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ABSTRACT Breast cancer is a recurrent type of cancer among women worldwide.
Despite remarkable progress in the prevention, detection, and treatment of breast
cancer, it still remains a major chronic problem worldwide and poses significant chal-
lenges, like metastasis to distant organs, demanding the need for novel biomarkers and
therapeutic targets. Focal adhesion kinase (FAK), a member of the protein tyrosine ki-
nases, has been shown to be expressed in high levels in breast tumors. Of late, FAK has
emerged as an impending curative target in breast carcinoma, with few of the small
molecular inhibitors reaching the clinical trial stage. In the current study, we estab-
lished that microRNA 551a (miR-551a) precisely regulates FAK by binding to the
complementary sequences in the 3= untranslated region (UTR) of mRNAs of FAK and
inhibits its expression in breast carcinoma cell lines. Further, results from human
breast carcinoma samples illustrated that miR-551a levels were substantially down-
regulated in tumor samples, with a concurrent rise in the expression of FAK. Func-
tional experimental studies using miR-551a-overexpressing breast cancer cells and
nude mouse xenograft models revealed the tumor suppressor role of miR-551a. We
also found that miR-551a expression decreased the invasion and migratory ability of
breast carcinoma cells by inhibiting MMP-9 activity. Regulation studies performed
utilizing promoter luciferase assays, chromatin immunoprecipitation (ChIP), and elec-
trophoretic mobility shift assay (EMSA) revealed that c-Fos binds to the miR-551a
promoter and activates it. Further, we observed a considerable increase in the
amount of miR-551a levels upon c-Fos overexpression. All of these results showed
that miR-551a can be of clinical relevance in understanding the regulation of FAK in
breast tumorigenesis.
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Breast cancer is a frequent cancer among women worldwide and is at present the
number one cancer in females. Presently, research efforts in breast carcinoma are

focused on the domains of recognition of new biomarkers, which will impact early
diagnosis, on disease behavior, including aggressiveness and treatment response, and
on promoting research on unravelling novel molecular targets. Conventional chemo-
therapeutic modalities have demonstrated efficacy in the treatment of several types of
epithelial tumors although the responses to almost all DNA damage-inducing chemo-
therapeutic agents seem to be varied. Despite similar treatment regimens of breast
cancer patients, the results are mixed, with some patients benefiting whereas others
have minimal responses. These results from the clinics have remained the cornerstone
for providing the impetus to search for molecular markers to categorize patients.
Among the nonreceptor protein tyrosine kinases, focal adhesion kinase (FAK) is a
member specified to be differentially expressed in tumors (1–3). FAK is said to be
engaged in transducing signals from integrins to focal adhesion sites involved in
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cellular contact with the extracellular matrix (ECM) (4). FAK is now considered to be a
favorable target in carcinomas, owing to its differential expression at both levels
(transcriptional and translational) and to its contribution in tumorigenesis, particularly
in the process of invasion and metastasis (5–8). Although overexpression/activation of
FAK is widely known in solid tumors, its mechanism of regulation is still under intense
study.

It is known that target mRNA expression in cells is efficiently controlled by endog-
enously expressed, small noncoding RNAs, termed microRNAs (miRNAs). miRNAs work
by binding to the cellular mRNA targets and quenching their expression, and recent
studies have shown miRNAs to be probable biomarker candidates for cancers. Recently,
Kurozomi et al. reviewed the association between miRNA and breast cancer subtypes
and its association in cancer development, progression, and metastases (9). There are
increasing reports of miRNAs being secreted as exosomes in blood and of their
application as signature molecules (9–13). miRNA expression in cancer cells has been
correlated to chemoresistance, altered metabolism, and the most aggressive form of
breast cancer, namely, the triple-negative form (14–17). Ascertaining the presence of
miRNA in circulation was found to be useful in early breast cancer detection (12, 18, 19).
Dysregulation of miRNA has been reported as a biomarker for patient management in
breast cancer (20). A recent study in fibroblast cells showed that miRNA 218 (miR-218)
controlled myofibroblast differentiation by transforming growth factor � (TGF-�) and
was mediated by FAK (21). Another miRNA, miR-7 was shown to regulate invasion of
breast carcinoma cells, mediated by FAK (22). Considering these facts, we decided to
study the regulation of FAK by miRNA and identified that miR-551a silences FAK, and
we further validated the functional outcome of miR-551a overexpression in breast
carcinoma cells and nude mouse xenograft models. In addition, we proposed a mechanism
of deregulation of miR-551a in breast tumors.

