Research article

MicroRNA-374a activates Wnt/f-catenin
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Tumor metastasis involves a series of biological steps during which the tumor cells acquire the ability to
invade surrounding tissues and survive outside the original tumor site. During the early stages, the cancer
cells undergo an epithelial-mesenchymal transition (EMT). Wnt/p-catenin signaling is known to drive EMT
and metastasis. Here we report that Wnt/-catenin signaling is hyperactivated in metastatic breast cancer
cells that express microRNA 374a (miR-374a). In breast cancer cell lines, ectopic overexpression of miR-374a
promoted EMT and metastasis both in vitro and in vivo. Furthermore, miR-374a directly targeted and sup-
pressed multiple negative regulators of the Wnt/f-catenin signaling cascade, including WIF1, PTEN, and
WNTS5A. Notably, miR-374a was markedly upregulated in primary tumor samples from patients with distant
metastases and was associated with poor metastasis-free survival. These results demonstrate that miR-374a
maintains constitutively activated Wnt/f-catenin signaling and may represent a therapeutic target for early

metastatic breast cancer.

Introduction

Distant metastasis and invasion of cancer are responsible for more
than 90% of cancer-related deaths (1). Biologically, the process of
tumor metastasis consists of multiple sequential steps, including
invasion of cancer cells into surrounding tissue, intravasation,
survival in the circulation, arrest at distant organ sites, extrava-
sation, and growth of a macroscopic secondary tumor in distant
organs (2). The initial stage of metastatic progression is essentially
dependent on the prominent biological event referred to as epi-
thelial-mesenchymal transition (EMT), which is characterized by
specific morphogenetic changes, loss of cell-cell adhesion, and
increased cell motility (3, 4).

Wnt/B-catenin signaling has been demonstrated to play an impor-
tant role in the development and promotion of EMT and cancer
metastasis (5-7). Using a mouse model, DiMeo et al. found that
the downstream target genes of the Wnt/f-catenin pathway are sig-
nificantly upregulated in early breast cancer metastatic cells in the
lungs. Inhibition of B-catenin signaling by DKK1 or SFRP1 overex-
pression dramatically reduces the expression of the transcriptional
repressors Slug and Twist, but upregulates the expression of breast
epithelial markers (8). Meanwhile, numerous studies have revealed
that B-catenin is upregulated in human cancers and correlates with
poor clinical prognosis (9). Nuclear f-catenin accumulation in the
invasive fronts of primary tumors further highlights the essential
role of B-catenin in the process of metastasis (10).

From a molecular perspective, it is well recognized that Wnt/
B-catenin signaling is subject to multiple levels of control. The
canonical Wnt/fB-catenin signaling pathway is initiated when Wnt
ligands bind to its receptor(s), namely, Frizzled (Fzd) (11) and
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LDL receptor-related protein-5 or -6 (LRP5 or LRP6) (12). Conse-
quently, cytoplasmic protein Dishevelled (Dvl) is phosphorylated
and thus enabled to dissociate B-catenin from the “destruc-
tion complex” composed of Axin, adenomatous polyposis coli
(APC), casein kinase la (CK1la), and glycogen synthase kinase
3B (GSK3) (13). The stabilized p-catenin, which accumulates in
the cytoplasm, is activated to translocate into the cell nucleus,
where it forms a f-catenin-LEF/TCF transcriptional complex
and induces transcription of downstream genes implicated in car-
cinogenesis. In the absence of Wnt ligand stimulation, however,
[B-catenin is sequestered in the “destruction complex,” leading to
B-catenin degradation by the ubiquitin-proteasome mechanism
and ultimate inactivation of -catenin signaling (14-16). Another
layer of regulation for the suppression of B-catenin signaling is
through secretion of antagonists of the Wnt pathway, such as
Wnt inhibitory factor-1 (WIF1), secreted Frizzled-related pro-
teins (sFRPs), and Dickkopfl (DKK1) (17). Moreover, the nonca-
nonical pathway has also been linked to modulation of B-catenin
signaling. For example, WNTS5A, a member of the noncanonical
Wnt family, suppresses the motility and invasiveness of breast
cancer cells via CK1a activation, resulting in phosphorylation
of B-catenin at Ser45 and subsequently increased formation of
the B-catenin/E-cadherin complex at the cell membrane, without
influencing the nuclear translocation and transcriptional activ-
ity of B-catenin (18). Additionally, cross-talk between f-catenin
signaling and other pathways, such as the PI3K/Akt pathway,
has been indicated in various cancers (19). The tumor suppres-
sor gene phosphatase and tensin homolog (PTEN), a dual lipid
and protein phosphatase that antagonizes PI3K/Akt signaling,
is frequently silenced in numerous tumor types. It has also been
demonstrated that inhibition of B-catenin activity through PI3K/
Akt suppression can be a key mechanism by which PTEN sup-
presses tumor progression (20, 21). Although Wnt/p-catenin sig-
Number 2

Volume 123 February 2013



A - - B
ml ml
2 2
g @
- o E E
- - [} 7]
T © 40
€ £ E E 2
] ] o o ©
s s S S o
o a 3 3 g
hsa-miR-330-3p 5
hsa-miR-374a K=]
hsa-miR-489 -
hsa-miR-21
hsa-miR-25
hsa-miR-1260

hsa-miR-106b
hsa-miR-93
hsa-miR-23a
hsa-miR-27a
hsa-miR-301a
hsa-miR-7

hsa-miR-30a
hsa-miR-34a
hsa-miR-27b
hsa-miR-23b
hsa-miR-375 o
hsa-let-7b
hsa-miR-17
hsa-miR-200b
hsa-miR-24
hsa-miR-15a
hsa-miR-26a

3.0

=3.0

naling is tightly controlled at various levels, as mentioned above,
its constitutively activated form has been found in various human
cancer types. Thus, understanding how these negative regulatory
effects on the Wnt/B-catenin signaling pathway are concomi-
tantly deregulated in cancers is biologically as well as clinically
important for future development of antimetastatic strategies.

