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Abstract

The Wnt/B-catenin pathway is constitutively active and promotes multiple tumor processes, including breast cancer
metastasis. However, the underlying mechanism by which the Wnt/B-catenin pathway is constitutively activated in
breast cancer metastasis remains unclear. Inhibition of Wnt antagonists is important for Wnt/B-catenin signaling
activation, and post-transcriptional regulation of these antagonists by microRNAs (miRNAs) might be a possible
mechanism underlying signaling activation. Regulation of nuclear pre-mRNA domain-containing 1A (RPRDIA) is a
known inhibitor of cell growth and Wnt/B-catenin signaling activity, but the function and regulatory mechanism of
RPRDIA in breast cancer have not been clarified. The aim of this study was to understand how regulators of the
Whnt/B-catenin pathway may play a role in the metastasis of this cancer.

Methods: RPRDIA expression and its association with multiple clinicopathological characteristics was analyzed
immunohistochemically in human breast cancer specimens. miR-454-3p expression was analyzed using real-time PCR.
RPRDIA or miR-454-3p knockdown and overexpression were used to determine the underlying mechanism of their
functions in breast cancer cells. Xenografted tumor model, 3D invasive culture, cell migration and invasion assays and
sphere formation assay were used to determine the biofunction of RPRDIA and miR-454-3p in breast cancer.
Electrophoretic mobility shift assay (EMSA), luciferase reporter assay, and RNA immunoprecipitation (RIP) were
performed to study the regulation and underlying mechanisms of RPRD1A and miR-454-3p expression and their
correlation with the Wnt/-catenin pathway in breast cancer.

Results: The Wnt/B-catenin signaling antagonist RPRDIA was downregulated and its upstream regulator
miR-454-3p was amplified and overexpressed in metastatic breast cancer, and both were correlated with overall and
relapse-free survival in breast cancer patients. The suppression by miR-454-3p on RPRDIA was found to activate
Whnt/B-catenin signaling, thereby promoting metastasis. Simultaneously, three other negative regulators of the
Wnt/B-catenin pathway, namely, AXIN2, dickkopf WNT signaling pathway inhibitor (DKK) 3 and secreted frizzled
related protein (SFRP) 1, were also found to be targets of miR-454-3p and were involved in the signaling activation.
miR-454-3p was found to be involved in early metastatic processes and to promote the stemness of breast cancer
cells and early relapse under both in vitro and in vivo conditions.

Conclusions: The findings indicate that miR-454-3p-mediated suppression of Wnt/B-catenin antagonist RPRD 1A, as
well as AXIN2, DKK3 and SFRPI, sustains the constitutive activation of Wnt/B-catenin signaling; thus, miR-454-3p
and RPRD1A might be potential diagnostic and therapeutic targets for breast cancer metastasis.
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Introduction

Recent advances in the technologies used for the
early diagnosis and treatment of breast cancer have
greatly improved the survival and prognosis of breast
cancer patients. The 5-year survival rate is now 90%; it
is 99% in early in situ cancer patients; and, it is 85%
even in patients with local progression. However,
patients who have metastases at the time of diagnosis
have been reported to have a 5-year survival rate of
only 26% [1]. Indeed, metastasis is the main cause of
mortality in breast cancer patients. For improving
survival in such patients, it is important to
understand the molecular and genetic mechanisms
underlying the metastasis of this cancer and
eventually identify targets for therapeutic strategies.

Dysregulation of Wnt/p-catenin signaling,
which is necessary for many vital biological processes,
such as embryonic development, organogenesis,
tissue regeneration, hematopoiesis, cell survival,
cellular proliferation and differentiation and stem cell
renewal [2, 3], is associated with many diseases,
including osteoporosis, neurodegenerative diseases,
and cardiovascular diseases, and numerous human
malignancies [3, 4]. It has been demonstrated that
atypical activation of the Wnt/p-catenin signaling
pathway drives tumor initiation and progression,
including promotion of cell proliferation, migration,
invasion, angiogenesis and resistance to chemother-
apy [5-7]. With regard to breast cancer metastasis,
aberrant activation of Wnt/p-catenin has been
observed, but the molecular basis for the deregulation
remains puzzling.

RPRD1A is a known inhibitor of cell growth that
has been reported to exert its effects via inhibition of
Wnt/[-catenin signaling activity. Overexpression of
RPRD1A was found to suppress cell growth by
decreasing the expression of cyclin D1 and
c-Myc—two Wnt-targeted genes that are critical for
cell growth—and attenuating canonical Wnt signaling
by disrupting p-catenin/TCF4 interaction [8]. Further,
RPRD1A was found to inhibit chicken DF-1 cell
proliferation by downregulating the expression of
downstream regulatory genes of the Wnt/p-catenin
pathway, including p-catenin, TCF4, and cyclin D1
[9]. Moreover, RPRD1A was found to interact with
HDAC?2 and reduce the amount of histone H3 in the
TCF4-binding region, and thus, act as an intrinsic
transcriptional repressor of Wnt/-catenin-mediated
gene transcription [10]. At present, the biological
function, clinical relevance and regulatory mechanism
of RPRD1A in breast cancer have not been clarified.

The present study demonstrated that RPRD1A,
as a negative regulator of Wnt/p-catenin signaling, is
downregulated in metastatic breast cancer, and that
miR-454-3p plays an essential role in promoting

breast cancer metastasis by inhibiting RPRD1A and
thereby sustaining Wnt/B-catenin signaling. The
findings also indicated that RPRD1A was indeed
downregulated in metastatic breast cancer, and that
its expression was correlated with patient survival
and prognosis. The results further showed that
RPRD1A suppression; as well suppression of the Wnt
antagonists AXIN2, DKK3 and SFRP1, is post-
transcriptionally mediated by miR-454-3p via
sustaining Wnt/ B-catenin signaling activity. Further-
more, a detailed analysis of the role of miR-454-3p in
breast cancer metastasis revealed that it is involved in
early metastatic events, promotes the stemness of
breast cancer cells, and promotes early distant relapse.
In conclusion, RPRD1A and miR-454-3p might both
be essential regulators of the Wnt/ -catenin pathway
and may, therefore, also have potential as prognostic
indicators as well as diagnostic and therapeutic
targets for breast cancer.