RESULTS
miR-551a targets FAK. In an effort to identify microRNAs that might target the

oncogenic FAK, we screened public databases such as miRANDA, TargetScan, and
DIANA-microT for probable complementation of a bare minimum of 6 bp to the seed
domain of miRNAs. This effort culminated in recognition of miR-551a as a candidate
microRNA that could target FAK (data not shown). We also used FindTar and RNAhybrid
to understand the change in free energy (ΔG) and possible hybridization of miR-551a
and the 3= untranslated region (UTR). Analysis of the possible hybrid structure revealed
that ΔG is –21.3 kcal and that miR-551a binds the 3= UTR of FAK by a 7-mer seed
sequence and 14 bp complementarity in total (Fig. 1A) (23–28). Further, we showed by
using in silico tools that miR-551a precisely regulates FAK by binding to the comple-
mentary sequences in the 3= UTR of mRNAs across different species, which were found
to be conserved (data not shown). Based on these bioinformatics data, we analyzed 24
paired clinical samples of human breast carcinomas for expression of miR-551a using
quantitative PCR (qPCR) to emphasize the physiological and functional importance of
miR-551a. Among the 24 samples of human breast carcinomas analyzed, 22 showed
considerable downregulation of miR-551a, and this was found to be statistically sig-
nificant compared with levels in adjacent normal tissue samples (Fig. 1B). It was
noteworthy that we found a concomitant increase in FAK expression in 17 of the 19
tumor samples tested (Fig. 1C). Further, we screened a panel of breast carcinoma cells
to ascertain the endogenous levels of miR-551a using qPCR and the target protein FAK
by immunoblotting. Screening results showed that FAK and miR-551a levels had an
inverse correlation in the majority of the breast cancer cell lines (Fig. 1D).

The above results were further backed by the observation that transient overex-
pression of miR-551a brought about reduction in the target protein FAK in the breast
cancer cell lines ZR75 and MDA-MB-231 (Fig. 2A), and this reduction was found to be
dependent on the concentration of miR-551a. The same is the case with other breast
cancer cell lines (data not shown). In further support of this finding, when cells were
transfected with miR-551a inhibitors (antagomirs), expression of FAK was increased.
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(Fig. 2B). To authenticate the direct interaction of the target miR-551a and the FAK 3=
UTR, luciferase assays were performed. For this, we cloned the 3= UTR of FAK in the
psiChek2 dual-luciferase vector and then cotransfected cells with miR-551a or the
empty vector. The data revealed a decline in luciferase activity with miR-551a compared
to that with the empty vector, suggesting that miR-551a directly binds to the 3= UTR of
FAK. To confirm this binding, we made deletion constructs and performed luciferase
assays, which showed that the decline in luciferase activity was eradicated upon
deletion of the miR-551a binding region, confirming that miR-551a binds to the mRNA
of FAK at the 3= UTR (Fig. 2C).

Tumor suppressor property of miR-551a in cell line models. Based on the above
results, we decided to examine the operative role of miR-551a in breast cancers. For
this, we generated stable lines of MDA-MB-231 and ZR75 cells overexpressing miR-551a
using a retroviral system. Results from qPCR and Western blotting showed that upon
stable overexpression of miR-551a, there was a subsequent downregulation of the
target protein FAK (Fig. 3A and B) (ZR75 cell line data not shown). Further, miR-551a
overexpression significantly reduced cell growth and colony-forming ability, as deter-
mined by clonogenic and soft-agar assays of MDA-MB-231 cells (Fig. 3C to E).

