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Abstract. The incidence of breast cancer is increasing 
throughout the world. Although significant progress has 
been made in diagnostic techniques and targeted therapies, 
the prognosis of breast cancer remains poor. Regulator of 
differentiation  1 (ROD1) may inhibit the development of 
several types of cancer. However, the role of ROD1 in breast 
cancer cells remains unknown. In the present study, western 
blot analysis and reverse transcription‑quantitative polymerase 
chain reaction revealed that expression of ROD1 was 
significantly reduced in breast cancer cells. Overexpression of 
ROD1 reduced the proliferation rate, demonstrated using a Cell 
Counting Kit‑8 assay. Additionally, the overexpression of ROD1 
decreased the invasiveness of breast cancer cells, indicating 
that ROD1 may serve as a tumor suppressor. Additionally, the 
data suggested that ROD1 significantly suppressed the activity 
of Wnt luciferase reporter (TOP Flash) in MDA‑MB‑231 cells. 
Furthermore, it was demonstrated that ROD1 may interact 
with β‑catenin by using co‑immunoprecipitation, resulting in 
suppression of β‑catenin migration into the nucleus. Notably, 
ROD1 demonstrated its anticancer effect by decreasing 
β‑catenin (Y333) phosphorylation in a nude mouse xenograft 
model. Overexpression of ROD1 may downregulate Ki67 
protein levels, as determined by immunohistochemistry. These 
results indicated that ROD1 may be used as a therapeutic target 
in patients with breast cancer.

Introduction

Breast cancer is the main cause of cancer‑associated mortality 
in women globally (1). Significant progress has been made 
in diagnostic techniques and targeted therapies, however, the 

prognosis of breast cancer remains poor (1). Therefore, it is 
important to identify the underlying molecular mechanisms 
in breast cancer. Various studies indicated that the activated 
Wnt/β‑catenin signaling pathway serves an essential role in 
tumorigenesis (2,3) and ~40% cases of breast cancer exhibit 
increased expression levels of β‑catenin  (4). It has been 
demonstrated that the Wnt/β‑catenin signaling pathway is 
regulated by cytosolic β‑catenin, which may translocate into 
the nucleus to interact with transcriptional factors of the 
T‑cell factor/lymphoid‑enhancing factor (TCF/LEF) family 
resulting in activation of Wnt target genes (2‑6). It is known 
that the downstream targets of β‑catenin/TCF, including 
cyclin D1 and c‑Myc, are vital regulators of cell proliferation 
and apoptosis and are associated with several types of cancer 
including mammary gland carcinogenesis, thyroid carcino-
genesis and prostate cancer (7‑9). Additionally, Wnt binds to 
a frizzled receptor in existence of the co‑receptor, low density 
lipoprotein‑related protein 5/6, thus inhibiting β‑catenin 
degradation (4). Furthermore, cytoplasmic β‑catenin forms a 
complex with axis inhibition protein, adenomatosis polyposis 
coli, casein kinase 1 (CK1) and glycogen synthase kinase‑3β 
(GSK‑3β) when Wnt is absent. Notably, cytoplasmic β‑catenin 
is phosphorylated by CK1 and GSK‑3β at the N‑terminal 
region, leading to degradation of β‑catenin through the ubiq-
uitination proteasome pathway (10). Consequently, the Wnt 
signaling pathway is a potential therapeutic target in breast 
cancer (2‑4).

Regulator of differentiation (ROD)1, also termed polypyrimi-
dine tract binding protein 3, was initially regarded as an inhibitor 
of cell differentiation (11). Overexpression of ROD1 was demon-
strated to block phorbol ester and sodium butyrate‑induced 
differentiation of K562 cells (11). Subsequently, it has been 
revealed that ROD1 is a member of the heterogeneous nuclear 
ribonucleoproteins family and participates in alternative splicing 
of pre‑mRNA (12), a post‑transcriptional regulation for gene 
expression (13). Additionally, abnormal splicing holds a vital 
role in various types of cancer (14). As a RNA‑binding protein, 
ROD1 binds to the post‑transcriptional RNA of >104 genes 
associated with the differentiation and proliferation of cancer 
cells detected by RNA immunoprecipitation‑sequencing (15). 
Notably, ROD1 may promote proliferation but inhibit the differ-
entiation of human gastric cancer MKN45 cells (16). However, 
it remains unknown whether ROD1 expression is aberrant in 
breast cancer, and whether it serves an essential role in the 
proliferation and invasion of breast cancer cells.
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In the present study, ROD1 expression was analyzed 
by western blotting and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR) in normal and cancer 
tissues. The effects of ROD1 on invasion of breast cancer 
cells as well as tumor growth were investigated in a xenograft 
model. Finally, the aim of this study was to investigate the 
molecular mechanism of ROD1 in breast cancer cell invasion.