MicroRNAs (miRNAs), a class of endogenous noncoding small
RNAs, are involved in the modulation of many biological pro-
cesses by base-pairing, usually imperfectly, to the 3" untranslated
region (UTR) of a target mRNA, resulting in posttranscriptional
inhibition, and sometimes mRNA cleavage (22). Accumulating
evidence has extended the function of miRNAs to both physio-
logical and pathological conditions, including cancer (23). Given
that one specific miRNA is usually capable of targeting multi-
ple mRNAs of different genes, it is of particular interest to iden-
tify miRNAs that might interfere with B-catenin signaling and
thereby lead to cancer invasion and metastasis, particularly those
miRNAs that can simultaneously interact with multiple regula-
tors of the B-catenin pathway. We report that a human miRNA,
miR-374a, activates the 3-catenin pathway by suppressing the
expression of WIF1, PTEN, and WNTSA, and consequently pro-
motes EMT and metastasis of breast cancer.

Results

Identification of miR-374a as a metastasis-promoting miRNA in breast
cancer. To screen miRNAs that are deregulated in breast cancer
metastases, we comparatively analyzed the miRNA profiles in
parental MDA-MB-435 cells and the derivative cells recovered
from lung metastases in a mouse model. As shown in Figure 1A,
microarray analysis revealed that 12 miRNAs were elevated, and
11 were downregulated, in MDA-MB-435 cells and their lung met-
astatic derivatives. These miRNAs included upregulated miR-21,
which has been reported to be elevated in breast cancer and to pro-
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Figure 1

miR-374a is markedly overexpressed in meta-
static breast cancer cell lines. (A) miRNA array
analysis showed differentially expressed miRNAs
in parental MDA-MB-435 cells and their lung
metastatic derivatives. Pseudo-color represents
intensity scale of metastatic derivatives versus
parental cells. (B) Real-time PCR analysis of the
expression levels of miR-374a in human breast
cancer cell lines compared with primary NBECs
and spontaneously immortalized MCF10A cells.
Error bars represent mean + SD from 3 indepen-
dent experiments. *P < 0.05.

mote invasion and metastasis (24). Strikingly, miR-374a emerged
as a highly upregulated miRNA in a series of tested human breast
cancer cell lines as compared with that found in primary human
normal breast epithelial cells (NBECs) and in the spontaneously
immortal MCF10A cell line. Of particular note was the fact thatits
expression was most pronounced in cell lines known to be highly
metastatic (MDA-MB-231, MDA-MB-435, and MDA-MB-468)
compared with that in non- or low-metastatic breast cancer cell
lines (MCF7, T47D, and BT474) (Figure 1B). By contrast, such a
change was not observed in the expression of miR-330-3p or miR-
489, suggesting the likelihood that miR-374a is associated with
the development of breast cancer metastasis.

MiR-374a promoted the development of prometastatic phenotype in
vitro. To understand the biological effect of miR-374a deregula-
tion on the invasiveness of breast cancer cells, in vitro gain-of-
function analyses were performed using an overexpression strategy
through the retrovirally stable expression of miR-374a in human
breast cancer cell line MCF-7, and 4T1, derived from spontaneous
mammary tumor in a BALB/cfC3H mouse, which does not express
endogenous miR-374a (25). As shown in Figure 2A, overexpression
of miR-374a in MCF7 and 4T1 cells led to altered morphologi-
cal characteristics of EMT, identified by a scattered distribution
of cells in the culture and a spindle- or star-like morphology of
the cells. Moreover, we found that epithelial markers, including
E-cadherin, y-catenin, and CK18, were drastically downregulated,
but mesenchymal markers such as vimentin and N-cadherin were
dramatically upregulated in miR-374a-transduced MCF7 and
4T1 cells (Figure 2B). These results suggest that miR-374a might
promote a transition from epithelial to mesenchymal phenotype.
Consistent with this postulation, Matrigel-coated (for invasion) or
-uncoated (for migration) Transwell assay showed that miR-374a
overexpression drastically increased the invasiveness and migra-
tion of the MCF7 and 4T1 breast cancer cell lines (Figure 2C). Fur-
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Figure 2

Overexpression of miR-374a induces EMT of breast cancer cell lines
in vitro. (A) Effect of miR-374a overexpression or inhibition on cell
morphology evaluated by phase-contrast microscopy. (B) Expres-
sion of epithelial cell markers (E-cadherin, y-catenin, and CK18) and
mesenchymal cell markers (vimentin and N-cadherin) in indicated cells
were examined by WB analysis. GAPDH was used as a loading control.
(C) Quantification of indicated invading or migrating cells in 5 random
fields analyzed by Matrigel-coated or -noncoated Transwell assays,
respectively. (D) Representative micrographs of indicated cells grown
on Matrigel for 10 days in 3D spheroid invasion assay. (E) Representa-
tive micrographs of wound healing assay of the indicated cells. Wound
closures were photographed at 0 and 24 hours after wounding. Exper-
iments in A—E were repeated at least 3 times with similar results, and
error bars in C represent mean + SD. *P < 0.05. Original magnification,
A and D, x200; E, x100. NC, negative control.

thermore, in 3D culture, miR-374a-transduced MCF7 and 4T1
cells grew into more structurally well-organized spheres with inva-
sive projections emanating from the cells, when compared with
the vector control cells (Figure 2D). In addition, wound healing
assay showed that miR-374a overexpression enhanced the migra-
tory speed of MCF7 and 4T1 cells compared with that of the vector
control cells (Figure 2E).

