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APC downregulated 1 inhibits breast cancer cell invasion
by inhibiting the canonical WNT signaling pathway
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Abstract. Canonical WNT signaling promotes breast cancer
progression. Although APC downregulated 1 (APCDDI) may
inhibit canonical WNT signaling, its role in breast cancer
remains to be fully understood. The present study demon-
strated that APCDDI suppressed in vitro breast cancer growth
and metastasis by inhibiting canonical WNT signaling. The
present study demonstrated that APCDDI expression was nega-
tively associated with breast cancer cell invasion, which was
consistent with previous studies that indicated that APCDDI1
expression was decreased in invasive ductal carcinoma
compared with that in ductal carcinoma in situ. Furthermore,
APCDDI expression was negatively associated with nuclear
[-catenin expression and transcription factor/lymphoid
enhancer binding factor 1 transcriptional activity in the present
study. Silencing APCDDI in non-invasive breast cancer cells
using lentiviral APCDDI short hairpin RNAs enhanced
migration and invasion, which may be mediated by canonical
WNT signaling, whereas the overexpression of human influ-
enza hemagglutinin-tagged APCDDI in invasive breast cancer
cells repressed these properties. Therefore, the present study
suggested that APCDDI regulated breast cancer progression
by targeting canonical WNT signaling and modulating breast
cancer cell invasion.

Introduction

The WNT signaling pathway is associated with numerous
biological events, including embryonic development and adult
tissue homeostasis. Therefore, abnormal WNT signaling
is associated with diseases, including certain types of
cancer (1,2). WNTs activate the canonical and non-canonical
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signaling pathways, which are mutually exclusive. The canon-
ical WNT signaling pathway triggers [3-catenin-dependent
transcriptional regulation, whereas the non-canonical WNT
signaling pathway activates the (-catenin-independent
signaling pathway (1,2).

The canonical WNT signaling pathway regulates normal
breast development, and its deregulation is associated with
breast cancer progression (3,4). WNTs aid in the generation
of the canonical WNT signaling pathway by binding to the
coreceptors LDL receptor-related protein (LRP)5/6 and
frizzled on the cell surface, and activating the [3-catenin/t-cell
factor (TCF) complex (2). Overexpression of Wntl, which
may be induced by the integration of the mouse mammary
tumor virus, triggers mammary tumor development (5,6).
Autocrine WNT signaling regulates mammary epithelial cell
fate by regulating renewal and the epithelial-to-mesenchymal
transition (EMT), thereby affecting tumorigenesis and metas-
tasis in a deregulated signaling state (7,8). Accordingly, the
WNT-activated B-catenin/TCF complex potentiates breast
cancer metastasis by altering the expression of genes associ-
ated with EMT (9,10).

Previous studies have revealed multiple inhibitors of
the canonical WNT signaling pathway, including secreted
frizzled-related protein (SFRP), dickkopf (DKK), and WNT
inhibitory factor (WIF) (2,11). In addition, APC downregu-
lated 1 (APCDDI) may inhibit the canonical WNT signaling
pathway by directly binding WNT3A and LRP5 on the cell
surface (11,12). Therefore, APCDDI represents an inhibitor
of the canonical WNT signaling pathway. While a previous
study demonstrated that APCDDI promoted colorectal cancer
growth, its function as the inhibitor of the canonical WNT
signaling pathway was not assessed (13). Furthermore, its
function in different types of cancer, including breast cancer,
remains to be fully understood. The present study evaluated
the function of APCDDI in breast cancer cells and revealed
that APCDDI regulated breast cancer cell invasion.

