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Primary lung tumors, breast tumors, and melanoma me-
tastasize mainly in the brain where therapy is limited to
surgery and radiation. To investigate the molecular basis
of brain metastases, we isolated brain-trophic metastatic
MDA-MB-435-LvBr2 (LvBr2) cells via left ventricle (LV) in-
jection of MDA-MB-435 cells into immunodeficiency (NOD/
SCID) mice. Whereas parent MDA-MB-435 cells displayed
an elongated morphology, LvBr2 cells were round and
displayed an aggregated distribution. LvBr2 cells expres-
sed lower p-catenin levels and higher heterogeneous nu-
clear ribonucleoprotein C1/C2 (hnRNPC) levels than paren-
tal cells. Since microRNAs are known to play an important
role in cancer progression including metastasis, we screened
microRNAs expressed specifically in brain metastases.
MicroRNA-146a was almost undetectable in LvBr2 cells
and highly expressed in the parental cells. Overexpression
of miR-146a increased p-catenin expression and sup-
pressed the migratory and invasive activity of LvBr2 cells.
The miR-146a-elicited decrease in hnRNPC in turn lowered
the expression of MMP-1, uPA, and uPAR and inhibited the
migratory and invasive activity of LvBr2 cells. Taken to-
gether, our findings indicate that miR-146a is virtually ab-
sent from brain metastases and can suppress their metas-
tatic potential including their migratory and invasive activi-
ties associated with upregulation of f-catenin and down-
regulation of hnRNPC.

INTRODUCTION

Despite great efforts to develop cancer therapies, cancer mor-
tality has been on the rise, which is due to metastasis rather
than to primary tumor itself (Nguyen et al., 2009). Metastasis
has been recognized as the main cause of recurrence and poor
prognosis. The metastatic process involves multiple genes
which enable cells to enter the bloodstream, disseminate, adapt
to new miroenvironments, and proliferate at distant organs

(Chambers et al., 2002). Although brain metastases are highly
aggressive, they can only be treated using surgery and radia-
tion. Metastasis of melanoma cells to lymph nodes, liver, lung,
and brain constitutes a major cause of death (Akslen et al.,
1987). In the case of brain metastasis, the prognosis of mela-
noma patients is very poor and median survival is less than 6
months. Moreover, despite of advanced therapies, treatment
options for brain metastatic melanoma are restricted and their
efficiency is very low.

With the discovery of oncogenic and tumor suppressive
miRNAs, aberrant expression of miRNAs has been implicated
in the malignancy of cancer cells. Many miRNAs are found to
regulate metastatic processes including epithelial-to-mesen-
chymal transition (EMT), adhesion, migration, invasion, apop-
tosis, angiogenesis, and colonization (Hurst et al., 2009). Me-
tastasis-associated miRNAs (Metastamir) are categorized into
metastasis-suppressing and metastasis-promoting miRNAs
(Aigner, 2011; Hurst et al., 2009; Nicoloso et al., 2009) and their
functions have been investigated in variety of cancer cells. MiR-
146 is reported to enhance proliferation and inhibit apoptosis of
gastric cancer cells (Xiao et al., 2012) and to diminish the me-
tastatic potential of breast cancer cells by targeting IRAK1 and
TRAF6, which suppress invasiveness of pancreatic cancer
cells via positive regulation of NF-kB (Bhaumik et al., 2008; Li
etal., 2010).

In the present report, we studied brain metastasis-specific
miRNAs using a xenograft model. We found that brain-trophic
metastatic LvBr2 cells expressed higher level of proteolytic
enzymes than parent MDA-MB-435 cells. Of 97 miRNAs
whose expression was significantly changed in brain metasta-
sis, miR-146a showed potently decreased expression in brain
metastasis and its overexpression suppressed the metastatic
potential of LvBr2 cells, which is linked to the upregulation of f3-
catenin and the downregulation of hnRNPC.
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Fig. 1. LvBr2 cells show more metastatic potential
than MDA-MB-435 cells. (A) Comparison of cell mor-
phology between MDA-MB-435 cells and the derived
brain metastatic cells, LvBr2. (B) MDA-MB-435 and
LvBr2 cells were seeded into 6-well plate at a density
of 2 x 10° cells per well; 48 h later, cell numbers were
determined by direct cell counting. Data are the
means and S.D. from three different experiments. (C)
The expression of B-catenin, hnRNPC, STEGALNACS,
and GAPDH was assessed by Western blot analysis
of whole-cell lysates from MDA-MB-435 and LvBr2
cells. STBGALNACS5 expression was used as a
marker of brain metastasis. (D) Total RNA was iso-
lated from MDA-MB-435 and LvBr2 cells and the
levels of MT1-MMP, MMP-1, uPA, and uPAR mRNA
was determined by RT-gPCR analysis. Data are the