To further investigate the proinvasive role of miR-374a in breast
cancer, we examined the effect of inhibiting miR-374a on the phe-
notype of a highly metastatic MDA-MB-435 breast cancer cell line
that expresses miR-374a at an elevated level. As expected, inhibi-
tion of miR-374a markedly weakened EMT and the invasive capa-
bilities of MDA-MB-435 cells (Figure 2, A-E). Collectively, our data
suggest that miR-374a greatly contributes to the development of
breast cancer metastasis and invasion.

miR-374a promoted distant metastasis. Since the in vitro experi-
ments revealed that miR-374a expression was associated with
prometastatic traits, we next asked whether miR-374a could
promote metastasis in vivo. The MCF7/miR-374a and the 4T1/
miR-374a cells, as well as their corresponding vector control
cells, were injected into the mammary gland fat pads of nude
mice. Strikingly, mice bearing MCF7/miR-374a tumors dis-
played prominent lung metastasis, whereas no visible metasta-
sis was found in mice transplanted with control MCF7 cells. We
also found that 4T1/miR-374a xenotransplants generated an
approximately 4-fold increase in the number of lung metastases
than did vector control cells (Figure 3, A and B). Notably, ectopic
miR-374a expression only slightly increased the weights of the
MCF7 and 4T1 primary tumors (Figure 3C), and the enhanced
metastatic capability of miR-374a was also demonstrated by the
metastasis index (the number of metastases per primary tumor
weight; Figure 3D) (26). To further validate whether miR-374a
is required for the observed enhanced metastasis in vivo, antag-
omir-374a, an antisense-based specific inhibitor against miR-
374a, was applied to inhibit endogenous expression of miR-374a
in the experimental metastasis assay. As shown in Figure 3, A
and B, the ability of MDA-MB-435 cells to cause lung metasta-
sis was significantly impaired by intratumoral administration
of antagomir-374a. Histological analyses and bioluminescence
imaging further revealed that miR-374a could promote metasta-
sis of breast cancer cell lines (Figure 3, E and F). Together, these
data indicate that miR-374a plays a pivotal role in breast cancer
metastasis in vivo.
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Wnt/B-catenin signaling mediated miR-374a—induced EMT and metas-
tasis. In light of the critical role of the Wnt/p-catenin pathway in
tumorigenesis and metastasis, we then examined whether miR-
374a activates Wnt/fB-catenin signaling. Strikingly, subcellular
fractionation and immunofluorescence staining assays showed
that overexpression of miR-374a resulted in substantial nuclear
accumulation of B-catenin in MCF7 and 4T1 breast cancer cell
lines, suggesting that miR-374a might contribute to activation
of Wnt/B-catenin signaling (Figure 4, A and B). As expected, miR-
374a overexpression markedly increased the transactivating activ-
ity of B-catenin in MCF7 and 4T1 cells, as determined by 3-catenin
reporter assay (Figure 4C). Conversely, transfection of a miR-374a
inhibitor reduced the nuclear translocation of B-catenin and
subsequent TCF/LEF activities in MDA-MB-435 cells (Figure 4,
A-C). These data suggest that miR-374a overexpression is able to
enhance f-catenin nuclear translocation and, consequently, pro-
mote the transcriptional activity of TCF/LEF.

To furcher validate the role of B-catenin activation in miR-374a-
induced cell invasion, we analyzed the impact of blocking Wnt/
p-catenin signaling, via knocking down TCF4 or LEF1, on the inva-
sive capability of miR-374a-transduced MCF7 and 4T1 cell lines
(Figure 4D). As shown in Figure 4, E and F, inhibition of 3-cat-
enin signaling not only reduced TCF/LEF transcriptional activity,
but also abrogated miR-374a-induced invasiveness. On the other
hand, activation of B-catenin signaling by ectopically expressing
TCF4 or LEF1 in miR-374a-inhibited MDA-MB-435 cells (Figure
4G) mimicked the effects of miR-374a, including increased cell
invasion and TCF/LEF transcriptional activity (Figure 4, H and I).
Taken together, our results indicate that Wnt/fB-catenin signaling
is a functional mediator for miR-374a-induced EMT and metas-
tasis in the breast cancer cell lines.

miR-374a repressed multiple negative regulators of B-catenin signaling.
Next, using the DIANA-mirPath program (27), we investigated
the mechanism by which miR-374a activates f-catenin signaling,
and found that Wnt/p-catenin signaling was strikingly enriched
by predicted targets of miR-374a. Among the predicted targets,
WIF1, PTEN, and WNTS5A were specifically noted as negative reg-
ulators of Wnt/B-catenin signaling (17, 18, 20). Moreover, two bio-
informatics tools, TargetScan (28) and miRanda (29), were used
to further confirm that these negative regulators were putatively
potential targets of miR-374a (Figure 5A). Western blotting (WB)
analysis consistently revealed that the expression levels of all 3
proteins were reduced in miR-374a-overexpressing cells, whereas
miR-374a inhibition elevated the levels of these proteins (Figure
5C). Similar alterations were found at the mRNA level (Figure 5D).
Furthermore, reporter assays showed that the activity of luciferase
linked with the 3" UTR of WIF1, PTEN, or WNTSA was repressed
in a dose-dependent manner in miR-374a mimic-transfected
MCF7 and 4T1 cells, compared with those in control cells (Fig-
ure SE). Conversely, inhibition of miR-374a caused a significant
increase in luciferase reporter activities under the control of the
3" UTR of WIF1, PTEN, or WNTS5A (Figure SE). Of note, muta-
tions brought into the seed sequence of miR-374a (Figure 5B)
abolished its suppressive effects (Figure SE). Collectively, these
darta suggest that miR-374a directly suppresses WIF1, PTEN, and
WNTSA expression in breast cancer cell lines.