Materials and methods

Cell culture, reagents and plasmids. The HEK-293T,
non-invasive breast cancer MCF-7 and T-47D, invasive breast
cancer SKBR3 and MDA-MB-231 cell lines were cultured in
Dulbecco's modified Eagle's medium supplemented with 10%
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.,
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Waltham, MA, USA) and 1% penicillin/streptomycin at 37°C
in a humidified atmosphere of 5% CO, and 95% air. Invasive
breast cancer HCC-1419 and HCC-70 cell lines were cultured
in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% FBS and 1% penicillin/streptomycin
at 37°C in a humidified atmosphere of 5% CO, and 95%
air. A concentration of 1x10° MCF-7 or MDA-MB-231 cells
were transfected with the appropriate plasmids for 24 h using
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.),according to the manufacturer's protocol,and was cultured
for another 24 h at 37°C. Recombinant human WNT3A (catalog
no. 5036-GMP; recombinant human WNT3A GMP, carrier
free) was purchased from R&D Systems, Inc. (Minneapolis,
MN, USA). To assess the effect of WNT3A, MCF-7 and
MDA-MB-231 cells were treated with 1 yg/ml recombinant
human WNT3A. Cyclosporine A, FK506 and BAPTA-AM
were obtained from Tocris Bioscience (Bristol, UK).
EGTA-AM was purchased from EMD Millipore (Billerica,
MA, USA). Lentiviral APCDDI short hairpin (sh)RNAs
[1, TRCN0000413419 (CCGGGAAAGCTAGGGCCTCTT
ATTTCTCGAGAAATAAGAGGCCCTAGCTTTCTTTTT
TG); 2, TRCN0000136710 (CCGGGAGCTCTTCCTTGG
TGACATTCTCGAGAATGTCACCAAGGAAGAGCTCTT
TTTTG); 3, TRCN0000136596 (CCGGCGGTGCACAAA
TCCCACTTATCTCGAGATAAGTGGGATTTGTGCACC
GTTTTTTG); 4, TRCN0000137317 (CCGGGCCAGAGA
ACTGTCCTTCTTTCTCGAGAAAGAAGGACAGTTCTC
TGGCTTTTTTG);and 5,TRCN0000136748 (CCGGGCTGG
AATCCAATGCAGAGTTCTCGAGAACTCTGCATTGGA
TTCCAGCTTTTTTG)] and control plasmids pLKO TRC005
(TRCNO0000231701; target sequence TCAGTTCCAGTACGG
CTCCAA) and pLKO TRCO001 (TRCN0O000072208; target
sequence GCTTCAAGTGGGAGCGCGTGA) were obtained
from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany).
pMD2.G (12259; Addgene, Inc., Cambridge, MA, USA) and
psPAX2 (12260; Addgene, Inc.) were used for lentiviral pack-
aging. A full length HindIll/Xhol fragment of APCDDI was
inserted intoapCMV6-AC-HA plasmid (Origene Technologies,
Inc., Rockville, MD, USA). For the APCDDI-luciferase (luc)
plasmid, the APCDDI1 promoter regions between -1,000 bp
and +1 bp, -500 bp and +1 bp, and -200 bp and +1 bp were
inserted into a pGL3-Basic vector (Promega Corporation,
Madison, WI, USA). Wild-type p-catenin (-catenin-WT;
pcDNA3-B-catenin; Addgene ID, 16828), $-catenin-S33Y
(pcDNA3-S33Y-B-catenin; Addgene ID, 19286), [3-catenin
shRNA (pLKO.1 puro shRNA (-catenin; Addgene ID, 18803),
TCF4 mutant lacking B-catenin interaction domain (AN-TCF4;
pcDNA/MYC proto-oncogene-AN-TCF4; Addgene ID, 16513)
and TCF/lymphoid enhancer binding factor (LEF) reporter
plasmids (M50 Super 8x TOPFlash, Addgene ID, 12456; M51
Super 8x FOPFlash, Addgene ID, 12457) were obtained from
Addgene, Inc. (Cambridge, MA, USA). All experiments were
performed at least three times.