The metastatic property of cancer cells requires cellular separation from the
primary site, migration, and finally adherence to a favored distant site. Given that
the role of FAK in metastasis is well recognized (6), we examined the capability of
miR-551a-overexpressing MDA-MB-231 cells in conventional wound healing and Boy-
den chamber assays. Data from wound healing assays revealed a significant reduction
in wound healing capacity, indicating the reduced migration ability of miR-551a-
overexpressing cells (Fig. 4A). This was further confirmed by compromised migration

FIG 1 Inverse relation between FAK and miR-551a expression in breast cancer. (A) Representation of the comple-
mentarity between miR-551a and the 3= UTR of FAK. (B) Scatter plot showing the expression of miR-551a in terms
of the threshold cycle (CT) value normalized to that of U6 in breast tumors and adjacent normal breast tissues
(n � 24; ***, P � 0.0006, unpaired t test). (C) Western blot images showing FAK expression in breast tumors. (D) Bar
graph and Western blot showing the expression of miR-551a and FAK, respectively, in breast cancer cell lines. The
bar graph represents the inverse relation between FAK, normalized to the level of actin, and miR-551a expression
(bottom panel). AU, arbitrary units; RE, relative expression; N, normal tissue; T, tumor.
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and invasion competencies of MDA-MD 231-cells stably expressing miR-551a as eval-
uated against a control group (Fig. 4B and C) in a transwell Boyden chamber. These
experimental data collectively signify that miR-551a can reduce invasion and migration.

Matrix-degrading enzymes are known to be secreted by cancer cells to initiate
migration and invasion, and FAK is recognized as enhancing invasion of cancers by
raising the cellular levels of matrix metalloproteinase 9 (MMP-9) (29). MDA-MB-231 cells
stably expressing miR-551a showed a decline in MMP-9 activity, as ascertained by the
gelatin zymography (Fig. 4D). This decline in activity could be attributed to a reduction
in the protein as well as mRNA levels of MMP-9, as determined by qPCR and immu-
noblotting. The expression levels were compared with levels in vector control cells (Fig.
4E and F). It was interesting that there was no change in the MMP-2 activity.

To confirm that the effect of miR-551a is, indeed, through FAK, rescue experiments
were performed. Data from MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide) and wound closure assays showed that overexpression of FAK in miR-551a-
expressing cells could rescue the phenotype of cell growth and migration (data not
shown). These findings further validate that miR-551a indeed acts by targeting FAK.

Ectopic expression of miR-551a inhibits tumor formation in the nude mouse. In
addition to the in vitro study results, we performed xenograft studies on 6-week-old
female athymic nude mice using the MDA-MB-231 cells stably expressing miR-551a and
vector control cells. Mice injected with cells expressing miR-551a showed less tumor
volume than those receiving empty vector transfected cells. Initially, we observed
miniscule tumors in the mice injected with miR-551a-overexpressing cells, and these
later regressed. To quantify tumor growth, tumor volumes (in cubic millimeters) were
measured at seven time points following the initial xenograft (Fig. 5A and B). Further,
study results showed that mice with miR-551a xenografts remained healthy. Neither the

FIG 2 miR-551a inhibits the expression of FAK and targets its 3= UTR. (A) Western blots showing the expression of
FAK in concentration-dependent transfection of miR-551a and expression of miR-551a by qPCR. (B) Increased
expression of FAK with miR-551a inhibitor (inh) transfection (*, P � 0.0139; **, P � 0085; n � 3). (C) Bar graphs
representing the relative luciferase activity (normalized to that of firefly luciferase) of the 3’ UTR wild type (WT) or
a 3= UTR deletion mutant (UTR Del) upon cotransfection with empty vector or miR-551a (n � 3; *, P values of 0.0136
and 0.0320 for MDA-MB-231 and ZR75 cell lines, respectively; ns, not significant, by one-way analysis of variance).
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control vector- nor miR-551a-expressing mouse group showed any signs of metastasis
at the time of autopsy. Further, hematoxylin and eosin (H&E) staining of the excised
tumors of the control mice showed that the tumor cells were highly pleomorphic,
with darkly stained nuclei and many mitotic figures apparent in the high-power field
(Fig. 5C). Thus, the mouse xenograft study convincingly demonstrated that miR-551a
inhibited tumor formation.