435 LvBr2
) means and S.D. from three different experiments. (E,

F) Equal numbers of MDA-MB-435 and LvBr2 cells were added into Transwells (E) or Matrigel Transwells (F). For migration assay (E), non-
migrating cells were completely removed, and migrating cells were stained and photographed. The migratory activity was determined by
measuring absorbance at 560 nm. Data are the means and S.D. from three different experiments. For invasion assay (F), invading cells were
fixed with 100% methanol, stained with H/E, and counted under a microscope. Data are the means and S.D. from three different experiments.

MATERIALS AND METHODS

Xenograft model for brain metastasis and miRNA
microarray

Brain-trophic metastatic MDA-MB-435 cells were isolated pre-
viously after serial injection of MDA-MB-435 cells through the
left ventricle (LV) of heart (Nam et al., 2008). We termed these
brain-trophic metastatic cells as MDA-MB-435-LvBr1 (LvBr1,
first cycle) and MDA-MB-435-LvBr2 (LvBr2, second cycle). To
rule out the effect of the brain microenvironment, MDA-MB-435-
IcBr cells (IcBr) were isolated from brain lesions performed by
intracranial (IC) injection of MDA-MB-435 cells. Since LvBri
and LvBr2 cells showed very similar results, here we repre-
sented the results obtained using LvBr2. Total RNA was iso-
lated using Trizol (Invitrogen) and used for microRNA microar-
ray (Affymetrix GeneChip® microRNA microarray).

Cell culture and transfection

MDA-MB-435, LvBr1, LvBr2, and IcBr cells were maintained at
37°C, 5% COs in Dulbecco’s modified Eagle’s medium (DMEM;
Hyclone) supplemented with 10% fetal bovine serum (GIBCO-
BRL) and 1% antibiotic-antimycotic solution (GIBCO-BRL).
Cells were transfected using lipofectamine 2000 (Invitrogen)
following the manufacturer's protocol. HhRRNPC siRNA was
from Santa Cruz Biotechnology and control siRNA (CTRL) from
Genolution (Korea). Precursor miR-146a (pre-miR-146a, Am-
bion) was used to overexpress miR-146a.

Reagents and antibodies

Cycloheximide was from Sigma Aldrich. The antibodies were
as follows: anti-hnRNPC and anti-EGFR were from Santa Cruz
Biotechnology; anti-Flag was from Sigma Aldrich, and anti-
phospho-Akt, anti-Akt, anti-phospho-ERK, and anti-ERK from
Cell Signaling Technology. Anti-GAPDH, anti-ST6GALNACS,
and anti-E-cadherin were from Abcam.

Western blot and quantitative real-time PCR

For Western blot analysis, proteins were fractionated and then
transferred to PVDF membrane (Millipore). Membranes were
incubated with primary antibodies and HRP-conjugated secon-
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dary antibodies, and visualized using enhanced chemiluminis-
cence (ECL, Amersham). For reverse transcription (RT) and
quantitative (q) real-time PCR analysis, total RNA was isolated
using Trizol (Invitrogen) according to the manufacturer's proce-
dure. The level of mMRBNA expression was determined using
power SYBR® Green PCR Master Mix (Applied Biosystems,
USA). Primer sequences are listed in Supplementary Table 1.
The level of GAPDH mRNA was used as internal control for
normalization.

Migration and invasion assay

Migratory activity was determined by measuring cells with the
ability to cross the pores of migration chambers in the presence
of chemoattractants (10% FBS). Briefly, equal numbers of
starved cells were added onto the upper chambers of 24-well
Falcon Cell Culture Transwells (8 um pore, QCM Colorimetric
Cell Migration Assay kit, Millipore). Migration of cells was initi-
ated by adding serum-containing media into the lower chamber;
24 h later, the migrated cells were stained with crystal violet and
the migratory activity was determined by measuring the optical
density at 560 nm. For invasion assay, Matrigel Transwells (BD
Biocoat Matrigel Invasion Chamber) were used. Equal numbers
of cells were added to the upper chamber and cells were al-
lowed to invade by adding fresh DMEM containing 10% fetal
bovine serum into the lower compartment. Invading cells were
fixed and stained with hematoxylin/eosin (H/E) and the number
of invading cells on the lower surface of the membrane was
counted under a microscope in several fields.