Chromatin immunoprecipitation (ChIP) and luc assays. TCF4
binding sites at -1,000 bp upstream of the APCDDI gene
were analyzed in silico using the publicly available programs
PROMO, LASAGNA and JASPAR (14-17). ChIP assays using
a ChIP kit (Abcam, Cambridge, MA, USA) were performed
according to the manufacturer's protocol. A concentration of
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3x10° MCF-7 and MDA-MB-231 cells were subjected to the
ChIP assays. As a negative control, rabbit IgG (Abcam) was
used. Quantitative polymerase chain reaction (QPCR) was
performed using SYBR Green real-time PCR master mix
(cat no. 4309,155; Thermo Fisher Scientific, Inc.), according
to the manufacturer's protocol. Samples were incubated for
10 min at 95°C, denatured for 15 sec at 95°C and annealed
and extended for 1 min at 60°C, for 40 cycles. qPCR reactions
were performed using a LightCycler 480 Instrument II (Roche
Diagnostics, Indianapolis, IN, USA), and relative quantifica-
tions were automatically performed using LightCycler 480
software 1.5 (Roche Diagnostics). Primer sequences for ChiP
assays were as follows: forward 5“TTGGGTCTCAAACGC
CCATG-3, reverse 5S"TTCATATTTCCAGCGCGCGCC-3".
GAPDH was used as a positive control. Its primer sequences
are as follows: Forward, 5-CGGGATTGTCTGCCCTAATTA
T-3" and reverse, 5'-GCACGGAAGGTCACGATGT-3" (18).
The reporter plasmid pAPCDDI-luc was subjected to the luc
assay. Luc assays were performed using a Dual-Luciferase
Reporter Assay system (Promega, Madison, WI, USA). In
brief, activities of firefly and Renilla luciferases were sequen-
tially determined and firefly luciferase activity was divided
by Renilla luciferase activity to obtain a fold activity. All
experiments were performed in triplicate and independently
repeated three times.

Western blot analysis and immunoprecipitation assays.
Antibodies against actin (sc-47778; dilution, 1:200) and lamin
(sc-6215; dilution, 1:200) were purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). Antibodies against
TCF4 (dilution, 1:1,000; 2569), B-catenin (dilution, 1:1,000;
8480), snail (dilution, 1:1,000; 3879), twist (dilution 1:1,000;
46702), vimentin (dilution, 1:1,000; 5741), epithelial (E)
-cadherin (dilution, 1:1,000; 3195) and neural (N)-cadherin
(dilution, 1:1,000; 13116) were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA). Antibodies against
APCDDI (dilution, 1:1,000; ab73063) and hemagglutinin
(HA) were purchased from Abcam. Horseradish peroxi-
dase-conjugated anti-rabbit IgG (#7074) or anti-mouse 1gG
(#7076) antibodies (Cell Signaling Technology, Inc.) were
used as secondary antibodies at a dilution of 1:10,000. Nuclear
fraction was achieved using a Cell Fractionation kit (Cell
Signaling Technology, Inc.). Immunoprecipitation assays were
performed using protein A/G Plus agarose beads (Santa Cruz
Biotechnology, Inc.). For western blot analysis, 3x10° cells (all
cell types analyzed in this study) were lyzed using radioim-
munoprecipitation buffer for 30 min on ice and centrifuged at
20,000 x g for 10 min at 4°C. Evaluation of protein concentra-
tions was performed using Pierce BCA protein assay kit (Pierce;
Thermo Fisher Scientific, Inc.), according to the manufacture's
protocol. A total of 30 ug protein/lane was loaded to 10-12%
SDS-PAGE and transferred to a polyvinylidene difluoride
membrane (GE Healthcare Life Sciences, Little Chalfont, UK).
For the immunoprecipitation assays, 300 ug of nuclear protein
from either MCF-7 or MDA-MB-231 cells, 10 pl protein A/G
plus agarose solution (0.5 ml agarose/2.0 ml solution; Santa
Cruz Biotechnology, Inc.) and 1 ug appropriate antibody were
mixed and incubated for 12 h at 4°C. Subsequent to blocking
with 5% milk for 1 h at room temperature, the membrane was
incubated with the aforementioned antibodies for another 1 h



A R B
800 4

5 600 1 g

3 5

c w

§ 400 1 ﬁd_’

o w

a <
i 200
0 e

DCIS IDC

ONCOLOGY LETTERS 14: 4845-4852, 2017

4847

04 - APCDD1 = median
APCDD1 < median
0.2
HR =0.82; 95% ClI: 0.68 - 1.00
0 2 4 6 8 10 12
Year
Patients at risk:
602 525 453 360 254 149 56
—_— 601 505 421 342 258 165 67

