two samples
labeled with different dyes were then combined and precipi-
tated with ethanol. Precipitated RNA was resuspended in 120
�l of hybridization buffer and hybridized for 2 h on arrays using
a 1.7 � 2.8-cm Gene Frame (ABgene, Rochester, NY). The
arrays were washed and then immediately scanned using a
GenePix 4000B scanner (Axon Instruments, Sunnyvale, CA).
The data were extracted, and local background was subtracted
using Genepix Pro-4 software (Axon Instruments). The data
were processed in Excel to calculate the median intensity for
each set of triplicate probes in each channel. The displayed data
(see Fig. 1B) summarizes the results from three arrays in which
labeling of each sample was done with a different fluorophore
on each array, known as dye swapping, to eliminate dye bias.
The mean fluorescence for each probe from the two arrays was
normalized to the maximum mean fluorescence for each sam-
ple. Only the 330 probes on the array corresponding to anno-
tated human miRNAs are shown.
Antibodies and Reagents—Fluorescein isothiocyanate-con-

jugated anti-human HER2/neu antibody was obtained from
Abcam Inc. (Cambridge, MA). AKT, phospho-AKT (Ser473),
and hemagglutinin tag (clone 6E2) are from Cell Signaling
(Danvers, MA). Ras (Ab-1) is from Thermo Scientific (Wal-
tham, MA). Myc (clone Y69) is from Epitomics (Burlingame,
CA).�-Actin (clone AC-15) is from Sigma. HER2/neu antibody
for Western blot is from Calbiochem (Gibbstown, NJ). The
HER2/neu agonist antibody anti-HER2/neu ScFv-TNF-�
(S147Y) was a gift fromDr. SherieMorrison (UCLA, Los Ange-
les) and has been characterized and described previously (21).
The Akt inhibitor LY294002 and ERK1/2 inhibitor U0126 were
obtained from Cell Signaling.
Real Time PCR—For real time PCR of primary miR-21 tran-

scripts (pri-miR-21) and Ets-1, total RNA was prepared using
the mirVana miRNA isolation kit (Ambion, Austin, TX) and
quantified by Nanodrop (Wilmington, DE). Reverse transcrip-
tion was performed with a Superscript III first strand synthesis
system for real time PCR (Invitrogen). Real time PCR was per-
formed using 7900HT Fast real time PCR system (Applied Bio-
systems, Foster City, CA). The pri-miR-21 was amplified using
the forward primer 5�-CATTGTGGGTTTTGAAAAG-
GTTA-3� and the reverse primer 5�-CCACGACTAGAGGCT-
GACTTAGA-3�, and the specificity of the pri-miR-21 amplifi-
cationwas validated previously (22). The humanEts-1 genewas
amplified using the forward primer 5�-AGGAGATGGG-
GAAAGAGGAA-3� and the reverse primer 5�-AGCGGTA-
CACGTAGCGTTTC-3�. The HPRT1 gene was amplified
using the forward primer 5�-TGACACTGGCAAAACAAT-
GCA-3� and the reverse primer 5�-GGTCCTTTTCACCAG-
CAAGCT-3�, whichwas validated previously (23) and served as
an internal control during the pri-miR-21 and Ets-1 mRNA
amplification. The PCR was established with the Power SYBR
Green PCR Master Mix (Applied Biosystems), and only one
PCR product was generated in these reactions. PCR-based
detection of mature miR-21 and other microRNAs was per-
formed by the TaqMan miRNA assays (Applied Biosystems) as
described previously (24). The PCR results were normalized
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with U6 RNA as an internal control and then expressed as rel-
ative expression compared with untreated samples.
Fluorescence-activatedCell Sorter Analysis—For detection of

HER2/neu expression, the cells were treated with fluorescein
isothiocyanate-conjugated anti-ErbB2 antibody (Abcam) at
4 °C for 30 min and analyzed with a LSRII flow cytometer (BD,
Franklin Lakes, NJ). For detection of mCherry expression, the
cells were directly analyzed with the LSRII flow cytometer.
Northern Blot—For detection of miR-21 by Northern blot-

ting, RNAwas extracted by using the TRIzol reagent according
to themanufacturer’s protocol (Invitrogen). 10�g of total RNA
was electrophoretically separated on a 10% polyacrylamide
denaturing gel. Subsequently RNA was transferred to a
Hybond-N� membrane (Amersham Biosciences) by using a
semi-dry Transblot electrophoresis apparatus (Bio-Rad). The
RNAwas cross-linked to themembrane by using UV radiation.
Hybridization was carried out by using ULTRAHybOligo solu-
tion according to the manufacturer’s instructions (Ambion).
The probe sequence was complementary to themature form of
miR-21 and was labeled with �-32P. After washing, the mem-
branes were imaged using phosphorimaging.
Western Blot—Western blot analysis of PDCD4 expression