Methods

Cell culture

Primary normal mammary epithelial cells
(NMEC) were established according to a previous
report [11]. The breast cancer cell lines ZR-75-30,
MCEF-7, ZR-75-1, BT-549, BT-474, SKBR3, T47D, MDA-
MB-415, MDA-MB-435, MDA-MB-468, MDA-MB-231
and MDA-MB-453 were purchased from the ATCC
and maintained in DMEM (Gibco, Grand Island, NY)
or RPMI-1640 (Gibco) supplemented with 10% FBS
(HyClone, Logan, UT) and 1% penicillin/ streptomy-
cin (Gibco). The breast cancer cell line MCF-7, which
has low invasive capability, was used to study the
metastasis-promoting effects of RPRD1A downregul-
ation or miR-454 overexpression, and MDA-MB-231, a
highly metastatic breast cell line, was chosen to study
the metastasis-inhibiting effects. The breast cell line
ZR-75-1, which has moderate invasive ability, was
used to study both promotive and inhibitory effects
[12-15].

Tissue specimens

This study was conducted on a total of 232
paraffin-embedded breast cancer samples, which
were histopathologically and clinically diagnosed at
the Sun Yat-sen University Cancer Center between
1999 and 2007. Eight breast cancer tissues and their
corresponding paired adjacent noncancerous breast
tissue specimens were stored by freezing them in
liquid nitrogen until further use. The investigation
was conducted in accordance with ethical standards
and according to the tenets of the Declaration of
Helsinki and national and international guidelines.
Clinical and clinicopathological classification and
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stage were determined according to the American
Joint Committee on Cancer criteria. For the clinical
materials used in our study, prior patient consent and
approval from the Institutional Research Ethics
Committee of Sun Yat-sen University were obtained.
Clinical information about the samples is shown in
Table S1.

Immunohistochemistry analysis

For immunohistochemistry (IHC) analysis,
paraffin-embedded specimens were cut into 4-pm
sections, deparaffinized with xylene, rehydrated, and
then submerged in EDTA-containing antigen retrieval
buffer and microwaved for antigenic retrieval, as
previously described [16, 17]. A 1% bovine serum
albumin (BSA) solution was used to block nonspecific
binding. The sections were then incubated with anti-
RPRD14A, anti-AXIN2, anti-DDK3, anti-SFRP1
(Abcam, Cambridge, MA) and anti-p-catenin (Cell
Signaling, Danvers, MA) antibodies overnight at 4 °C.
The tissue sections were treated with biotinylated
anti-rabbit secondary antibody (Thermo Fisher
Scientific, MA), and this was followed by further
incubation  with  the streptavidin-horseradish
peroxidase complex (Thermo Fisher Scientific),
immersion in 3,3'-diaminobenzidine, counterstaining
with 10% Mayer’s hematoxylin, dehydration and
mounting.

The stained tumor sections were examined and
scored independently by two observers for positively
stained tumor cells and the intensity of immunohisto-
chemical signals. According to the proportion of
positively stained tumor cells, the sections were
scored as follows: 0, no positive tumor cells; 1, <10%
positive tumor cells; 2, 10-50% positive tumor cells;
and 3, >50% positive tumor cells. The intensity of
staining was graded according to the following
criteria: 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 staining intensity score multiplied by
the proportion of positive tumor cells. We assessed
expression of the indicated protein in IHC-stained
tumor sections based on the Sl scores as 0,1, 2, 3, 4, 6
and 9. Cut-off values were chosen on the basis of a
measure of heterogeneity with the log-rank test, with
respect to survival analysis.

Immunofluorescence staining

Cells were plated on coverslips, harvested at 24
h, washed with ice-cold phosphate-buffered saline
(PBS), and fixed with 2% paraformaldehyde for 10
min. Following this, the coverslips were blocked with
1% BSA for 30 min and incubated with primary
antibody against f-catenin (Cell Signaling) for 1 h at

room temperature. After washing with PBS, the
coverslips were incubated with a fluorescein
isothiocyanate-conjugated goat anti-mouse secondary
antibody (Jackson Immuno Research, West Grove,
PA) for 30 min. Cell nuclei were counterstained with
4', 6 - diamidino -2- phenylindole (DAPL 5 ng/mL) for
10 min. The coverslips were washed with PBS, moun-
ted with anti-fading regent (Invitrogen, Carlsbad, CA)
and stored in the dark until evaluation. Gray-level
images were acquired under a laser scanning
microscope (Carl Zeiss Co. Ltd., Jena, Germany).

RNA extraction and real-time quantitative
PCR

Total miRNA from cultured cells was extracted
using the mirVana miRNA Isolation Kit (Ambion,
Austin, TX), and total miRNA from paraffin-embed-
ded tissue was extracted using the RecoverAll™ Total
Nucleic Acid Isolation Kit (Ambion). cDNAs were
synthesized and real-time PCR was performed using
the GoTaq® 2-Step RT-qPCR System (Promega,
Madison, WI) in an ABI Prism 7500 Sequence
Detection System (Applied Biosystems, Foster City,
CA). The expression of miRNA was defined based on
the threshold cycle (Ct), and relative expression levels
were calculated as 2-l(Ct of miR-454-3p) - (Ct of U6 after
normalization with U6 small nuclear RNA expression.
Total RNA extraction and quantitation of mRNA were
performed as described previously [18]. The median
of its relative expression value was chosen as the
cut-off value to categorize the samples as high and
low miR-454-3p expression.

Western blotting

Western blotting analysis was performed
according to a standard method previously described,
using anti-RPRD1A, anti-Axin2, anti-Dkk3, anti-
SFRP1 (Abcam) or anti-E-cadherin, anti-a-catenin,
anti-N-cadherin, anti-vimentin and anti-B-catenin
(Cell Signaling) antibodies. The blotting membranes
were stripped and re-probed with an anti-a-tubulin
antibody (Sigma, Saint Louis, MO) as the loading
control.