RESULTS

Brain-trophic metastatic LvBr2 cells showed higher
metastatic activity than parent MDA-MB-435 cells
MDA-MB-435 cells were reported to form brain metastasis by
injection into the left ventricle (LV) of heart or the internal carotid
artery (ICA) (Nam et al., 2008; Price et al., 1990). To investigate
the role of miRNA in brain metastasis, MDA-MB-435-LvBr cells
were isolated from brain metastasis cells after serial LV injec-
tion of parent MDA-MB-435 cells (LvBr1 cells were obtained
from the first cycle and LvBr2 cells from the second cycle).

http://molcells.org
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Fig. 2. MiR-146a is highly expressed in LvBr2 cells and
suppresses their metastatic potential. (A) The level of
miR-146a in MDA-MB-435 and LvBr2 cells was vali-
dated using TagMan microRNA assay (right). (B, C)
LvBr2 cells were transfected with control siRNA (CTRL)
or pre-miR-146a (146a); 48 h later, cells were harvested
and equal numbers of MDA-MB-435 and LvBr2 cells
were added into Transwells (B) or Matrigel Transwells
(C). For the migration assay (B), non-migrating cells
were completely removed, and migrating cells were

stained and photographed. The migratory activity was determined by measuring absorbance at 560 nm. Data are the means and S.D. from
three different experiments. For the invasion assay (C), invading cells were fixed with 100% methanol, stained with H/E, and counted under a
microscope. Data are the means and S.D. from three different experiments.

Since LvBr1 and LvBr2 cells appeared to display very similar
molecular characteristics (Supplementary Fig. 2), we only rep-
resent here LvBr2 results. LvBr2 cells preferred to metastasize
to the brain and showed morphology very distinct from that of
MDA-MB-435 cells (Fig. 1A). While MDA-MB-435 cells had a
spindle-like and elongated morphology, LvBr2 displayed a
round and aggregated shape. LvBr2 cells proliferated slightly
more slowly than MDA-MB-435 cells (Fig. 1B). Western blot
analysis revealed that B-catenin expression levels were lower,
while hnRNPC expression levels were higher in LvBr2 cells (Fig.
1C). Brain metastasis was validated by analysis of the marker
ST6GALNACS (alpha2,6-sialyltransferase) (Bos et al., 2009).
Additionally, we checked the expression of various matrix pro-
teinases, since metastasis is triggered by degradation of ex-
tracellular matrix (ECM); membrane type 1-matrix metallopro-
teinase (MT1-MMP), matrix metalloproteinase-1 (MMP-1), uro-
kinase-type plasminogen activator (uPA), and uPA receptor
(uPAR) were all more highly expressed in LvBr2 cells than in
MDA-MB-435 cells (Fig. 1D). In keeping with the elevated ex-
pression of matrix proteinases, LvBr2 cells were more migratory
and invasive than MDA-MB-435 cells (Figs. 1E and 1F). From
above results, we found that brain-trophic LvBr2 cells showed
different morphology and more metastatic activity as compared
to MDA-MB-435 cells.

Decreased level of miR-146a in LvBr2 is closely associated
with metastatic activity

To screen for miRNAs which display differential expression in
brain metastasis, microRNA microarray was performed as de-
scribed in “Materials and Methods”. This analysis revealed that
in LvBr1 and LvBr2 cells, 34 miRNAs were upregulated and 63
miRNAs were downregulated (Supplementary Fig. 3). Among
them, miR-146a showed the most significant difference be-
tween MDA-MB-435 and LvBr cells. Whereas miR-146a was
highly expressed in MDA-MB-435 cells, it was virtually unde-
tectable in LvBr2 cells (Fig. 2A and Supplementary Fig. 4). To
investigate the possible role of miR-146a in the metastatic po-
tential of LvBr2, migratory and invasive activities were exam-
ined after miR-146 overexpression. As shown in Fig. 2B and 2C,
transfection of LvBr2 cells with pre-miR-146a caused a reduc-
tion in migration and invasiveness, suggesting that miR-146a is
closely associated with the metastatic potential of LvBr2 cells.

