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Abstract. Substantial evidence suggests that cancer stem 
cells (CSCs) are the main cause of the initiation, progression 
and recurrence of tumors. Benzidine has been identified as 
a risk factor for bladder cancer. The aim of the present study 
was to investigate the effects of benzidine on bladder CSCs 
(BCSCs) and the possible mechanism underlying its action. The 
bladder cancer cell lines UM‑UC‑3 and EJ were maintained 
in serum‑free medium and cells forming three‑dimensional 
spheres were characterized as BCSCs. The sphere‑forming 
cells were exposed to different concentrations of benzidine and 
vismodegib, and western blotting was performed to evaluate 
the expression of markers associated with CSCs and the Sonic 
hedgehog (SHH) signaling pathway. Flow cytometry was used 
to detect the distribution of cells in different phases of the cell 
cycle, and immunofluorescence staining was used to detect the 
protein expression of CD44. The results revealed that the levels 
of BCSC markers, namely CD133, CD44, aldehyde dehydroge‑
nase 1‑A1, Nanog and octamer‑binding transcription factor‑4, in 
the cell spheres were markedly elevated compared with those 
in cells cultured in serum‑supplemented medium. Furthermore, 
benzidine increased the expression of BCSC markers and 
promoted the sphere‑forming ability of the cells. In addition, it 
was observed that benzidine activated the SHH pathway, while 
inhibition of the Shh pathway using vismodegib diminished the 
promoting effects of benzidine on BCSCs. The findings of the 

present study indicate that benzidine promoted the stemness of 
BCSCs via activation of the SHH pathway, which may support 
further exploration of the molecular basis of the association 
between benzidine exposure and bladder oncogenesis.

Introduction

Bladder cancer is the most common urological malignancy 
in China (1), with an estimated 78,100 new cases and 32,100 
deaths reported in 2014 (2). At presentation, ~70% of cases are 
non‑muscle‑infiltrating bladder cancer (NMIBC) and ~30% 
are muscle‑invasive bladder cancer (MIBC) (3). Transurethral 
resection of the bladder tumor is often used for the treatment 
of NMIBCs, while radical cystectomy is recommended for 
MIBCs (4). However, the recurrence rate remains high, and 
presents a major socioeconomic burden (5). There is substan‑
tial evidence indicating the existence of a small subpopulation 
of cells, referred to as bladder cancer stem cells (BCSCs), 
that are responsible for the recurrence of bladder cancer (6). 
Furthermore, previous findings suggest that CSCs contribute 
to the initiation, metastasis and drug resistance of tumors (7,8). 
This highlights the importance of investigating the factors that 
affect the growth of CSCs.

The main risk factors of bladder cancer are occupational 
exposure to carcinogens and cigarette smoking. In the future, 
the incidence of bladder cancer is expected to rise due to 
increasing environmental pollution and exposure to occupa‑
tional chemicals (9). Epidemiological studies have identified 
various chemical carcinogens, such as aromatic amines, that 
are considered to be responsible for the majority of cases 
of urothelial carcinoma (10,11). Benzidine is an aromatic 
amine and major occupational carcinogen, to which exposure 
occurs in the paint, rubber, dye and chemical industries (12). 
Brown et al (13) reported an increased risk of bladder cancer 
among individuals exposed to benzidine. Furthermore, 
Park et al (14) reported a number of cases of benzidine‑induced 
occupational bladder cancer in Korea. However, although there 
are numerous reports on the risk of bladder cancer associated 
with benzidine exposure, there is paucity of data regarding the 
effect of benzidine on BCSCs, and the mechanism underlying 
the promoting role of benzidine in BCSCs remains elusive.
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The Sonic hedgehog (SHH) signaling pathway has been 
shown to play a key role in the initiation and progression 
of cancer, as well as in normal bladder development (15). 
Inappropriate activation of the SHH pathway has been identi‑
fied in various types of cancer (16,17). In the absence of the 
SHH protein, protein patched homolog 1 (Ptch1), a transmem‑
brane protein, inhibits the activity of Smoothened (SMO), 
leading to the repression of a subset of target genes, including 
Gli family zinc finger 1 (Gli1) and Gli2 (18). By contrast, the 
binding of the SHH protein to Ptch1 initiates signaling, thereby 
regulating downstream genes responsible for cell proliferation, 
invasion and metastasis (19). The role of the SHH pathway in 
BCSCs is unclear, although its role in normal bladder develop‑
ment has been well documented. Thus, the aim of the present 
study was to investigate the effect of benzidine on BCSCs and 
the role of the SHH pathway in the BCSC formation process.