Suppression of WIF1, PTEN, and WNTSA was functionally important
for the biological effects of miR-374a. To explore the functional sig-
nificance of WIF1, PTEN, and WNTS5A in the invasive capabil-
ity of breast cancer cell lines and B-catenin activation induced by
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Figure 3

miR-374a enhances metastasis of breast cancer cell lines in vivo. (A) Representative bright-field imaging of the lungs. On days 60 (for MCF7),
15 (for 4T1), and 30 (for MDA-MB-435), mice receiving transplants of indicated cells were anesthetized and the lungs were collected. Arrows
indicate surface metastatic nodules. (B) Number of visible surface metastatic lesions in mice (n = 6 per group) receiving an orthotopic injection
of indicated cells. (C) Primary tumor weights in BALB/c mice that received transplants of indicated cells. (D) Metastasis index (number of metas-
tases per primary tumor weight) in mice that were transplanted with indicated cells. (E) Lung metastases in the mice in which the indicated cells
were implanted were confirmed by H&E staining. (F) Representative bioluminescence images of lung metastases in the mice that received an
orthotopic injection of indicated cells. Error bars in B-D represent mean + SD (n = 6 per group). *P < 0.05.
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Renilla luciferase activity. (D) Depletion of TCF4 or LEF1 with specific sSiRNA in miR-374a—expressing cells confirmed by WB analysis. (E) Quan-
tification of indicated invading cells in a Matrigel-coated Transwell assay. (F) Luciferase-reported TCF/LEF transcriptional activity in indicated
cells. (G) Overexpression of TCF4 or LEF1 in miR-374a—silenced MDA-MB-435 cells confirmed by WB analysis. (H) Quantification of invading
cells impacted by overexpression of TCF4 or LEF1 in Transwell assay. () Luciferase-reported TCF/LEF transcriptional activity in indicated cells.
Experiments in A—l were repeated at least 3 times with similar results, and error bars in C, E, F, H, and | represent mean + SD. *P < 0.05.

miR-374a, we studied the effects of their depletion using specific
siRNAs. As shown in Figure 6, A and B, individually silencing
WIF1, PTEN, or WNTSA in MCF7 and 4T1 cells led to increased
cell invasiveness, as evidenced by Matrigel-coated Transwell assay.
Moreover, siRNA silencing of WIF1 or PTEN expression enhanced
the TCF/LEF transcriptional activity (Figure 6C). In line with
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the previous studies demonstrating that WNTSA suppressed
the mobility of breast cancer cell lines by increasing B-catenin/
E-cadherin complex formation, but not by influencing the
nuclear translocation and transcriptional activity of f-catenin
(18, 30), we did not find a detectable effect of WNTSA depletion
on the luciferase activity driven by 3-catenin signaling (data not
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Figure 5

WIF1, PTEN, and WNT5A are direct targets of miR-374a. (A) Sche-
matic miR-374a putative target sites in 3' UTRs of WIF1, PTEN, and
WNTS5. (B) Sequence of miR-374a-mut. (C) WB analysis of the pro-
tein levels of WIF1, PTEN, and WNT5A in response to deregulated
miR-374a expression of indicated cells. (D) Real-time RT-PCR analysis
of MRNA levels of WIF1, PTEN, and WNT5A in indicated cells. (E)
Luciferase assay of pGL3-WIF1-3'-UTR, pGL3-WNT5A-3'-UTR, and
pGL3-PTEN-3'-UTR reporters cotransfected with increasing amounts
(10, 20, and 50 nM) of miR-374a mimic and mutant oligonucleotides in
MCF7 and 4T1 cell lines, or with increasing amounts (20, 50, and 100
nM) of miR-374a inhibitor oligonucleotides. Experiments in C—E were
repeated at least 3 times with similar results, and error bars in D and E
represent mean + SD. *P < 0.05.

shown). Importantly, when the WIF1, PTEN, or WNTS5A open
reading frame, which lacks the corresponding 3" UTR, was ectop-
ically overexpressed in miR-374a-transduced MCF7 and 4T1 cells
(Figure 6D), miR-374a-induced cell motility and invasion were, at
least partly, antagonized (Figure 6E). Moreover, reintroduction of
WIF1 or PTEN, but not WNTS5A, abrogated TCF/LEF transcrip-
tional activity (Figure 6F). In addition, depletion of WIF1, PTEN,
or WNTS5A dramatically suppressed the invasiveness of miR-
374a-inhibited MDA-MB-435 cells (Figure 6, G and H). Silencing
WIF1 or PTEN also increased TCF/LEF transcriptional activity in
MDA-MB-435 cells whose miR-374a was suppressed (Figure 61).
These results demonstrated that WIF1, PTEN, and WNTSA were
functionally important for miR-374a-induced cell motility and
invasiveness in breast cancer cell lines.

Clinical association of miR-374a with metastasis in human breast cancer.
To further understand the clinical relevance of the above findings
in human breast cancer, the expression of miR-374a was exam-
ined in 166 human breast cancer tissue specimens (Table 1; mean
follow-up time was 51 months). Patients were first divided into 2
groups: those who developed distant metastasis and those who
were metastasis-free within the follow-up period, respectively. As
shown in Figure 7A, the expression level of miR-374a was signifi-
cantly elevated in the primary tumors of 33 patients with distant
metastasis, as compared with that in primary tumors removed
from 133 patients without detectable distant metastasis. Samples
from a total of 166 breast cancer patients were collected in our cur-
rent study and divided into 2 groups: a high miR-374a expression
group (48 patients, including 33 patients with distant metastasis
and 15 patients without metastasis), and a low miR-374a expres-
sion group (118 patients without metastasis), Histological analy-
sis showed that high miR-374a expression level was significantly
associated with short metastasis-free survival (defined as the time
from diagnosis to the presence of first evidence of distant metas-
tasis) (Figure 7B). The results of this analysis suggest a strong cor-
relation between miR-374a and distant metastasis, as well as the
consequent death of breast cancer patients.