was performed as previously described (25). In brief, the protein
concentration was determined by protein assay kit (Bio-Rad),
and the sampleswere separated in 9% SDS-polyacrylamide gels.
After probing with a primary antibody, the membrane was
incubated with secondary antibodies labeled with IRDye
800CW. Finally; signal intensitywas determinedwith theOdys-
sey infrared imaging system and associated software (LI-COR
Biosciences, Lincoln, NE). Relative expression of PDCD4 was
normalized against the internal control �-actin.
Transfection—Transfection of MDA-MB-435 and BT-474

cells with anti-miR-21 or a control inhibitor (Dharmacon, Chi-
cago, IL) was performed using theDharmaFECT small interfer-
ing RNA transfection reagents (Dharmacon) according to the
manufacturer’s protocol. Transfection of HeLa cells and
BT-474 cells with DNA plasmids was performed using Lipo-
fectamine 2000 according to the manufacturer’s protocol
(Invitrogen).
Virus Preparation—Lentiviruses were generated essentially

as previously described (16). Briefly, 4 �g of lentiviral vector
and 4 �g of a mixture of packaging vectors were cotransfected
in 293T cells using FuGENE 6 (Roche Applied Science). The
supernatants were collected 48–96 h after transfection, filtered
through a 0.45-�mfilter, anduseddirectly to infect cancer cells.
InvasionAssay—The invasive potential of cells wasmeasured

in 24-well Matrigel-coated invasion chambers following the
manufacturer’s instructions (Millipore, Billerica, MA). After
the cells were incubated for 24–48 h at 37 °C in a humidified
incubator with 5%CO2, the noninvading cells that remained on
the upper surface of the membrane were removed by scraping.
Invading cells were stained using 4�,6-diamidino-2-phenylin-
dole and counted in three randomly selected fields in the center
of each membrane under fluorescence microscopy at medium
power fields (100� or 200�).
Immunofluorescence Staining Assay—To detect the effect of

HER2/neu on the direct miR-21 target PDCD4 expression at
the cellular level, both MDA-MB-435/HER2 MDA-MB-435/

Neo cells were directly immunostained with anti-PDCD4 anti-
body. Alternatively, MDA-MB-435/HER2 cells were trans-
fected with anti-miR-21, or MDA-MB-435/Neo cells were
transfected withmiR-21 expression vector, followed by immu-
nostaining with anti-PDCD4 antibody. The transfected cells
were seeded on cover slides 24 h after transfection and fixed
with 3% paraformaldehyde as described previously (26). After
incubation with primary PDCD4 antibody (Rockland, Gilberts-
ville, PA), second antibody conjugatedwithAlexa Fluor 560 nm
(Invitrogen) was used to reveal PDCD4 signals. The images
were taken under a fluorescent microscope (Olympus, Center
Valley, PA).

RESULTS

Ectopic Expression of HER2/neu Induces miR-21 Up-
regulation—Overexpression of HER2/neu enhances local
tumor invasion and lung metastasis of breast cancer cells (4).
Previously, miR-21 and other MicroRNAs have been shown to
increase the metastatic potential of breast cancers (9, 10), and
HER2/neu signaling activates several transcription factors that
have been shown to regulate miR-21 expression in various can-
cer cell lines (11, 22).We therefore explored the possibility that
HER2/neu signaling induces the expression of miR-21 and/or
other microRNAs, which could in turn contribute to the
increased metastatic potential of these cancer cells.
We first examined whether miR-21 level is up-regulated in

the HER2/neu-transfected MDA-MB-435 human breast can-
cer cell line, because overexpression of HER2/neu significantly
enhances invasion andmetastasis in this cell line without alter-
ing its cell growth rates, anchorage-independent growth, and
other indices of tumorigenic potential (3). We observed that
HER2/neu expression was sufficient to up-regulate mature
miR-21 levels 2.9 � 0.3-fold in MDA-MB-435 cells (Fig. 1A).
To verify that HER2/neu is sufficient to induce miR-21 up-

regulation in other cancer cells and identify other HER2/neu-
dependent microRNAs, we assessed the changes in miRNA
expression in the HeLa/HER2 cells compared with vector con-
trol cells by using miRNA microarrays. We chose HeLa cells
because of the fact that some cervical carcinoma tumors over-
express HER2/neu (27), and the transfection of HER2/neu
expression vector is more feasible and efficient in this cell line.
A HeLa cell line was generated that stably expresses HER2/