Plasmids and transfection

The human miR-454-3p gene was PCR-amplified
from genomic DNA and cloned into a pMSCV-puro
retroviral vector. The miR-454-3p anti-sense strand
was cloned into the miRZip plasmid purchased from
System Biosciences (San Francisco, CA), as described
in a previous report [11]. The 3-UTR regions of
human RPRD1A, AXIN2, DKK3 and SFRP1, generated
by PCR amplification of genomic DNA, were cloned
into the pGL3-luciferase reporter plasmid (Promega).
The TOP Flash and FOP Flash reporters containing
the wild-type and mutated TCF/LEF DNA-binding
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sites, respectively, were purchased from Upstate
Biotechnology (Lake Placid, NY). Transfection of
siRNAs (Ribo Biotech, Guangzhou) or plasmids was
performed using the Lipofectamine 2000 reagent
(Invitrogen). Stable cell lines expressing miR-454-3p
or miRZip-454-3p were generated via retroviral
infection using HEK293T cells and selected with 0.5
pg/mL puromycin for 10 days.

Xenografted tumor model and tumor tissue
staining

BALB/c-nude mice (female, 4-5 weeks of age,
weighing 18-20 g) were purchased from the Center of
Experimental Animals of Guangzhou University of
Chinese Medicine. All the experimental procedures
were approved by the Institutional Animal Care and
Use Committee of Guangzhou Medical University.
The BALB/c nude mice were randomly divided into
the indicated groups. The indicated cells were
inoculated subcutaneously into the mammary fat pad
of the mice. Tumor volume was calculated using the
equation L x W2 / 2 (L = length, W = width). Thirty
days after tumor implantation, the mice were
sacrificed. The mammary tumors were then moved
and weighed. For analysis of metastasis status, nude
mice were intravenously injected with miR-454-3p-
transduced or miR-454-3p-silenced cells or control
cells via the lateral tail vein. The lungs were collected
to count surface metastases under a dissecting
microscope at 40 days after tumor implantation. The
tumors and lungs were fixed in formalin and
embedded in paraffin using the routine method.
Serial 6.0-pm sections were cut and subjected to H&E
staining with Mayer’s hematoxylin solution. IHC
assay was performed using anti-RPRD1A, anti-
AXIN2, anti-DKK3, anti-SFRP1 (Abcam) and anti-f3-
catenin antibodies (Cell Signaling).

3D invasive culture

The Matrigel matrix (BD Biosciences, San Jose,
CA) was used for the 3D spheroid invasion assay. The
indicated cells (1x10%) were trypsinized, mixed with
5% Matrigel and seeded on 2% Matrigel-coated 24-
well plates. The culture medium was refreshed every
other day, and microscopic images were obtained at
2-day intervals for 2-3 weeks.

Cell migration and invasion assays

The Transwell migration (without Matrigel)
assay and Matrigel invasion assay were performed as
previously described [11, 18]. Cells (1x104) to be tested
were plated on the top surface of the polycarbonate
Transwell filter without (for cell migration assay) or
with Matrigel coating (for cell invasion assay) in the
upper chamber of the BioCoatTM Invasion Chambers
(BD, Bedford, MA) and incubated at 37 °C for 22 h;

this was followed by removal of cells inside the upper
chamber with cotton swabs. Cells that had migrated
and invaded the bottom surface of the membrane
were fixed in 1% paraformaldehyde, stained with
hematoxylin, photographed and quantified by
counting the number of cells in five random 200x
magnification fields.

Electrophoretic mobility shift assay

Electrophoretic mobility shift assay (EMSA) was
performed using the LightShift™ Chemiluminescent
EMSA Kit from Thermo Scientific™ (Thermo Fisher
Scientific) according to the manufacturer’s instruction.
Briefly, the binding reaction solutions contained 10 pg
nuclear extract, 1 pg of double-stranded poly (dI-dC)-
poly (dI-dC), and 20 fmol of biotin-labeled probe in 20
pL of 1x EMSA buffer. The incubation was carried out
for 30 min at room temperature. The EMSA binding
reaction mixture was resolved by electrophoresis in a
6% non-denaturing polyacrylamide gel in 0.5xTris-
borate-EDTA (TBE) buffer. After electrophoresis, the
DNA was transferred to a Nylon membrane using 0.5
x TBE buffer. The DNA was then cross-linked to the
nylon membrane by UV (120 mJ/cm?). The biotinyl-
ated oligonucleotides were detected on the membrane
according to the manufacturer’s instructions.

Luciferase reporter assay

Cells (1x10%) were seeded in triplicate in 48-well
plates and allowed to settle for 24 h. Then, 100 ng of
the indicated plasmids 100 ng (e.g., luciferase reporter
plasmids or the control plasmid) plus 1 ng of the
PRL-TK Renilla plasmid was transfected into cells
using Lipofectamine 2000 reagent (Invitrogen) accor-
ding to the manufacturer’s instruction. Forty-eight
hours after transfection, luciferase and Renilla signals
were measured using the Dual Luciferase Reporter
Assay Kit according to the manufacturer’s
instructions (Promega).

RNA immunoprecipitation

Cells were co-transfected with HA-Agol
together with 100 nM miR-454, and this was followed
by HA-Agol immunoprecipitation with the HA-
antibody. Real-time PCR analysis of the immunopre-
cipitate was used to determine the association of the
mRNA of AMER1, AXIN2, CBY1, DKK3, RPRDIA,
SFRP1, TCF7L1, 58 rRNA and GAPDH with the RISC
complex. 55 *RNA and GAPDH were both used as
negative controls.

Sphere formation assay

Five hundred cells were seeded in ultra-low
attachment 6-well plates (Corning, Painted Post, NY)
for 10-14 days. Spheres that were established were
maintained in DMEM/F12 serum-free medium
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(Invitrogen) supplemented with 2% B27 (BD Phar-
Mingen, Carlsbad, CA), 20 ng/mL epidermal growth
factor (EGF), 20 ng/mL basic fibroblast growth factor
(bFGF), 0.4% BSA, and 5 pg/mL insulin (Sigma). The
spheres that were generated were photographed and

counted under a light microscope (Carl Zeiss Co.
Ltd.).

Statistical analysis

Statistical tests for the present data analysis
included Fisher’s exact test, log-rank test, chi-square
test, and Student’s two-tailed t-test. Bivariate correl-
ations between study variables were determined
using Spearman’s rank correlation analysis. Survival
curves were plotted by the Kaplan—Meier method and
compared with the log-rank test. The significance of
various variables associated with survival was analy-
zed by univariate and multivariate Cox regression
analyses. Statistical analyses were performed using
the SPSS 11.0 statistical software package. Data are
shown as the mean + SD values, and P-values < 0.05
were considered to indicate statistical significance.