Materials and methods

Culture medium, drugs and antibodies. RPMI‑1640 (Gibco; 
Thermo Fisher Scientific, Inc.) and DMEM/F12 (Gibco; Thermo 
Fisher Scientific, Inc.) were prepared at 4˚C. Epidermal growth 
factor (EGF) and basic fibroblast growth factor (bFGF) were 
purchased from PeproTech, Inc. and B27 was purchased from 
Gibco (Thermo Fisher Scientific, Inc.). Benzidine (4,4'‑diamino‑
biphenyl; ≥98.0%, stored at 2‑8˚C) was purchased from Merck 
KGaA. Antibodies against CD44 (cat. no. 15675‑1‑AP), CD133 
(cat. no. 66666‑1‑Ig), aldehyde dehydrogenase (ALDH1‑A1; 
cat. no. 15910‑1‑AP), octamer‑binding transcription factor‑4 
(OCT‑4; cat. no. 11263‑1‑AP), Nanog (cat. no. 14295‑1‑AP), 
SHH (cat. no. 20697‑1‑AP), SMO (cat. no. 66851‑1‑Ig), Gli1 
(cat. no. 66905‑1‑Ig), Gli2 (cat. no. 18989‑1‑AP) and GAPDH 
(cat. no. 60004‑1‑Ig) were acquired from ProteinTech Group, Inc.

Cells and cell culture. The UM‑UC‑3 and EJ bladder cancer 
cell lines were obtained from the American Type Culture 
Collection and The Cell Bank of Type Culture Collection of 
the Chinese Academy of Sciences, respectively. The EJ cell 
line was authenticated by STR profiling before proceeding with 
the study. Cells were maintained in RPMI‑1640 supplemented 
with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, 
Inc.), streptomycin (100 µg/ml) and penicillin (100 IU/ml) in a 
humidified atmosphere of 5% CO2 and 95% air at 37˚C.

Enrichment of tumorspheres. UM‑UC‑3 and EJ cells were cultured 
in RPMI‑1640 supplemented with 10% fetal bovine serum 
(serum‑supplemented medium; SSM) previously. Then cells were 
collected and resuspended (2,500 cells/ml) in serum‑free medium 
(SFM; DMEM/F12) at a density of 5,000 cells/well (24‑well plate), 
with 20 ng/ml EGF, 20 ng/ml bFGF and 2% B27. Photographic 
images of the tumorspheres were captured under a light micro‑
scope using a magnification of x100 (Nikon Corporation). 
Benzidine was dissolved in DMSO and stored at ‑20˚C. To explore 
the activating effect of benzidine on BCSCs, various concentra‑
tions of benzidine (0, 0.001, 0.005 and 0.025 µM) were added to 
the cells in each well, in the absence or presence of vismodegib 
(10 µM) (Adooq Bioscience). The final concentration of DMSO 
diluted in the culture medium was <1%. After 1 week of treat‑
ment at 37˚C, the number of individual tumorspheres >100 µm in 
diameter was counted under a light microscope.