Materials and methods

Cell culture. The human breast cancer cells (MCF‑7 and 
MDA‑MB‑231), normal cells (hMC and MCF10A) and 
293A cells were purchased from ATCC (American Type 
Culture Collection; Manassas, VA, USA). These cells were 
maintained in RPMI‑1640 medium (Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) containing 10% fetal 
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 
100  U/ml penicillin and 100  mg/ml streptomycin which 
were obtained from Gibco; Thermo Fisher Scientific, 
Inc. Subconfluent cells were treated with adriamycin 
(Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) diluted 
into the medium to a final concentration of 1.5 mg/ml. All 
cells were placed in a humidified incubator containing 5% 
CO2 and 95% air at 37˚C.

Cell proliferation. Cell proliferation rate was examined by 
Cell Counting Kit‑8 (CCK‑8) (Sigma‑Aldrich; Merck KGaA), 
according to the manufacturer's protocol at the given time 
points (0, 12, 24, 36 and 48 h). In brief, MDA‑MB‑231 cells 
were seeded in 96‑well plates at a density of ~2x103 cells/well 
and maintained in RPMI‑1640 medium. Subsequently, the 
testing reagent (10 µl) was added to each well at 37˚C for 2 h. 
The optical absorption (450 nm) of each well was detected 
using a microplate reader. The adenoviruses were diluted 
with RPMI‑1640 medium at a final concentration of 2x102 
for each well. These cells were transfected with adeno-
virueses, Ad‑vector, Ad‑ROD1 and Ad‑shROD1 (Hanbio 
Biotechnology Co., Ltd., Shanghai, China) for 12 h at 37˚C. 
Then, the adenovirus containing medium was removed and 
fresh medium was added to the wells. Following transfec-
tion for another 0, 12, 24, 36 and 48  h, the transfected 
MDA‑MB‑231 cell proliferation was determined by CCK‑8 
assay. The group ‘con’ (Fig. 1) represents the negative control, 
with cells that did not undergo transfection. The experiment 
was repeated three times.

Cell invasion. In order to measure the invasiveness of 
MDA‑MB‑231 cells, these were plated in Transwell plates 
(8.0 µm pore size; Corning Inc., NY, USA) coated with Matrigel 
(Sigma‑Aldrich; Merck KGaA). Briefly, 5x104 cells/well were 
placed in the upper chamber in RPMI‑1640 with no serum; 
the lower chamber was filled with RPMI‑1640 (supplemented 
with 10% FBS). Following incubation at 37˚C for 48 h, the 
cells in lower chamber were fixed with 4% paraformaldehyde 
at 4˚C for 1 h, and stained with 0.1% crystal violet at 4˚C for 
1 h, extracted with 33% acetic acid and the absorbance was 
measured at a wavelength of 570 nm using a microplate reader. 
Paraformaldehyde, crystal violet and acetic acid were obtained 
from Sigma‑Aldrich; Merck KGaA. The experiment was 
repeated three times.