Results

RPRD 1A downregulation is correlated with
breast cancer metastasis

As expected, the expression of the RPRD1A
protein was clearly reduced in 12 breast cancer cell
lines compared with 2 normal mammary epithelial
cells, and in 8 clinical breast cancer samples compared
with their paired adjacent non-tumor tissues (Figure
1A-B). Interestingly, IHC staining showed that
RPRD1A expression was evident in normal breast
tissues; further, its expression was reduced in breast
cancer tissues without distance metastasis (M0) and
was markedly repressed in breast cancer samples
with distance metastasis (M1) (MO vs. M1, P < 0.05;
Figure 1C). Thus, RPRD1A downregulation might be
involved in breast cancer metastasis. Concordantly,
statistical analysis revealed that RPRD1A levels were
inversely correlated with N/M classification (N: P <
0.001; M: P = 0.026) in patients with breast cancer (n =
232; Table S1 and Table S2), and patients with lower
RPRD1A expression not only had shorter overall
survival but also showed poorer relapse-free survival
(P <0.001 and P = 0.005 respectively; Figure 1D). This
further confirmed the correlation between RPRDI1A
downregulation and breast cancer metastasis.

Upregulation of RPRD1 A inhibits breast
cancer metastasis and Wnt/f-catenin signaling
To further investigate the biological effect of
RPRD1A on breast cancer metastasis, the MDA-MB-
231 cell line, which is a highly metastatic breast cancer
cell line, was engineered to stably overexpress

RPRD1A and injected into the mammary gland fat
pads of nude mice. Bioluminescence imaging and
histological analyses showed that mice injected with
MDA-MB-231/vector control cells displayed promin-
ent lung metastasis, while the volume of RPRD1A-
overexpressing tumors was similar to that of the
control tumors. According to the results of growth
curve and bioluminescence analyses, only slight
metastasis was found in mice injected with RPRD1A-
overexpressing MDA-MB-231 cells (Figure 1E and
Figure S1A-B). This indicates that the capability of
MDA-MB-231 cells to induce lung metastasis was
significantly impaired by RPRD1A upregulation.
Similarly, the mice injected with RPRD1A-overexpre-
ssing MDA-MB-231 cells survived significantly longer
than those injected with vector control cells (Figure
1F).

Since previous reports have demonstrated that
RPRDI1A acts as a negative regulator of Wnt/p-caten-
in signaling, we investigated whether Wnt/3-catenin
signaling was involved in the molecular mechanism
and found that the transactivity of f-catenin and the
expression of well-known p-catenin downstream
target genes were significantly decreased in the
RPRD1A-overexpressing breast cancer cells but
increased in the RPRD1A-silenced cells (Figure 1G
and Figure S1C). Thus, these results further suppor-
ted the inhibitory effects of RPRD1A on breast cancer
progression and Wnt/ 3-catenin signaling.

miR-454-3p directly suppresses RPRDIA and
activates Wnt/B-catenin signaling in breast
cancer cells

Consistent with the analyses of multiple
published microarray datasets (TCGA, NCBI/GEO/
GSE10797, 9574, 5764; P > 0.05; Figure 2A and Figure
S2A), our real-time PCR analysis also showed no
significant alteration in RPRD1A mRNA levels in
clinical breast cancer samples when they were
compared to their adjacent non-tumor tissues (n = 8,
including 3 samples with N/M metastasis; Figure
S2B). This indicates that RPRD1A downregulation
may occur at the post-transcriptional level in breast
cancer.

When the miRNAs that potentially target the
RPRD1A 3'UTR based on public algorithms
(TargetScan and miRANDA) were integrated with the
upregulated miRNAs reported in TCGA breast cancer
samples and the circulating miRNAs reported in
breast cancer [19-27], the results showed that
miR-454-3p might be involved in the regulation of
RPRD1A protein in breast cancer (Figure 2B). Indeed,
western blotting analysis revealed that overexpres-
sion of miR-454-3p significantly repressed the
expression of RPRD1A protein, but inhibition of
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endogenous miR-454-3p had the opposite effect
(Figure 2C and Figure S2C). Furthermore, the
luciferase reporter assay showed that the luciferase
activity of RPRD1A-3'UTR was drastically decreased
in miR-454-3p -overexpressing breast cancer cells but
increased in miR-454-silenced cells, whereas forced
expression of a mutant miR-454-3p (miR-454-3p-mu:
UUCAGCAAUAUUGCUUAUAGGGU) had no inhi-
bitory effect on RPRD1A-3'UTR luciferase activity
(Figure 2D). Collectively, these results demonstrate
that RPRD1A is a bona fide target of miR-454-3p.

Since RPRDI1A is known to be a Wnt/p-catenin
antagonist, we next examined the effect of miR-454-3p
on Wnt/p-catenin signaling. Gene set enrichment
analysis (GSEA) revealed that the miR-454 levels were
positively correlated with P-catenin-activated gene
signatures; this indicates that miR-454-3p activates
Wnt/p-catenin signaling (Figure S3A). Moreover,
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silencing of miR-454-3p had the opposite effect
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2F). The correlation studies in 232 breast cancer
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levels (P < 0.001; Figure 2G). Importantly, the
DNA-binding activity of B-catenin was significantly
upregulated in breast cancer tissues that have high
miR-454-3p expression (r = 0.734, P = 0.016; Figure
2H). This further provides evidence that miR-454-3p
contributes to the activation of Wnt/[-catenin
signaling in breast cancer.
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Figure 1. RPRDIA is downregulated in breast cancer and correlates with breast cancer metastasis. (A-B) Western blotting analysis of RPRD1A in 12 breast
cancer cells (A) and 8 clinical breast cancer samples paired with their adjacent non-tumor tissues (B). a-tubulin served as the loading control. ANT: adjacent non-tumor; T: tumor.
(C) IHC staining and statistical analyses of the average MOD of RPRDIA expression in normal breast tissues and breast cancer tissues without (M0; n=223) or with (M1; n=9)
distant metastasis. Magnification, x400 (left); enlarged images (right). The MOD value was determined with the Image-Pro Plus software. MOD: mean optical density. (D)
Kaplan-Meier curves for breast cancer patients with low and high expression of RPRD1A. (E) Bioluminescence images of subcutaneous tumors showing distant metastasis signals
(left, upper). Representative bright field images (left, middle) and quantification (right) of metastases in the lungs (arrows indicate surface metastatic nodules). Lung metastases in
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Luciferase assay of TCF/LEF transcriptional activity in the indicated cells. Each bar represents the mean + SD value from three independent experiments. *P < 0.05.
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was assessed for the selection of target genes (right). (C) Western blotting analysis of RPRD1A in the indicated cells. (D) Luciferase activities of reporters containing the 3'-UTR
of RPRD I A in miR-454-transduced cells, miR-454-3p-silenced cells, control cells or miR-454-3p-mutant-transfected cells. (E) Luciferase assay of TCF/LEF transcriptional activity
in the indicated cells. (F) Subcellular B-catenin localization in the indicated cells was assessed by immunofluorescence staining. Magnification, x200. (G) IHC staining of B-catenin
in tissues with low and high miR-454-3p expression. Percentage of specimens (right) showing low or high miR-454-3p expression in relation to subcellular B-catenin localization.
Magnification, %200. (H) The DNA-binding activity of B-catenin as determined by the EMSA assay and the correlation between the DNA-binding activity of B-catenin and
miR-454-3p expression in clinical breast cancer samples (n = 8) in comparison with normal breast tissues (n = 2). Each bar represents the mean + SD value from three
independent experiments. *P < 0.05.