neu (Fig. 1B), and surprisingly, only a single signature from the
array was significantly elevated in the HeLa/HER2 cells: the
highly conserved miR-21 miRNA (Fig. 1C). This observation
was validated using qRT-PCR, which showed that mature
miR-21 expression in HeLa/HER2 cells was increased 2.5 �
0.5-fold compared with control cells (Fig. 1D). Northern blot
analysis further confirmed these analyses, showing a moderate
but significant up-regulation of miR-21 expression (Fig. 1E).
Our results demonstrate that HER2/neu overexpression up-
regulatedmiR-21 significantly in bothMDA-MB-435 andHeLa
cells.
HER2/neu Signaling InducedmiR-21Up-regulationwithDis-

tinct Kinetics in Different Cancer Cell Lines—HER2/neu over-
expressionmay stabilize the miR-21 level in breast cancer cells,
thus resulting in higher miR-21 level compared with control
cells. To examinewhetherHER2/neu signaling is able to induce
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de novomiR-21 expression, we followed the kinetics of miR-21
induction by assessing the relative abundance of its primary
transcript and mature sequence upon HER2/neu signaling in
different cancer cells. A HER2/neu agonist antibody (anti-
HER2/neu ScFv-TNF-� (S147Y))was used to induceHER2/neu
signaling in variousHER2/neu-expressing cells lines (21). Anti-
HER2/neu ScFv-TNF-� (S147Y) (HER2/neu agonist) is a ScFv
antibody specific for human HER2/neu fused to a mutant
TNF-� with abrogated biological activity. This HER2/neu ago-
nist has previously been shown to form a homotrimeric struc-
ture via the noncovalent binding of the mutant TNF-� and is
therefore able to cross-link multiple HER2/neu receptors,
thereby potently stimulating the tyrosine phosphorylation of
HER2/neu receptor and the downstream AKT and MAPK sig-
naling (21).
HER2/neu agonist treatment induced a rapid and substantial

pri-miR-21 up-regulation inHeLa/HER2 (Fig. 2A), SKBR3 (Fig.
2B), and BT-474 (Fig. 2C) cells after 4 h, and the level of pri-
miR-21 slightly decreased after 8 h of stimulation. In contrast,
the kinetics of maturemiR-21 processing in these cells is highly
distinct. HER2/neu agonist treatment of HeLa/HER2 cells for
10 h caused a 3.4 � 0.4-fold up-regulation of mature miR-21
expression as compared with untreated HeLa/HER2 cells. In
contrast, no significant miR-21 up-regulation was observed in
vector control cells treated with the HER2/neu agonist as com-

pared with untreated cells (Fig. 2A).
In contrast to HeLa/HER2 cells, up-
regulation of mature miR-21 was
delayed in the HER2/neu-overex-
pressing breast cancer cell lines
SKBR3 (Fig. 2B) and BT-474 (Fig.
2C). Mature miR-21 was increased
3.2 � 0.2- and 2.6 � 0.2-fold in
SKBR3 and BT-474 cells, respec-
tively, stimulated with HER2/neu
agonist for 4 days. These results sug-
gest that HER2/neu signaling
induces rapid transcription of pri-
miR-21; however, processing to
mature miR-21 is less efficient in
SKBR3 and BT-474 breast cancer
cells. Recently it has been shown
that the expression of DICER1 is
low in several HER2/neu-positive
tumors (28), which may explain the
delay in achieving increased mature
miR-21 expression in SKBR3 and
BT-474 cells.
Given the significant but moder-

ate level of miR-21 up-regulation,
we wanted to determine whether a
�3-fold change in miR-21 expres-
sion would mitigate a change in tar-
get mRNA expression. To study the
potential functional consequence of
miR-21 up-regulation in response
to HER2/neu signaling, we took
advantage of a lentivirus construct