Cell cycle analysis. UM‑UC‑3 and EJ cells were cultured 
in SSM or SFM for 7 days. Cells were then collected and 
washed twice with ice‑cold PBS, followed by fixation in 70% 
ice‑cold ethanol overnight at 4˚C. Subsequently, after being 
washed and resuspended in PBS, the cells were treated with 
0.1% Triton X‑100 (Invitrogen; Thermo Fisher Scientific, 
Inc.), 20 µg/l propidium iodide (PI; Invitrogen; Thermo Fisher 
Scientific, Inc.) and 0.2 mg/ml RNase (PureLink RNase A; 
Invitrogen; Thermo Fisher Scientific, Inc.) in the dark for 
20 min at room temperature. Flow cytometry was performed 
to analyze the DNA content and assess the percentage of cells 
in different phases of the cell cycle (BD FACSLyric; FlowJo 
version 10.0.7; Becton‑Dickinson and Company).

Western blotting. UM‑UC‑3 and EJ tumorspheres were 
collected, washed twice with ice‑cold PBS and then homog‑
enized in RIPA buffer (cat. no. 9806; CST Biological Reagents 
Co., Ltd.) containing protease inhibitors (1 mM). The total 
protein concentration was calculated by BCA method. 
Extracted protein lysates (40 µg per lane) were subjected to 10% 
SDS‑PAGE and then transferred onto PVDF or nitrocellulose 
membranes. After blocking with 5% non‑fat dry milk for 1 h at 
room temperature, the membranes were incubated with primary 
antibodies against CD44 (1:2,000 dilution), CD133 (1:1,000 
dilution), ALDH1‑A1 (1:2,000 dilution), OCT‑4 (1:1,000 
dilution), Nanog (1:1,000 dilution), SHH (1:500 dilution), 
SMO (1:1,000 dilution), Gli1 (1:500 dilution), Gli2 (1:500 
dilution) and GAPDH (1:2,000 dilution) at 4˚C overnight. 
Following incubation with the appropriate HRP‑conjugated 
secondary antibodies (cat. nos. SA00001‑1 and SA00001‑2; 
1:10,000 dilution; ProteinTech Group, Inc.) for 40 min at room 
temperature, the protein bands were visualized using chemi‑
luminescence detection system (Olympus Corporation) and 
chemiluminescence reagent (cat. no. 34577; Thermo Fisher 
Scientific, Inc.). GAPDH was used as a loading control.

Immunofluorescence staining. Immunofluorescence staining 
of the tumorspheres was performed as follows: UM‑UC‑3 
tumorspheres were cultured in DMEM/F12 medium for 7 days, 
in the absence or presence of benzidine (0.025 µM). The tumor‑
spheres were collected and rinsed twice in PBS‑0.1% Tween‑20 
(PBST). After fixing with methyl alcohol at room temperature 
for 10 min, tumorspheres were blocked with 5% BSA (Gibco; 
Thermo Fisher Scientific, Inc.) at room temperature for 2 h and 
then stained with primary anti‑CD44 antibody (1:200 dilution) 
overnight at 4˚C. After washing twice with PBST, the tumor‑
spheres were incubated with FITC‑conjugated goat‑anti‑rabbit 
antibody (cat. no. SA00003‑2; 1:100 dilution; ProteinTech, 
Inc.) for 2 h at room temperature. The tumorspheres were then 
counterstained with DAPI for 15 min at room temperature. 
Images were captured under a fluorescence microscope a 
magnification of x100 (Olympus Corporation).

Statistical analysis. Each assay was repeated three times and 
statistical analysis was performed using GraphPad Prism 8.0 
(GraphPad Software, Inc.) and SPSS 23.0 (IBM Corp.). 
Differences among multiple groups were statistically analyzed 
using one‑way ANOVA followed by Dunnett's post hoc test. 
P<0.05 was considered to indicate a statistically significant 
difference.
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Results