RNA isolation, cDNA synthesis and RT‑qPCR. Total RNA was 
isolated from cells or tissues using TRIzol reagent (Thermo 
Fisher Scientific, Inc.). Subsequently, cDNA synthesis was 
performed using the Superscript III RT kit (Thermo Fisher 
Scientific, Inc.). RT‑qPCR reactions were carried out using 
the SYBR Green PCR Master Mix (Thermo Fisher Scientific, 
Inc.) in an ABI 7500 thermal cycler (Thermo Fisher Scientific, 
Inc.). GAPDH was used as an internal control. The primers 
used were as follows: GAPDH, sense, 5'‑CAC​CAT​CTT​CCA​
GGA​GCG​AG‑3' and antisense, 5'‑GCA​GGA​GGC​ATT​GCT​
GAT‑3'; ROD1, sense, 5'‑CAC​CTT​TCT​CTC​TCC​CCA​AGA​
AAC​T‑3' and antisense, 5'‑TTG​CTG​TCA​TTC​CCA​TTA​GCT​
GT‑3' (Invitrogen; Thermo Fisher Scientific, Inc.). The ther-
mocycling conditions were as follows: Initial denaturation of 
94˚C for 5 min, followed by 40 cycles of 94˚C for 30 sec and 
58˚C for 30 sec, and final extension of 72˚C for 15 sec. Each 
reaction was conducted in duplicate. Relative mRNA expres-
sion of ROD1 gene was evaluated using the 2‑∆∆Cq method (17).

Construction of recombinant adenoviral vectors (Ad)‑ROD1 
and Ad‑short hairpin(sh)ROD1. The primers for human ROD1 
gene were as follows: sense, 5'‑ATG​CCT​TTC​TCT​CTC​CCC​
AAG​AAA​CT‑3' and antisense, 5'‑TCA​GAT​TGT​AGA​TTT​
TGA​GAA​GGA​A‑3' (Invitrogen; Thermo Fisher Scientific, 
Inc.), and restriction digestion enzymes XbaI and KpnI 
(Thermo Fisher Scientific, Inc.) were used for cloning this 
gene. The PCR‑amplified fragments were used for subcloning 
into the pAdEasy/Track‑cytomegalovirus (CMV) vector 
(Stratagene; Agilent Technologies, Inc., Santa Clara, CA, 
USA). The targeting sequence of shROD1 was 5'‑GCC​CTG​
TGC​TTC​GAA​TAA​T‑3' (Invitrogen; Thermo Fisher Scientific, 
Inc.). The interfering RNA of ROD1 was subcloned into the 
pAdEasy/Track‑CMV vector with HindIII and KpnI (Thermo 
Fisher Scientific, Inc.). DNA polymerase, restrictive enzymes 
and T4 ligase were purchased from Thermo Fisher Scientific, 
Inc. The ligation reaction mixture was prepared as follows: 
100‑500 ng Linear DNA, 1‑2 µg phosphorylated linkers, 2 µl 
10X T4 DNA Ligase buffer, 2 µl 50% PEG 4000 solution, 2 U 
T4 DNA Ligase, with nuclease‑free water to 20 µl. The agents 
were mixed thoroughly and incubated for 1 h at 22˚C and then 
the reaction was subjected to heat‑inactivation at 65˚C for 
10 min or at 70˚C for 5 min. Finally, the products were used 
for transfecting competent bacteria. Additionally, shScramble 
adenoviral vectors were not used in this study, and instead 
the Track‑CMV empty vector was used as the control. The 
plasmids were transfected into 293A packaging cells using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) to generate recombinant adenoviruses. Subsequently, 
viral particles were purified using cesium chloride density 
gradient ultracentrifugation (120,000 x g for 20 h at 4˚C) (18). 
The titer of virus was examined by RT‑qPCR (19,20). A nega-
tive control virus (Ad‑Vector) was used.

Luciferase reporter assay. To determine luciferase of 
TOPFlash, a total of 5x104 MDA‑MB‑231 cells/well were 
plated in 24‑well plates. TOPFlash plasmid (Add gene, Inc., 
Cambridge, MA, USA) is a firefly luciferase reporter with wild 
type TCF/LEF binding sites (21‑24). FOPFlash plasmid with 
mutant TCF/LEF binding sites often functions as a control for 
background luminescence (21‑24). The ratio of the luciferase 
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activity of TOPflash against that of FOP flash was evaluated. 
A total of 0.5 µg TOPFlash or FOPFlash plasmid was trans-
fected/well. The un transfected cells were used as a control. 
Firefly luciferase activity was normalized for transfection 
efficiency using the corresponding Renilla luciferase activity. 
Following 12 h incubation with Ad‑ROD1 or Ad‑shROD1, the 
luciferase activity was determined using a Dual Luciferase® 
Reporter Assay kit (Promega Corporation, Madison, WI, 
USA), according to the manufacturer's protocol.

