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ABSTRACT
The Wnt/β-catenin signaling is crucial for the proliferation and migration of breast
cancer cells. However, the expression of microRNA-224 (miR-224) in the different
types of breast cancers and its role in the Wnt/β-catenin signaling and the proliferation
and migration of breast cancer cells are poorly understood. In this study, the levels
of miR-224 in different types of breast cancer tissues and cell lines were examined
by quantitative RT-PCR and the potential targets of miR-224 in the Wnt/β-catenin
signaling were investigated. The effects of altered miR-224 expression on the frequency
of CD44+CD24− cancer stem-like cells (CSC), proliferation and migration of MCF-7 and
MDA-MB-231 cells were examined by flow cytometry, MTT and transwell migration.
We found that the levels of miR-224 expression in different types of breast cancer
tissues and cell lines were associated inversely with aggressiveness of breast cancers.
Enhanced miR-224 expression significantly reduced the Frizzled 5-regulated luciferase
activity in 293T cells, Frizzled 5 expression in MCF-7 and MDA-MB-231 cells, the
β-dependent luciferase activity in MCF-7 cells, and the nuclear translocation of β-catenin
in MDA-MB-231 cells. miR-224 inhibition significantly increased the percentages
of CSC in MCF-7 cells and enhanced proliferation and migration of MCF-7 cells.
Enhanced miR-224 expression inhibited proliferation and migration of MDA-MB-231
cells, and the growth of implanted breast cancers in vivo. Induction of Frizzled 5
over-expression mitigated the miR-224-mediated inhibition of breast cancer cell
proliferation. Collectively, these data indicated that miR-224 down-regulated the
Wnt/β-catenin signaling possibly by binding to Frizzled 5 and inhibited proliferation
and migration of breast cancer cells.

INTRODUCTION

inhibitor-5 (API-5), PH domain leucine-rich-repeat protein
phosphatase 1 (PHLPP1), and PHLPP2 to promote the
survival and proliferation of colorectal cancer (CRC) and
hepatocellular carcinoma (HCC), but bind to the TRIB1
to promote apoptosis of prostatic cancer cells [7–11].
Furthermore, miR224 binds to the Smad4 and Homeobox
D10 (HOXD10) to promote migration of HCC and CRC
[8, 12] while it binds to the TPD52 to inhibit migration of
prostatic cancer PCa cells [13]. Apparently, the regulatory
effects of miR-224 are tissue-specific and depend on the
dynamic balance of different signal pathways that regulate
proliferation, apoptosis and migration of cancer cells.
There are a few studies on miR-224 regulating
proliferation and migration of breast cancer cells. A
previous study indicates that high levels of miR-224 are
detected in MDA-MB-231 cells to promote migration

Aberrant activation of the Wnt/β-catenin signaling
promotes proliferation and migration of breast cancer cells
[1, 2]. The Wnt binds to its co-receptors of Frizzled to
activate Dsh, which recruits glycogen synthase kinase-3
beta (GSK-3b), promoting β-catenin nuclear translocation
and downstream gene expression [3]. Hence, downregulating the Wnt/β-catenin signaling should inhibit
proliferation and migration of breast cancer cells.
MicroRNA can bind to the 3′ terminal untranslation
region (3′UTR) of targeted mRNAs to inhibit their
translation and to promote their degradation [4–6].
Previous studies have shown that miR-224 can bind to the
tumor suppressors of TNFα-induced protein 1 (TNFAIP1)
and Smad4, Raf kinase inhibitor protein (RKIP), apoptosis
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of MDA-MB-231 cells by targeting the Raf kinase
inhibitor protein (RKIP) [14]. However, another study
reveals that miR-224 expression is down-regulated during
lobular neoplasia progression [15], and miR-224 inhibits
migration and invasion of MCF-7 and MDA-MB-231
cells by targeting the CDC42 and CXCR4 [16]. Currently,
little is known about the levels of miR-224 expression in
different types of breast cancers and about how miR-224
regulates the Wnt/β-catenin signaling, proliferation and
migration of breast cancer cells, particularly for breast
cancer stem-like cells (CSC).
The goal of current studies is to determine the
expression of miR-224 in different types of breast cancers
and the role of miR-224 in the Wnt/β-catenin signaling,
proliferation and migration of breast cancer cells. We
examined the miR-224 expression in different types of
breast cancer tissues and breast cancer cell lines as well as
the levels of serum miR-224 in patients with different types
of breast cancers by quantitative RT-PCR. Furthermore,
we characterized the potential targets of miR-224 in the
Wnt/β-catenin signaling by bioinformatics analysis, dual
luciferase, Western blot and immunofluorescence assays.
Subsequently, we determined the effect of altered miR-224
expression on the proliferation, migration and wound
healing of breast cancer cells in vitro and the growth of
implanted xenograft tumors in vivo. Our data indicated
that miR-224 inhibited the Wnt/β-catenin signaling,
proliferation and migration of breast cancer cells by downregulating Frizzled 5 expression.

levels of miR-224 expression in Her2+ SKBR3 cells were
significantly lower than that in luminal MCF-7 and ZR-7530 cells, but significantly higher than that in triple negative
MDA-MB-231 and MDA-MB-453 cells (Figure 1C).
Collectively, mir-224 expression appeared to be inversely
associated with aggressiveness of breast cancers in this
population.