Enrichment of BCSCs. SFM culture has been demon‑
strated to be an effective method for CSC enrichment (20). 
UM‑UC‑3 and EJ cells were cultured in SFM (DMEM/F12 
medium), supplemented with EGF, bFGF and B27 for 7 days. 
As shown in Fig. 1A, UM‑UC‑3 and EJ cells were able to 
form stable three‑dimensional tumorspheres and so were 
characterized as BCSCs. To further confirm the BCSC char‑
acteristics, western blotting was performed to evaluate the 
protein expression levels of various BCSC markers, namely 
CD44, CD133, ALDH1‑A1, OCT‑4 and Nanog. As shown in 
Fig. 1B, the BCSC markers were expressed at higher levels 
in UM‑UC‑3 and EJ tumorspheres compared with UMUC‑3 
and EJ cells cultured in SSM. In addition, cell cycle analysis 
was performed and demonstrated that the proportion of 
sphere‑forming cells at the G0/G1 phase was higher compared 
with that of adherent cells cultured in SSM in both cell lines 
(Fig. 1C). These data confirm the characteristics of the 
BCSCs.

SHH pathway plays a key role in regulating the stemness 
of BCSCs. The SHH pathway is involved in the formation 
and maintenance of CSCs (19). In the present study, it was 
observed that the protein levels of SMO, SHH, Gli1 and Gli2 
in the UM‑UC‑3 and EJ sphere‑forming cells cultured in SFM 
were markedly increased compared with those in the adherent 
cells cultured in SSM (Fig. 2A), indicating activation of the 
SHH pathway in the BCSCs. In order to further investigate the 
role of the SHH pathway in BCSCs, UM‑UC‑3 and EJ cells 
were treated with vismodegib, an SHH pathway inhibitor, in 
SFM for 1 week. As shown in Fig. 2B, tumorsphere formation 
was diminished by the presence of vismodegib. Furthermore, 
the protein levels of the aforementioned BCSC markers 

were downregulated, as were the SHH pathway‑associated 
proteins (Fig. 2C and D). These results suggest that the SHH 
pathway is key to maintaining the stemness of BCSCs.

Benzidine upregulates CSC traits and activates the SHH 
pathway in BCSCs. Benzidine is known to increase the risk 
of bladder cancer in humans. To determine the effects of 
benzidine on BCSCs, the UM‑UC‑3 and EJ cells were treated 
with 0, 0.001, 0.005 or 0.025 µM benzidine in SFM for 7 days. 
As shown in Fig. 3A, benzidine concentration‑dependently 
facilitated the formation of UM‑UC‑3 and EJ cell spheres. 
Furthermore, benzidine increased the number of these 
tumorspheres in a concentration‑dependent manner (Fig. 3B). 
Western blotting demonstrated that the protein expression 
levels of SHH pathway components, namely SHH, SMO, 
Gli1 and Gli2, and of BCSC markers, namely CD44, CD133, 
ALDH1‑A1, OCT‑4 and Nanog, were markedly increased by 
treatment with benzidine (Fig. 3C and D). These data indicate 
that benzidine promoted cell stemness and the activity of the 
SHH pathway in BCSCs.

Benzidine promotes the stemness of BCSCs via activation of 
the SHH pathway. To explore the role of the SHH pathway in 
the effects of benzidine on BCSCs, the SHH pathway inhibitor 
vismodegib was used. Western blotting revealed that benzi‑
dine activated the SHH pathway while vismodegib inhibited 
it (Fig. 4A). Vismodegib applied as a co‑treatment with benzi‑
dine reversed the activating effects of benzidine on the SHH 
pathway. Furthermore, vismodegib also attenuated the effects 
of benzidine on the expression of the BCSC markers CD44, 
CD133, ALDH1‑A1, OCT‑4 and Nanog (Fig. 4B). These 
results are consistent with the immunofluorescence staining 
analysis, which also demonstrated that vismodegib abrogated 
the effects of benzidine on tumorsphere formation and the 