Western blot analysis and co‑immunoprecipitation. Tissues 
and cells were lysed using a radioimmunoprecipitation 
assay (RIPA) buffer (cat no. P1003; Beyotime Institute of 
Biotechnology, Haimen, China) followed by centrifuga-
tion (15,000 x g for 30 min at 4˚C). In addition, nuclear and 
cytoplasmic extraction was performed according to the 
manufacturer's protocol (NE‑PER® Nuclear and Cytoplasmic 
extraction reagents; Pierce Biotechnology; Thermo Fisher 
Scientific, Inc.). The protein concentration was determined 
by BCA Protein Quantification Kit (Thermo Fisher Scientific, 
Inc.). A total of 40 mg protein for western blot analysis was 
separated in 10% TruPAGE™ precast gels (Sigma‑Aldrich; 
Merck KGaA) and transferred to a polyvinylidene difluo-
ride (PVDF) membrane (Sigma‑Aldrich; Merck KGaA). 
Subsequently, the membrane was blocked with 5% skim milk 
(Sangon Biotech Co., Ltd., Shanghai, China) and incubated 
with primary antibodies at 4˚C overnight and incubated with 
horseradish peroxidase (HRP)‑conjugated goat anti‑mouse and 
HRP‑conjugated goat anti‑rabbit secondary antibodies for 2 h 
at room temperature (BS12478 or BS13278; 1:5,000; Bio world 
Technology, Inc., St. Louis Park, MN, USA). GAPDH was 
used as an internal control. In the present study, the primary 
antibodies used were as follows: anti‑ROD1 (14027‑1‑AP; 

1:1,000; ProteinTech Group, Inc., Chicago, IL, USA), 
anti‑GAPDH (SAB2701826; 1:1,000 dilution; Sigma‑Aldrich; 
Merck KGaA), anti‑β‑catenin (9562; 1:1,000; Cell Signaling 
Technology, Inc., Danvers, MA, USA), anti‑β‑catenin (Y333; 
11574, 1:1,000; AbSci, Vancouver, WA, USA), anti‑lumin B 
(13435; 1:1,000; Cell Signaling Technology, Inc.), anti‑c‑Myc 
(9402; 1:1,000; Cell Signaling Technology, Inc.). Finally, the 
bands were detected using an enhanced chemiluminescence 
(ECL) Reagent Plus kit (Cell Signaling Technology, Inc.). The 
corresponding semi‑quantitative analysis was based on optical 
density using Image J software (version 2.1.4.6; National 
Institutes of Health, Bethesda, MD, USA).

For the co‑immunoprecipitation, cells or tissues were 
extracted using RIPA buffer (cat no. P1003; Beyotime Institute 
of Biotechnology). Supernatants were obtained by centrifuga-
tion (15,000 x g, 15 min, 4˚C) and incubated with the indicated 
antibodies (anti‑ROD1) for 6 h at 4˚C followed by immuno-
precipitation with 30 ml protein A/G agarose (Thermo Fisher 
Scientific, Inc.). The precipitates were completely washed with 
PBS and evaluated by western blotting, as aforementioned.

Knockdown of β‑catenin by small interfering RNA (siRNA) 
transfection. Knockdown of β‑catenin by siRNA transfection 
was conducted in MDA‑MB‑231 cells using Lipofectamine® 
2000 transfection reagent (Thermo Fisher Scientific, Inc.). The 
sequence of siRNA against β‑catenin was 5'‑UGG​AUU​UGU​
ACC​AUU​CUU​CUG‑3'. Subsequent to transfection at 37˚C for 
6 h, the cells were maintained in fresh RPMI‑1640 media for 
another 24 h. Then, the cells were incubated with Ad‑vector, 
Ad‑ROD1 (2x102 plaque forming unit/well in 6‑well plate, 
labeled as Ad‑ROD1 L; 2x103 plaque forming unit/well, labeled 
as Ad‑ROD1 H) at 37˚C for 24 h. Finally, these cells were 
harvested for proliferation analysis and western blot analysis.