Figure 1. APCDDI expression in breast cancer. (A) Expression of APCDDI in DCIS and IDC. Data for the expression of APCDDI were obtained from the
Gene Expression Omnibus GSE21422 dataset. (B) APCDDI1 expression in GSE1456 and GSE10510 indicated that increased APCDDI expression was associ-
ated with a more favorable prognosis in terms of any event-free survival. DCIS, ductal carcinoma in situ; IDC, invasive ductal carcinoma; AE, any event; HR,

hazard ratio; CI, confidence interval; APCDDI1, APC downregulated 1.

at room temperature. Actin was detected as an internal control.
The membranes were then incubated with the aforementioned
secondary antibodies for 1 h at room temperature. Western
bands were detected using LumiGLO chemiluminescent
reagent and peroxidase (#7003; Cell Signaling Technology
Inc.). Western blot analyses were performed independently
three times. ImagelJ software (version 1.50) was used for rela-
tive quantifications (National Institutes of Health, Bethesda,
MA, USA).

Cell proliferation, migration and invasion assays. A concen-
tration of 3x10° APCDDI-overexpressing or APCDDI-silenced
cells together with the control cells were separately cultured in
6-well plates for 72 h at 37°C, and cell numbers were counted
every day. Experiments were performed in quadruplicate and
independently repeated in triplicate. For cell migration, 3x10°
APCDDIl-overexpressing or APCDDI-silenced cells together
with the control cells were cultured in 6-well plates and
scratched at 37°C when the confluence reached ~80%, and then
the number of migrated cells was counted 24 h after scratching.
Experiments were performed in triplicate. For the invasion
assays, 3x10° APCDDI1-overexpressing or APCDDI-silenced
cells together with the control cells were cultured in the upper
chambers of Matrigel-pre-coated Transwell plates and incu-
bated for 16 h at 37°C. The cells in the upper chamber were
removed using a swab and the cells that had invaded through
the Matrigel were stained with 0.4% crystal violet for 10 min
at room temperature, washed with water and then counted.
Experiments were performed in triplicate. The cell migra-
tion and invasions were determined using a Zeizz Axiovert
inverted microscope, and the images were analyzed using Zen
software version 3.00 (Carl Zeizz, Oberkochen, Germany). A
total of 4 fields were randomly selected and the migrated or
invaded cells were counted.

Data mining from gene expression dataset. From the Gene
Expression Omnibus (GEO) datasets in NCBI (https://www.

ncbi.nlm.nih.gov/geo/), GSE21422 series was chosen as it
featured gene expression profiles of human ductal carcinoma
in situ (DCIS) and invasive ductal breast carcinoma (IDC).
APCDDI expression levels in DCIS and IDC were then
analyzed using data analysis tools for GDS3853 in dataset
browser. Any event (AE)-free event plot with APCDDI
expression pattern was obtained from the website, Breast
Cancer Gene-Expression Miner v4.0 (http://bcgenex.
centregauducheau fr).

Statistical analysis. Unpaired Student's t-test or one-way anal-
ysis of variance with a post-hoc Tukey's test was performed to
calculate the statistical significance of the results of the present
study. Results were presented as the mean + standard deviation
and P<0.05 was considered to indicate a statistically significant
difference. Calculations were performed using SPSS version
22 (IBM Corp., Armonk, NY, USA) software.

Results

APCDDI expression pattern in breast cancer. The Gene
Expression Omnibus GSE21422 dataset (19,20) revealed that
the level of APCDDI transcript was significantly increased in
ductal carcinoma in situ (DCIS) compared with that in invasive
ductal carcinoma (IDC) (Fig. 1A). Furthermore, the GSE1456
and GSE10510 datasets on patients with breast cancer (20-22)
demonstrated that increased APCDDI expression was asso-
ciated with a favorable prognosis in terms of any event-free
survival (Fig. 1B). These datasets suggested that APCDDI
may negatively regulate breast cancer progression.