encoding a fluorescent reporter gene (mCherry) containing two
exact miR-21-binding sites in its 3�-untranslated region
(mCherry miR-21 sensor). A similar construct with miR-155-
binding sites (mCherry miR-155 sensor) was used as a control
vector because miR-155 levels do not change significantly in
response to HER2/neu expression (data not shown). SKBR3
cells infected with the mCherry miR-155 sensor exhibited
strong reporter expression, indicating that the miR-155 level is
very low or undetectable in HER2/neu-overexpressing breast
cancer cells (Fig. 2D, left panel). Upon treatment with the
HER2/neu agonist, the mCherry miR-155 sensor exhibited a
slight increase of the reporter signal (Fig. 2D, left panel), prob-
ably because of the widespread activation of transcription fac-
tors induced by HER2/neu signaling. In contrast, SKBR3 cells
infected with themCherrymiR-21 sensor exhibited amoderate
reporter signal, indicating that the mCherry mRNA
sequence is silenced by endogenous miR-21 expression in
these cells (Fig. 2D, right panel). After treatment with HER2/
neu agonist, the miR-21 sensor exhibited an even greater
repression (50%) of the reporter signal (Fig. 2D, right panel),
indicating that the �3-fold miR-21 expression level change
induced by the HER2/neu signaling is sufficient to repress
target gene expression and may therefore have a functional
consequence in cancer cells by repressing endogenous target
mRNAs.

FIGURE 1. Ectopic expression of HER2/neu induces miR-21 up-regulation. A, MDA-MB-435 cells transfected
with neo vector (blue line) or MDA-MB-435 transfected with HER2/neu-expressing vector (red line) were stained
with fluorescein isothiocyanate (FITC)-conjugated anti-human HER2/neu antibody (left panel), and the miR-21
expression level in the MDA-MB-435 cells was assessed by using qRT-PCR (right panel). The cell lysates were
separated by SDS-PAGE and analyzed by Western blot using anti-HER2/neu antibody or anti-tubulin antibody.
B, HER2/neu expression in HeLa cells transfected with different vectors. HeLa cell line (gray histogram), HeLa cell
line transfected with pEBS7 empty vector (dashed line), or HeLa cell line transfected with pEBS7-HER2/neu
(black line) were stained with fluorescein isothiocyanate-conjugated anti-human HER2/neu antibody. The cell
lysates were separated by SDS-PAGE and analyzed by Western blot using anti-HER2/neu antibody or anti-
tubulin antibody. C, miRNA microarray analysis of the effect of HER2/neu overexpression. RNA from HeLa cells
transfected with pEBS7 and pEBS7-HER2/neu were labeled with different fluorophores and competitively
hybridized on microarrays. Each spot in the scatter plot represents the normalized mean fluorescence for one
microRNA probe from two dye swapped arrays. D and E, RNA used in B was analyzed by qRT-PCR to assay
expression of miR-21 (D) and in a separate experiment by Northern blot analysis under the same conditions (E).
The mean and standard error from triplicate experiments are indicated.
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HER2/neu Regulates miR-21 Expression via the MAPK
(ERK1/2) Pathway—The RAS-MEK1/2-ERK1/2 and phospha-
tidylinositol 3-kinase-AKT pathways are two major signaling
cascades downstream of activated HER2/neu. To test which
pathway is responsible for themiR-21 up-regulation,we treated
HER2/neu-overexpressing cells BT-474 with an inhibitor of
ERK1/2 (U0126) or AKT (LY294002) and subsequently stimu-
lated these cells for 4 days with HER2/neu agonist. Vehicle-
treated cells up-regulated miR-21 levels by 3.2 � 0.2-fold after
stimulation, whereas the ERK1/2 inhibitor completely blocked
miR-21 induction by the HER2/neu agonist (Fig. 3A) in a dose-
dependent manner (Fig. 3B). In contrast, the AKT inhibitor
(LY294002) did not reduce HER2/neu-dependent miR-21 up-
regulation (Fig. 3A). We also observed that treatment with the
ERK1/2 inhibitor repressed themiR-21 induction byHER2/neu
agonist in SKBR3 cells and HER2/neu transfected HeLa cells
(Fig. 3C). Finally, miR-21 level increased 100% in 293T cells
transfected with a wild type ERK2 but decreased 30% in 293T
cells transfected with a dominant negative ERK2 (Fig. 3D).
These findings indicate that ERK1/2 is a key mediator for the
HER2/neu-dependent miR-21 up-regulation and that this reg-
ulatory mechanism is conserved among several different cell
types.
We next examined which transcription factors activate

miR-21 transcription. The miR-21 promoter contains a highly
conserved region spanning 300 bp in which two STAT3-bind-
ing sites are present, and interleukin-6 treatment can induce
miR-21 expression via STAT3 in myeloma cells (22). Three
putative binding sites for AP-1 have also been identified in the