Enhanced miR-224 expression reduces Frizzled
5 and inhibits the Wnt/β-catenin signaling in
breast cancer cells
Aberrant activation of the Wnt/β-catenin signaling
promotes proliferation and migration of breast cancer cells
(6, 7). We researched the potential sequences in the 3UTR
of β-catenin signal events and found that the 3′UTR of
Frizzled 4 and Frizzled 5 contained the complementary
sequences of miR-224 (Table S1). Accordingly, we tested
whether enhanced miR-224 expression could change
the 3′UTR of Frizzled 4, Frizzled 5, Frizzled 7, and
TNKS2-regulated luciferase activity by dual luciferase
assay. We found that transfection of 294T cells with
miR-224mimic did not change the Frizzled 7 or TNKS2regulated luciferase activity (data not shown). In contrast,
transfection of 293T cells with miR-224mimic, but not
with miR-224NC, significantly reduced the Frizzled 5
and Frizzled 4-regulated luciferase activity by 81.77%
and 71.47%, respectively (Figure 2A). Furthermore,
transfection with miR-224mimic, but not miR-224NC,
significantly reduced the β-catenin-dependent firefly
luciferase activity in MCF-7 cells, suggesting that
enhanced miR-224 expression inhibited the Wnt/β-catenin
signaling (Figure 2B). In addition, transfection with miR224mimic, but not miR-224NC, significantly reduced the
relative levels of Frizzled 5, but not Frizzled 4, expression
in MCF-7 and MDA-MB-231 cells (Figure 2C). Moreover,
transfection with miR-224inhibitor significantly increased
the ratios of nuclear to cytosolic β-catenin+ MCF-7 cells
(Figure 2D). In contrast, transfection with miR-224mimic
significantly decreased the ratios of nuclear to cytosolic
β-catenin+ MDA-MB-231 cells. Collectively, these data
indicated that miR-224 inhibited the Wnt/β-catenin
signaling by down-regulating the Frizzled 5 expression in
breast cancer cells.

RESULTS
miR-224 expression is associated inversely with
aggressiveness of breast cancer
miR-224 is an oncogenic regulator in many types
of cancers, but the miR-224 expression in the different
types of breast cancers has not been clarified. To study
the expression and the regulatory function of miR-224, we
examined the relative levels of miR-224 expression in 45
different molecular types of breast cancer tissues and their
co-responding serum samples by quantitative RT-PCR.
The relative levels of miR-224 expression in 10 luminal B
tumors were significantly lower than that in the luminal A
tumors, but were significantly higher than that in 15 basallike and Her2+ tumors (Figure 1A). A similar pattern
of miR-224 was detected in serum samples from these
breast cancer patients. Further analysis indicated that the
relative levels of serum miR-224 in breast cancer patients
with positive lymph node metastasis were significantly
lower than that in those without lymph node metastasis
(Figure 1B). Moreover, the relative levels of miR-224 in
non-tumor MCF-10a were significantly lower than that
in luminal MCF-7 and ZR-75-30 cells and were similar
to that in Her2+ SKBR3 cells (Figure 1C). The relative
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Reduced miR-224 expression increases the
percentages of CD44+CD24− CSCs in MCF-7 cells
Breast CSCs are crucial for the recurrence and
metastasis of breast cancer. To determine the regulatory
function of miR-224, MCF-7 and MDA-MB-231 cells
were transfected with, or without, miR-224NC, miR-224
inhibitor or miR-224mimic for 24 or 48 h, respectively. The
relative levels of miR-224 in the different groups of cells
were determined by quantitative RT-PCR. We found that
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transfection with miR-224inhibitor, but not with miR-224NC,
significantly reduced the levels of miR-224 expression in
MCF-7 cells, as compared with that in the untransfected
controls (Figure 3A). Transfection with miR-224 mimic, but
not miR-224NC, significantly increased the relative levels
of miR-224 expression in MDA-MB-231 cells (data not
shown). After staining with FITC-anti-CD44 and PE-antiCD24, we found that transfection with miR-224inhibitor, but

not with miR-224NC, significantly increased the percentages
of CD44+CD24− CSC in MCF-7 cells and its promoting
effects tended to be time-dependent (Figure 3B and 3C).
However, transfection with miR-224mimic did not
significantly change the frequency of CD44+CD24− CSC
in MDA-MB-231 cells. Hence, miR-224 may inhibit the
spontaneous proliferation of breast CSC-like MCF-7 cells
in vitro.

Figure 1: miR-224 expression in breast cancers. The relative levels of miR-224 expression in different types of breast cancer tissue

and serum samples were determined by quantitative RT-PCR. Furthermore, the relative levels of serum miR-224 in patients (n = 15) with
or without lymph node metastasis (n = 30) were stratified. Finally, the relative levels of miR-224 in different types of breast cancer cell
lines were determined. Data are expressed as individual mean values or the mean ± SD of each group of samples from at least 5 separate
experiments. (A) The levels of miR-224 expression in breast cancer tissues and serum samples. N = 20 for luminal A; 10 for luminal B; 15
for Her2+/basal-like. (B) The levels of serum miR-224 in breast cancer patients with, or without lymph node metastasis. (C) The levels of
miR-224 expression in different types of breast cancer cell lines. *p < 0.05; **p < 0.01.
www.impactjournals.com/oncotarget
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miR-224 inhibits proliferation of breast cancer
cells

significantly enhanced proliferation of MCF-7 cells while
transfection with miR-224mimic significantly inhibited
proliferation of MDA-MB-231 cells (Figure 4A). Their
regulatory effects tended to be time-dependent.
Given that enhanced miR-224 expression
significantly reduced the relative levels of Frizzled 5
expression and the Wnt/β-catenin signaling in breast
cancer cells, we examined whether induction of
Frizzled 5 over-expression could mitigate the miR-224mediated inhibition of breast cancer cell proliferation.
After induction of Frizzled 5 over-expression in MCF-7