We next asked whether there was an association between the
expression levels of miR-374a and its targets, as well as the sub-
sequent (-catenin activation in the clinical specimens. As shown
in Figure 7, C and D, 48.3% (57 cases), 49.2% (58 cases), and 64.4%
(76 cases) of samples with low miR-374a expression (118 cases),
respectively, exhibited high levels of WIF1, PTEN, and WNTSA,
whereas 81.3% (39 cases), 77.1% (37 cases), and 75% (36 cases) of
samples with high miR-374a expression (48 cases) showed low
expression of WIF1, PTEN, and WNTSA, respectively (P < 0.05).
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Moreover, breast cancer samples with high miR-374a expression
showed higher B-catenin activation levels (32 of 48 samples; 66.7%)
than those with low miR-374a expression (41 of 118 samples;
34.7%) (Figure 7 C and Dj; P < 0.05). Importantly, expression of
the epithelial marker E-cadherin was strong in 95 of 118 (80.5%)
specimens expressing low levels of miR-374a, and in contrast,
high E-cadherin expression was only observed in 21 of 48 (43.7%)
samples with high miR-374a. Concurrently, an inverse expression
pattern of the mesenchymal marker N-cadherin was found in the
same patient cohort, suggesting that miR-374a expression signifi-
cantly correlated (P < 0.05) with altered presentation of EMT-spe-
cific markers. Taken together, our data indicate that miR-374a
overexpression in breast cancer lesions was associated with down-
regulation of WIF1, PTEN, and WNTSA, activation of P-catenin,
and induction of EMT, which further contributed to the metasta-
sis of breast cancer.

Discussion
Tumor invasion and metastasis are complex, multistep processes
underlain by genetic and/or epigenetic changes within probably a
fraction of malignant cells in the tumor (31, 32). The regulatory
networks that control such molecular alterations, however, have
not been defined. The upstream regulators of the metastatic pro-
cess appear to be subject to therapeutic targeting, and miRNAs
are attractive candidates for such regulation due to the capacity
of one miRNA to coordinately suppress multiple target genes and
thereby modulate multiple steps of metastatic progression in var-
ious cancer types (33). In this context, some miRNAs have been
found to be metastasis inhibitors. For example, Valastyan et al.
have demonstrated that miR-31 inhibits tumor invasion and
metastasis by repressing multiple metastasis-promoting genes
(34). In our current study, miRNA microarray profiling revealed
that miR-374a represents a miRNA species most strikingly
upregulated in lung metastatic derivatives of MDA-MB-435 breast
cancer cell lines. Moreover, miR-374a evidently induces nonmeta-
static MCF7 cells to invade and metastasize, and it causes further,
dramatic enhancement of the invasive and metastatic capabilities
of the 4T1 breast cancer cell, which has been widely known as a
metastatic cell line. Furthermore, examination of clinical samples
of breast cancer showed that miR-374a levels correlate with meta-
static recurrence in breast cancer patients. Thus, our current study
provides new insights into this area of research by identifying miR-
374a as a clinically relevant promoter of tumor metastasis.
Molecular mechanisms underlying the distant metastasis of
breast cancer have been intensively studied. Cellular signaling
pathways, including the Wnt/B-catenin, ERK/MAPK, and PI3K/
Akt pathways, have been found to be aberrantly activated and
play vital roles in the development and progression of breast
cancer (35-37). Among these pathways, the prometastatic func-
tions of Wnt/B-catenin signaling in breast cancer have been well
documented (35, 38). Notably, unlike in other cancer types, the
mutations in -catenin are rare, but the expression and/or nuclear
localization of B-catenin is often abnormal in breast cancer, indi-
cating a constitutive activation of Wnt/f-catenin signaling (9, 39,
40). Thus, understanding whether and how a specific factor in
breast cancer cells can simultaneously interact with multiple reg-
ulators of B-catenin signaling may provide new insights into the
molecular mechanisms underlying cancer invasion and metasta-
sis, and facilitate the identification of novel antimetastatic targets.
Our current data show that downregulation of WIF1, PTEN, and
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Figure 6

WIF1, PTEN, and WNT5A are functionally involved in miR-374a—induced invasion and TCF/LEF transcriptional activity of breast cancer cell lines.
(A) WB analysis confirming the transfection of WIF1-, PTEN-, or WNT5A-targeting siRNAs in MCF7 and 4T1 cells. (B) Quantification of invading
MCF7 and 4T1 cells transfected with indicated siRNAs. (C) Luciferase assay of TCF/LEF transcriptional activity in MCF7 and 4T1 cells trans-
fected with indicated siRNAs. (D) Ectopic expression of WIF1, PTEN, or WNT5A in indicated cells was confirmed by WB analysis using GAPDH
as a loading control. (E) Quantification of invading cells impacted by overexpression of WIF1, PTEN, or WNT5A in Transwell assay. (F) Luciferase
assay of TCF/LEF transcriptional activity in indicated cells. (G) WB analysis confirmed the transfection of specific siRNAs in miR-374a—silenced
cells. (H) Quantification of indicated invading cells with specific siRNA transfection. (l) Luciferase assay of TCF/LEF transcriptional activity in
indicated cells transfected with specific siRNA. Error bars in B, C, E, F, H, and | represent mean + SD from 3 independent experiments. *P < 0.05.