APCDDI expression pattern in breast cancer cell lines. The
expression patterns of APCDDI in multiple breast cancer cell
lines were assessed. Although WNT3A expression did not
differ between the breast cancer cell lines, APCDDI expres-
sion was increased in non-invasive compared with invasive
breast cancer cells (Fig. 2A). This result was consistent with
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Figure 2. APCDDI expression in multiple types of breast cancer cell. (A) Expression of APCDDI1 and WNT3A in multiple types of breast cancer cell. Actin
was used as a loading control. (B) Transcription factor/lymphoid enhancer binding factor transcription in multiple types of breast cancer cell. The cells were
transfected with TOPflash or FOPflash. The activity of TOPflash was normalized to that of FOPflash. (C) Expression of [3-catenin in multiple types of breast
cancer cell. Lamin was used as the internal control for nuclear protein. Actin was used as the internal control for whole protein. TOP, TOPflash; FOP, FOPflash;

APCDDI, APC downregulated 1.

data where APCDDI1 expression was decreased in IDC
compared with that in DCIS (Fig. 1A).

As APCDDI inhibits the canonical WNT signaling
pathway (12), TCF/LEF transcription was assessed in the
breast cancer cells. TCF/LEF transcription was positively
associated with the invasive ability of the breast cancer cells
(Fig. 2B), suggesting a negative association between TCF/LEF
transcription and APCDDI1 expression.

Since P-catenin is crucial for TCF/LEF transcrip-
tion (23,24), B-catenin expression in the breast cancer cells was
assessed. The invasive breast cancer cells exhibited increased
expression of nuclear and total $-catenin compared with that
exhibited by the non-invasive breast cancer cells (Fig. 2C).
Therefore, the results of the present study demonstrated that
the canonical WNT signaling pathway is positively associ-
ated with invasion in breast cancer cells, which suggests that
APCDDI may regulate breast cancer cell invasion, as driven
by the canonical WNT signaling pathway.

APCDDI function in the canonical WNT signaling pathway
in breast cancer cells. Since APCDDI expression was associ-
ated with the invasive phenotype of breast cancer cells, the
function of APCDDI in the invasion of breast cancer cells was
assessed. Constructs 2 and 3 of the lentiviral APCDDI shRNA
plasmids repressed APCDDI expression in MCF-7 cells

(Fig. 3A). Hemagglutinin (HA)-tagged APCDDI was overex-
pressed in MDA-MB-231 cells and detected using an antibody
for either HA or APCDDI (Fig. 3A). Altered APCDDI expres-
sion negatively affected nuclear B-catenin expression (Fig. 3B)
and TCF/LEF functions (Fig. 3C). APCDDI function in breast
cancer cell metastasis. Since the canonical WNT signaling
pathway regulates the expression of EMT-associated genes and
promotes invasion in breast cancer cells (9), the present study
assessed whether altering APCDDI expression in breast cancer
cells affects the expression patterns of EMT-associated genes.
Silencing APCDDI1 in MCF-7 cells or inducing APCDDI1
overexpression in MDA-MB-231 cells altered the expres-
sion of EMT-associated genes, including zinc finger E-box
binding homeobox 1 (Zebl), Twist, Vimentin, E-cadherin and
N-cadherin, while altering APCDDI expression did not affect
snail expression (Fig. 4A). APCDDI silencing increased the
expression levels of Zebl, Twist, Vimentin and N-cadherin and
reduced E-cadherin expression level. APCDDI overexpression
reversed expression patterns of those proteins.