Next, we further examined whether altered miR-224
expression could change proliferation of breast cancer
cells by MTT assay. MCF-7 and MDA-MB-231
cells were transfected with, or without, miR-224NC,
miR-224inhibitor or miR-224mimic for 24 or 48 h,
respectively. We found that transfection with miR-224NC
did not change proliferation of MCF-7 and MDA-MB-231
cells (Figure 4). Transfection with miR-224inhibitor

Figure 2: miR-224 reduces Frizzled 5 expression and inhibits the Wnt/β-catenin signaling in breast cancer cells.
The potential binding sequences of miR-224 in the Wnt/β-catenin signal events were characterized by dual luciferase assays, as described
in the Materials and Methods. MCF-7 cells were transfected with miR-224mimic, or miR-224NC for 24 h. The cells in each well were
transfected in triplicate with TopFlash plasmid and pRL-TK plasmid for 48 h. The relative levels of β-catenin-dependent firefly luciferase
activity in individual samples were determined by the Dual-Luciferase assay. MCF-7 and MDA-MB-231 cells were transfected with, or
without, miR-224NC or miR-224mimic for 24 or 48 h. The relative levels of Frizzled 4, Frizzled 5 and control GAPDH were determined by
Western blot. In addition, MCF-7 and MDA-MB-231 cells were transfected with miR-224NC, miR-224inhibitor or miR-224mimic for 48 h
and the cytosolic and nuclear β-catenin protein was stained with fluorescent antibodies and DAPI, followed by flow cytometry. Data are
representative images and expressed as the mean ± SD of each group of cells from three separate experiments. (A) The relative levels of
luciferase activity. Transfection with miR-224mimic did not affected the fizzled7 and TNKS2-regulated luciferase activity in 293T cells
(data not shown). (B) The relative levels of β-catenin dependent luciferase activity. (C) Western blot analysis of the Frizzled 4 and Frizzled
5 expression. (D) Immunofluorescent staining of β-catenin+ breast cancer cells. *p < 0.05; **p < 0.01.
www.impactjournals.com/oncotarget
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and MDA-MB-231 cells (Figure 4B), we found that
transfection with miR-224mimic significantly inhibited
proliferation of control MCF-7 and MDA-MB-231 cells,
but not Frizzled 5-over-expressing MCF-7 and MDAMB-231 cells (Figure 4C). Therefore, enhanced miR-224
expression inhibited spontaneous proliferation of breast
cancer cells in vitro, which was abrogated by Frizzled 5
over-expression.

not alter the migration of MCF-7 and MDA-MB-231 cells
(Figure 5A). While transfection with miR-224inhibitor
increased the numbers of migrated MCF-7 cells
transfection with miR-224mimic significantly reduced the
numbers of migrated MDA-MB-231 cells (Figure 5A).
Similarly, transfection with miR-224inhibitor significantly
increased the migration distance of MCF-7 cells, but
transfection with miR-224mimic significantly decreased
the migration distance of MDA-MB-231 cells (Figure 5B).
Therefore, miR-224 inhibited the migration of breast
cancer cells in vitro.

miR-224 inhibits migration of breast cancer cells
Next, we examined whether altered miR-224
expression could change the migration of breast cancer
cells by transwell migration and wound healing assays.
MCF-7 and MDA-MB-231 cells were transfected with
miR-224NC, miR-224inhibitor or miR-224mimic for 24
or 48 h. We found that transfection with miR-224NC did

Enhanced miR-224 expression inhibits the
growth of implanted breast cancers in vivo
Finally, we examined whether enhanced miR-224
could change the dynamic growth of implanted breast

Figure 3: miR-224 inhibition increases the percentages of CD44+CD24− CSCs in MCF-7 cells. MCF-7 and MDA-MB-231

cells were transfected with, or without, miR-224NC, miR-224inhibitor or miR-224mimic for 24 or 48 h, respectively. The relative levels
of miR-224 expression in different groups of cells were determined by quantitative RT-PCR. The cells were stained with FITC-anti-CD44
and PE-anti-CD24 and the frequency of CD44+CD24− CSCs was determined by flow cytometry. Data are representative FACS charts
and expressed as the mean ± SD of each group of cells from three separate experiments. (A) The relative levels of miR-224 expression.
Transfection with miR-224mimic increased the levels of miR-224 expression in MDA-MB-231 cells (data not shown). (B) Flow cytometry
analysis of breast CSCs. (C) Quantitative analysis of breast CSCs. Enhanced miR-224 expression did not significantly alter the frequency
of CD44+CD24− CSCs in MDA-MB-231 cells. *p < 0.05; **p < 0.01.
www.impactjournals.com/oncotarget
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Figure 4: miR-224 inhibits proliferation of breast cancer cells. MCF-7 and MDA-MB-231 cells were transfected with, or

without, miR-224NC, miR-224inhibitor, or miR-224mimic for 24 or 48 h, respectively. Furthermore, MCF-7 and MDA-MB-231 cells
were transfected with a plasmid for Frizzled 5 expression, which was characterized by Western blot assays. Subsequently, the cells were
transfected with miR-224NC, or miR-224mimic for 48 h. The proliferation of different groups of breast cancer cells was determined by
MTT assay. Data are representative images or expressed as the mean ± SD of each group of cells from three separate experiments. (A) The
proliferation of MCF-7 and MDA-MB-231 cells. (B) Western blot analysis of the relative levels of Frizzled 5 expression in MCF-7 and
MDA-MB-2231 cells. The relative levels of Frizzled 5 in over-expressing MCF-7 and MDA-MB-231 cells were designated as 1. (C) The
proliferation of Frizzled 5-over-expressing MCF-7 and MDA-MB-231 cells. *p < 0.05; **p < 0.01.
www.impactjournals.com/oncotarget
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cancers in vivo. We found that the relative levels of
miR-224 in the miR-224mimic stably expressing MDAMB-231 cells were about 2.5-fold higher than that in
the miR-224NC stably expressing MDA-MB-231 cells
(Figure 6A). The tumor volumes in the mice implanted
with miR-224mimic stably expressing MDA-MB-231
cells were significantly smaller than that implanted
with miR-224NC stably expressing MDA-MB-231
cells (Figure 6B). Further analysis indicated the relative
levels of miR-224 expression in the tumors induced by
miR-224mimic stably expressing MDA-MB-231 cells
were significantly higher than that in the tumors induced
by miR-224NC stably expressing cells (Figure 6C).
Therefore, enhanced miR-224 expression significantly
inhibited the growth of implanted breast cancers in mice.