miR-21 promoter, which can mediate miR-21 transcription in
HeLa cells stimulated with phorbol 12-myristate 13-acetate
(11). In addition to STAT3 and AP-1, we also found two con-
sensus ETS-1-binding sequences within this highly conserved
promoter region (supplemental Fig. S1). Because ETS-1 is
known to be an ERK1/2-dependent transcription factor (29),
we investigated whether the protein is involved in HER2/neu-
associated miR-21 transcription in breast cancer cells. Indeed,
knocking down Ets-1 by RNA interference inhibited pri-
mIR-21 transcription by more than 40% in HER2/neu-overex-
pressing BT-474 cells (Fig. 3E), suggesting that Ets-1 is involved
in the miR-21 transcription. Consistent with these results,
mutation of a single Ets-1 binding site substantially decreased
miR-21 promoter activity bymore than 50% inHeLa cells stim-
ulated with phorbol 12-myristate 13-acetate (11). Taken
together, our data indicate that multiple transcription factors
can regulate miR-21 transcription, working either independ-
ently or in synergy to respond to different stimuli.
To verify that the MEK1/2-ERK1/2 is indeed the key regula-

tory pathway for miR-21 up-regulation, we overexpressed the
MEK1/2-ERK1/2 pathway activators H-RAS (G12V) or ID-1
(30, 31) in HER2/neu-negative MCF10A breast cancer cells.
Overexpression of H-Ras (G12V) or ID-1 significantly induced
miR-21 activation by 4.4 � 0.1- and 6.7 � 1-fold respectively
(Fig. 3F). In contrast, overexpression of other oncogenes such
as activated AKT or Myc that do not directly activate the
MEK1/2-ERK1/2 pathway only induced lowmiR-21 up-regula-
tion (2.6 � 0.2- and 1.4 � 0.1-fold, respectively) (Fig. 3F). A
degree of cross-talk between RAS-MEK1/2-ERK1/2 and phos-

FIGURE 2. HER2/neu signaling induced miR-21 up-regulation with distinct kinetics in different cancer cell lines. Real time PCR analysis of miR-21
pri-cursor (pri-miR-21) and mature miR-21 expression in HeLa-HER2/neu or HeLa-vector cells (A), SKBR3 cells (B), and BT-474 cells (C) stimulated with 100 nM

HER2/neu agonist at varying time points. D, SKBR3 cells infected with lentivirus carrying a mCherry gene with two complementary miR-21 or miR-155 binding
sites in the 3�-untranslated region (mCherry miR-21 sensor or mCherry miR-155 sensor, respectively) were stimulated with 100 nM HER2/neu agonist for 4 days,
and the fluorescent signal was detected by flow cytometry. The mean and standard error from triplicate experiments are indicated.
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phatidylinositol 3-kinase-AKT signaling pathways exists in
humanbreast cancers (32) andmay explain themodest increase
of miR-21 expression induced in cells that overexpress acti-
vated AKT. Taken together, our results suggest that theMEK1/
2-ERK1/2 pathway predominantly regulatesmiR-21 expression
in breast cancer cells and that miR-21 may be functionally
involved in the H-Ras (G12V) and ID-1-associated oncogenic
phenotypes.

miR-21 Is Crucial for HER2/neu-induced Cancer Cell
Invasion—Overexpression ofHER2/neu has been shown to sig-
nificantly enhance invasion and metastasis in MDA-MB-435
cells without altering other tumorigenic features (3). Because
some invasive-like phenotypes in other cancer cell lines result
from increased cell growth and transformation potential, we
reasoned that a HER2/neu-transfected MDA-MB-435 cell line
would be an excellent model to investigate the mechanism of