c-Fos regulates miR-551a. miR-551a was shown to be downregulated in acute
myeloid leukemia (AML) with central nervous system (CNS) relapse (30) and in breast
cancer (current study). miR-551a is an intragenic miRNA released from intron 4 of the
gene MEGF6 located on chromosome 1. Using the tool miRStart, we found that
miR-551a shared its transcriptional start site (TSS) with the host gene MEGF6. To further
unravel miR-551a transcriptional regulation, we adopted an in silico tool, the ConSite
program. Using this program, we investigated the upstream 4-kb putative promoter
region of miR-551a for binding motifs for several transcriptional factors and located the
binding site for the transcription factor c-Fos within the �2066 and �2073 regions (Fig.
6A). Since c-Fos had the highest score among the transcriptional factors and since c-Fos
is a transcriptional coactivator, we concentrated on c-Fos as a prospective upstream
modulator of miR-551a expression.

To understand the regulation of miR-551a by c-Fos, an miR-551a promoter was
cloned into pGL3 (promoter less) and expressed in breast cancer cells. A chromatin
immunoprecipitation (ChIP) experiment confirmed that c-Fos is recruited to the pro-
moter region comprising positions �2066 to �2073 (8 bp) (Fig. 6B). Furthermore, to
corroborate the importance of c-Fos binding sequence to the miR-551a promoter,

FIG 3 miR-551a inhibits proliferation, clonogenic cell survival, and anchorage-independent growth in MDA-MB-231
cells. (A and B) Bar graph and Western blot showing the overexpression of miR-551a and FAK downregulation in
MDA-MB-231 cells stably expressing vector or miR-551a (n � 3; *, P �0.0133, unpaired t test). (C) Graph
representing the growth of cells expressing either vector or miR-551a by MTT assay (n � 3; **, P � 0.005; ****, P �
0.0001, unpaired t test). (D and E) Representative images and bar graph showing the effect of miR-551a on
clonogenic cell survival and anchorage-independent growth, respectively (n � 3; ****, P � 0.0001; **, P � 0.0033,
unpaired t test).
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luciferase assays were performed. For this, we cotransfected the full-length promoter of
miR-551a and plasmids mutated at the c-Fos binding sequences with pcDNA/c-Fos.
Results showed a significant increase in the relative luciferase activity levels when the
putative promoter was cotransfected with c-Fos compared to levels with the pcDNA
empty vector (Fig. 6C, third and fourth bars). Data analysis of the promoter luciferase
levels did not show any significant alterations in the promoter activity when the