WNTSA mediates the effects of miR-374a on -catenin activation.  expression of WIF1 has been found to be downregulated in various
The 3 identified mediating molecules have all been suggested to  human cancers, including breast cancer (42). Furthermore, Rubin
play important roles in the modulation of B-catenin signaling. et al. have reported that the functional loss of WIF1 could trigger
First, WIF1 has proven to act as a secreted Wnt inhibitor thatbinds ~ Wnt/p-catenin signaling and thereby contributes to tumor inva-
directly to Wnt, and thus constrains the binding of Wntligandsto  sion and metastasis (43). Second, as a well-known tumor suppres-
the Frizzled receptor (41). Functioning as a tumor suppressor, the  sor, PTEN is silenced in various types of cancers (44). Moreover, it
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Table 1
Clinicopathologic characteristics of breast cancer patients

Clinicopathologic variables No. of cases (%)

Age

<45yr 58 (34.9)

>45 yr 108 (65.1)
Clinical stage

| 46 (27.7)

Il 60 (36.1)

1 27 (16.3)

I\ 33(19.9)
T classification

T 68 (41.0)

T2 72 (43.4)

T3 17 (10.2)

T4 9(5.4)
N classification

NO 78 (47.0)

N1 42 (25.3)

N2 33(19.9)

N3 13 (7.8)
Distant metastasis

No 133 (80.1)

Yes 33(19.9)
Estrogen receptor

Negative 74 (44.6)

Positive 92 (55.4)
Progesterone receptor

Negative 87 (52.4)

Positive 79 (47.6)

has been well characterized that the PTEN/Akt axis is involved in
tumor metastasis via -catenin signaling (45). Third, WNTS5A, a
nontransforming protein, is a ligand for noncanonical WNT sig-
naling. While the role of WNTSA in tumorigenesis is still contro-
versial, its low expression has been associated with poor clinical
outcome in breast cancer patients (46). A study by Medrek et al.
has elegantly demonstrated that WNTSA inhibits the motility and
invasion of breast cancer cell lines via activation of CK1a, leading
to B-catenin phosphorylation at Ser45, and a subsequent increased
formation of the f-catenin/E-cadherin complex on the cell mem-
brane (18). Our finding that upregulated miR-374a may confer
simultaneous suppression of multiple inhibitors of f-catenin sig-
naling strongly supports the notion that the miRNA represents a
potent activator of the pathway and subsequent tumor metastasis.
While it remains to be clarified whether other mediating signals
may also contribute to the prometastatic effect of miR-374a, taken
together, our data provide a biological basis for the potential use
of miR-374a as an antimetastatic target in breast cancer.

In addition to its role in cell cycle regulation, apoptosis, and
angiogenesis, evidence from recent animal and clinical studies
indicates that PTEN also contributes to suppression of tumor
metastasis (47, 48). Reduction of PTEN is likely to facilitate metas-
tasis by enhancing proliferation and inhibiting apoptosis at the
metastatic site (49). Of note, it has been recognized that loss of
PTEN is involved in the activation of f-catenin signaling in breast
cancer and is also associated with development of breast tumor
invasion, indicating a possibility that the prometastatic effect of
PTEN loss might be mediated, at least in part, via B-catenin acti-
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vation (20). Consistent with these previous reports, we also found
that both activation of f3-catenin and promotion of cell invasion
can result from knockdown of PTEN, further supporting the
notion that the B-catenin-mediated proinvasive function of PTEN
loss, aside from its proliferation-promoting and apoptosis-inhibit-
ing effects, might also contribute to miR-374a-induced EMT and
metastasis in breast cancer. In this context, an observation made in
this study — namely, that silencing WIF1 or WNTSA cannot fully
recapitulate the miR-374a-induced invasive phenotype in breast
cancer cell lines — suggests that suppression of PTEN is required
for the prometastatic property of miR-374a upregulation.

Previously, extensive research has demonstrated that antago-
mirs might represent a class of potentially efficient, specific, and
long-lasting silencers of endogenous miRNAs in vivo (50, 51).
Our current study shows that intratcumoral administration of an
antagomir against miR-374a could effectively suppress miR-374a
expression and, consequently, pulmonary metastasis of experi-
mental breast cancer, suggesting that a direct miRNA-targeting
antagonistic strategy might be of promising therapeutic efficacy.
These results also underscore the significance of identifying such a
prometastatic miRNA as a potential target for cancer therapy. Fur-
thermore, due to the importance of B-catenin signaling in many
physiological and pathological processes, as well as the multitarget
capabilities of miR-374a as an activator of this pathway, in vivo
antagomir-based strategies might also be useful for studying the
basic and translational significance of B-catenin signaling.

In summary, our studies have found that elevated expression
of miR-374a promotes EMT and metastasis in breast cancer by
simultaneously suppressing multiple inhibitors of B-catenin
signaling, including WIF1, PTEN, and WNTSA. These findings
uncover a novel molecular mechanism that maintains the con-
stitutive activation of the Wnt/B-catenin pathway and may prove
clinically useful for developing a new prognostic biomarker and
therapeutic target for breast cancer invasion and metastasis.

Methods

Cell culture. Breast cancer cell lines MCF7, T47D, BT474, MDA-MB-231,
MDA-MB-435, MDA-MB-468, and 4T1 were purchased from ATCC and
maintained in DMEM supplemented with 10% FBS. Spontaneously
immortalized MCF10A epithelial cells were maintained in keratinocyte
serum-free medium. NBECs were established as described previously (52).

Human breast cancer specimens. This study was conducted with a total of
166 paraffin-embedded human breast cancer specimens that were histo-
pathologically diagnosed at the First Affiliated Hospital of Sun Yat-sen
University and Sun Yat-sen University Cancer Center from 2000 to 2005.
Clinical information about the samples is presented in Table 1.

