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SMAR1 inhibits proliferation, EMT and Warburg effect of bladder cancer cells by 
suppressing the activity of the Wnt/β-catenin signaling pathway
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ABSTRACT
This study aimed to investigate the effects of scaffold matrix attachment region binding protein 1 
(SMAR1) on the development of bladder cancer (BCa). SMAR1 expression in paired tumor and 
corresponding adjacent normal tissues from 55 BCa patients was detected by quantitative reverse 
transcription-polymerase chain reaction. BCa cells were transfected to regulate SMAR1 expression. 
BCa cells were treated with XAV-939, LiCl and 2-deoxyglucose. The effect of SMAR1 on the 
viability, proliferation, migration, invasion and Warburg effect of BCa cells was researched by 
counting kit-8, colony formation assay, Transwell and aerobic glycolysis assays. Western blot was 
performed to detect protein expression. BCa cell growth in vivo was recorded in nude mice. 
Immunohistochemical staining was performed for clinical and xenografted tumor tissue speci-
mens. SMAR1 expression was down-regulated in BCa patients, associating with worse prognoses. 
SMAR1 knockdown enhanced the viability, proliferation, migration, invasion, EMT and Warburg 
effect of BCa cells. The opposite effect was found in the SMAR1 overexpression BCa cells. XAV-939 
treatment reversed the elevation of β-catenin, c-Myc and Cyclin D1 proteins expression and 
Warburg effect in Bca cells post-SMAR1 knockdown. LiCl treatment abrogated the inhibition of β- 
catenin, c-Myc and Cyclin D1 proteins expression and Warburg effect proteins due to SMAR1 
overexpression in BCa cells. SMAR1 overexpression inhibited the growth of BCa cells in vivo. 
SMAR1 might suppress the Wnt/β-catenin signaling pathway activity to inhibit the progression of 
BCa. It might be an effective treatment target for BCa.
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Background

Bladder cancer (BCa) is a fatal malignancy of the 
urinary tract. In the last decade, the average 
growth rate of BCa incidence has been 4.6% and 
the 5-year survival rate is as low as 6% [1]. As 
most symptoms are overlooked at an early stage 
and owing to the lack of effective therapeutic stra-
tegies for patients at advanced stages, the prog-
noses in BCa remain unfavorable [2]. More than 
50% of BCa patients relapse within 6–12 years after 
their first diagnoses [3]. The higher risk of mor-
tality still exists despite substantial improvements 
in treatment modalities for BCa [4]. Tumor metas-
tasis is the main cause of the high mortality rate 
among patients with BCa [5]. Thus, it is of impor-
tance to elucidate the mechanisms underlying the 
progression of BCa.

Matrix-associated region-binding proteins 
(MARBPs) are implicated in association with mul-
tiple physiological processes, including DNA 

damage repair, cell cycle progression, and apopto-
sis [6]. Scaffold matrix attachment region binding 
protein 1 (SMAR1), a MARBP, is located on 
human chromosome 16q24 and is dysregulated 
in human cancers, especially in higher-grade 
tumors [7]. SMAR1 favors the immunosurveil-
lance of tumor cells, thereby resulting in a high 
chance of tumor regression and tumor cell elim-
ination [8]. It increases chemotherapeutic sensitiv-
ity and reduces stemness of the osteosarcoma cells 
[9]. In breast cancer, SMAR1 attenuates the 
tumorigenic potential, tumor generation in vivo, 
glucose utilization, and lactate production [7]. 
Simultaneously, SMAR1 enhances the chemother-
apeutic sensitivity and reduces the stemness of 
breast cancer stem cells [10]. Moreover, SMAR1 
prevents tumor progression by arresting the cell 
cycle at the G2/M phase, suppressing migration of 
endothelial cells required for angiogenesis, and 
attenuating the processes involved in epithelial to 
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mesenchymal transition (EMT) [11–13]. SMAR1 
also suppresses tumor progression by blocking 
pathways related to metastasis and DNA damage 
repair [14].

However, the effects of SMAR1 on BCa remain 
unknown. Herein, we aimed to investigate the 
effects of SMAR1 on BCa progression through 
in vitro and in vivo assays. Taye et al. [15] indicate 
that SMAR1 weakens the migration and invasion 
of colorectal cancer cells by inhibiting the activity 
of the Wnt/β-catenin signaling pathway. The Wnt/ 
β-catenin signaling pathway is activated in BCa, 
while its inhibition is not conducive to prolifera-
tion, migration, invasion, and EMT of BCa cells 
[16]. Therefore, we also examined whether 
SMAR1 affected BCa progression by regulating 
the activity of the Wnt/β-catenin signaling 
pathway.