levels of serum miR-224 in breast cancer patients with
lymph node metastasis were significantly lower than that
in those without lymph node metastasis. Our findings
extended previous observations of down-regulated
miR-224 expression in breast lobular neoplasia [15].
To the best of our knowledge, this was the first report
that the relative levels of miR-224 in different types of
breast cancer tissues were associated inversely with the
aggressiveness of breast cancers. Although miR-224 has
been shown to promote tumorigenesis of HCC, CRC and
gastric cancers [7–9] our data suggest that miR-224 may
inhibit the development and progression of breast cancers.
Hence, our findings argue that miR-224 may have varying
functions in regulating the development and progression
of different types of cancers. We are interested in further
investigating the potential prognostic values of miR-224
levels in those breast cancer patients.
Aberrant activation of the Wnt/β-catenin signaling is
crucial for the proliferation and migration of breast cancer
cells. In this study, we found that the 3′UTR of Frizzled
4 and Frizzled 5 contained complementary sequences for
miR-224 binding and transfection with miR-224mimic
dramatically reduced the luciferase activity regulated
by the 3′UTR of Fizzled5 and Frizzled 4 in 293T cells.
Furthermore, enhanced miR-224 expression significantly
reduced the β-catenin-dependent luciferase activity and
the Frizzled 5 expression in MCF-7 and MDA-MB-231

DISCUSSION
In this study, we first explored the relative levels
of miR-224 in different types of breast cancer tissues by
quantitative RT-PCR. We found that the relative levels
of miR-224 in luminal B type of breast cancer tissues
were significantly lower than that in the luminal A type
of tissues, but significantly higher than that in the Her2+
and basal-like triple negative breast cancer tissues in this
population. Furthermore, we detected a similar pattern of
serum miR-224 in these patients. In addition, the relative

Figure 5: miR-224 inhibits the migration and wound healing of breast cancer cells. MCF-7 and MDA-MB-231 cells were

transfected with, or without, miR-224NC, miR-224inhibitor, or miR-224mimic, respectively. Four hours after transfection, the migration
of different groups of breast cancer cells for the indicated time points was determined by transwell migration assay. In addition, two days
after transfection, the wound healing of different groups of cells within 24 or 48 h was tested. Data are representative images and expressed
as the mean ± SD of each group of cells from three separate experiments. (A) The migration of breast cancer cells. (B) The wound healing
of breast cancer. *p < 0.05; **p < 0.01.
www.impactjournals.com/oncotarget
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cells, and attenuated β-catenin nuclear translocation in
MDA-MB-231 cells. In contrast, knockdown of miR-224
expression inhibited β-catenin nuclear translocation in
MCF-7 cells. More interestingly, induction of Frizzled 5
over-expression mitigated the miR-224mimic-mediated
inhibition on proliferation of MCF-7 and MDA-MB-231
cells. Collectively, these novel data suggest that miR-224
may bind to the Wnt receptor of Fizzled5 to impair the
Wnt/β-catenin signaling in breast cancer cells. Hence,
miR-224 may be a natural inhibitor of the Wnt/β-catenin
signaling and valuable for intervention of breast cancer.
There are several miRNAs that inhibit or enhance the Wnt/
β-catenin signaling during the development of different
types of tumor, including breast cancer [17]. miR-135
and miR-142 inhibit the adenomatous polyposis coli
(APC) expression to enhance the Wnt/β-catenin signaling
and tumor cell proliferation and migration [18, 19]

while miR-200a, miR-203, miR-214, miR-1826, miR-320
and others attenuate the Wnt/β-catenin signaling by
targeting β-catenin to inhibit tumor cell proliferation and
migration [20–26]. Hence, these miRNAs form a complex
network to regulate the Wnt/β-catenin signaling during the
development and progression of tumors.
Inhibition of the Wnt/β-catenin signaling can
attenuate proliferation and migration of cancer cells,
particularly for CSC [27]. We found that knockdown
of miR-224 significantly increased the percentages of
CD44+CD24− CSCs in MCF-7 cells and proliferation of
MCF-7 cells. In contrast, enhanced miR-224 expression
attenuated proliferation of MDA-MB-231 cells and
growth of implanted breast cancers in vivo, but did not
significantly change the frequency of CD44+CD24− CSCs
in MDA-MB-231 cells. Given that the relative levels of
miR-224 in MCF-7 cells were significantly higher than