Furthermore, silencing APCDDI in MCF-7 cells promoted
migration and invasion, and its overexpression in MDA-MB-231
cells attenuated migration and invasion (Fig. 4B and C). However,
altering APCDDI expression did not significantly affect growth in
these cell lines (data not shown). Therefore, these results suggested
that APCDDI inhibited the invasion of the breast cancer cells.
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Figure 3. APCDDI negatively regulates the canonical WNT signaling pathway. (A) APCDDI silencing or overexpression was confirmed using western blot
analysis. MCF-7 cells were infected with lentiviral APCDDI shRNA or scramble shRNA (as a control). MDA-MB-231 cells were transfected with APCDDI
or empty vector. (B) APCDDI altered nuclear [3-catenin expression. APCDDI1 was silenced or overexpressed in MCF-7 and MDA-MB-231 breast cancer cells,
respectively, and nuclear 3-catenin was subsequently detected in the nuclear fractions. (C) Transcription factor/lymphoid enhancer binding factor transcription
activity was measured using TOP/FOP reporter assays. Experiments were performed in triplicate and independently repeated three times. "P<0.05 vs. the
control group. sh, short hairpin; 3-cat, f-catenin; HA, hemagglutinin; APCDDI1, APC downregulated 1.

Canonical WNT signaling pathway regulates APCDDI
expression via the TCF4/f-catenin complex. Since 3-catenin
is crucial for TCF4 transcription (23-25), 3-catenin interaction
with TCF4 in the breast cancer cells was further assessed. The
interaction rate between B-catenin and TCF4 was increased in
highly invasive MDA-MB-231 cells compared with that in less
invasive MCF-7 cells (Fig. 5A). Subsequently, TCF4 interac-
tion with APCDDI promoter regions was evaluated in MCF-7
and MDA-MB-231 breast cancer cell lines using ChIP assays
with anti-TCF4 antibodies. The interaction rate of TCF4 with
APCDDI promoter regions was increased in MDA-MB-231
cells compared with that in MCF-7 cells (Fig. 5B). Therefore,
the results of the present study suggested that the canonical
WNT signaling pathway was more active in the invasive than
in the non-invasive breast cancer cells.

The results of the present study revealed that APCDDI1
expression was negatively associated with TCF4/3-catenin
activity. Therefore, the present study assessed how the
[B-catenin/TCF4 complex regulates APCDDI promoter activity.
In MCF-7 cells, the recombinant human WNT3A significantly
increased APCDDI promoter activity 6 h after treatment, but
reduced it again 12 h after treatment (Fig. 5C). However, WNT3A
did not significantly increase APCDDI promoter activity in
MDA-MB-231 cells at any time after treatment (Fig. 5C).

The present study found that, following the transfection of
MCEF-7 cells with AN-TCF4 and treatment with WNT3A for
6 h, APCDDI1 promoter activity was not altered as compared
with the control (Fig. 5D), indicating that WNT3A requires
TCF4 for APCDDI promoter activation.

The present study demonstrated that the canonical WNT
signaling pathway positively regulated APCDDI1 expression
in the non-invasive breast cancer cells, whereas the activity of
the canonical WNT signaling pathway was negatively associ-
ated with APCDDI1 expression. Therefore, this suggested that
APCDDI repressed the induction of APCDDI expression by
WNT3A through a negative feedback mechanism. Silencing
APCDDI in MCF-7 cells using lentiviral APCDDI1 shRNA
and subsequently treating the cells with WNT3A for 12 h
increased APCDDI1 promoter activity (Fig. 5SE). Therefore, the
results of the present study indicated that the canonical WNT
signaling pathway in the non-invasive breast cancer cells
generated APCDDI1-mediated negative feedback signaling.

Discussion
The canonical WNT signaling pathway is crucial for breast

cancer progression, including distant metastasis (1,2,4,6).
APCDDI represents an inhibitor of the canonical WNT
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Figure 4. APCDDI negatively regulates metastasis in breast cancer cells. (A) APCDDI regulated the expression of EMT-associated proteins in breast cancer
cells. The results of western blot analysis demonstrated the APCDDI-induced alterations to EMT-associated protein expression. (B) To assess cell migration,
the cells were scratched and subsequently cultured for 24 h. (C) To evaluate cell invasion, the cells were cultured on the top layer of the chamber, which was
precoated with Matrigel, and incubated for 24 h. Invasive cells were counted following the swabbing of the top layer. Cell migration and invasion assays were
performed in triplicate and independently repeated three times. "P<0.05 vs. the control group. EMT, epithelial-to-mesenchymal transition; Zebl, zinc finger
E-box binding homeobox 1; E, epithelial; N, neural; sh, short hairpin; APCDD1, APC downregulated 1.