Methods

Patients and sample collection

Paired BCa tissues and corresponding adjacent 
normal tissues were obtained from 55 BCa patients 
admitted to The Sixth Affiliated Hospital of 
Wenzhou Medical University. These patients 
were first diagnosed with BCa between 
December 2019 and November 2020; they had no 
history of undergoing cancer-related treatment. 
Tissues were obtained during surgery. After wash-
ing with sterile phosphate-buffered saline (PBS) 
buffer, the tissues were immediately stored at 
-80°C until further use. The clinicopathological 
characteristics of the 55 BCa patients were 
recorded.

The study design was approved by the ethics 
committee of The Sixth Affiliated Hospital of 
Wenzhou Medical University and complied with 
the Declaration of Helsinki. All patients provided 
signed written informed consent.

Quantitative reverse transcription-polymerase 
chain reaction (qRT-PCR)

Total RNA from clinical tissues of the patients with 
BCa were extracted using Trizol reagent (Solarbio, 
Beijing, China) according to the manufacturer’s 

instructions. A reverse transcription reaction (1 μg 
of total RNA) was performed to synthesize the 
cDNA template using reverse transcriptase 
(Solarbio, Beijing, China). The conditions for the 
reverse transcription reaction were 42°C for 60 min 
and 72°C for 10 min. qRT-PCR was performed using 
the SYBR Green (Bio-Rad) kit according to the fol-
lowing conditions: 95°C for 45 s; 60°C for 30 s; 72°C 
for 45 s. The reaction was set at 40 cycles. The primer 
sequences for SMAR1 and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) were as follows: 
SMAR1 sense 5′-CTTGCGGTTGGATAGCATTGA 
-3′ and antisense 5′-GCTGCTTGTTCGTGACCA 
GAT-3′; GAPDH sense 5′-TGCACCACCAA 
CTGCTTAGC-3′ and antisense 5′-GGCATGGA 
CTGTGGTCATGAG-3′. The relative mRNA expres-
sion of SMAR1 was normalized with that of GAPDH 
and estimated using the 2-ΔΔCt method.

Cell lines

BCa cell lines (RT4, J82, T24, and SW780) and 
normal bladder epithelial cell line, SV-HUC-1, 
were purchased from the American Type Culture 
Collection (ATCC, Manassas, Virginia, USA). All 
the five cell lines were maintained in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS), at 37°C, 5% 
CO2.

Cell transfection

SMAR1 siRNA and siRNA negative control (NC) 
sequence constructs were synthesized by 
Genechem (Shanghai, China). A full-length 
SMAR1 expression vector was constructed by 
cloning the SMAR1 cDNA fragments into the 
pcDNA3.1 vector (Shanghai, China). J82 cells 
were seeded into 6-well plates (1 × 106 cells) hav-
ing serum-free DMEM (1 mL) and were trans-
fected using the SMAR1 siRNA or siRNA NC 
constructs. The pcDNA3.1-SMAR1 and 
pcDNA3.1 empty vectors were separately trans-
fected into T24 cells. Transfection was performed 
using Lipofectamine 3000 (Thermo Fisher 
Scientific, Waltham, MA, USA) according to the 
manufacturer’s instructions. After 8 h of 
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transfection, cells were incubated in DMEM sup-
plemented with 10% FBS for 48 h at 37°C and 5% 
CO2.

Treatment with inhibitor or activator of Wnt/β- 
catenin signaling pathway or glycolysis inhibitor 
orgalactose

J82 cells stably transfected with SMAR1 siRNA 
were treated for 48 h in DMEM containing 10% 
FBS and XAV-939 (10 nM, an inhibitor of Wnt/β- 
catenin signaling pathway) at 37°C and 5% CO2. 
Additionally, T24 cells stably transfected with 
pcDNA3.1-SMAR1 vector were incubated for 48  
h in DMEM containing 10% FBS and LiCl (10 nM, 
an activator of Wnt/β-catenin signaling pathway) 
[17]. Moreover, the transfected J82 and T24 cells 
were treated by DMEM containing 10% FBS and 1  
mM 2-deoxyglucose (2-DG) [18] for 48 h at 37°C 
and 5% CO2. For galactose treatment, the trans-
fected J82 and T24 cells were cultured by DMEM 
containing galactose (rather than glucose).

Cell counting kit-8 (CCK-8) assay

The proliferation of J82 and T24 cells was detected 
by the CCK-8 assay. Briefly, J82 and T24 cells were 
seeded into 96-well plates (1 × 105 cells) and main-
tained in 100 μL DMEM (10% FBS) at 37°C and 
5% CO2. After culturing for 24, 48, and 72 h, the 
CCK-8 reagent (10 μL) was added, and cells were 
treated for 4 h at 37°C. The value of optical density 
(OD) was measured using a porous microplate 
reader (BioTek, Winooski, VT, USA) at 450 nm. 
Five replicate wells were set for each group of cells.