Figure 1. Expression of ROD1 is lower in breast cancer cells and tissues. (A) Analysis of (B) protein and (C) mRNA expression levels of ROD1 in MCF‑7 and 
MDA‑MB‑231 (breast cancer cells) compared with HMC and MCF10A. (D) Analysis of (E) protein and (F) mRNA expression levels of ROD1 in cancer tissues 
of TA2 mice with spontaneous breast cancer compared with normal tissues. #P<0.05 vs. normal tissues (n=4). ROD1, regulator of differentiation 1.
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Immunohistochemistry. Breast cancer tissues and normal 
mammary tissues were fixed in 10% formalin buffer at 4˚C 
for 24 h. The fresh samples were immediately stored in liquid 
nitrogen (~‑200˚C). The 10 µm sections were subjected to 
dewaxing in xylene at room temperature for 15 min and dehy-
dration in 95 and 80% graded ethanol at room temperature 
for 5 min. Activity of endogenous peroxidase was blocked 
by 3% H2O2 at room temperature for 10 min. The sections 
were then heated to 100˚C in 0.1 M citrate buffer (pH 6.0) 
for half an hour to retrieve the antigens. These tissues were 
incubated with anti‑Ki‑67 for overnight at 4˚C. Subsequent 
to washing with PBS three times, tissues were incubated 
with secondary antibodies at room temperature for 1  h, 
which were horseradish peroxidase‑conjugated anti‑rabbit 
or anti‑mouse IgG used according to the manufacturer's 
protocol. Finally, sections were stained with hematoxylin 
at room temperature for 10 min. The stained tissues were 
photographed using a light microscope at x200 magnifica-
tion from Carl Zeiss (Axio Observer A1; Carl Zeiss AG, 
Oberkochen, Germany). Ki67 antibody was obtained from 
Bioworld (cat no. BS9931M; 1:100). The secondary antibody 
was also obtained from Bioworld (cat no. BS13278; 1:1,000). 
In addition, diaminobenzidine (DAB; Beyotime Institute of 
Biotechnology) solution was applied for color development.

Mouse xenograft model. In the present study, five‑week old 
female BALB/c nude (Nanjing Biomedical Research Institute 
of Nanjing University, Nanjing, China) were used and the mean 
weight of these mice were 17.03 g. Mice were maintained at 
25˚C with a humidity of ~50% and a 12‑h light/12‑h dark cycle 

with free access to food and water. MDA‑MB‑231 cells grown 
at logarithm phase were harvested, washed and resuspended 
in PBS at 3x107 cells/ml. A total of 200 µl cell suspension 
(5x106 cells) was implanted into the breast (mammary fad 
pat) of each mouse every other day for 6 days. For tumor 
growth analysis, tumor volume was calculated according to 
the formula: V=1/2ab2, where a and b stand for the length and 
the width of tumor measured with sliding caliper, respectively. 
Adenovirus was not injected until tumor volume grew up to 
50 mm3 (25). Tumor‑bearing mice were randomly grouped 
into three groups (n=6/group) for Ad‑Vector, Ad‑ROD1 and 
Ad‑shROD1. All processes were carried out in a biosafety 
cabinet (Thermo Fisher Scientific, Inc.). After 15 days, the 
mice were sacrificed using cervical dislocation and the tumors 
from tumor‑bearing mice were harvested.

Additionally, female TA2 mice with spontaneous breast 
cancer were obtained from Tianjin Medical University (Tianjin, 
China) and the mean weight of these mice were 18.11  g. 
TA2 mice are considered as animal model of breast cancer 
and in the present study, 10 TA2 mice were prepared/group. 
The incidence of spontaneous breast cancer in TA2 mice is 
greater than 80% in the absence of any external chemical 
stimuli (26,27). The tumors appeared at the age of 360 days. 
These mice were sacrificed using cervical dislocation. Breast 
cancer tissues and normal mammary tissues were fixed in 10% 
formalin buffer at 4˚C for 24 h. Tumors without necrosis of 6 
mice were employed for further analysis.

The present study was approved by the Animal Care and 
Protection Committee of the Laboratory Animal Center of 
Soochow University (SYXK 2014‑0030; Jiangsu, China).