Figure 6: miR-224 inhibits the growth of implanted breast tumors in vivo. MDA-MB-231 cells were induced for stable

expression of miR-224mimic or control miR-224NC and the relative levels of miR-224 expression in the miR-224 stably over-expressing
MDA-231/miR-224 mimic or control cells were determined by quantitative RT-PCR. Subsequently, individual groups of cells were
implanted into female nude mice and the growth of implanted tumors were monitored at the indicated time points post inoculation. At the
end of this experiment (on day 26 post inoculation), the tumors were dissected and the relative levels of miR-224 expression in the different
groups of tumors were determined by quantitative RT-PCR. Data are expressed as the mean ± SD of each group of mice (n = 8 per group).
(A) The relative levels of miR-224 expression. (B) The tumor volumes. (C) The relative levels of miR-224. The relative levels of miR-224
in the miR-2224NC-transfected controls were designated as 1. *p < 0.05; ***p < 0.001 vs. the tumors induced by the miR-224 NC-transfected
control MDA-MB-231 cells.
www.impactjournals.com/oncotarget
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Cell lines

that in MDA-MB-231 cells the different responses of
CSC to altered levels of miR-224 may be because MCF7 CSC might be more sensitive to miR-224 regulation
than MDA-MB-231 CSC. While miR-224 inhibition
promoted migration of MCF-7 cells enhanced miR224 expression attenuated migration of MDA-MB-231
cells. It is possible that miR-224 reduced Frizzled 5
expression, which impaired the Wnt/β-catenin signaling,
the Wnt-mediated β-catenin-independent Planar cell
polarity and the Wnt/Ca++ signaling to inhibit migration
of breast cancer cells [28, 29]. Our data were consistent
with a previous report that miR-224 inhibits invasion
of MDA-MB-231 by targeting the CDC42 and CXCR4
expression [16]. However, our data were inconsistent
with another report that miR-224 binds to the RKIP to
promote migration of MDA-MB-231 cells [14]. The
distinct outcomes may stem from varying experimental
conditions because miR-224 can bind to many molecules,
including the RKIP, Smad4, API-5, PHLPP1, PHLPP2,
TRIB1, HOXD10, TPD52, CDC42 and CXCR4 [7–9,
14–16]. Hence, the outcome of miR-224-regulated breast
cancer cells may depend on the dynamic balance of
different signal pathways that regulate their proliferation,
apoptosis and migration of cancer cells. We are
interested in further investigating the role of miR-224
in regulating the progression of breast cancer in vivo.
In summary, our data indicated that the relative
levels of miR-224 expression were associated inversely
with aggressiveness of different types of breast cancers.
Enhanced miR-224 expression reduced the Frizzled 5
expression and inhibited the Wnt/β-catenin signaling,
proliferation and migration of breast cancer cells as well as
growth of implanted breast cancers in mice. Our data may
provide new insights into the proliferation and migration of
breast cancer cells. Potentially, our novel findings may aid
in design of new therapies for intervention of breast cancer.

293T cells, human non-tumor breast epithelial
MCF-10a cells and breast carcinoma cell lines, MCF-7
(lumina A, ER+, PR+, Her2−), MDA-MB-231, MDAMB-453 (basal-like, ER-, PR-, Her2-), ZR-75-30 (luminal
ER+, Her2+) and SKBR3 (ER-, PR-, Her2+) were obtained
from the American Type Culture Collection (ATCC,
Manassas, USA) and cultured in 10% fetal bovine serum
(FBS) DMEM medium (complete medium, Invitrogen,
Grand island, USA) at 37°C in an atmosphere of 5% CO2.

Quantitative RT-PCR analysis of miR-224
The obvious tumor tissues in individual surgical
tumor samples were dissected out. Small RNA was
extracted from individual tumor specimens, MCF10a,
MCF-7, ZR-75-30, SKBR3, MDA-MB-453 and MDAMB-231 cells using the miRNeasy Mini Kit (#217004,
Qiagen, Valencia, USA). The relative levels of miR-224
were determined by quantitative RT-PCR [2]. Briefly,
individual RNA samples were digested with DNase I to
remove the contaminated DNA, and the quality of RNA
samples were determined. Subsequently, the RNA samples
were reversely transcribed into cDNA and the relative
levels of miR-224 to the control U6 RNA were determined
by quantitative RT-PCR using the All-in one TM miRNA
qRT-PCR reagent kit (#R0101L, GeneCopoeia, Rockville,
USA). The data were analyzed by 2−ΔΔCt. Furthermore, the
relative levels of miR-224 in individual serum samples
were determined by quantitative RT-PCR.

Flow cytometry analysis
MCF-7 and MDA-MB-231 cells (1 × 105 cells/well)
were cultured in complete medium in 24-well plates
overnight and transfected in duplicate with, or without,
2 µM miR-224 NC (UUCUCCGAACGUGUCACGUT
TACGUGACACGUUCGGAGAATT), miR-224inhibitor
(5′-CAAGUCACUAGUGGUUCCGUU-3′) or miR224mimic (5-AACGGAACCACUAGUGACUUG-3,
Genechem, Shanghai, China) using lipofectamine (Life
Technology) for 24 or 48 h. Some cells were used for
quantitative analysis of the relative levels of miR-224
expression by quantitative RT-PCR. The remaining cells
were stained with FITC-anti-CD44 and PE-anti-CD24 and
the percentages of CD44+CD24− CSC cells in individual
groups of cells were determined by flow cytometry.