FIGURE 3. HER2/neu regulates miR-21 expression via the MAPK (ERK1/2) pathway. A, BT-474 cells were treated with 100 nM HER2/neu agonist in the
presence of 40 �M Me2SO, LY294002 or U0126. After 4 days, RNA was collected, and miR-21 expression was analyzed by qRT-PCR. B, BT-474 cells were treated
with 100 nM HER2/neu agonist in the presence of 5, 10 and 40 �M U0126, and miR-21 expression was assessed as described for A. C, SKBR3 and HeLa-HER2/neu
cells were treated with 100 nM HER2/neu agonist in the presence of Me2SO or 40 �M U0126, and miR-21 expression was determined as described for A. D, 293T
cells were transfected with either control vector, wild type ERK2 or dominant negative ERK2. After 2 days, RNA was collected from each sample, and the mature
miR-21 level was analyzed by real time PCR. The cell lysates were separated by SDS-PAGE and analyzed by Western blot using anti-phospho-ERK antibody or
anti-tubulin antibody. The intensity of phospho-ERK was normalized with the intensity of tubulin to obtain the fold activation for ERK. E, BT-474 cells were
transfected with an expression plasmid encoding both GFP and a Ets-1-targeting small hairpin RNA or both GFP and a scrambled small hairpin RNA sequence.
After 7 days, green fluorescent-positive cells were sorted, and Ets-1 and pri-miR-21 transcript levels were determined by real time PCR. The values for the control
samples were taken as reference. F, RNA was collected from MCF10A cells infected with recombinant retrovirus expressing a control vector (pMIG-empty),
activated H-Ras (G12V), activated myristoylated AKT, Myc, and ID-1-hemagglutinin tag. miR-21 expression was analyzed by qRT-PCR. The mean and standard
error from triplicate experiments are indicated. The cell lysates were separated by SDS-PAGE and analyzed by Western blot using the respective antibodies
(anti-phospho-AKT, anti-Myc, anti-hemagglutinin tag, and anti-RAS) to demonstrate overexpression of the corresponding proteins.
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HER2/neu-mediated cell invasion specifically. Given that
miR-21 is up-regulated by HER2/neu in this cell line (Fig. 1A)
and that miR-21 has been shown to promote cell invasion and
metastasis in breast cancer (3, 9), weweremotivated to examine
whether miR-21 function contributes to HER2/neu-driven
invasive activities.
To test the activity of miR-21 in cell invasion in MDA-MB-

435 cells, we ectopically expressed the 550-bp genomic
sequence containing themiR-21 pri-cursor (pri-miR-21, 250 bp
both upstream and downstream of the �50-bp miR-21 hairpin
sequence) in MDA-MB-435 cells using a lentiviral vector, and
we observed a 2-fold increase in mature miR-21 level in MDA-
MB-435/pri-miR-21 cells (data not shown). The MDA-MB-
435/pri-miR-21 cells exhibited a 3-fold increased ability to
invade through Matrigel as compared with control cells in a
Matrigel-coated Boyden chamber assay (Fig. 4A). This suggests
that miR-21 up-regulation contributes to the invasiveness of
HER2/neu-transfected MDA-MB-435 cells in vitro. Further-
more, functional inhibition of miR-21 activity by a miR-21 inhib-
itorat either50or25nMprofoundlyabrogated the invasiveactivity
in MDA-MB-435/HER2 cells, whereas the invasive activity
remained unchanged in cells transfected with a control inhibitor
(Fig. 4B). These results indicate that miR-21 is a crucial player in
HER2/neu-mediated cancer cell invasion and thatmodest expres-
sion level changes may result in a biological outcome.
To evaluate the role of miR-21 in HER2/neu-mediated cell

invasion in amore natural context, we performed similar exper-
iments in BT-474 cells, which endogenously express high levels

of bothHER2/neu andmiR-21 (data
not shown). We first examined
whether HER2/neu expression cor-
relates with the miR-21 level in
BT-474 cells. Upon treatment of
these cells with the HER2/neu
antagonist Herceptin or the HER2/
neu kinase inhibitor erlotinib, the
mature miR-21 levels decreased 62
and 54%, respectively (Fig. 4C).
These results indicate that HER2/
neu signaling is necessary for main-
taining the high miR-21 level in
BT-474 cells. More importantly, the
invasive activity was significantly
repressed in BT-474 cells trans-
fected with miR-21 inhibitor (Fig.
4D), suggesting that HER2/neu-in-
duced miR-21 up-regulation is cru-
cial for the invasive activity of
BT-474 cells. Together with the
observations in MDA-MB-435/
HER2 cells, these results suggest
that miR-21 plays a crucial role in
HER2/neu-mediated invasive phe-
notype in cancer cells.
HER2/neuDown-regulates PDCD4

Expression via Up-regulation of
miR-21—We and other groups have
previously shown that PDCD4, a

potent inhibitor for breast cancer cell invasion (33), is a direct
target for miR-21 (9, 34, 35). Consistently, we found that
ectopic expression of PDCD4 repressed the invasive activity of
MDA-MB-435/HER2 cells (supplemental Fig. S2), suggesting
that the PDCD4 level can influence the invasiveness of this cell
line. Because HER2/neu induced miR-21 up-regulation in
MDA-MB-435 cells, we next examined whether HER2/neu can
modulate PDCD4 level via miR-21 in this cell line. Because
PDCD4 is a predominantly nuclear protein (36), we therefore
detected thenuclear PDCD4expressionusing an immunofluores-
cence staining assay. As expected, immunofluorescence staining
revealed that the PDCD4 signal was much weaker in MDA-MB-
435/HER2 cells than in vector control (Neo) cells (Fig. 5A, left
panel). We also performed a Western blot analysis and quantify
the PDCD4 expression in both cell lines, and the PDCD4 expres-
sionwas 45% decreased in the inMDA-MB-435/HER2 cells com-
pared with vector control (Neo) cells (Fig. 5A, right panel).
To further determine the effect of miR-21 on PDCD4, we