Colony formation experiment

J82 and T24 cells were harvested and suspended in 
DMEM with 10% FBS (1 × 104 cells/mL). A total of 
1 mL of cell suspension was seeded into 6-well 
plates and cultured for 14 consecutive days at 
37°C and 5% CO2. The medium in each well was 
changed every third day after discarding the old 
media. Cells adhered to the bottom of each well 
were fixed with 4% paraformaldehyde and stained 
using 0.1% crystal violet reagent. The colony num-
ber was counted under a microscope; more than 

50 cells clustered together were considered as one 
colony.

Transwell experiment

J82 and T24 cells were suspended in DMEM with-
out FBS (1 × 106 cells/mL). A total of 500 μL cell 
suspension was seeded into the upper chamber 
coated with (or without) Matrigel. DMEM with 
20% FBS (600 μL) was added into the lower cham-
ber. Cells were cultured for 24 h at 37°C and 5% 
CO2. Cells in the lower chamber were fixed with 
4% paraformaldehyde and stained using 0.1% crys-
tal violet solution. The migration and invasion of 
cells were determined by counting five random 
fields of view under a microscope.

Aerobic glycolysis

J82 and T24 cells of each group were cultured for 
48 h at 37°C and 5% CO2. Then cells were col-
lected to detected the glucose 6-phosphate (G6P) 
level, glucose consumption, lactate and adenosine 
triphosphate (ATP) production by respectively 
using G6P assay kit (S0185, Beyotime, Shanghai, 
China), glucose assay kit (S0201S, Beyotime, 
Shanghai, China), lactate assay kit (K607–100, 
Amyjet Scientific, Wuhan, China) and ATP assay 
kit (KA1661, Amyjet Scientific, Wuhan, China). 
The detection procedure was implemented in line 
with the instructions of the kits. Moreover, glucose 
(10 mM) as added into each well at the indicated 
time points to research the oxygen consumption 
rate (OCR), extracellular acidification rate (ECAR) 
and glycolytic flux by using the Seahorse XF96 
Flux Analyzer (Seahorse Bioscience, Billerica, 
Massachusetts, USA). The operation was carried 
out in accordance with the manufacturer’s 
instructions.

Western blot

Total proteins were extracted after incubating cells 
with lysis buffer (Boster, Wuhan, China). Total 
protein concentrations were detected using the 
BCA kit (Beyotime, Shanghai, China). Sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) was performed using 40 μg of the 
total proteins sample. After transferring the 
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separated proteins onto polyvinyl difluoride 
(PVDF) membranes, the membranes were blocked 
using a 5% bovine serum albumin (BSA) solution. 
Rabbit anti-primary antibodies (12 h at 4°C) and 
horseradish peroxidase (HRP)-conjugated goat 
anti-rabbit secondary antibody (2 h at room tem-
perature) were used successively to probe proteins 
on the PVDF membranes. Rabbit anti-primary 
antibodies were as follows: anti-SMAR1 (1:1000, 
204,110-T02, Sino Biological, Beijing, China), 
E-cadherin (1:1000, ab15148, Abcam, Cambridge, 
MA, USA), N-cadherin (1:1000, ab18203, Abcam, 
Cambridge, MA, USA), Bax (1:1000, ab53154, 
Abcam, Cambridge, MA, USA), Bcl2 (1:1000, 
ab59348, Abcam, Cambridge, MA, USA), glucose 
transporter type 1 (GLUT1) (1:1000, ab15309, 
Abcam, Cambridge, MA, USA), phosphofructoki-
nase (PFK) (1:1000, BYFG-70 R -13,427, Fishreag 
Biotechnology, Nanjing, China), β-catenin (1:1000, 
ab16051, Abcam, Cambridge, MA, USA), c-Myc 
(1:1000, ab152146, Abcam, Cambridge, MA, 
USA), Cyclin D1 (1:1000, ab226977, Abcam, 
Cambridge, MA, USA) and GAPDH (1:1000, 
ab9485, Abcam, Cambridge, MA, USA). HRP- 
conjugated goat anti-rabbit secondary antibody 
(1:5000, ab6721) was purchased from Abcam 
(Cambridge, MA, USA). The protein blots were 
visualized by enhanced chemiluminescence 
(Solarbio, Beijing, China). The band intensities of 
proteins were analyzed using the Image J software 
(National Institutes of Health, Bethesda, MD, 
USA). GAPDH was set as the control.

Animal experiments

All animal protocols were approved by the Animal 
Ethics Committee of The Sixth Affiliated Hospital 
of Wenzhou Medical University. The animal 
experiments were performed following the Guide 
for the Care and Use of Laboratory Animals.