Plasmids and generation of stably engineered cell lines. The miR-374a expres-
sion plasmid was generated by cloning the genomic pre-miR-374a gene,
with a 300-bp sequence on each flanking side, into retroviral transfer
plasmid pMSCV-puro (Clontech Laboratories Inc.) to generate plasmid
pMSCV-miR-374a. pMSCV-miR-374a was cotransfected with the pIK
packaging plasmid in 293FT cells using the standard calcium phosphate
transfection method, as previously described (53). Thirty-six hours after
the cotransfection, supernatants were collected and incubated with cells
to be infected for 24 hours in the presence of polybrene (2.5 ug/ml). After
infection, puromycin (1.5 ug/ml) was used to select stably transduced cells
over a 10-day period. The ORFs of LEF1, TCF4, WIF1, PTEN, and WNTSA
generated by PCR amplification were cloned into mammalian expression
vector pcDNA 3.1 (Invitrogen; Life Technologies). The 3" UTRs of WIF1,
PTEN, and WNTS5A, respectively, were amplified and cloned downstream
Number 2 575
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Figure 7

Clinical association of miR-374a with metastasis of human breast cancer. (A) Real-time RT-PCR analysis of the expression levels of miR-374a in
tumors with metastatic relapse (n = 33) and in tumors without metastasis (n = 133). (B) Kaplan-Meier metastasis-free survival curve comparing
2 groups of high (greater than the mean; n = 48) and low (less than the mean; n = 116) miR-374a expression level in the primary tumors of 166
breast cancer patients; P value is based on a log-rank test. (C) Expression of miR-374a is associated with WIF1, PTEN, WNT5A, E-cadherin,
and N-cadherin expression levels and B-catenin localization in clinical breast cancer specimens. Two representative cases are shown. Original
magnification, x400. (D) Percentage of specimens showing low or high miR-374a expression in relation to the expression levels of WIF1, PTEN,
WNT5A, E-cadherin, N-cadherin, and cytoplasmic/nuclear or membrane of -catenin. *P < 0.05.
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to the luciferase gene in a modified pGL3 control vector. The reporter
plasmids containing wild-type (CCTTTGATC; TOPflash) or mutated
(CCTTTGGCC; FOPflash) TCF/LEF DNA binding sites were purchased
from Upstate Biotechnology.

RNA extraction, reverse transcription, and real-time RT-PCR. Total RNA was
extracted from cultured cells using the mirVana miRNA Isolation Kit
(Ambion; Life Technologies), and from formalin-fixed and paraffin-embed-
ded normal and malignant human breast tissue specimens using the
RecoverAll Total Nucleic Acid Isolation Kit (Ambion; Life Technologies).
cDNA was synthesized from total RNA with specific stem-loop primers and
the TagMan MicroRNA Reverse Transcription Kit (Applied Biosystems;
Life Technologies). Expression of miRNAs was analyzed by real-time PCR
using the TagMan MicroRNA Assay kit (Applied Biosystems; Life Technol-
ogies). Detection of mRNA was performed as described previously (54). The
sequences of the primers were as follows: c-Myc forward, 5'"TCAAGAGG-
CGAACACACAAC-3'; c-Myc reverse, 5'-GGCCTTTTCATTGTTTTCCA-3';
TCF4 forward, 5'-TCTCCATAGTTCCTGGACGG-3'; TCF4 reverse,
5'-CCAACTTCTTTGGCAAGTGG-3'; LEF1 forward, 5'-CACTGTAAGT-
GATGAGGGGG-3'; LEF1 reverse, 5'-TGGATCTCTTTCTCCACCCA-3';
MMP7 forward, S'-GCATCTCCTTGAGTTTGGCT-3'; MMP7 reverse,
5'-GAGCTACAGTGGGAACAGGC-3'; VEGF forward, S'-AGCTGC-
GCTGATAGACATCC-3'; VEGF reverse, 5'-CTACCTCCACCATGC-
CAAGT-3'; E-cadherin forward, 5'-GACCGGTGCAATCTTCAAA-3';
E-cadherin reverse, 5"-TTGACGCCGAGAGCTACAC-3'; BMP4 forward,
5'-GCATTCGGTTACCAGGAATC-3'; BMP4 reverse, S'-TGAGCCTTTC-
CAGCAAGTTT-3'; FoxN1 forward, 5'-CTCCACCTTCTCGAAGCACT-3;
FoxN1 reverse, 5'-CGGAGCACTTTCCTTACTTCA-3'; and GAPDH
forward, 5'-GACTCATGACCACAGTCCATGC-3"; GAPDH reverse,
5'-AGAGGCAGGGATGATGTTCTG-3'.

WB. WB was performed according to a standard method, as described
previously (54). The following primary antibodies were used: anti-E-cad-
herin, anti-a-catenin, anti-f-catenin, anti-y-catenin, anti-vimentin, and
anti-N-cadherin (Pharmingen; BD Biosciences); anti-WIF1, anti-TCF4,
and anti-PTEN (Epitomics Inc.); anti-EF1a (Upstate Biotechnology); and
anti-WNTSA (Abcam). Nuclear extracts were prepared using the Nuclear
Extraction Kit (Active Motif), according to the manufacturer’s instructions.

Wound healing, cell invasion, and migration assays. Indicated cells were plated
to confluence in 6-well plates. Streaks were created in the monolayer with
a pipette tip. Progression of migration was observed and photographed at
24 hours after wounding. Cell invasion and migration assays were analyzed
using the Transwell chambers assay (Costar; Corning Inc.), with or with-
out coated Matrigel (BD Biosciences). The lower chamber of the Transwell
device was filled with 500 ul DMEM supplemented with 10% FBS. After
24 hours of incubation, cells invading into the bottom side of the inserts
were fixed, stained, photographed, and quantified by counting them in
5 random high-power fields.

Luciferase reporter assay. Cells were seeded in triplicate in 24-well plates
and allowed to settle for 24 hours. Indicated plasmids plus 1 ng pRL-TK
Renilla plasmid were transfected into the cells using Lipofectamine 2000
Reagent (Life Technologies). Forty-eight hours after transfection, Dual-
Luciferase Reporter Assay (Promega) was performed according to the man-
ufacturer’s instructions, as previously described (55).