FIG 4 miR-551a reduces migration and invasion by inhibiting the expression of MMP-9. (A) Representative images and bar graph showing the migration of cells
expressing either vector or miR-551a in a wound healing assay. (n � 3; **, P � 0.0036, unpaired t test). (B and C) Representative images and bar graphs showing
the migration and invasion of cells through transwell Boyden chambers (***, P � 0.0006 [n � 6]; *, P � 0.0131 [n � 5], unpaired t test). (D) Representative image
of gelatin zymogram showing the activity of MMP-9 and MMP-2 in conditioned medium. (E) Western blotting for MMP-2 and MMP-9 expression in conditioned
medium. (F) Bar graph showing relative expression of MMP-2 and MMP-9 in MDA-MB-231 cells expressing miR-551a (n � 3; **, P � 0.0044, unpaired t test).
CT, threshold cycle.
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mutations were incorporated in the putative promoter of miR-551a (Fig. 6C, fifth and
sixth bars), confirming the c-Fos binding site. To provide strong evidence for the c-Fos
binding sequence in the miR-551a promoter, an electrophoretic mobility shift assay
(EMSA) was performed. EMSA results showed a shift matching the c-Fos site whereas a
supershift was noted in the presence of a c-Fos antibody (Fig. 6D). To provide conclu-
sive evidence for this regulation, c-Fos overexpression in MDA-MB-231 and ZR-75
breast carcinoma cells produced a considerable increase in miR-551a expression
(Fig. 7A). Based on this experimental evidence, we conclude that c-Fos directly interacts
with the presumed promoter sequence of miR-551a and regulates its expression. To
further supplement the correlation between c-Fos and miR-551a expression, we
screened the same set of clinical breast cancer samples (used earlier for FAK and
miR-551a) for c-Fos expression. Data analysis (Fig. 7B) showed a measurable decline in
c-Fos expression (mean fold change of 0.5) in breast carcinoma samples in contrast to
levels in normal breast tissue. In-depth analysis of the expression patterns of miR-551a
and c-Fos showed a positive correlation (data not shown).

DISCUSSION

With improvements in the diagnosis and therapy of breast cancer, the major
challenges still lie in treating triple-negative breast cancer (TNBC), metastatic cancer, and
chemoresistant tumors. Recently, miRNAs have emerged as new therapeutic tools for the
management of cancer (31–33). In this paper, we identified and validated that miR-551a
targets FAK in its 3= UTR. Earlier, miR-551a had also been shown to target PRL3 (phospha-
tase of regenerating liver 3) and CKB (creatine kinase, brain type) in gastric cancer and
colorectal cancer, respectively (34, 35). Despite these studies, the role of miR-551a in breast
carcinomas was still not clarified. Therefore, we focused on studying the outcome of
regulation of FAK by miR-551a in breast cancer. Clinical significance for this study arose
from the data showing that breast tumor samples demonstrated elevation in the expres-
sion of FAK in the majority of the samples. The increased FAK expression in tumor samples
may probably in part be attributed to decreased miR-551a levels. Additional studies on
engineered cell lines and in vivo xenograft models revealed miR-551a’s tumor suppressor
role in breast carcinomas. From these data, we further understood the regulation of
miR-551a in breast cancer cells. The facts that miR-551a levels are low in breast cancer
samples and that c-Fos binds to the miR-551a promoter prompted us to investigate
c-Fos-mediated miR-551a regulation. In the breast cancer samples analyzed, c-Fos and

FIG 5 miR-551a inhibits the formation of tumor in nude mice. (A) Line plot representing the growth of tumor
volume (5 mice per group). (B) Representative images of the excised tumors. (C) Representative images of the H&E
staining performed on the excised tumors.
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miR-551a were found to be deregulated, and c-Fos was found to have a positive correlation
with miR-551a. Deregulation of c-Fos has been reported in ovarian, gastric, and breast
cancer. A reduced c-Fos level was reported to be coupled with poor progression-free
survival. Similarly, loss of c-Fos has been correlated with advanced disease stages of gastric
cancer, lymphatic invasion, poor survival, and metastasis (36–40).

It is well known that FAK signaling controls motile and invasive cell phenotypes in
cancer cells by regulating MMPs (6, 29, 41–43). Our results demonstrated that miR-
551a-overexpressing cells, via downregulation of FAK, showed decreased migratory
and invasive potential, as evident by reduced MMP-9 activity selectively. This suggests
that miR-551a expression can act to prevent metastasis in breast carcinomas by
reducing the levels of MMP-9. MMP-9 is well known for its role in promoting invasive