http://lwww.thno.org



Theranostics 2019, Vol. 9, Issue 2

456

miR-454-3p directly suppresses multiple key
components in the Wnt/p-catenin cascade

It has been reported that RPRD1A attenuates
Wnt/ pB-catenin signaling by disrupting the interaction
of B-catenin with TCF4 in the nucleus. We therefore
tried to investigate whether miR-454-3p might be
involved in this mechanism. We found that
restoration of RPRD1A expression in miR-454-3p-
transduced cells to a level that is comparable to that in
control cells via transfection with the RPRD1A ORF
(without the 3'UTR) only partially abrogated
miR-454-3p-induced B-catenin activity (Figure 3A and
Figure S3C). This indicates that, in addition to
RPRD1A, other targets of miR-454-3p may also
contribute to Wnt/p-catenin signaling activation.
Indeed, analysis using publicly available algorithms
predicted that multiple negative regulators of the
Wnt/p-catenin pathway, including AMER1, AXIN2,
CBY1, DKK3, NKD1, SFRP1, TCF7L1 and TLE3, might
also be potential targets of miR-454-3p (Figure 3B).
However, miRNP immunoprecipitation assay
revealed that miR-454-3p only specifically associated
with the 3'-UTRs of AXIN2, DKK3 and SFRP1 in both
MCEF-7 and MDA-MB-231 breast cancer cells, but did
not associate with the 3'-UTRs of AMER1, NKD1 and
TCF7L1 (Figure 3C). Further, western blotting
analysis revealed that the expressions of AXIN2,
DKK3 and SFRP1 were dramatically decreased in
miR-454-3p-transduced breast cancer cells but were
increased in miR-454-suppressed cells (Figure 3D).
We also found that overexpression of miR-454-3p
reduced the reporter activities driven by the 3'-UTRs
of the AXIN2, DKK3 and SFRP1 transcripts, while
silencing of miR-454-3p elevated these activities
(Figure 3E). Further, individual overexpressing of
RPRD1A, AXIN2, DKK3 and SFRP1 potently inhibited
Wnt/[B-catenin signaling activity in miR-454-
transduced cells (Figure 3F). Negative correlations
between miR-454-3p levels and protein expression of
AXIN2, DKK3 and SFRP1 were also observed in
clinical breast cancer specimens (Figure 3G). These
findings further demonstrate that these Wnt/
B-catenin antagonists are suppressed by miR-454-3p
and, as a result, Wnt/-catenin activation is sustained
in breast cancer metastasis.

miR-454-3p overexpression is correlated with
shorter relapse-free survival in breast cancer
patients and induces in vivo breast cancer
metastasis

In agreement with the public breast cancer
miRNA array data (TCGA, n normal = 103, n tumor =
1077; Figure S4A), real-time PCR analysis revealed
that miR-454-3p was markedly elevated in breast

cancer cell lines, especially the cell lines with high
metastatic capability, and in the primary tumors of
breast cancer patients with metastasis (Figure 4A-B).
Furthermore, statistical analysis revealed that the
miR-454-3p levels were strongly correlated with the
metastatic status and N/M classification (N: P < 0.001,
M: P = 0.017) in breast cancer patients (n = 232; Table
1). Importantly, patients with higher miR-454-3p
expression had poorer overall survival and shorter
relapse-free survival (P < 0.001 and P = 0.018 respecti-
vely; Figure 4C-D); this was further confirmed by
TCGA data analysis (P < 0.001 and P = 0.037
respectively; Figure S4B). Moreover, the miR-454-3p
level was recognized as an independent prognostic
factor in breast cancer, as was the RPRD1A level (P <
0.001 and P = 0.002 respectively; Table S3). Consistent
with the clinical correlation observed between
miR-454-3p expression and breast cancer metastasis,
GSEA of published breast cancer datasets also
showed that miR-454 expression was significantly
correlated with metastatic gene signatures (Figure
$4C). Collectively, these results indicate that miR-454-
3p plays vital roles in breast cancer metastasis.

Table 1. Correlation between clinicopathological features and
expression of miR-454-3p.