Nude mice (six weeks old, n = 12) were purchased 
from the Shanghai Animal Experiment Center of 
the Chinese Academy of Sciences (Shanghai, 
China). Stably transfected T24 cells (4 × 106 cells) 
with pcDNA3.1-SMAR1 or pcDNA3.1 empty vector 
constructs were suspended in 100 μL PBS. The two 
kinds of T24 cell suspensions were subcutaneously 
injected into the backs of the nude mice. Each T24 

cell suspension was injected in six nude mice. Mice 
were reared in a sterile animal room (about 22°C) 
with free access to food and water. Every week, the 
tumor sizes were measured and volumes were cal-
culated as (tumor length × tumor width2)/2. Four 
weeks post-injection, mice were euthanized and 
the xenografted tumor tissues were excised. The 
weights of xenograft tumor tissues were recorded. 
The xenografted tumor tissues were stored at -80°C 
until further use.

Immunohistochemistry (IHC)

Clinical and xenografted tumor tissues were sec-
tioned into slices (5 μm in thickness) after 
embedding into paraffin. A series of graded 
ethanol solutions were used for the dehydration 
of slices. After incubation with antigen retrieval 
solution, the slices were probed with primary 
antibodies against Ki67 (1:200, ab15580, 
Cambridge, MA, USA), SMAR1 (1:200, 204,110- 
T02, Sino Biological, Beijing, China), and 
E-cadherin (1:200, ab15148, Cambridge, MA, 
USA) for 12 h at 4°C. Thereafter, the sections 
were treated with HRP-labeled goat anti-rabbit 
secondary antibody (1:100, ab6721, Cambridge, 
MA, USA) for one h at 37°C. (DAB) and hema-
toxylin was used to further stain these slices. 
After enclosing in neutral resin, the slides were 
observed under a microscope.

Statistical analysis

vAll data were expressed as mean ± standard 
deviation. GraphPad Prism 6 was used to plot 
graphs after statistical analyses. Analysis of the 
relationship between SMAR1 mRNA expression 
and clinical characteristics of BCa patients was 
performed using the χ2 test. Comparisons 
between two groups were made using a two- 
tailed Student’s t-test. One-way analysis of var-
iance (ANOVA) with Tukey’s post hoc test was 
used for the comparison of multiple groups. P  
< 0.05 indicated a statistically significant differ-
ence. All experiments were performed at least 
thrice.
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Results

SMAR1 is down-regulated in patients with BCa 
and is associated with the progression of BCa

The mRNA expression of SMAR1 in 55 paired 
tumor tissues and corresponding adjacent normal 
tissues obtained from BCa patients was detected by 
qRT-PCR. The results demonstrated a significantly 
reduced mRNA expression of SMAR1in tumor 
tissues relative to the adjacent normal tissues (P  
< 0.01) (Figure 1(a)). IHC showed fewer SMAR1 
positive expression cells (brown particles) in 
tumor tissues relative to the adjacent normal tis-
sues (Figure 1(b)). Analysis of the relationship 
between mRNA expression of SMAR1 and clinical 
characteristics of BCa patients is listed in Table 1. 
Those with a low mRNA expression of SMAR1 
significantly exhibited higher pathological stages 
(P = 0.004), tumor grades (P = 0.017), larger 
tumor sizes (P = 0.005), and metastases (P =  
0.011) as compared to the BCa patients with high 

mRNA expression of SMAR1. Western blot indi-
cated lower protein expression of SMAR1 in BCa 
cell lines (RT4, J82, T24, and SW780) relative to 
that in the normal bladder epithelial cell line, SV- 
HUC-1 (P < 0.01) (Figure 1(c)).

SMAR1 inhibits the proliferation, migration and 
invasion of BCa cells

J82 cells were transfected with the SMAR1 siRNA 
construct and T24 cells were transfected with the 
SMAR1 overexpression vector construct 
(Figure 2(a)). The function of SMAR1 expression 
on the malignant phenotype of J82 and T24 cells 
was then investigated by CCK-8 assay, colony for-
mation experiment and Transwell experiment. It 
showed a significant increase in OD450 value, 
colony formation number, migration number and 
invasion number of the J82 cells of the siSMAR1–1 
and siSMAR1–2 groups relative to the siNC group 
(P < 0.05 or P < 0.01). Conversely, SMAR1 

Figure 1. SMAR1 is down-regulated in patients with BCa and is significantly associated with BCa progression. (A) mRNA expression 
of SMAR1 in 55 paired tumor tissues and adjacent normal tissues from BCa patients as detected by qRT-PCR. ** P <0.01. (B) Protein 
expression of SMAR1 in tumor tissues of BCa patients as evaluated by IHC. (C) Protein expression of SMAR1 in BCa cell lines (RT4, J82, 
T24, and SW780) and the normal bladder epithelial cell line, SV-HUC-1, as detected by western blot. ** P <0.01 vs. SV-HUC-1 cell line.
Abbreviations: BCa, bladder cancer; IHC, immunohistochemistry; qRT-PCR, quantitative reverse transcription-polymerase chain 
reaction; SMAR1, scaffold/matrix attachment region binding protein 1. 
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overexpressing T24 cells exhibited a markedly 
lower OD450 value, colony formation number, 
migration number and invasion number than 
that the Vector group (P < 0.01) (Figure 2(b,c,d)).