MATERIALS AND METHODS
Subjects
A total of 45 patients with breast cancer were
recruited at the inpatient service of the Harbin Medical
University and Dalian Medical University from January
2010 and December 2014. Individual patients with breast
cancer were diagnosed by pathological examination of
two independent pathologists. Their blood samples were
obtained for preparation of serum samples. Their surgical
tumor samples were used for molecular classification, and
small RNA extraction for characterization of miR-224
expression. The demographic and clinical data of
individual patients were obtained from medical records
(Table 1). Written informed consent was obtained from
individual patients, and the experimental protocol was
approved by the Ethics Committee of Harbin Medical
University.
www.impactjournals.com/oncotarget

Dual luciferase report assay
The complementary 3’UTR sequences of the
canonical Wnt/β-catenin pathway-related mRNAs to
which miR-224 potentially bound were searched from
RefSeq. We found that miR-224 potentially bound to
the 3′UTR of Frizzled 4 and Frizzled 5 (Table S1).
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Table 1: The characteristics of 45 enrolled cases
Age

Various

T stage
N stage
Clinical stge
Pathological stage

Molecular type

Accordingly, the DNA fragments for the 3′UTR of
Frizzled 4, Frizzled 5, control Frizzled 7, and TNKS2
were amplified from a cDNA library of breast cancer cells
and cloned into the Xho I and Sal I sites near 3′ of the
firefly luciferase gene in the dual-luciferase miRNA target
expression vector, pmirGLO, respectively. The generated
plasmids were sequenced.
293T cells were cultured in 96-well plates overnight
and transfected in triplicate with 0.5 µg individual
plasmids that contained the 3’UTR of Frizzled 4, Frizzled
5, Frizzled 7, or TNKS2, together with either 0.75 µM
miR-224NC or miR-224 mimic for 48 h. The levels of
dual-luciferase activity were measured using the dualluciferase assay kit (DLR™, Promega, Madison, USA),
according to the manufacturers’ instruction [4].
MCF-7 cells (2 × 104 cells/well) were cultured
in complete medium in 96-well plates overnight and
transfected in triplicate with 0.75 μM miR-224mimic, or
miR-224NC using lipofectamine (Life Technology) for
24 h. The cells in each well were transfected in triplicate
with TopFlash (20 ng) plasmid (#12456, Addgene,
Cambridge, USA), Renilla luciferase thymidine kinase
pRL-TK plasmid (5 ng, E2241, Promega) using
lipofectamine for 48 h. The relative levels of β-catenindependent firefly luciferase activity in individual samples
were determined by the Dual-Luciferase assay. Total value
of reporter activity in each sample was normalized to
Renilla luciferase activity.

Frizzled 5 (sc-23223), anti-Frizzled 4 (SC-66451), and
rabbit anti-GAPDH (sc-25778, Santa Cruz Biotechnology,
Santa Cruz, USA) and negative controls of goat IgG. The
relative levels of each interesting protein to GAPDH were
determined using the Gel pro4.0.

Immunofluorescence
MCF-7 and MDA-MB-231 cells were transfected
with, or without, miR-224NC, miR-224mimic or
miR-224inhibitor for 24 or 48 h. The cells were
fixed, permeabilized and stained with PE-anti-βcatenin, followed by counterstaining with DAPI.
The immunofluorescent signals were imaged under
a fluorescent microscope. The ratios of nuclear and
cytoplasmic β-catenin+ cells were calculated.

Proliferation assay
MCF-7 and MDA-MB-231 cells were transfected
with, or without, miR-224NC, miR-224mimic or miR224inhibitor for 24 or 48 h. The proliferation of different
groups of cells was determined by MTT. During the last
4-h incubation, the cells were treated with MTT. The
resulting formazan was dissolved in DMSO and measured
for the absorbance at 540 nm. The data are present as the
OD values.
To determine the effect of Frizzled 5 over-expression
on miR-224-mediated inhibition of breast cancer cell
proliferation, MCF-7 and MDA-MB-231 cells were
transfected with recombinant plasmid of pcDNA3.1 as the
control or pcDNA-FZD5 (a gift from Prof. Caigang Liu,
Dalian Medical University, Dalian, China) for 48 h. The
relative levels of Frizzled 5 expression were determined
by Western blot using anti-Frizzled 5 (ab75234, Abcom,
Cambridge, USA). Subsequently, the cells (2 × 104/well)

Western blot assay
MCF-7 and MDA-MB-231 cells were transfected
with, or without, miR-224NC or miR-224mimic for 24 or
48 h. The relative levels of Frizzled 4 and Frizzled 5 as
well as control GAPDH were determined by Western blot
assays [30]. The primary antibodies included goat antiwww.impactjournals.com/oncotarget
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were transfected in triplicate with miR-224NC or miR224mimic for 48 h. The proliferation of transfected MCF-7
and MDA-MB-231 cells was determined by MTT.

(n = 8 per group). The growth of implanted tumors was
monitored using a vernier caliper every three days. The
volumes of tumors were calculated. At the end of this
experiment, the relative levels of miR-224 expression in
individual groups of tumors were tested by quantitative
RT-PCR.

Wound healing assay
The effect of miR-224 on the migration of MCF-7
and MDA-MB-231 cells was determined by wound
healing assay [31]. Briefly, MCF-7 and MDA-MB-231
cells were transfected with, or without, miR-224NC, miR224mimic or miR-224inhibitor for 48 h. Individual groups
of cells (5 × 105 cells/well) were cultured in triplicate in
24-well plates. When they reached nearly 90% confluence,
the cells were scratched with plastic pipette tip across the
wells. The cells were continually cultured for 24 or 48 h
and imaged. The migration distance of cells was measured
using ImageJ software (NIH, Rockville, USA).

Statistical analysis
Data are expressed as the means ± SD or median.
The difference among groups was determined by ANOVA
and post hoc Fisher’s least significant difference. The
difference between two groups was analyzed Student
T test or Mann–Whitney U test using SPSS software,
version 16.0. A P-value of < 0.05 was considered
statistically significant.
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The effect of miR-224 on the migration of MCF-7
and MDA-MB-231 cells was also determined by transwell
migration assay [30, 32]. Briefly, MCF-7 and MDAMB-231 cells were transfected with, or without, miR224NC, miR-224mimic or miR-224inhibitor for 48 h.
Individual groups of cells (1 × 105 cells/well) were cultured
in triplicate in the top chambers of 24-well transwell plates
(8.0 mm-pore, Corning) and complete medium was added
into the bottom chambers. After 24- or 48-h culture, the
cells on the surface of the top chamber membrane were
removed with a cotton swab. The migrated cells on the
bottom surface of the top chamber membranes were fixed
with 95% alcohol and stained with hematoxylin solution.
The cells were counted in 10 random fields under a light
microscope (magnification × 200).