Figure 1. Enrichment of BCSCs cultured in SFM. UM‑UC‑3 and EJ cells were maintained in SSM and SFM for 1 week. (A) Images were captured using 
a light microscope (magnification, x100; scale bar, 100 µm). (B) Protein expression levels of BCSC markers were determined by western blotting. (C) Cell 
cycle analysis was performed using flow cytometry. BCSCs, bladder cancer stem cells; SFM, serum‑free medium; SSM, serum‑supplemented medium; 
ALDH1‑A1, aldehyde dehydrogenase 1‑A1; OCT‑4, octamer‑binding transcription factor‑4. 
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Figure 3. Benzidine promotes the stemness properties and activates the SHH pathway in BCSCs. UM‑UC‑3 and EJ cells were treated with different concentra‑
tions of benzidine (0, 0.001, 0.005 and 0.025 µM) in serum‑free medium for 7 days. (A) Images of UM‑UC‑3 and EJ three‑dimensional tumorspheres were 
captured using a light microscope (scale bar, 100 µm). (B) Numbers of UM‑UC‑3 and EJ tumorspheres were counted and normalized to the control (treated 
with 0 µM benzidine). Data are expressed as mean ± SD of three independent experiments. *P<0.05, **P<0.01 vs. the 0 µM UM‑UC‑3 group; ##P<0.01 vs. the 
0 µM EJ group. Protein expression levels of (C) BCSC markers and (D) SHH pathway components were detected by western blotting. Ben, benzidine; BCSCs, 
bladder cancer stem cells; SHH, Sonic hedgehog; SMO, Smoothened; ALDH1‑A1, aldehyde dehydrogenase 1‑A1; OCT‑4, octamer‑binding transcription 
factor‑4; Gli1, Gli family zinc finger 1; Gli2, Gli family zinc finger 2. 

Figure 2. SHH pathway plays a key role in BCSCs. (A) UM‑UC‑3 and EJ cells were separately cultured in SSM and SFM, and protein expression levels of SHH 
pathway components were evaluated by western blotting. (B) Vis suppresses the SHH pathway and the stemness properties of BCSCs. Images of UM‑UC‑3 
and EJ tumorspheres obtained in SFM the presence and absence of 10 µM Vis. Scale bar, 100 µm. Protein expression levels of (C) BCSC markers and (D) SHH 
pathway components were determined by western blotting. BCSCs, bladder cancer stem cells; SSM, serum‑supplemented medium; SFM, serum‑free medium; 
SHH, Sonic hedgehog; SMO, Smoothened; Vis, vismodegib; ALDH1‑A1, aldehyde dehydrogenase 1‑A1; OCT‑4, octamer‑binding transcription factor‑4; 
Gli1, Gli family zinc finger 1; Gli2, Gli family zinc finger 2. 
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expression of CD44 (Fig. 4C). These results indicate that 
benzidine promotes BCSC properties through SHH pathway 
activation.

Discussion

The recurrence of cancer due to resistance to chemotherapy or 
radiotherapy is attributed to the existence of CSCs. These CSCs 
are considered to have the ability to escape treatment, mainly 
as a result of their totipotent nature, and form local or distant 
tumors. Furthermore, CSCs have the ability to self‑renew and 
differentiate into phenotypically varying tumor and non‑tumor 
cells, in a similar manner to normal stem cells. Several studies 
support the concept of the existence of BCSCs (21‑23).

The technologies used for CSC enrichment include 
flow cytometry, the isolation of side populations (SPs) and 
tumorsphere formation. Flow cytometry is suitable for this 
purpose in several types of tumors (24). The expression of 
cell surface markers enables CSCs to be specifically quanti‑
fied, isolated and analyzed using fluorescence‑activated and 
magnetic‑activated cell sorting methods. The enrichment of 
CSCs by SP isolation is based on the high expression levels 
of proteins from the ATP‑binding cassette transporter family, 
which are responsible for the efflux of foreign materials from 
the cells. These transporter proteins eject Hoechst 33342 dye 
and thereby identify the SP cells. The formation of tumor‑
spheres using SFM is another method for the acquisition of 
CSCs, and was used in the present study to enrich BCSCs. The 
maintenance of UM‑UC‑3 and EJ cells in SFM promoted the 
formation of three‑dimensional tumorspheres that expressed 
BCSC markers, namely CD44, CD133, ALGH1‑A1, OCT‑4 
and Nanog, at high levels. Our previous study demonstrated 
that CD44, CD133, ALDH1‑A1, OCT‑4 and Nanog contribute 
to the tumor‑forming ability of BCSCs (25). In the present 
study, the expression of BCSC markers by UM‑UC‑3 and EJ 
tumorspheres was clearly higher than that of the same cell lines 