ectopically expressed miR-21 in MDA-MB-435/Neo cells.
Because miR-21 expression vector was tagged with GFP, the
GFP-positive represented overexpression of miR-21. Of inter-
est, we detected a lower level of red signal (PDCD4) inmiR-21
overexpression cells compared with nontransfected cells (Fig.
5B). In contrast, the vector control did not have such an effect
on PDCD4 expression (Fig. 5B). Finally, we transfected MDA-
MB-435/HER2 cells with locked nucleic acid antisense oligonu-
cleotide specific tomiR-21 (anti-miR-21) labeled with carboxy-
fluorescein (FAM). As shown in Fig. 5C, both scrambled and

FIGURE 4. miR-21 is crucial for HER2/neu induced cancer cell invasion. A, MDA-MB-435 cells were infected
with lentivirus carrying a miR-21 pri-cursor (pri-miR-21) or control vector, and cell invasion was assessed by
using a Matrigel transwell assay. B, MDA-MB-435/HER2/neu cells were transfected with miR-21 inhibitor or
control inhibitor. After 24 h, cell invasion was assessed by using Matrigel transwell assay. C, in the right panel,
BT-474 cells were treated with either isotype control antibody or Herceptin antibody for 7 days. In the left panel,
BT-474 cells were treated with either Me2SO or erlotinib for 2 day. The mature miR- 21 expression was detected
by qRT-PCR. D, BT-474 cells were transfected with miR-21 inhibitor or control inhibitor. After 48 h, cell invasion
was assessed using Matrigel transwell assay. The mean and standard error from triplicate experiments are
indicated.
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anti-miR-21 were localized in the cytoplasma. However,
whereas the scrambled oligonucleotide had no effect on
PDCD4 (red signal), anti-miR-21 clearly up-regulated PDCD4
expression. Therefore, these results suggest that HER2/neu sig-
naling can indirectly regulate PDCD4 expression via induction
of miR-21 expression. In addition, down-regulation of PDCD4

bymiR-21may contribute to theHER2/neu-mediated cell inva-
sion and metastasis in breast cancer cells (Fig. 6).

DISCUSSION

Deregulated miRNA expression can promote tumorigenesis
(8) and contribute to cancer phenotypes, including invasion

FIGURE 5. HER2/neu down-regulates PDCD4 expression via miR-21. A, detection of PDCD4 expression in MDA-MB-435/HER2/neu and MDA-MB-435/Neo
cells by immunofluorescence microscopy. Nuclear structure protein lamin A represented a positive control in this experiment. B, miR-21 down-regulates
PDCD4 in MDA-MB-435/Neo cells. C, anti-miR-21 increased PDCD4 level in MDA-MB-435/HER2/neu. In B and C, cells were first transfected with either miR-21
expression vector or carboxyfluorescein (FAM)-labeled anti-miR-21 and then immunostained with PDCD4 antibody, as described under “Experimental
Procedures.”
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and metastasis (9, 10); however, how specific oncogenic path-
ways regulate miRNA expression in cancer cells is not well
understood. In the present study, we have shown that an onco-
genic receptor tyrosine kinase (RTK), HER2/neu, can initiate
signaling that results inmiR-21 up-regulation in various cancer
cells. Although complete ablation of an oncogenic microRNA
has striking phenotypes in vivo (37), moderate (�2-fold)
changes in an oncogenic microRNA can result in lymphopro-
liferative disease and autoimmunity (38). Our data show that
even a 2–3-fold level of miR-21 up-regulation mediated by
HER2/neu is sufficient to increase the invasiveness of cancer
cells. To our knowledge, this is the first report to demonstrate
that HER2/neu signaling can induce the expression of specific
miRNAs, which in turn play crucial roles in the invasive pheno-
type of cancer cells. Because the signaling pathways induced by
other RTKs, for example PDGFR and IGF1-R, partially overlap
with those induced by HER2/neu, and overexpression of these
RTKs is also associated with tumor progression (39, 40). It will
be worthwhile to investigate how other RTKs deregulate
miRNA expression and whether miR-21 overexpression is a
common feature of RTK signaling.
Intriguingly, miR-21 has been shown to exhibit distinct