Patient characteristics miR-454-3p expression P-value
Low High

Age (years) <53 88 74 0.045
>53 28 42

Clinical stage I 35 4 <0.001
I 71 36
I 9 67
v 1 9

T classification T 49 18 <0.001
T2 61 58
Ts 5 27
Ty 1 13

N classification No 73 21 <0.001
Ny 31 39
N2 6 36
N3 6 20

M classification No 115 108 0.017
Yes 1 8

Vital status Alive 98 59 <0.001
Dead 18 57

To further examine the biological role of
miR-454-3p in breast cancer metastasis, luciferase-
expressing MCEF-7 cells transduced with an miR-454-
3p or control vector were injected into the mammary
gland fat pads of nude mice. As expected, no visible
metastasis was found in mice transplanted with the
control vector-transduced MCEF-7 cells, according to
the bioluminescence imaging and histological analysis
findings. Strikingly, mice bearing MCF-7/miR-454-3p
tumors displayed prominent lung metastasis, where-
as blockage of Wnt/p-catenin signaling by p-catenin
silencing drastically inhibited the promotive effect of
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miR-454-3p on MCEF-7 cell metastasis (Figure 4E and
Figure S4D). Consistently, the lung metastatic ability
of MDA-MB-231 cells was significantly impaired by
miR-454-3p silencing (Figure 4F). Similarly, treatment
with an miR-454-3p antagomir that was injected via
the tail vein (2 times per week for 3 weeks) also
extensively reduced the number of tumor nests
formed in the lungs by MDA-MB-231 cells compared

with the antagomir control group (Figure 4F).
Further, mice injected with cells with high miR-454-3p
expression had shorter survival than those injected
with cells that had low miR-454-3p expression, while
silencing of miR-454-3p significantly extended their
survival (Figure 4G). These results provide further
evidence for the role of miR-454-3p in human breast
cancer metastasis.
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Figure 4. miR-454-3p overexpression correlates with shorter survival in breast cancer patients and promotes in vivo metastasis of breast cancer. (A)
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An important in vivo finding was that the
miR-454-3p levels were dramatically elevated in the
peripheral blood circulation of mice bearing MCF-7/
miR-454-3p cells compared with mice bearing control
tumors; this finding was consistent with the results
obtained for exosomes and circulating tumor cells in
the blood (Figure 4H and Figure S4E-F). Consistent
with these findings, we found that the expression of

miR-454-3p was lower in the serum of breast cancer
patients who did not have metastasis and that it was
markedly increased in the serum of breast cancer
patients with metastasis in comparison to healthy
subjects (Figure 4I). This indicates that miR-454-3p
might be a potential marker for the detection of breast
cancer metastasis.

http://lwww.thno.org



Theranostics 2019, Vol. 9, Issue 2

459

>

Vector

m

miR-454-3p+

+p-catenin RNAi  B-catenin RNAi miRZip-V miRZip-454-3p
e - ; -
(3] ¥
° Q A
~ L] 9 l,
§ Py \%@ Eoc B
=} < : G ad
[ «v 2ym 2 ¢ B
mlR 454—3p+
TCF4 DN miRZip-V miRZip-454-3p
? s RN i
&
Ly
[+4
N
C
DAPI+ DAPI+ DAPI+ DAPI+ DAPI+ DAPI+ DAPI+
E-cadherin a-catenin  N-cadherin Vimentin a-catenin  N-cadherin Vimentin
8
©
@ -
P b¥
L o
S =
=| a =
) =}
< =
wn
R/
x
£
DAPI+ DAPI+ DAPI+ DAPI+ DAPI+ DAPI+ DAPI+ DAPI+
E-cadherin a-catenin  N-cadherin Vimentin E-cadherin a-catenin  N-cadherin Vimentin
2
s 2
3
- E
w
= o
a ?
K| 3
3 3
b 2
g 2
=
D MCF-7 ZR-75-1 MDA-MB-231 ZR-75-1 E
o oF oF
» »
¢ Fpd Ll 3
& & & 8 57 I Vector
o :
T @ E-cadherin ¥ S5 &8 L —— = Il miR-454-3p
2 g [ Vector+p-catenin RNAi
% 5 . ! - ] miR-454-3p+B-catenin RNAi
S gl o-catenin w= S - — - - - g I miRZip-Vector
= = Il miRZip-454-3p
°
E v N-cadherin| == e = S = - g
L= 5
2 2| Vimentin - - - a
" y 2
2 S
]
&)

GAPDH s @ wb wp = - o= ==

MCF-7  MDA-MB-231
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miR-454-3p contributes to early events in the
breast cancer metastasis cascade

Next, we attempted to identify the specific steps
of the metastatic process in which miR-454-3p is
involved. Microscopic examination of tumor morpho-

logy showed that the borders of miR-454-3p-
transduced MCF-7 primary tumors displayed spike-
like structures that penetrated into the surrounding
muscle, but the control tumors were well
encapsulated (Figure 5A). In contrast, silencing of
miR-454-3p drastically inhibited the local invasive
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capability of MDA-MB-231/vector tumors (Figure
5A). The pro-invasive role of miR-454-3p in breast
cancer was further confirmed by 3D-spheroid
invasion assays and Matrigel-coated Transwell assays
(Figure 5B and Figure S5A). These results indicate
that miR-454-3p promotes local invasion of breast
cancer cells.

We also found that miR-454-3p-transduced
MCEF-7 and ZR-75-1 cells displayed a dramatic
morphological change: the typical cobblestone-like
appearance of the epithelium had been altered to a
spindle-like, mesenchymal morphology (Figure S5B).
Further, levels of epithelial markers, including
E-cadherin and a-catenin, were drastically decreased
while levels of the mesenchymal markers N-cadherin
and vimentin were increased in miR-454-3p-
transduced MCF-7 and ZR-75-1 cells; opposite
findings were obtained in MDA-MB-231 and ZR-75-1
cells transfected with miRZip-454-3p (in comparison
with the indicated control cells, as indicated by
immunofluorescence staining and western blotting
analysis; Figure 5C-D). These findings indicate that
miR-454-3p might promote the transition from the
epithelial to the mesenchymal phenotype.

Blood samples (100 pL) obtained from mice of
the indicated groups were cultured in the presence of
puromycin to select for circulating tumor cells.
Strikingly, more than three colonies of tumor cells
were recovered from the blood samples of the mice
bearing MCF-7/miR-454-3p tumors, whereas no
colonies were recovered from the blood samples of
mice bearing MCF-7/vector control tumors. Further,
the average number of colonies recovered from the
blood samples of the tumor-bearing mice was
markedly higher in the MDA-MB-231/miRZip-V
group (3.4 colonies/100 pL blood) than in the
MDA-MB-231/miRZip-454-3p group (1 colony/100
pL blood) (Figure 5E). This indicates that miR-454-3p
promotes the dissemination of breast cancer cells in
circulation and their survival. Taken together, these
results indicate that miR-454-3p contributes to early
events in the breast cancer metastasis cascade.

miR-454-3p promotes the stemness of breast
cancer cells and early distant relapse of breast
cancer

Recent reports have indicated that only a few
metastatic cells with high tumor-initiating capacity
can develop into overt metastatic foci showing distant
relapse [28]. Therefore, we further examined the effect
of miR-454-3p on the stem cell-like traits of breast
cancer cells and early distant relapse of breast cancer.
In agreement with the GSEA results, according to
which miR-454 expression was positively correlated
with the stemness signatures, the expressions of

stemness-associated genes, including MYC, SOX2,
OCT4, NANOG and SNAIL, were significantly increa-
sed in miR-454-3p-transduced cells and decreased in
miR-454-3p-silenced cells (Figure S6A-B). Further-
more, the tumor sphere formation assay showed that
MCF7/miR-454-3p breast cancer cells formed larger
and more tumor spheres than the vector controls
(Figure 6A). Moreover, overexpression of miR-454-3p
markedly increased the proportion of side population
(SP) breast cancer cells but silencing of miR-454-3p
decreased their proportion (Figure S6C). Collectively,
these results demonstrate that miR-454-3p enhances
the stem-like traits of breast cancer cells.

