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Abstract. Bladder cancer (BC) is universally acknowledged 
as a significant public health issue, worldwide. Numerous 
studies have demonstrated that cigarette smoke is the primary 
risk factor for BC. However, the mechanism of cigarette 
smoke‑induced BC has not been fully elucidated. Sustained 
epithelial cell hyperplasia has been identified as a preneo-
plastic lesion during the formation of BC. The aim of the 
present study was to investigate whether exposure to cigarette 
smoke extract (CSE) induced proliferation in normal human 
urothelial SV‑HUC‑1 cells. Furthermore, the role of the 
mitogen‑activated protein kinase (MAPK)/activator protein‑1 
(AP‑1) pathway in the CSE‑induced proliferation of SV‑HUC‑1 
cells was also investigated. The present study revealed that the 
expression of phosphorylated‑extracellular signal regulated 
protein kinase (ERK)1/2, Jun N‑terminal kinase (JNK) and 
p38 was significantly increased following exposure to CSE in 
SV‑HUC‑1 cells. Furthermore, CSE increased the expression 
of the proliferation markers, cyclin D1 and proliferating cell 
nuclear antigen. By contrast, CSE attenuated the expression of 
p21. In addition, the inhibitors of ERK1/2 and JNK reversed 
the aforementioned effects of CSE. However, p38 inhibition 
did not reverse CSE‑induced proliferation. In conclusion, the 
results of the present study demonstrated that exposure to 
CSE induced proliferation in normal human urothelial cells. 

Furthermore, the results also indicated that the ERK1/2 and 
JNK pathways are important for the regulation of proliferation 
via the AP‑1 proteins.

Introduction

Bladder cancer (BC) is the fifth most common type of cancer 
in Western countries, accounting for >130,000 mortalities 
annually, worldwide (1). At any point in time, 2.7 million 
people are diagnosed with or have a history of BC (1).

Cigarette smoke is the major risk factor for BC  (2). 
Recently, a meta‑analysis of 43 published case‑control and 
cohort studies reported that, at present, cigarette smokers 
exhibit a ~3‑fold higher risk of developing BC compared 
with non‑smokers  (3). The risk of BC has been found to 
significantly correlate with the intensity and duration of 
cigarette smoke exposure, whereas quitting smoking reduces 
this risk (4).

Exposure to CSE or its constituents is known to trigger 
a cascade of events in the multistage process of carcinogen-
esis (5). A previous study revealed that the mitogen‑activated 
protein kinase (MAPK)/activator protein‑1 (AP‑1) pathway 
is associated with the effects induced by CSE (6). MAPKs 
are involved in the phosphorylation and activation of the Jun 
and Fos proteins. Three well‑characterized subfamilies of 
MAPK have been identified, which include the extracellular 
signal‑regulated kinase (ERK)1/2, Jun N‑terminal kinase 
(JNK)/stress‑activated protein kinase and p38 subfami-
lies (7). The MAPK signaling pathway, which is upregulated 
in cancer cells, promotes proliferation, differentiation and 
cell survival, and mediates oncogenesis (8).

Malignant tumors exhibit aberrant cell growth, which 
results from uncontrolled cell division and proliferation. 
Urothelial hyperplasia has been identified as a precancerous 
lesion in BC (9). Exposure to nicotine induces the expression 
of cyclin D1 and proliferating cell nuclear antigen (PCNA), 
which are two AP‑1 target genes known to be involved in 
promotion of cell cycle progression (10). Cyclin D1 monitors 
the cell cycle by forming complexes with cyclin-dependent 
kinase 4 and 6 in the cytoplasm. These complexes then enter 
the nucleus and inactivate the cell-cycle suppressive retino-
blastoma protein, thereby promoting progression from G1 
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to S phase (10). By contrast, the tumor suppressor, p21, is 
a key negative regulator of the cell cycle and cell prolifera-
tion, and is often downregulated in cancer. Notably, p21 is 
rarely mutated or deleted (11). However, few studies have 
investigated the effect of CSE on the cell cycle in normal human 
urothelial cells.

Thus, the aim of the present study was to investigate 
whether exposure to CSE induced proliferation in SV‑HUC‑1 
cells. Furthermore, the role of the MAPK/AP‑1 pathway 
in CSE‑induced proliferation of SV‑HUC‑1 cells was also 
analyzed.

Materials and methods

Reagents. The SV‑40 immortalized human urothelial 
SV‑HUC‑1 cell line was purchased from the Chinese Academy 
of Sciences Cell Bank (Shanghai, China). Gibco F12K medium 
was purchased from Thermo Fisher Scientific, Inc. (Waltham, 
MA, USA). Fetal bovine serum (FBS) was obtained from 
PAA Laboratories GmbH (Pasching, Austria). 3‑(4,5)‑dime
thylthiahiazo(‑z‑y1)‑3,5‑di‑phenytetrazoliumromide (MTT) 
was purchased from Sigma‑Aldrich (Merck Millipore, 
Darmstadt, Germany). Monoclonal rabbit phosphorylated (p‑)
JNK (cat. no. AF3318; 1:1,000), p38 (cat. no. 9212; 1:1,000), 
ERK1/2 (cat. no. RS-2637S; 1:1,000), p‑c‑Jun (cat. no. AF-3095; 
1:1,000), p‑c‑Fos (cat. no. 5348; 1:1,000), Jun B (cat. no. 10486-
1-AP; 1:1,000), p21 (cat. no. 10355-1-AP; 1:1,000), cyclin D1 
(cat.  no.  2978; 1:1,000) and PCNA (cat.  no.  10205-2-AP; 
1:1,000)  primary antibodies were all purchased from Cell 
Signaling Technology, Inc. (Danvers, MA, USA). Monoclonal 
rabbit glyceraldehyde 3‑phosphate dehydrogenase (GAPDH; 
cat. no. 60004-1-Ig; 1:1,000) was purchased from Proteintech 
(Rosemont, IL, USA). Monoclonal rabbit Jun  D antibody 
(cat. no.  sc-2048; 1:1,000) was purchased from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA, USA). Mouse anti-rabbit 
IgG secondary antibodies (cat. no. bs-0295M; 1:10,0000) were 
purchased from Saihongrui Biotechnology Co., Ltd., (Nanjing, 
China). Primers were synthesized according to published 
sequences by Invitrogen (Thermo Fisher Scientific, Inc.). Inhibi-
tors of the MAPK pathway (SB203580 for p38, SP600125 for 
JNK and U0126 for ERK) were purchased from Beyotime 
Institute of Biotechnology (Shanghai, China).