Western blot was performed to detect expres-
sion of E-cadherin, N-cadherin, Bcl2 and Bax pro-
teins in the J82 and T24 cells. Lower protein 
expression of E-cadherin and Bax, while higher 
N-cadherin and Bcl2 levels were observed in the 
siSMAR1–1 and siSMAR1–2 J82 cells relative to 
the siNC group (P < 0.01). However, SMAR1 over-
expressing T24 cells had higher protein levels of 
E-cadherin and Bax, and lower protein levels of 
N-cadherin and Bcl2 as compared to the Vector 
group (P < 0.01) (Figure 2(e)).

SMAR1 inhibits the migration and invasion of 
BCa cells by suppressing the Warburg effect

The effect of SMAR1 on the Warburg effect in BCa 
cells was explored. It could be discovered that, 
SMAR1 knockdown increased G6P level, glucose 
consumption, lactate and ATP production in J82 
cells (P < 0.01). However, SMAR1 overexpression 
decreased these indicators in T24 cells (P < 0.01) 

(Figure 3(a)). Moreover, SMAR1 down-regulation 
elevated the OCR, ECAR and glycolytic flux in J82 
cells, whereas SMAR1 overexpression showed the 
opposite results in T24 cells (P < 0.05 or P < 0.01) 
(Figure 3(b,c,d)). Therefore, SMAR1 could repress 
the Warburg effect in BCa cells.

Next, this study used 2-DG (glycolysis inhibi-
tor) to treat J82 and T24 cells. In comparison to 
the siNC +2-DG group, J82 cells of the siSMAR1- 
1 + 2-DG group and the siSMAR1-2 + 2-DG group 
exhibited higher G6P level, glucose consumption, 
lactate and ATP production (P < 0.05 or P < 0.01). 
Conversely, relative to the Vector +2-DG group, 
these indicators were all decreased in T24 cells of 
the SMAR1 + 2-DG group (P < 0.01) (Figure 3e). 
Transwell experiment displayed higher migration 
and invasion number in J82 cells of the siSMAR1- 
1 + 2-DG group and the siSMAR1-2 + 2-DG group 
when matched to the siNC +2-DG group (P <  
0.01). However, lower migration and invasion 
number was discovered in T24 cells of the 
SMAR1 + 2-DG group when compared to the 
Vector +2-DG group (P < 0.01) (Figure 3f). Based 
on western blot, it was found lower expression of 
E-cadherin and Bax proteins, and higher expres-
sion of N-cadherin, Bcl2, GLUT1 and PFK pro-
teins in J82 cells of the siSMAR1-1 + 2-DG group 
and the siSMAR1-2 + 2-DG group than the siNC 
+2-DG group (P < 0.01). On the contrary, higher 
expression of E-cadherin and Bax proteins, as well 
as lower expression of N-cadherin, Bcl2, GLUT1 
and PFK proteins was observed in T24 cells of the 
SMAR1 + 2-DG group when matched to the 
Vector +2-DG group (P < 0.01) (Figure 3g). 
Intriguingly, for J82 and T24 cells cultured in 
DMEM containing galactose (rather than glucose), 
the difference in number of migration and inva-
sion cells was not significantly among groups 
(Figure 3h). Hence, all of these above data implied 
that SMAR1 might inhibit the migration and inva-
sion of BCa cells by suppressing the Warburg 
effect.

SMAR1 suppresses the activity of the Wnt/β- 
catenin signaling pathway to inhibit the Warburg 
effect in BCa cells

XAV-939 (an inhibitor of Wnt/β-catenin signal-
ing pathway) and LiCl (an activator of Wnt/β- 

Table 1. Analysis of the relationship between SMAR1 mRNA 
expression and BCa patients’ clinical characteristics.

Characteristics

Number 
of 

patients

SMAR1 
Low 

expression (< 
median)

SMAR1 
High 

expression (≥ 
median) P value

Number 55 27 28
Ages (years) 0.931
<70 16 8 8
≥70 39 19 20
Gender 0.140
Female 8 2 6
Male 47 25 22
Pathological 

stage
0.004

pTa-pT1 25 7 18
pT2-pT4 30 20 10
Grade 0.017
Low 21 6 15
High 34 21 13
Tumor size 0.005
<3 cm 27 8 19
≥3 cm 28 19 9
Metastasis 0.011
Yes 38 23 15
No 17 4 13

Abbreviations: BCa, bladder cancer; SMAR1, scaffold/matrix attachment 
region binding protein. 
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catenin signaling pathway) were used to treat J82 
and T24 cells respectively. Western blot suggested 
that siSMAR1 J82 cells had lower protein expres-
sions of SMAR1 and E-cadherin and higher β- 
catenin, c-Myc, Cyclin D1, and N-cadherin levels 
as compared to the siNC group (P < 0.01). 
However, relative to the siSMAR1 group, substan-
tially higher level of E-cadherin protein, and 
lower levels of β-catenin, c-Myc, Cyclin D1, and 
N-cadherin proteins were observed in the 
siSMAR1 + XAV-939 treated J82 cells (P < 0.01). 