Next, we examined the effect of miR-454-3p on
early distant relapse of breast cancer in a lung
colonization model. Nude mice were intravenously
injected with control cells and miR-454-3p-
dysregulated cells via their lateral tail veins, and lung
metastatic foci were detected by bioluminescence
imaging after 4 weeks. As shown in Figure 6B, the
number of tumor nests in the lungs formed by the
miR-454-3p-transduced MCEF-7 cells was significantly
higher than that formed by the control cells; further,
silencing of miR-454-3p drastically inhibited the
capability of MDA-MB-231/vector cells to form lung
metastases. This finding indicates that miR-454-3p
overexpression promotes formation of lung metastatic
foci from breast cancer cells. Importantly, a limiting
dilution assay revealed that MCF-7/miR-454-3p cells
exhibited greater capability to reform tumors in the
lungs compared with control cells, but the capability
of lung relapse of MDA-MB-231 cells was drastically
inhibited by miR-454-3p downregulation (Figure
S6D). These findings together indicate that
miR-454-3p promotes early distant relapse of breast
cancer.

miR-454-3p is amplified in breast cancers

The miR-454 locus is located on chromosome
17q22, which is frequently amplified in various
human cancers [29, 30]. Analysis of miR-454 copy
number variation (CNV) in the TCGA dataset also
showed that the miR-454 locus was amplified in
36.98% of breast cancer samples and that miR-454
expression was significantly associated with miR-454
CNV (Figure 7A-B). Furthermore, we found that
patients with breast cancer who had miR-454
amplification had poorer survival outcome than
patients with miR-454 non-amplification (P = 0.019;
Figure 7C). In addition, analysis of miR-454 CNV in
the TCGA data showed that the percentage of
miR-454 gene amplification (including low- and high-
level amplification) in metastatic cases (M1, totally
50%) was higher than that in non-metastatic cases (MO0,
totally 39.21%); in particular, high-level amplification
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was much higher in metastatic cases (22.73%) than in
non-metastatic cases (11.3%) (Figure 7D).
Interestingly, analysis of the TCGA datasets
revealed that the miR-454 CNV and miR-454 levels
were also markedly amplified in subsets of primary
tumors, including bladder wurothelial carcinoma
(BLCA), kidney renal clear cell carcinoma (KIRC),
kidney renal papillary cell carcinoma (KIRP), liver
hepatocellular carcinoma (LIHC), lung adenocarcin-
oma (LUAD), lung squamous cell carcinoma (LUSC),
prostate adenocarcinoma (PRAD), stomach adenocar-
cinoma (STAD), and uterine corpus endometrial
carcinoma (UCEC) (Figure S7A-B). Further, the
miR-454 levels were significantly upregulated, and a
positive correlation was found between the miR-454
levels and miR-454 CNV in LIHC and KIRC (Figure
S§7C). Consistent with this finding, higher miR-454
expression was associated with shorter overall
survival in LIHC and KIRC patients (Figure S7D-E).

These results indicate that miR-454 overexpression
might contribute to tumor progression in multiple
cancers.

The oncogenic function of miR-454-3p in other
human cancers was further examined in LIHC and
KIRC. Overexpression of miR-454-3p significantly
increased P-catenin luciferase reporter activity in both
the LIHC and KIRC cell lines, while silencing of
miR-454-3p decreased this activity. Moreover, the
tumor sphere formation assay showed that the
number and size of tumor spheres formed were
significantly higher in miR-454-3p-transduced LIHC
and KIRC cells but was lower in miR-454-3p-silenced
cells as compared with the respective control cells
(Figure S7F). Taken together, these results
demonstrate that aberrantly amplified miR-454-3p
promotes cancer stem cell-like traits by activating the
Wnt/p-catenin pathways, thus resulting in poor
outcomes in cancer patients.
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mice were used in the study. Each bar represents the mean * SD value from three independent experiments. *P < 0.05.
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Figure 7. miR-454-3p is amplified in breast cancer. (A) Analysis of miR-454 copy number variation (CNV) in the TCGA dataset. (B) Expression of miR-454
corresponding to different amplification levels in the TCGA dataset. (C) Kaplan-Meier curves for miR-454 in miR-454 amplification and non-amplification groups (miR-454
amplification groups: CNV gain and amplification; miR-454 non-amplification groups: diploid CNV; P = 0.019, log-rank test). (D) Analysis of miR-454 CNV in non-metastatic (M0)

and metastatic (M1) cases from the TCGA dataset.

Discussion

In the present study, we demonstrated that
RPRD1A, as an inhibitor of breast cancer metastasis,
displayed an inverse correlation with both poor
prognosis and early recurrence in patients with breast
cancer; thus, it shows potential as a prognostic
indicator of breast cancer metastasis. With regard to
the mechanism, RPRD1A was found to be
post-transcriptionally suppressed by miR-454-3p in
metastatic breast cancer tissue, as a result of which the
antagonistic effect of RPRD1A on the Wnt/p-catenin
signaling pathway was abrogated and the activity of
this pathway was sustained. Further analyses into the
mechanisms and functions of miR-454-3p showed that
it was positively correlated with breast cancer
metastasis and promoted the metastatic processes of
breast cancer under both in wvivo and in wvitro
conditions.