FIG 6 c-Fos binds to the promoter of miR-551a. (A) Schematic showing the binding of c-Fos to the predicted binding site of the putative promoter region of
miR-551a. (B) Representative ChIP images of agarose gel showing the PCR amplification for the putative promoter region of miR-551a upon immunoprecipi-
tation with IgG or c-Fos antibody. (C) Bar graph representing the relative luciferase activity of cloned miR-551a promoter or mutant upon cotransfection with
vector (pcDNA) or c-Fos (**, P � 0.05; ns, not significant, by one-way analysis of variance). (D) EMSA showing the binding of biotinylated wild-type (WT) probes
(lane 3) spanning the c-Fos binding region in miR-551a promoter, competitive inhibition of band intensity with nonbiotinylated probes (lanes 4 and 5). The
binding was abolished when biotinylated mutant probes were used (lane 6). The supershift was observed when the lysate was incubated with anti-c-Fos
antibody (lane 7). �ve, negative (empty); RLU, relative light units; Ab, antibody; DM, double mutant.
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characteristics of carcinoma cells and has been reported to have clinical significance in
breast cancer. These results were further supported by Boyden chamber assays.

It was earlier reported that miR-551a inhibits in vitro gastric carcinoma cell migration
and invasion and also liver metastasis in mouse models (34, 35). The current study
shows an important tumor-suppressive role of miR-551a in breast carcinoma cells
under both in vitro and in vivo conditions. Recently, it was shown that demethoxycur-
cumin inhibits ovarian tumor cell proliferation by upregulating miR-551a expression,
further indicating its growth-inhibitory role (44). Loo et al. have reported that endo-
genous miR-551a and miR-483-5p inhibit liver metastasis but have no effect on tumor
growth (35), and this was probably attributable to differences in the origins of the cell lines
and the cancer types under study. The overall effect of the miRNA is determined by the
balance between these tumor suppressors and tumor promoters. Considering the current
study and earlier reports, miR-551a can be of clinical relevance in understanding breast
tumorigenesis. Based on our findings, we propose that miR-551a has a tumor-suppressive
function targeting FAK in its 3= UTR. We further demonstrate that c-Fos stimulates the
expression of miR-551a by binding to its putative promoter (Fig. 7C).

MATERIALS AND METHODS
Tumor samples, cell lines, plasmids and reagents. Cell lines T47D, ZR75, MDA-MB-453, MCF7, and

MDA-MB-468 were purchased from the National Centre for Cell Science (NCCS), Pune, India. SKBR3 and
MDA-MB-231 were gifts from Asha Nair from the Rajiv Gandhi Centre for Biotechnology (RGCB), India.

FIG 7 c-Fos promotes the miR-551a expression in breast cancer cell lines. (A) Bar graph showing relative increase
in miR-551a expression by qPCR upon c-Fos transfection in a dose-dependent manner. c-Fos transfection was
confirmed by Western blotting in MDA-MB-231 and ZR75 cell lines. (*, P � 0.05; **, P � 0.005; ***, P � 0.0005, by
one-way analysis of variance) (B) Scatter plot showing the expression of c-Fos in terms of the threshold cycle (CT)
value normalized to that of actin in breast tumors and adjacent normal breast tissues (n � 24; **, P � 0.0039, by
an unpaired t test). (C) Proposed mechanism of action of miR-551a and targeting of FAK.
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BT474 was a gift from the Cancer Institute, Adyar, Chennai, India. All cell lines were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) with high glucose and 10% fetal bovine serum (FBS). Breast
tumor and matched adjacent normal breast tissues were obtained from Sri Ramachandra Medical College
and Research Institute (SRMC), Chennai, India, with ethical clearance. All of the tumors were infiltrating
carcinoma, nonmetastatic, grade 2 or 3, and patients had a mean age of 50 years. The same sets of
tumors and matched adjacent normal tissues were used for studying the expression of miR-551a, FAK,
and c-Fos. psiCHECK-2 from Promega was used for cloning of the 3= UTR of FAK in NotI and XhoI
restriction sites. pGL3 basic from Promega (Madison, WI) was used for cloning a 4-kb promoter region of
miR-551a. Site-directed mutagenesis (SDM) in the c-Fos binding site of the promoter region was done
using a QuikChange II SDM kit (number 200523) from Agilent Technologies (Santa Clara, CA). An
expression plasmid for miR-551a was purchased from Origene (SC400530; Rockville, MD). Control and
miR-551a power inhibitors were purchased from Exiqon. For retroviral transduction, miR-551a was cloned
into pMSCV-Puro-GFP (where MSCV is mouse stem cell virus and GFP is green fluorescent protein) (gift
from Erik Flemington, Tulane University). Retroviral packaging plasmids pUMVC and pCMV-VSV-G were
gifts from Bob Weinberg (8449 and 8454, respectively; Addgene) (45). pcDNA 3-Flag-c-Fos was a gift from
Yosef Shaul, Weizmann Institute of Science, Israel. Transfections were done using Fugene HD from
Promega (E2311; Madison, WI) according to the manufacturer’s instructions. Puromycin from MP Bio-
medicals (194539; Santa Ana, CA) was used at 1 �g/ml for generating stable cells in MDA-MB-231 cells.