Figure 2. ROD1 inhibited cell growth and invasion in MDA‑MB‑231 cells. (A) Western blot analysis of ROD1 in MDA‑MB‑231 cells transfected with adeno-
virus overexpressing ROD1 (Ad‑ROD1) and small interfering ROD1 (Ad‑shROD1) and (B) quantification of its protein levels. (C) Quantification of mRNA 
levels of ROD1 in MDA‑MB‑231 cells transfected with Ad‑ROD1 and Ad‑shROD1. (D) Proliferation assay was conducted in MDA‑MB‑231 cells transfected 
with Ad‑ROD1 and Ad‑shROD1. All values are relative to the control at 0 h. (E) Transwell analysis was conducted to detect invasiveness in MDA‑MB‑231 cells 
transfected with Ad‑ROD1 and Ad‑shROD1. #P<0.05 vs. Ad‑vector group. All experiments were replicated three times. Con, without adenovirus incubation; 
Ad, adenovirus; ROD1, regulator of differentiation 1; sh, short hairpin.
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Statistical analysis. All data are expressed as the 
mean ± standard deviation. Comparisons between two groups 
were performed using Student's t‑test. Comparisons among 
multiple groups were performed with one‑way analysis of 
variance followed by Tukey's honestly significant difference 
test. Statistical analyses were conducted using SPSS 17.0 soft-
ware (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered 
to indicate a statistically significant difference.

Results

ROD1 expression is downregulated in breast cancer cells. 
To study the potential role of ROD1 in the invasion of breast 
cancer cells, its expression in HMC, MCF10A, MCF‑7 and 
MDA‑MB‑231 cells was analyzed by western blot analysis 
and RT‑qPCR. HMC cells were used as control. The data 

demonstrated that ROD1 protein and mRNA expression levels 
were lower in cancer cells compared with that in the HMC 
cells. MDA‑MB‑231 cells exhibited the lowest expression 
of ROD1 (Fig. 1A‑C). However, there was no difference in 
the expression of ROD1 between HMC and MCF10A cells 
(P>0.5). Notably, ROD1 was significantly reduced in tumor 
tissues as evaluated by western blot analysis (Fig. 1D and E) 
and RT‑qPCR (Fig. 1F).

ROD1 inhibits proliferation and invasion in MDA‑MB‑231 
cells. The effects of ROD1 in breast cancer cells were also 
investigated. Ad‑ROD1 was used to overexpress ROD1 and 
Ad‑shROD1 was used to knockdown ROD1 in MDA‑MB‑231 
cells. In the present study, ROD1 was successfully overex-
pressed compared with Ad‑Vector group) as evaluated by 
western blotting (Fig. 2A and B) and RT‑qPCR (Fig. 2C). 

Figure 3. Wnt/β‑catenin signaling pathway serves an important role in cell growth and invasion of MDA‑MB‑231 cells. (A) Western blotting and (B) quan-
tification of protein levels of ROD1 and β‑catenin in MDA‑MB‑231 cells transfected with Ad‑ROD1 and β‑catenin siRNA. NC+Ad‑Vector was considered 
as the control. NC+Ad‑ROD1L group was the low (2x102 plaque forming units) and NC+Ad‑ROD1 H was the high dose group (2x103 plaque forming units) 
of Ad‑ROD1 adenovirus, respectively. (C) A proliferation assay was performed using MDA‑MB‑231 cells and MDA‑MB‑231 cells were classified as four 
groups: NC+Ad‑vector, siβ‑catenin+Ad‑vector, NC+Ad‑ROD1L and NC+Ad‑ROD1 H. (D) Transwell assay was carried out to examine the invasiveness in 
MDA‑MB‑231 cells. #P<0.05 vs. the control. All experiments were replicated three times. Ad, adenovirus; ROD1, regulator of differentiation 1; si, small 
interference; NC, siRNA negative control.
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The ʻcon’ group contained MDA‑MB‑231 cells that were not 
treated with Ad‑Vector or other adenoviral vectors and the 
Ad‑Vector group contained MDA‑MB‑231 cells that were 
transfected with Ad‑Vector adenoviruses. Breast cancer cells 
transfected with Ad‑ROD1 exhibited a significantly lower 
proliferation rate than the control as assessed by CCK‑8 assay 
following infection for 24, 36 and 48 h (Fig. 2D). The data are 
presented as folds of the starting time in each group relative 
to the control. Overexpression of ROD1 resulted in a signifi-
cant reduction in the invasion rate of MBA‑MB‑231 cells as 
determined by a Transwell assay (Fig. 2E). Cells infected with 
Ad‑shROD1 exhibited increased cell proliferation and inva-
sion capacity in vitro (Fig. 2D and E).