Additionally, SMAR1 overexpressing T24 cells 
exhibited significantly higher SMAR1 and 
E-cadherin protein expression, and lower protein 
levels of β-catenin, c-Myc, Cyclin D1, and 
N-cadherin than those in the Vector group (P <  
0.01). In comparison with the SMAR1 group, 
a remarkable reduction in the protein expression 
of E-cadherin, and an elevation in the levels of β- 
catenin, c-Myc, Cyclin D1, and N-cadherin were 
observed in the SMAR1 + LiCl treated T24 cells 
(P < 0.01) (Figure 4a).

Figure 2. SMAR1 inhibits the proliferation, migration and invasion of BCa cells. (a) Transfection efficiency of SMAR knockdown or 
overexpression in BCa cells. (b) the viability of BCa cells by CCK-8 assay. (c) BCa cells proliferation in colony formation experiment. (d) 
the migration and invasion abilities of BCa cells were evaluated by the Transwell experiment. (e) Western blot for the detection of 
proteins expression of E-cadherin, N-cadherin, Bcl2 and Bax in BCa cells. ** P <0.01 vs. siNC group or Vector group. # P <0.05 and ## 
P <0.01 vs. siNC group.
Abbreviations: BCa, bladder cancer; SMAR1, scaffold/matrix attachment region binding protein 1; CCK-8, cell counting kit-8; NC, 
negative control. 
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Western blot presented higher expression of 
GLUT1 and PFK proteins in J82 cells of the 
siSMAR1 group when compared to the siNC 
group and the siSMAR1 + XAV-939 group (P <  
0.05or P < 0.01). Oppositely, lower expression of 
GLUT1 and PFK proteins was occurred in T24 
cells of the SMAR1 group when matched to the 
Vector group and the SMAR1 + LiCl group (P <  
0.01) (Figure 4b). Moreover, the G6P level, glucose 
consumption, lactate and ATP production was 
higher in J82 cells of the siSMAR1 group than 
the siNC group and the siSMAR1 + XAV-939 
group (P < 0.05or P < 0.01). Conversely, these indi-
cators were all decreased in T24 cells of the 
SMAR1 group when relative to the Vector group 
and the SMAR1 + LiCl group (P < 0.01) 
(Figure 4c). Additionally, the elevated OCR and 
ECAR were found in J82 cells of the siSMAR1 
group, in comparison to the siNC group and the 

siSMAR1 + XAV-939 group (P < 0.05 or P < 0.01). 
On the contrary, T24 cells of the SMAR1 group 
exhibited the reduced OCR, ECAR and glycolytic 
flux than the Vector group and the SMAR1 + LiCl 
group (P < 0.05 or P < 0.01) (Figure 4(d,e,f)). These 
data suggested that SMAR1 might suppress the 
activity of the Wnt/β-catenin signaling pathway 
to inhibit the Warburg effect in BCa cells.

SMAR1 inhibits the growth of BCa cells in vivo

SMAR1 overexpressing T24 cells or the corre-
sponding Vector group were injected subcuta-
neously into nude mice. On the 14th, 21st, and 
28th-day post-injection, the mice in the SMAR1 
group exhibited prominently lower tumor volumes 
than those in the Vector group (P < 0.01). On the 
28th day post-injection, xenografted tumor tissues 
were excised and weighed. The tumors from mice 

Figure 3. SMAR1 inhibits the migration and invasion of BCa cells by suppressing the Warburg effect. (a) ELISA for the research of G6P 
level, glucose consumption, lactate and ATP production in BCa cells. (b, c, d) the detection of OCR, ECAR and glycolytic flux in BCa 
cells. (e) the detection of G6P level, glucose consumption, lactate and ATP production in 2-DG (glycolysis inhibitor) treated BCa cells 
by ELISA. (f) the migration and invasion abilities exploration of 2-DG treated BCa cells by Transwell experiment. (g) Western blot for 
the detection of proteins expression of E-cadherin, N-cadherin, Bcl2, Bax, GLUT1 and PFK in 2-DG treated BCa cells. (h) the migration 
and invasion abilities detection of J82 and T24 cells cultured in DMEM containing galactose (rather than glucose). * P <0.05 or ** 
P <0.01 vs. siNC group, Vector group, siNC +2-DG group or Vector +2-DG group.
Abbreviations: BCa, bladder cancer; SMAR1, scaffold/matrix attachment region binding protein 1; NC, negative control; ELISA, 
enzyme-linked immunosorbent assay; G6P, glucose 6-phosphate; ATP, adenosine triphosphate; OCR, oxygen consumption rate; 
ECAR, extracellular acidification rate; GLUT1, glucose transporter type 1; PFK, phosphofructokinase; DMEM, Dulbecco’s modified 
Eagle’s medium; 2-DG, 2-deoxyglucose. 
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in the SMAR1 group weighed significantly lesser 
relative to those from the Vector group (P < 0.01) 
(Figure 5(a)). IHC was performed for the xeno-
grafted tumor tissues. As shown in Figure 5(b), in 
comparison of protein expression with the Vector 
group, lesser Ki-67, while higher SMAR1 and 
E-cadherin were found in the xenografted tumor 
tissues from the SMAR1 group.