3D spheroid invasion assay. Indicated cells (5 x 103) were trypsinized and
seeded on 2% Matrigel coated in 24-well plates, and medium was refreshed
every other day. Cells forming a 3D spherical structure (spheres) were pho-
tographed at 2-day intervals for 10 days.

Immunobistochemistry. Immunohistochemistry assays were performed
and quantified as previously described (56). The degree of immunostaining
of indicated proteins was evaluated and scored by 2 independent observers,
as previously described, scoring both the proportion of positive staining
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tumor cells and the staining intensities. Scores representing the propor-
tion of positively stained tumor cells were graded as: 0 (no positive tumor
cells); 1 (<10%); 2 (10%-50%); and 3 (>50%). The intensity of staining was
determined as: 0 (no staining); 1 (weak staining = light yellow); 2 (moderate
staining = yellow brown); and 3 (strong staining = brown). The staining
index (SI) was calculated as the product of staining intensity x percentage
of positive tumor cells, resulting in scores of 0, 1, 2, 3,4, 6, and 9. Cutoff
values for high and low expression of the protein of interest were chosen
based on a measurement of heterogeneity using the log-rank test with
respect to overall survival. The optimal cutoff was identified as an SI score
of greater than or equal to 4, which was considered to be high expression,
and less than or equal to 3, which was considered to be low expression.

Transient transfection. miR-374a inhibitors and their corresponding con-
trol oligonucleotides were transfected into MDA-MB-435 cells cultured in
6-well plates using Lipofectamine 2000 (Life Technologies), according to
the manufacturer’s instructions. siRNA transfection was performed fol-
lowing the same procedure. The sense strand sequences of siRNAs, which
were designed to target both human and mouse cells, except where spe-
cifically noted, were as follows: siTCF4, 5'-AAGUCCGAGAAAGGAAU-
CUGA-3'; hsiLEF1, 5'-UCAGAUGUCAACUCCAAACAA-3'; msiLEF1,
5'-AUCUUCGCCGAGAUCAGUCAU-3';siWIF1-1, 5'-CUCAUAGGAUUU-
GAAGAAG-3';siWIF1-2, 5'-GGAUAAAGGCAUCAUGGCA-3'; siWNT5a-1,
5'-UUGGUGGUCGCUAGGUAUGAA-3'; siWNTS5a-2, S'-GGUCGCUAG-
GUAUGAAUAA-3'; siPTEN-1, 5'-GAGCGUGCAGAUAAUGACA-3'; and
siPTEN-2, 5'-GGCGCUAUGUGUAUUAUUA-3'.

Animal studies. In vivo selection and establishment of new cell lines
applied in a microarray assay were performed as described previously (57).
Briefly, 3 x 106 MDA-MB-435 cells were injected into mammary fat pads
of BALB/c nude mice. After 30 days, the animals were sacrificed, their
pulmonary metastatic nodules were isolated and minced, and cell culture
was established using the obtained explants. For spontaneous metastasis
assays, MCF7/pMSCV-miR-374a; MCF7 /vector (1 x 107); 4T1/pMSCV-
miR-374a; and 4T1/vector (1 x 10°) cells were injected into the mammary
fat pads of age-matched female NOD/SCID mice. All mice injected with
MCF7/pMSCV-miR-374a and MCF7/vector cells were supplemented with
estrogen pellets (Innovative Research of America). For in vivo antagomir
administration, 3 x 10¢ MDA-MB-435 cells were injected into mammary
fat pads of BALB/c nude mice. One hundred microliters of miR-374a
antagomir (diluted in PBS at 2 mg/ml) or control antagomir was adminis-
trated intratumorally 3 times per week for 2 weeks, starting when the aver-
age volume of grown tumors reached approximately 50 mm?3. Sixty days
(for MCFE7), 15 days (for 4T1), or 30 days (for MDA-MB-435) after tumor
implantation, the mice were killed, the mammary tumors were removed
and weighed, and the lungs were collected to count surface metastases
under a dissecting microscope. Lungs were fixed in formalin and embed-
ded in paraffin using the routine method. H&E staining was performed
on sections from paraffin-embedded samples for histological evidence of
the tumor phenotype.

For bioluminescence imaging assay, cells to be tested were injected sub-
cutaneously into the dorsal region near the thigh of the BALB/c nude
mice. Bioluminescence imaging was performed using the Xenogen IVIS
Spectrum Imaging System (Caliper Life Sciences). Fifteen minutes prior
to imaging, mice were injected i.p. with 150 mg/kg luciferin. Following
anesthesia, images were taken and analyzed using Spectrum Living Image
4.0 Software (Caliper Life Sciences).

miRNA arrays. Microarray analysis and preparation of RNA samples
were performed commercially by the Shanghai Biochip Corp. according
to standard Agilent protocols. Bioinformatics analysis and visualization
of microarray data were performed with the MeV v4.4 program (htep://
www.tm4.org/mev/) (58).
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Accession numbers. Microarray data described herein have been deposited
in the Gene Expression Omnibus database (GEO GSE39358).

Bioinformatics analysis. The following on-line software programs were
used for bioinformatics analysis: DIANA-mirPath (http://diana.cslab.ece.
ntua.gr/pathways/); TargetScan 4.1 (http://targetscan.org/vert_40/); and
miRanda (http://www.microrna.org/microrna/getGeneForm.do).

Statistics. All statistical analyses were carried out using SPSS 13.0 statis-
tical software. The Kaplan-Meier method was used to establish survival
curves, and the survival differences were compared using the log-rank test.
Continuous data were compared using Student’s 2-tailed ¢ test. In all cases,
P <0.05 was considered statistically significant.

Study approval. For the use of materials for research purposes, prior
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