Overexpression of miR-146a suppressed the metastatic
activity of LvBr2 cells linked to increased expression of
B-catenin

To elucidate the molecular mechanisms whereby miR-146a
suppresses migratory and invasive activity, we examined the
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effect of miR-146a on B-catenin expression. As shown in Fig.
1C, LvBr2 cells showed undetectable levels of B-catenin ex-
pression, while MDA-MB-435 cells highly expressed B-catenin.
Transfection of LvBr2 cells with pre-miR-146a increased p-
catenin expression levels without significantly altering 3-catenin
mRNA levels (Fig. 3A). Increased expression of B-catenin by
miR-146a was also found in Br4 cells which were isolated
through two cycles of injection of LvBr2 cells into the internal
carotid artery (Supplementary Fig. 2D) (Nam et al., 2008).

To evaluate whether miR-146a influenced B-catenin expres-
sion through the B-catenin 3'UTR, we used a reporter vector
that expressed a heterologous GFP mRNA carrying the B-
catenin 3'UTR. As shown in Fig. 3B, GFP expression was not
influenced by miR-146a overexpression, indicating that miR-
146a was unlikely to function through its interaction with the (-
catenin 3'UTR. In order to verify overexpression of miR-146a,
we checked the level of EGFR expression which is known as
miR-146a target. B-catenin expression levels are regulated via
its phosphorylatioin-dependent degradation by ubiquitin/pro-
teasome system. We studied the stability of B-catenin protein in
miR-146a-overexpressing LvBr2 cells by treating cells with
cycloheximide (10 pg/ml) to stop protein synthesis and, at the
indicated times, B-catenin expression levels were determined
by Western blot analysis. As shown, B-catenin was more stable
in miR-146a-transfected LvBr2 cells than in control-transfected
cells (Fig. 3C), while GADPH levels were unchanged between
these two groups.

To investigate whether the miR-146a-mediated increase of -
catenin is required for its anti-metastatic action, we increased -
catenin abundance in LvBRr2 cells by transfection with a vector
expressing B-catenin-FLAG (Fig. 3D). Importantly, LvBr2 cells
overexpressing B-catenin showed diminished migratory and
invasive activity as compared to FLAG-transfected LvBr2 cells
(Figs. 3E and 3F). These results indicated that miR-146a in-
creased B-catenin expression by increasing its stability, which
suppressed metastatic features of LvBr2 cells.

Suppression of hnRNPC is necessary to inhibit the
metastatic potential by miR-146a in LvBr2 cells

As shown in Fig. 1C, hnRNPC expression levels in LvBr2 cells
were higher than in parent MDA-MB-435 cells. LvBr1 cells
showed similar expression as LvBr2 (Supplementary Figs. 2A
and 2B). Forty-eight h after transfection of LvBr2 cells with pre-
miR-146a, Western blot analysis revealed that hnRNPC levels
were reduced without changes in mRNA levels (Fig. 4A). To-
gether with the level of hnRNPC expression, we found signifi-
cant differences in the activation of Akt between MBA-MB-435
and LvBr2 cells (Fig. 4B). Diminished expression of hnRNPC
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and whole-cell lysates were prepared. The level of 3-catenin expression was determined by Western blot analysis. (D-F) To elucidate the role
of B-catenin in suppression of metastatic potential by miR-146a, B-catenin was overexpressed in LvBr2 cells (D). Equal numbers of transfected
cells were added into Transwells (E) or Matrigel Transwells (F). For migration assay (E), non-migrating cells were completely removed, and
migrating cells were stained and photographed. The migratory activity was determined by measuring absorbance at 560 nm. Data are the
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microscope. Data are the means and S.D. from three different experiments.
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by miR-146 or hnRNPC-specific siRNA inactivated Akt pathway the expression levels of various proteolytic enzymes (Supple-
in LvBr2 cells, suggesting that the decreased expression of mentary Fig. 5). To investigate the effect of miR-146a-elicited
hnRNPC was necessary for inhibiting metastasis by miR-146a hnRNPC suppression on the metastatic activity of LvBr2 cells,
(Fig. 4C). As with suppression of Akt, expression of matrix- the migratory activity of LvBr2 cells was assessed by the wound
degrading enzymes including MMP and uPA was decreased by healing and Transwell migration assays after transfection with