Discussion

This study reports the significance of SMAR1 on 
the progression of BCa. Patients with BCa showed 
low expression of SMAR1 and this was associated 
with worse prognoses. SMAR1 inhibited BCa pro-
gression both in vitro and in vivo by negatively 
regulating the activity of the Wnt/β-catenin signal-
ing pathway.

SMAR1 exhibits 99% homology with human 
BANP, mapped to the 16q24 locus [19]. Previous 

studies show that SMAR1 is a tumor suppressor 
and functions in several ways, such as by repres-
sing p65 transactivation and mediating the protein 
expressions of IkappaBalpha, Cytokeratin 8, and 
Cyclin D1 [19–21]. EMT is a critical process dur-
ing tumors progression, resulting in the loss of 
epithelial features of the cell and simultaneous 
acquisition of mesenchymal characteristics. The 
acquisition of mesenchymal characteristics allows 
tumor cells to obtain stronger migration and inva-
sion capabilities [3]. During EMT, levels of some 
genes related to cell migration, adhesion, and inva-
sion are transcriptionally altered, especially those 
of E-cadherin and N-cadherin [22]. The loss of 
E-cadherin expression is generally considered to 
enhance tumors metastases by facilitating tumor 
cell dissociation and invasion [23]. E-cadherin can 
hinder epithelial cell dissociation from the original 
tumor mass, in addition to preventing the migra-
tion and invasion of tumor cells to the 

Figure 4. SMAR1 suppresses the activity of the Wnt/β-catenin signaling pathway in BCa cells. (a,b) the expression of proteins in the 
Wnt/β-catenin signaling pathway by using western blot. (c) the G6P level, glucose consumption, lactate and ATP production in BCa 
cells as researched by ELISA. (d,e,f) the investigation of OCR, ECAR and glycolytic flux in BCa cells. ** P <0.01 vs. siNC group or Vector 
group. # P <0.05 or ## P <0.01 vs. siSMAR1 group or SMAR1 group.
Abbreviations: BCa, bladder cancer; SMAR1, scaffold/matrix attachment region binding protein 1; NC, negative control; G6P, glucose 
6-phosphate; ATP, adenosine triphosphate; OCR, oxygen consumption rate; ECAR, extracellular acidification rate; ELISA, enzyme- 
linked immunosorbent assay; GLUT1, glucose transporter type 1; PFK, phosphofructokinase. 
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surrounding tissues by enhancing cell-cell adhe-
sion and junctions [23]. In contrast, N-cadherin 
promotes the stability of microvessels through 
ensheathing endothelial cells and mural cells, 
thereby enhancing angiogenesis and the microvas-
cular integrity [22]. A previous study reports that 
SMAR1-dependent inhibition of migration of 
breast cancer cells is associated with the up- 
regulation of E-cadherin [13]. This paper implied 
that SMAR1 could suppress the migration, inva-
sion and EMT of BCa cells. Additionally, it is well 
known that Bax is pro-apoptotic proteins and Bcl2 
exerts anti-apoptotic function [24]. This study sug-
gested that SMAR1 enhanced Bax protein expres-
sion but reduced Bcl2 protein expression. Thus, 
SMAR1 might attenuate the viability, proliferation, 
migration and invasion by intensifying the apop-
tosis ability of BCa cells.

Warburg effect (also known as aerobic glycoly-
sis) is a major characteristic metabolic phenotype 
of tumor cells, and an important factor for main-
taining tumor growth and survival [25]. GLUT1 is 
a member of the cell surface glucose transporter 

family [26]. It possesses the capacity to transport 
glucose across the cell membrane, thererby facil-
itating the proliferation and metastasis of multiple 
tumor cells [25]. PFK is a key maker of Warburg 
effect, which up-regulation is one of the main 
features of tumor malignant development [27,28]. 
In this study, SMAR1 suppressed the G6P level, 
glucose consumption, lactate, ATP production, 
OCR, ECAR and glycolytic flux, and inhibited 
the expression of GLUT1 and PFK in BCa cells. 
These data suggested that SMAR1 might suppress 
the progression of BCa by attenuating the 
Warburg effect in BCa cells.