Authors’ contributions
Feng Liu, Yang Liu, Guoqiang Zhang and Jiguang
Han performing the experiments, analyzing the data and
preparing the manuscript. Feng Liu and Guoqiang Zhang
designed the study and analyzing the data as well as
writing the manuscript. All authors read and approved the
final manuscript.

REFERENCES

Xenograft breast tumor model
The experimental protocol was approved by the
Animal Research and Care Committee of Harbin Medial
University. MDA-MB-231 cells were transfected with
pGPU6/GFP/miR-224NC or pGPU6/GFP/miR-224mimic
(GenePharma, Shanghai, China). Two days later, the
GFP+ cells were sorted by flow cytometry and the cells
were treated with G418 (Sigma) for three weeks to
generate miR-224 and control NC stably high expressing
MDA-MB-231 cells. The relative levels of miR-224
expression in different groups of cells were determined by
quantitative RT-PCR.
Female athymic nude mice at 6–8 weeks of age
were from Silaike Laboratory Animal (Shanghai, China)
and housed in a specific pathogen-free facility with free
access to autoclaved water and food. Individual mice
were randomized and injected subcutaneously with
5 × 105 MDA-231 control, or MDA-231/miR-224 mimic
cells (0.1 ml in FBS-free medium) into their fat pad
www.impactjournals.com/oncotarget

49140

1.

Bilir B, Kucuk O, Moreno CS. Wnt signaling blockage
inhibits cell proliferation and migration, and induces
apoptosis in triple-negative breast cancer cells. J Transl
Med. 2013; 11:280–91

2.

Cai J, Guan H, Fang L, Yang Y, Zhu X, Yuan J, Wu J,
Li M. MicroRNA-374a activates Wnt/β-catenin signaling
to promote breast cancer metastasis. J Clin Invest. 2013;
123:566–79.

3.

Ashihara E, Takada T, Maekawa T. Targeting the canonical
Wnt/β-catenin pathway in hematological malignancies.
Cancer Sci. 2015; 106:665–71.

4.

Chan M, Liaw CS, Ji SM, Tan HH, Wong CY, Thike AA,
Tan PH, Ho GH, Lee AS. Identification of circulating
microRNA signatures for breast cancer detection. Clin
Cancer Res. 2013; 19:4477–87.

5.

Park EY, Chang E, Lee EJ, Lee HW, Kang HG, Chun KH,
Woo YM, Kong HK, Ko JY, Suzuki H, Song E, Park JH.
Targeting of miR34a-NOTCH1 axis reduced breast cancer
stemness and chemoresistance.Cancer Res. 2014; 74:
7573–82.

6.

Volinia S, Nuovo G, Drusco A, Costinean S, Abujarour R,
Desponts C, Garofalo M, Baffa R, Aeqilan R, Maharry K,
Sana ME, Di Leva G, Gasparini P, et al. Pluripotent stem
Oncotarget

cell miRNAs and metastasis in invasive breast cancer. J
Natl Cancer Inst. 2014; 106. pii: dju324.
7. Chen W, Fan XM, Mao L, Zhang JY, Li J, Wu JZ, Tang JH.
MicroRNA-224: as a potential target for miR-based therapy
of cancer. Tumour Biol. 2015; 36:6645–52.

18. Nagel R, le Sage C, Diosdado B, van der Waal M, Oude
Vrielink JA, Bolijn A, Meijer GA, Agami R. Regulation of
the adenomatous polyposis coli gene by the miR-135 family
in colorectal cancer. Cancer Res 2008; 68:5795–802.
19. Isobe T, Hisamori S, Hogan DJ, Zabala M, Hendrickson
DG, Dalerba P, Cai S, Scheeren F, Kuo AH, Sikandar SS,
Lam JS, Qian D, Dirbas FM, et al. miR-142 regulates the
tumorigenicity of human breast cancer stem cells through
the canonical WNT signaling pathway. Elife. 2014; 3.

8. Cui R, Meng W, Sun HL, Kim T, Ye Z, Fassan M, Jeon
YJ, Li B, Vicentini C, Peng Y, Lee TJ, Luo Z, Liu L,
et al. MicroRNA-224 promotes tumor progression in
nonsmall cell lung cancer. Proc Natl Acad Sci U S A. 2015;
112:E4288–97.

20. Xia H, Ooi LL, Hui KM. MiR-214 targets β-catenin
pathway to suppress invasion, stem-like traits and
recurrence of human hepatocellular carcinoma. PLoS One
2012; 7:e44206.

9. Amankwatia EB, Chakravarty P, Carey FA, Weidlich S,
Steele RJ, Munro AJ, Wolf CR, Smith G. MicroRNA-224
is associated with colorectal cancer progression and
response to 5-fluorouracil-based chemotherapy by KRASdependent and -independent mechanisms. Br J Cancer.
2015; 112:1480–90.

21. Taube JH, Malouf GG, Lu E, Sphyris N, Vijay V,
Ramachandran PP, Ueno KR, Gaur S, Nicoloso MS, Rossi
S, Herschkowitz JI, Rosen JM, Issa JP, et al.Epigenetic
silencing of microRNA-203 is required for EMT and cancer
stem cell properties.Sci Rep. 2013; 3:2687.