Involvement of Wnt/β‑catenin pathway in proliferation and 
invasion of MDA‑MB‑231 cells. It has been reported that 
activation of the Wnt/β‑catenin signaling pathway serves an 
essential role in breast cancer (2‑4). In the present study, it was 
demonstrated that ROD1 may reduce β‑catenin (Y333) and 
c‑Myc protein expression levels in a dose‑dependent manner 
(Fig. 3A and B). C‑Myc is a target of Wnt/β‑catenin and often 
promotes cancer occurrence (21). Notably, it was demonstrated 
that β‑catenin was successfully significantly knocked down as 
demonstrated by western blot analysis (P<0.05; Fig. 3A and B). 
Knockdown of β‑catenin suppressed proliferation and 

invasion of MDA‑MB‑231 cells (Fig. 3C and D). Therefore, 
these results indicate that wnt/β‑catenin pathway is involved 
in development of breast cancer.

ROD1 inhibits migration of β‑catenin from cytosol to nuclei 
through interaction with β‑catenin. In the present study, 
the results revealed that ROD1 significantly inactivated 
Wnt/β‑catenin signaling pathway. Western blotting and 
TOPflash luciferase assay demonstrated that β‑catenin was 
inactivated and translocated less into the nucleus in response 
to Ad‑ROD1, whereas Ad‑shROD1 promoted β‑catenin trans-
location into the nucleus of MDA‑MB‑231 cells (Fig. 4A‑C). 
Notably, the data indicated that ROD1 interacted with β‑catenin 
in MDA‑MB‑231 and MCF‑7 cells. Furthermore, ROD1 may 
interact with β‑catenin in MCF‑7 and MDA‑MB‑231 cells 
(Fig. 4D). These data indicated that ROD1 interacted with 
β‑catenin leading to a reduction of nuclear β‑catenin protein 
levels and suppression of Wnt/β‑catenin signaling pathway in 
cancer cells.

ROD1 suppresses tumor growth in nude mouse xenograft 
model. The inhibition of ROD1 on tumor growth was inves-
tigated in a nude mouse xenograft model. β‑catenin (Y333) 
was commonly located in nucleus. Firstly, β‑catenin (Y333) in 
tumor tissues was downregulated by overexpression of ROD1 

Figure 4. ROD1 inhibits translocation of β‑catenin from cytosol to nucleus in MDA‑MB‑231 cells. (A and B) Western blotting demonstrated that the inhibition 
of ROD1 on cytosolic β‑catenin compared with its (A) nuclear form and (B) quantification of it. For the cytosol, the data was normalized to GADPH and for 
the nucleus, the data was normalized to Lamin. (C) The TOP Flash/FOP Flash activity was analyzed by luciferase reporter assay. (D) Interaction of ROD1 with 
β‑catenin detected by co‑IP. All experiments were repeated three times. #P<0.05 vs. con (control). Con, without adenovirus incubation; Ad, adenovirus; ROD1, 
regulator of differentiation 1; IP, immunoprecipitation; WB, western blotting; sh, short hairpin.
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(Ad‑ROD1) but was upregulated by knockdown of ROD1 
(Ad‑shROD1) as indicated in Fig. 5A and B. In the present 
study, total β‑catenin protein was used as an internal control 
for nuclear β‑catenin (Y333), and GAPDH was used as an 
internal control for total β‑catenin and ROD1 (Fig. 5A and B). 
Notably, in the control group (Ad‑Vector group), the volume 
of harvested tumors on the third day was ~4.64‑fold larger, 
compared with that on starting day with injection of Ad‑Vector. 
In the Ad‑ROD1 and Ad‑shROD1 groups, the volume of 
harvested tumors on the third day was 3.16‑fold and 6.33‑fold 
larger, compared with that on starting day with injection of the 

adenoviruses. Compared with the Ad‑vector group, Ad‑ROD1 
demonstrated an inhibitory effect (P<0.05) on tumor growth 
(Fig. 5C and D). Notably, Ki67 was significantly downregu-
lated by Ad‑ROD1 (P<0.05) and was significantly upregulated 
by Ad‑shROD1 in cancer tissues (P<0.05) (Fig. 5E and F).