signaling pathway (12). Although APCDDI has been revealed to
promote colorectal cancer cell proliferation (13), its functions in
other types of cancer are yet to be fully understood. The present
study demonstrated that APCDDI suppressed the canonical
WNT signaling pathway-driven invasion of breast cancer cells.
APCDDI expression was decreased in the invasive
compared with the non-invasive breast cancer cells.
Furthermore, the results of the present study suggested that
APCDDI, via its inhibitory function in the canonical WNT
signaling pathway, suppressed the invasion of the breast cancer
cells. When considering autocrine WNT signaling in breast
cancer cells (8), APCDDI may determine an input level of
autocrine WNT signaling and thereby facilitate invasion.

The results of the present study demonstrated that the
B-catenin/TCF4 complex regulated APCDDI expression in
the breast cancer cells, which is consistent with the results of
a previous study that demonstrated that the -catenin/TCF4
complex positively regulated APCDDI expression in colorectal
cancer cells (13). However, APCDDI functioned as a negative
regulator of the canonical WNT signaling pathway in the
breast cancer cells of the present study, which is consistent
with a previous study that revealed that APCDDI1 binds to
WNT3A and LRPS5 to inhibit the canonical WNT signaling
pathway in hair follicles (12). Although APCDDI has been
demonstrated to promote colorectal cancer cell prolifera-
tion (13), in the present study it suppressed breast cancer cell
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promoter region (between -2,000 and +1 bp). Chromatin immunoprecipitation assays were performed using anti-LEF1 or anti-TCF4 antibodies. Interaction
in the MCF-7 and MDA-MB-231 breast cancer cells was measured using quantitative polymerase chain reaction analysis. (C) APCDDI promoter activity
was measured using reporter assays. The cells were transfected with pAPCDDI-luc construct for 48 h and the medium was subsequently replaced with
serum-depleted medium. The cells were treated with recombinant WNT3A for 6-24 h and luc activity was subsequently measured. (D) MCF-7 cells were
transfected with pAPCDDI-luc and AN-TCF4 for 30 h, with WNT3A for a further 6 h, and subsequently subjected to luc assays. (E) MCF-7 cells were infected
with lentiviral APCDDI shRNA for 48 h and subsequently treated with WNT3A for a further 12 h. Luc assays were then performed to measure APCDDI
promoter activity. Experiments were performed in triplicate and repeated independently three times. “P<0.05 vs. the control. TCF, transcription factor; LEF,
lymphoid enhancer binding factor; luc, luciferase; f3-cat, f-catenin; AN-TCF4, TCF4 mutant lacking 3-cat interaction domain; sh, short hairpin; APCDDI,
APC downregulated 1.

invasion without affecting proliferation. Therefore, APCDDI1
may balance the canonical WNT signaling pathway via the
autocrine signaling pathway. However, the mechanisms that
repress APCDDI expression to potentiate the canonical WNT
signaling pathway, which is crucial for invasion, since invasion
depends on the altered expression of EMT-associated genes, is
yet to be fully understood.

Inhibitors of WNT signaling pathways, including WIF,
DKK and SFRP, have been demonstrated to repress breast

cancer development and metastasis (11,26,27). However, the
manner in which WNT signaling pathways and their inhibitors
function together during cancer progression remains unclear.
Whereas APCDDI expression is negatively associated with
invasion, WIF, DKK and SFRP are epigenetically inacti-
vated in breast cancer cells, independent of invasion (28,29).
Therefore, different WNT signaling pathway inhibitors may
serve crucial functions in the multiple roles of the canonical
WNT signaling pathway in breast cancer progression. In
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conclusion, inhibitors against WNT signaling pathway are
numerous and their functions overlap. Thus, future research
should investigate the specific roles of each inhibitor, which
will be useful to design drugs and treatment schedules for
breast cancer.
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