cultured in SSM. According to stem cell theory, stem cells are 
likely to be maintained in a quiescent state (26). The results 
of the present study demonstrated that a higher proportion of 
tumorsphere cells were at the G0/G1 phase and fewer were at 
the S phase compared with the SSM cultured controls, which 
is in accordance with stem cell theory. These data confirm that 
the tumorsphere cells enriched using the SFM culture method 
had BCSC characteristics.

Benzidine is a carcinogenic aromatic amine that is widely 
used in the dye and rubber industries. Exposure to benzidine 
has been identified as a major risk factor for the development 
of bladder cancer. The International Agency for Research 
in Cancer has classified benzidine as a group 1 carcinogen 
with ‘sufficient’ evidence of carcinogenicity in humans (27). 
Rosenman and Reilly (28) confirmed that the risk of bladder 
cancer among workers exposed to benzidine was high, even 
years after the cessation of exposure. Our previous study 
revealed that benzidine induces the epithelial‑to‑mesenchymal 
transition of bladder cancer cells by activating the ERK5 
pathway (29). However, the association between benzidine and 
BCSC stemness has been unclear. In the present study, benzi‑
dine was shown to increase the stemness of bladder cancer 
stem cells. The protein expression levels of BCSC markers, 
namely CD44, CD133, ALDH1‑A1, Nanog and OCT‑4, were 
markedly upregulated by benzidine. Furthermore, treatment 
with benzidine concentration‑dependently promoted the 
tumorsphere formation of UM‑UC‑3 and EJ cells compared 
with that of untreated cells.

Activation of the SHH signaling pathway promotes tumori‑
genesis in various cancers and promotes the stemness of 
bladder cancer (30). SHH signaling is involved in a number of 
processes, including cancer‑associated signaling (31). In 2019, 
Nedjadi et al (32) investigated the expression of SHH protein 
in 128 cases of bladder cancer by performing an immuno‑
histochemical analysis, and found that it was significantly 
associated with lymph node invasion. Furthermore, in 2011, 

Figure 4. Benzidine promotes the stemness of BCSCs via activation of the SHH pathway. UM‑UC‑3 and EJ cells were treated with 0.025 µM benzidine, 
in the absence or presence of Vis (10 µM) in serum‑free medium for 7 days. The protein expression levels of (A) BCSC markers and (B) SHH pathway 
components were measured by western blot analysis. (C) Immunofluorescence staining images of UM‑UC‑3 tumorspheres were obtained to determine the 
expression level of CD44. Scale bar, 100 µm. Ben, benzidine; Vis, vismodegib; BCSCs, bladder cancer stem cells; SHH, Sonic hedgehog; ALDH1‑A1, aldehyde 
dehydrogenase 1‑A1; OCT‑4, octamer‑binding transcription factor‑4; SMO, Smoothened; Gli1, Gli family zinc finger 1; Gli2, Gli family zinc finger 2. 
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Shin et al (33) demonstrated that elevated mRNA expression 
levels of SHH and Gli1 increased the proliferative potential 
of bladder stem cells. In the present study, SHH signaling 
proteins, including SHH, SMO, Gli1 and Gli2, were found 
to be highly expressed by BCSCs and induced by benzidine. 
Furthermore, use of the SHH pathway inhibitor vismodegib 
indicated that the BCSC‑promoting effect of benzidine was 
mediated by SHH signaling.

In summary, the present demonstrated that benzidine 
stimulates the SHH signaling pathway, which in turn promotes 
the stemness of BCSCs. Therefore, the SHH signaling 
pathway may be a promising target for the treatment of 
bladder cancer. In addition, avoiding exposure to benzidine 
and benzidine‑associated products may be beneficial for the 
prevention of bladder cancer.
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