oncogenic activities in different cell lines. miR-21 functions as
an anti-apoptotic factor in human glioblastoma cell lines (41)
and enhances the proliferative capacity ofMCF-7 breast cancer
cells (42) and hepatocellular cancer cell lines (43). Additionally,
miR-21 promotes cell invasion andmetastasis ofColo206f colo-
rectal and MDA-MB-231 breast cancer cell lines (9, 34).
Because miRNAs function via repression of target gene expres-

sion, and miR-21 has a variety of mRNA targets including
PTEN, TPM-1, PDCD4, and Maspin (9, 25, 34, 43) that have
been validated in distinct cell lines, it is likely that miR-21
exhibits distinct biological roles based on the “expression pro-
file” of the miR-21 targets in a given cell line. Our observation
supported this hypothesis because we found that HER/neu
induced miR-21 down-regulated PDCD4 (Fig. 5) but not other
published miR-21 targets in MDA-MB-435 breast cancer cells
(data not shown), and ectopic expression of miR-21 did not
affect MDA-MB-435 cell proliferation (data not shown) but
significantly enhanced their invasiveness (Fig. 4A). The diverse
interplay between HER2/neu, miR-21, and the cell-type-spe-
cific expression of targets could dictate the HER2/neu-induced
oncogenic phenotypes in different cancer cells. Thus, a miR-21
target expression profile may be useful as a marker for predict-
ing the phenotypes of the various HER2/neu-overexpressing
cancers in a clinical setting.
In the present study, we demonstrated that miR-21 is

induced via the MEK-ERK pathway downstream of HER2/neu.
We tested another MEK-ERK pathway component, activated
H-RAS (G12V), and found that it also significantly increased
miR-21 levels in HER2/neu-negative breast cancer cells (Fig.
3F). Taken together our results suggest that miR-21 is an
important downstream player involved in the HER2/neu-RAS-
MEK-ERK signaling pathways associated with tumorigenesis.
In addition to H-Ras (G12V), ID-1, an inhibitor of basic helix-
loop-helix transcription factors, promotes the development of
invasive breast cancer (44), and inhibition of ID-1 expression
compromises the invasiveness and metastasis of breast cancer
cells (45). Although the mechanism by which the MEK-ERK
pathway activates ID-1 remains unclear, in our studies we
found that overexpression of ID-1 induced the highest miR-21
up-regulation of the oncogenes we examined (Fig. 3F). Because
up-regulation of miR-21 is associated with cell invasion, it is
possible that miR-21 is required for the ID-1-induced metasta-
sis in breast cancer cells. Taken together, miR-21 overexpres-
sion may be a common feature of oncogene signaling pathways
associated with MEK-ERK pathway activation.
Herewe show thatHER2/neu can inducemiR-21up-regulation

in a variety of cancer cell lines. However, miR-21 has been previ-
ously shown to be significantly up-regulated in many human
breast cancer specimens and breast cancer cell lines independent
of their HER2/neu expression status (45, 46). Because miR-21 is
induced via the MEK-ERK pathway, it is likely that miR-21 is
broadly up-regulated in breast cancer cells overexpressing onco-
genesor receptors thatactivate thispathway. Indeed, expressionof
multiple members of the epidermal growth factor receptor family
(HER1,HER2, orHER3) is present inmost breast cancer cells, and
these receptors have all been shown to activate the MEK-ERK
pathway (47, 48). This may explain why miR-21 is frequently up-
regulated inmany breast cancer cells. This also raises the possibil-
ity that targetingmiR-21 expression as a therapymay be of benefit
not just inHER2/neu-overexpressing tumors but also in a broader
subsets of patients. In summary, the identification of HER2/neu-
induced miR-21 activation provides newmechanistic insight into
howHER2/neu overexpression promotes invasion andmetastasis
in cancers.

FIGURE 6. Regulation of cell invasion via miR-21 in HER2/neu overexpres-
sion cancer cells. In the normal cells without overexpression of HER2/neu or
other oncogenes associated with Ras pathway, the level of endogenous
PDCD4 restricts the cell invasiveness. However, in the cancer cells with HER2/
neu overexpressing, HER2/neu activates Ets-1 via the Ras/ERK1/2 pathway and
consequently initiates the miR-21 transcription. miR-21 inhibits the translation of
metastasis suppressor protein PDCD4 and/or other unidentified targets to pro-
mote the invasiveness of the HER2/neu-overexpressing cancer cells.
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