10. Ling H, Pickard K, Ivan C, Isella C, Ikuo M, Mitter R,
Spizzo R, Bullock MD, Braicu C, Pileczki V, Vincent K,
Pichler M, Stiegelbauer V, et al. The clinical and biological
significance of MIR-224 expression in colorectal cancer
metastasis. Gut. 2015. pii: gutjnl-2015–309372.

22. Xia H, Cheung WK, Sze J, Lu G, Jiang S, Yao H, Bian XW,
Poon WS, Kung HF, Lin MC.miR-200a regulates epithelialmesenchymal to stem-like transition via ZEB2 and betacatenin signaling.J Biol Chem. 2010; 285:36995–7004.

11. Wan Y, Zeng ZC, Xi M, Wan S, Hua W, Liu YL, Zhou
YL, Luo HW, Jiang FN, Zhong WD. Dysregulated
microRNA-224/apelin axis associated with aggressive
progression and poor prognosis in patients with prostate
cancer. Hum Pathol. 2015; 46:295–303.

23. Hirata H, Hinoda Y, Ueno K, Shahryari V, Tabatabai ZL,
Dahiya R. MicroRNA-1826 targets VEGFC, β-catenin
(CTNNB1) and MEK1 (MAP2K1) in human bladder
cancer. Carcinogenesis 2012; 33:41–8.

12. Li Q, Ding C, Chen C, Zhang Z, Xiao H, Xie F, Lei L,
Chen Y, Mao B, Jiang M, Li J, Wang D, Wang G. miR224 promotion of cell migration and invasion by targeting
Homeobox D 10 gene in human hepatocellular carcinoma.
J Gastroenterol Hepatol. 2014; 29:835–42.

24. Hirata H, Hinoda Y, Ueno K, Nakajima K, Ishii N, Dahiya
R. MicroRNA-1826 directly targets β-catenin (CTNNB1)
and MEK1 (MAP2K1) in VHL-inactivated renal cancer.
Carcinogenesis 2012; 32:501–8.
25. Hsieh IS, Chang KC, Tsai YT, Ke JY, Lu PJ, Lee KH, Yeh
SD, Hong TM, Chen YL.MicroRNA-320 suppresses the
stem cell-like characteristics of prostate cancer cells by
downregulating the Wnt/beta-catenin signaling pathway.
Carcinogenesis. 2013; 34:530–8.

13. Goto Y, Nishikawa R, Kojima S, Chiyomaru T, Enokida H,
Inoguchi S, Kinoshita T, Fuse M, Sakamoto S, Nakagawa
M, Naya Y, Ichikawa T, Seki N. Tumour-suppressive
microRNA-224 inhibits cancer cell migration and invasion
via targeting oncogenic TPD52 in prostate cancer. FEBS
Lett. 2014; 588:1973–82.

26. Sun JY, Huang Y, Li JP, Zhang X, Wang L, Meng YL,
Yan B, Bian YQ, Zhao J, Wang WZ, Yang AG, Zhang
R.MicroRNA-320a suppresses human colon cancer cell
proliferation by directly targeting β-catenin.Biochem
Biophys Res Commun. 2012 ;420:787–92.

14. Huang L, Dai T, Lin X, Zhao X, Chen X, Wang C, Li X,
Shen H, Wang X. MicroRNA-224 targets RKIP to control
cell invasion and expression of metastasis genes in human
breast cancer cells. Biochem Biophys Res Commun. 2012;
425:127–33.

27. Hoffmeyer K, Raggioli A, Rudloff S, Anton R, Hierholzer
A, Del Valle I, Hein K, Vogt R, Kemler R. Wnt/β-catenin
signaling regulates telomerase in stem cells and cancer
cells. Science. 2012; 336:1549–1554.

15. Giricz O, Reynolds PA, Ramnauth A, Liu C, Wang T, Stead
L, Childs G, Rohan T, Shapiro N, Fineberg S, Kenny PA,
Loudig O.Hsa-miR-375 is differentially expressed during
breast lobular neoplasia and promotes loss of mammary
acinar polarity.J Pathol. 2012; 226:108–19.

28. Devenport D. The cell biology of planar cell polarity. J Cell
Biol. 2014; 207:171–9.

16. Zhu S, Sachdeva M, Wu F, Lu Z, Mo YY. Ubc9 promotes
breast cell invasion and metastasis in a sumoylationindependent manner.Oncogene. 2010; 29:1763–72.

29. Verkaar F, Zaman GJ. A model for signaling specificity of
Wnt/Frizzled combinations through co-receptor recruitment.
FEBS Lett. 2010; 584:3850–4.

17. Czerwinska P, Kaminska B. Regulation of breast cancer stem
cell features. Contemp Oncol (Pozn). 2015; 19:A7–A15.

www.impactjournals.com/oncotarget

30. Liu CG, Lu Y, Wang BB, Zhang YJ, Zhang RS, Lu Y, Chen
B, Xu H, Jin F, Lu P. Clinical implications of stem cell

49141

Oncotarget

gene Oct-4 expression in breast cancer. Ann Surg. 2011;
253:1165–71.

32. Wang D, Lu P, Zhang H, Luo M, Zhang X, Wei X, Gao J,
Zhao Z, Liu C. Oct-4 and Nanog promote the epithelialmesenchymal transition of breast cancer stem cells and
are associated with poor prognosis in breast cancer
patients. Oncotarget. 2014; 5:10803–15. doi:10.18632/
oncotarget.2506.

31. Liu CY, Lin HH, Tang MJ, Wang YK. Vimentin contributes
to epithelial-mesenchymal transition cancer cell mechanics
by mediating cytoskeletal organization and focal adhesion
maturation. Oncotarget. 2015; 6:15966–83. doi:10.18632/
oncotarget.3862.

www.impactjournals.com/oncotarget

49142

Oncotarget