Antibodies for FAK (3285S), c-Fos (4384S), MMP-2 (4022), and MMP-9 (3852) were purchased from Cell
Signaling Technology (Danvers, MA). Actin (A2228), vinculin (V9131), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; G8795) antibodies were purchased from Sigma-Aldrich (St. Louis, MO). Actin,
GAPDH, or vinculin was used as an internal control for Western blot analyses.

RNA isolation was done using TRIzol reagent (15596026; Life Technologies, Invitrogen, Carlsbad, CA).
cDNA synthesis was done using a high-capacity reverse transcription kit from Applied Biosystems
(4368814; CA). For miR-551a and U6 snRNA, stem-loop primers were used for cDNA synthesis. U6 snRNA
and actin were used as reference genes for qPCR. qPCR was performed using SYBR green chemistry using
SYBR Premix Ex Taq II (RR820A; Clontech, Fremont, CA).

ChIP and EMSA. ChIP was performed using a ChIP assay kit (17-295; EMD, Millipore, MA) and c-Fos
antibody from Santa Cruz (SC-253; Dallas, TX). EMSA was performed according to the manufacturer’s
instructions (20148; Pierce Biotechnology, Rockford, IL).

MTT, wound healing, soft-agar, and clonogenic assays. For the MTT assay, 3,000 cells were seeded
in 96-well plates, and absorbance was measured at 570 nm using MTT reagent (33611; SRL Pvt., Ltd.). For
the wound healing assay, a scratch was made in a monolayer of confluent cells, and multiple images
were acquired at 0 h and 22 h using a Carl Zeiss microscope. The area was calculated using Zen 2011
software. For the soft-agar assay, 5,000 cells were seeded in 35-mm plates with top and bottom layers
containing agarose at 0.5% and 0.8%, respectively. Cells were stained with crystal violet and counted
after 3 weeks. For the clonogenic assay, 500 cells were initially seeded in 60-mm plates, and colonies
were counted after staining with crystal violet after 3 weeks. For gelatin zymography, conditioned
medium was collected and concentrated, and the protocol described by Toth and Fridman was followed
(46).

Transwell migration and invasion assays. A total of 25,000 cells were seeded in the upper chamber
of a transwell for migration and invasion assays in serum-free medium. Serum-containing medium was
used as a chemoattractant in the bottom chamber. Cells were stained using HemaColor stain after 48 h
and counted.

Xenograft study. For a xenograft study, 7 million cells (approximately) were mixed with Matrigel and
injected into the mammary fat pad of nude mice. Five mice were used for each group, i.e., vector controls
and miR-551a-expressing cells. Tumor volumes were measured over a period of 8 weeks. Mice were
euthanized, and tumors were excised at the end of the study. All the animal experiments were performed
as per the CPCSEA guidelines after prior approval.

Statistical analyses. All the data are expressed as means � standard errors of the means (SEM) using
Prism (GraphPad Software, Inc.).
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