overexpression of miR-146a in LvBr2 cells (Fig. 4D); similarly, pre-miR-146a or hnRNPC siRNA (Figs. 4E and 4F, respec-
silencing of hnRNPC in both LvBr1 and LvBr2 cells diminished tively). Both the overexpression of miR-146a and the silencing
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of hnRNPC significantly inhibited the migratory activity in LvBr2
cells. The invasive activity of transfected LvBr2 cells was inves-
tigated by using a Matrigel Invasion Chamber. As shown in Fig.
4G, the number of invading LvBr2 cells decreased in miR-146a-
overexpressing and hnRNPC-silenced cells. The above results
indicate that miR-146a inhibited metastatic traits of LvBr2 cells,
including their ability to migrate and invade by suppressing
hnRNPC expression. Taken together, our results suggest that
the anti-metastatic activity of miR-146a includes two regulatory
events: an increase in f-catenin and the suppression of
hnRNPC.

DISCUSSION

Brain metastases are the most common tumors of the central
nervous system and are mainly originated from lung cancer,
breast cancer, and melanoma. Even though about 40-60% of
melanoma patients suffer from brain metastases, the molecular
basis of the metastatic colonization of melanoma in brain is still
obscure. In this report, we sought to identify miRNAs expressed
in brain-trophic metastasis developed through a xenograft
model. Among the differentially expressed miRNAs, we be-
came interested in miR-146a, as its expression was lost in the
metastatic cells (LvBr2). Moreover, overexpression of miR-
146a inhibited several metastatic traits of LvBr2 cells, particu-
larly migration and invasion. MiR-146a elicits these effects via
two mechanisms: by upregulating p-catenin and by downregu-
lating hnRNPC (Figs. 3 and 4).

The Wnt pathway is critical for signaling in tumorigenesis and
metastasis. Deregulation of Wnt signal abnormally stabilizes (-
catenin, which results in increased p-catenin levels in both the
cytoplasm and the nucleus (Giles et al., 2003). In many types of
cancer, increased expression of 3-catenin is closely associated
with enhanced cancer phenotype and is found in the invasive
front of most colon cancers. Moreover, its target genes are
used in the prognosis and disease-free survival of cancer pa-
tients (Giles et al., 2003). In contrast to earlier reports, 3-catenin
was associated with good prognosis and increased overall
survival (Chien et al., 2009; Gould Rothberg et al., 2009) and its
reduced expression was linked to cancer progression including
metastasis in melanoma (Maelandsmo et al., 2003). In this
regard, Arozarena et al. (2011) recently reported that MITF, a
melanoma-specific protein, opposes the function of -catenin in
melanoma. The B-catenin suppresses the invasive activity of
melanoma and affects the invasive morphology of melanoma
through inhibition of Rho-GTPase (Arozarena et al., 2011). We
found that overexpression of miR-146a in LvBr2 cells increased
the stability and hence the expression of 3-catenin, which inhibit
metastatic activity (Figs. 3F and 3G). Furthermore, since pB-
catenin is known to inhibit NF-xB DNA binding and transactiva-
tion by forming a complex with NF-xB (Deng et al., 2002), NF-
B might be involved in the anti-metastatic action of miR-146a;
however, additional work is needed to investigate this hypothe-
sis.

HnRNPC is an RNA-binding protein that influences mRNA
metabolism including stability and translation (Christian et al.,
2008). It binds the uPAR 3'UTR and increases uPAR expres-
sion by enhancing uPAR mRNA stability (Bhandary et al., 2009;
Shetty, 2005). By comparing the expression of metastasis-
associated genes, we found that Akt activation is markedly
different between MDA-MB-435 and LvBr2 cells. Silencing of
Akt suppresses cell migration and invasion, suggesting that Akt
activation is necessary for metastatic potential (Qiao et al.,
2008). Overexpression of miR-146a in LvBr2 cells suppressed
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the activation of Akt via downregulation of hnRNPC (Fig. 4C),
which is associated with the decreased expression of prote-
olytic enzymes such as MMPs and uPA. Collectively, we found
that miR-146a suppresses the metastatic activity of LvBr2 cells
by upregulating B-catenin and downregulating hnRNPC.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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