Discussion

The Wnt/β‑catenin signaling pathway serves a vital role in 
stem cell self‑renewal and differentiation (28,29), as well as 
tumorigenesis (22‑24). Wnt/β‑catenin signaling pathway is 

Figure 5. ROD1 suppresses tumor growth in a nude mouse xenograft model. (A) Western blot analysis of β‑catenin (Y333) in tumor tissues and (B) quantifica-
tion of its expression levels. (C) Tumor regression observed in xenografts treated with Ad‑vector, Ad‑ROD1 and Ad‑shROD1. (D) Representative images of 
tumors taken on day 15 following inoculation of MDA‑MB‑231 cells. The revealed no significant difference in tumor growth, suggesting that tumors were 
induced by continued infection of MDA‑MB‑231 cells. Analysis of Ki67 expression in tumor tissues, as detected by (E) immunohistochemistry and (F) quanti-
fied. #P<0.05 vs. Ad‑Vector. Ad, adenovirus; ROD1, regulator of differentiation 1; sh, short hairpin. Scale bars, 100 µm (Fig. 5E).
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activated in various types of cancer resulting in abnormal accu-
mulation of β‑catenin in the nucleus, where β‑catenin interacts 
with the transcription factor TCF/LEF (22‑24). Finally, this 
interaction promotes the expression of target genes such as 
c‑Myc and cyclin (22‑24). Additionally, increased β‑catenin 
activity was demonstrated to be associated with the poor 
prognosis in patients with breast cancer (4,5). Thus, inhibition 
of Wnt/β‑catenin signaling pathway may be a promising treat-
ment of breast cancer.

ROD1 was initially regarded as an inhibitor of K562 cell 
differentiation (11). ROD1 also may promote proliferation but 
inhibit the differentiation of human gastric cancer MKN45 
cells (16). However, the role of ROD1 in breast cancer remains 
unknown. In the present study, the molecular mechanism of 
inhibition of breast cancer cell growth mediated by ROD1 
was investigated. The results revealed that ROD1 inhibited 
proliferation and migration of MBA‑MB‑231 cells. The results 
demonstrated that the expression of ROD1 was reduced in 
breast cancer cells and tumor tissues. Additionally, ROD1 
may inhibit the invasion of MBA‑MB‑231 cells. Previous 
studies (11,16) demonstrated that ROD1 may be a promising 
suppressor in breast cancer, however further studies are needed 
to confirm the results of the present study.

The molecular mechanism underlying ROD1‑mediated 
inhibition of the invasion of breast cancer cells was also inves-
tigated. It has been reported that the transcriptional activity 
of β‑catenin is determined by its protein level and its cellular 
localization (30). In the present study, it was demonstrated that 
ROD1 may inhibit translocation of β‑catenin into the nucleus 
leading to decreased expression of its downstream targets, 
including c‑Myc, in a dose‑dependent manner in MDA‑MB‑231 
cells. Additionally, it was demonstrated that ROD1 suppressed 
the migration of β‑catenin from cytosol into the nucleus as 
assessed using a TOPflash luciferase assay. Together, these 
data indicated that ROD1 may suppress the invasive ability of 
breast cancer through its interaction with β‑catenin by inhib-
iting β‑catenin migration into the nucleus.

In order to explore the inhibitory effect of ROD1 on 
the growth of MDA‑MB‑231 cells in vivo, these cells were 
implanted into nude mice. It was demonstrated that Ad‑ROD1 
inhibited β‑catenin migration into nuclei by reducing phos-
phorylated β‑catenin (Y333) in tumor tissues, thus leading 
to tumor suppression. Additionally, it was demonstrated that 
Ad‑shROD1 may induce tumor growth and β‑catenin phos-
phorylation (Y333). Furthermore, Ki67 was downregulated 
by Ad‑ROD1 and was upregulated by Ad‑shROD1 in tumor 
tissues.

Taken together, ROD1 may illustrate its anticancer effect on 
breast cancer cells invasion through interacting with β‑catenin 
by inhibiting its activity and suppressing its migration to the 
nucleus. The present study demonstrated that ROD1 may be a 
tumor suppressor of breast cancer.
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