Wnt/p-catenin signaling has been confirmed to
promote tumor metastasis by inducing epithelial-to-
mesenchymal transition (EMT) and cancer cell
stemness [31, 32]. EMT, a process by which cancer
cells lose their epithelial properties and acquire a
mesenchymal phenotype and become motile and
invasive, is considered to be a crucial component of
the metastatic process [33, 34]. Although the role of
EMT in carcinoma metastasis is unclear [35, 36], it has
been found that EMT promotes breast cancer
metastasis [37-39]. Moreover, EMT has also been
associated with the induction of cancer stem cells,

drug resistance, and immune suppression [40, 41]. In
our study, we found that downregulation of RPRD1A
or ectopic expression of miR-454-3p is followed by
breast cancer EMT, as indicated by upregulation of
the mesenchymal markers N-cadherin and vimentin
and downregulation of the epithelial markers
E-cadherin and a-catenin; this process finally results
in breast cancer metastasis. Thus, EMT may be one of
the many biological processes underlying breast
cancer development through which miR-454-3p exerts
its promotive effects. Moreover, miR-454-3p
expression was positively correlated with the
expression of stemness-associated genes, including
MYC, SOX2, OCT4, NANOG and SNAIL, and the
stemness signatures; this demonstrates that miR-454-
3p can enhance the stem-like traits of breast cancer
cells. In addition to EMT and stem cell processes,
other processes that are required for tumor metastasis
include angiogenesis, lymphangiogenesis and reverse
transition from the mesenchymal to epithelial
morphology to establish evident metastasis at a
secondary site [42, 43]. Given these other processes
that are involved, the comprehensive function of
miR-454-3p in breast cancer metastasis needs to be
further explored as it may participate in other
metastasis-related processes.

Multiple potential cancer therapeutic strategies
based on regulation of Wnt/p-catenin signaling have
been studied. For example, prodigiosin, as a potent
inhibitor of the Wnt/ -catenin pathway, was found to
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block Wnt/-catenin signaling by targeting multiple
regulators of the pathway, including low-density
lipoprotein-receptor-related protein 6, Dishevelled,
and glycogen synthase kinase-3-beta, and thereby
exhibit potent cytotoxic activity against human cancer
cells [44]. The DNA repair enzyme O6-methyl-
guanine-DNA methyltransferase, which is commonly
overexpressed in cancers and is involved in the
progression of chemoresistance, was found to be
downregulated in response to pharmacological or
genetic inhibition of Wnt activity, and this in turn
restored the chemosensitivity of DNA-alkylating
drugs [45]. Moreover, dysregulation of multiple direct
target genes of Wnt/p-catenin signaling in immune
cells and tumor cells has been demonstrated to be
responsible for the failure of cancer immunotherapy.
It was proposed that targeting Wnt/p-catenin
signaling potentially improved the clinical outcomes
of cancer patients by overcoming primary, adaptive,
and acquired resistance to immunotherapy [46]. All
these findings strongly indicate that combination
therapy that targets Wnt/pB-catenin signaling would
be highly beneficial, and that it is important to explore
the detailed mechanism of this signaling pathway
during tumor development. However, the effective
therapeutic targets of Wnt/p-catenin signaling have
not been exactly clarified. In addition, inhibition of
Wnt antagonists is important for Wnt/B-catenin
signaling activation [47, 48], and post-transcriptional
regulation of these antagonists by miRNAs might be a
possible mechanism of the signaling activation.
Multiple studies have reported that miRNAs
upregulate Wnt/p-catenin pathway activity by
targeting several Wnt antagonists [49-51]. Based on
these findings, it is possible that breast cancer
metastasis is mediated via inhibition of Wnt
antagonists by certain miRNAs. Our findings showed
that suppression of the Wnt antagonists RPRD1A, as
well as AXIN2, DKK3 and SFRP1, by miR-454-3p
upregulation led to Wnt/p-catenin activation
followed by aggressive breast cancer progression. All
these findings indicate the role of a novel regulatory
mechanism involving miR-454-3p and Wnt/B-catenin
signaling pathway components in the metastasis of
breast cancer and suggest a potential therapeutic
strategy of breast cancer.

Although the functions of miRNAs and their
regulatory mechanisms in Wnt/B-catenin signaling
require further investigation, several miRNA-targeted
therapeutics are under clinical investigation [52]. In
one such study, inhibition of miR-122 was found to
result in a substantial reduction in hepatitis C virus
(HCV) infection load and reduction in liver damage.
Recently, two companies (Roche/Santaris and
Regulus Therapeutics) have been engaged in clinical

trials with anti-miR-122 LNAs as a therapeutic agent
against HCV infections, and the projects have reached
phase II trials for the treatment of hepatitis. RG-125,
an anti-miRNA against miR-103/107, has recently
been investigated in the context of non-alcoholic
steatohepatitis treatment. MRG-201, an miR-29
miRNA mimic (miRagen Therapeutics), is being
tested for the treatment of scleroderma, and
MRG-106, an LNA-based antimiR-155 (miRagen
Therapeutics), is being tested for the treatment of
cutaneous T cell lymphoma (mycosis fungoides
subtype); both drugs are in phase I clinical trials. The
success of these phase I and II trials has led to
additional phase II studies with long-term follow-ups,
more patients and multidrug combinations, which
could have promising implications in clinical
therapeutics. Here, we have shown that miR-454-3p
could be a potential diagnostic marker for patients
with breast cancer, and also act as a promoter of
breast cancer aggressiveness. Inhibition of miR-454-3p
resulted in inhibition of breast cancer metastasis in a
mouse model, indicating its potential clinical
applications as a therapeutic target.

Herein, we demonstrated that inhibition of
miR-454-3p or ectopic expression of Wnt/[3-catenin
antagonists, including RPRD1A, AXIN2, DKK3 and
SFRP1, led to Wnt/B-catenin signaling activity
inhibition, which subsequently led to attenuation of
breast cancer metastasis. Such studies on the role of
Wnt/ p-catenin signaling molecules in tumor therapy
could shed light on promising strategies for cancer
therapy.

Conclusion

In the current study, suppression of RPRD1A or
upregulation of miR-454-3p was found to be signific-
antly correlated with both poor prognosis and early
recurrence in breast cancer via Wnt/p-catenin
signaling activation. Thus, RPRD1A and other known
Wnt/B-catenin antagonists might represent promi-
sing targets in the development of diagnosis and
treatment strategies for metastatic breast cancer.
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