As a classical pathway, the Wnt/β-catenin sig-
naling transduction is involved in the development 
of several malignant tumors [29]. The activation of 
the Wnt/β-catenin signaling pathway facilitates 
BCa progression by enhancing proliferation and 
EMT of BCa cells [30–32]. SMAR1 can also inhibit 
the progression of colorectal cancer by suppressing 
the activity of the Wnt/β-catenin signaling path-
way [15]. However, whether SMAR1 regulates the 
development of other tumor types by regulating 

Figure 5. SMAR1 inhibits the growth of BCa cells in vivo. (a) the volume and weight of xenografted tumor tissues. (b) Proteins 
expressions of Ki-67, SMAR1, and E-cadherin in xenografted tumor tissues by IHC. ** P <0.01 vs. Vector group.
Abbreviations: BCa, bladder cancer; SMAR1, scaffold/matrix attachment region binding protein 1; IHC, immunohistochemistry. 

238 P. BAO ET AL.



the activity of the Wnt/β-catenin signaling path-
way, remains unclear. In this study, SMAR1 was 
found to inhibit the expression of β-catenin, 
c-Myc, and Cyclin D1 at the protein level. β- 
catenin, encoded by CTNNB1, is a critical intra-
cellular signal transducer in the Wnt/β-catenin 
signaling pathway [33]. A high expression of β- 
catenin can induce tumorigenic traits, exacerbate 
tumor cell proliferation and survival, and suppress 
T-cell responses, resulting in the induction of 
tumor progression [34]. The accumulation of β- 
catenin is associated with progression and a worse 
prognosis of BCa [35].

c-Myc and Cyclin D1 are the downstream effec-
tors of the Wnt/β-catenin signaling pathway [36]. 
c-Myc is a transcriptional regulator encoded by the 
proto-oncogene, myc, exerting promoting effects 
on tumorigenesis, angiogenesis, and tumor cell 
proliferation and growth [37]. Inhibition of 
c-Myc expression can induce the reduced migra-
tion and growth of BCa cells [38]. The effects of 
inhibition of SMAR1 on c-Myc expression in BCa 
cells were reported by our group. Cyclin D1 is 
a member of the Cyclin family, which aggravates 
cellular proliferation by accelerating the cell cycle 
progression and is closely related to tumor devel-
opment and poor prognoses [39,40]. Cyclin D1 is 
also involved in the mechanisms underlying the 
inhibition of EMT [41]. Rampalli et al. [19] 
reported that SMAR1 can inhibit the expression 
of Cyclin D1 in tumors. The increased SMAR1 
expression can inhibit the transition of the cell 
cycle from the G1 phase to the S phase by reducing 
the expression of Cyclin D1 [42]. Similarly, 
SMAR1 exerted an inhibitory effect on the expres-
sion of Cyclin D1 in BCa cells. Interestingly, the 
application of LiCl (an activator of the Wnt/β- 
catenin signaling pathway) could partially reverse 
the inhibitory effects of SMAR1 on the activity of 
the Wnt/β-catenin signaling pathway and EMT. 
Taken together, SMAR1 attenuated proliferation, 
migration, invasion, and EMT of BCa cells by 
suppressing the activity of the Wnt/β-catenin sig-
naling pathway.

Additionally, in this study, XAV-939 (an inhi-
bitor of Wnt/β-catenin signaling pathway) treat-
ment reversed the promotion of SMAR1 silencing 
on the Warburg effect, whereas LiCl (an activator 
of Wnt/β-catenin signaling pathway) treatment 

abrogated the inhibition of SMAR1 overexpression 
on the Warburg effect in BCa cells. Thus, SMAR1 
might inhibit the activity of the Wnt/β-catenin 
signaling pathway to inhibit the Warburg effect, 
thereby suppressing the progression of BCa. 
Previous study has been proved that the activation 
of the Wnt/β-catenin signaling pathway could 
enhance the Warburg effect of tumor cells 
[43,44]. This paper showed the consistent results.

Conclusions

In conclusion, BCa cells and patients with BCa 
showed low expression of SMAR1. SMAR1 
could inhibit proliferation, migration, invasion, 
EMT and Warburg effect of BCa cells in vitro. 
Moreover, SMAR1 suppressed the in vivo 
growth of BCa cells. Mechanistically, SMAR1 
might inhibit the activity of the Wnt/β-catenin 
signaling pathway to inhibit the Warburg effect, 
thereby suppressing the progression of BCa. 
This is the first report that elucidates the func-
tion of SMAR1 in BCa progression. Thus, 
SMAR1 may be a novel treatment target 
for BCa.
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