Cell culture and treatment. SV‑HUC‑1 cells were cultured in 
F12K medium (Sigma-Aldrich; Merck Millipore) containing 
antibiotics (100 units/ml penicillin and 100 µg/ml streptomycin) 
in an atmosphere of 5% CO2 at 37˚C. Cells were seeded in 
10 cm2 flasks at a density of 1x105 cells per well. The medium 
was changed every other day until cells reached 80‑90% conflu-
ence, then treated with 0, 0.10, 0.25 or 0.50% cigarette smoke 
extract (CSE) or U0126 (5 µM), SB203580 (5 µM) or SP600125 
(2 µM).

Preparation of CSE. CSE was freshly prepared for each experi-
ment by combusting one commercial cigarette, according to a 
previously reported method (12). Commercial cigarettes (Hong-
tashan filter‑tipped cigarettes; YuXi Cigarette Factory, Yunnan, 
China), each containing 12 mg tar and 1.1 mg nicotine, were 
combusted. Using a vacuum, mainstream (first‑hand) smoke 
was drawn through 10 ml pre‑warmed (37˚C) FBS‑free F12K 

medium supplemented with penicillin and streptomycin at a 
rate of 5 min/cigarette (13). The obtained CSE stock solution 
was considered to contain a concentration of 100%. The CSE 
stock solution was then filtered through a 0.22‑µm‑pore size 
filter and diluted to the desired concentrations using treat-
ment medium. The resulting CSE solutions were applied 
to epithelial cell cultures within 30 min of preparation. A 
control solution was prepared using the same protocol, using 
unlit cigarettes.

Cell proliferation assay. SV‑HUC‑1 cells (2x103 cells/well) 
were seeded in 96‑well plates in 200 µl F12K medium. Cells 
were exposed to 0, 0.10, 0.25 or 0.50% CSE for 7 days and 
cell viability was then determined by MTT assay. The media 
were changed every day. Subsequent to 7 days of culture, 
MTT stock solution (5 mg/ml) was added to each well to 
solubilize formazan crystals, and plates were incubated for 
an additional 4 h at 37˚C. Next, MTT solution was removed 
and the crystals were solubilized in dimethyl sulfoxide. 
Absorbance was measured at 490 nm using a microplate 
reader (Titertek Instruments Inc., Huntsville, AL, USA). All 
experiments were performed in triplicate.

Cell cycle analysis. The cell cycle distribution of SV‑HUC‑1 
cells was determined by flow cytometry. SV‑HUC‑1 cells 
(5x105cells/well) were incubated in F12K medium supple-
mented with 5% FBS at 37˚C overnight. Cells were then 
cultured in F12K medium without FBS for 6 h. Next, cells 
were treated with 0, 0.1, 0.25 and 0.5% CSE for 7 days. Cells 
were trypsinized, washed twice with cold phosphate‑buffered 
saline (PBS) and fixed overnight with 70% ethanol at 4˚C 
followed by resuspension in 500 µl PBS. Following the addi-
tion of 10 µl RNAse (10 mg/ml), cells were incubated for 
30 min in the dark at 37˚C then stained with 10 µl propidium 
iodide (1 mg/ml). Cell cycle analysis was then performed by 
flow cytometry (FACSCalibur instrument; BD Biosciences, 
San Jose, CA, USA). The percentage of cells in each cell 
cycle phase (G0/G1, S or G2/M) was calculated using Multi-
Cycle 3.0 software (BD Biosciences). All experiments were 
performed in triplicate.

Western blot analysis. SV‑HUC‑1 cells were harvested at 
70‑80% confluence, washed with ice‑cold PBS and lysed in 
RIPA buffer (Thermo Fisher Scientific, Inc.). The concentra-
tion of precipitated proteins in the cell lysates was measured 
using the BCA Protein Assay kit (Pierce Biotechnology, Inc., 
Rockford, IL, USA). Next, proteins were diluted to equal 
concentrations, boiled for 5 min, separated by 7.5‑10.0% 
sodium dodecyl sulfate‑polyacrylamide gel electrophoresis 
and transferred to polyvinylidene difluoride membranes 
(Millipore, Billerica, MA, USA). After blocking with 5% 
milk, the membranes were incubated with the p‑JNK, p38, 
ERK1/2, p‑c‑Jun, p‑c‑Fos, Jun B, Jun D, p21, cyclin D1 and 
PCNA primary antibodies at 4˚C overnight. The membranes 
were washed with PBS 3 times for 5 min each time, prior 
to incubation with secondary antibodies for 1 h at room 
temperature. The blots were subsequently developed using 
an enhanced chemiluminescence detection kit (Amersham 
Biosciences, Uppsala, Sweden) and exposed to film (Kodak, 
Rochester, NY, USA). GAPDH acted as the loading control.
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Quantitative reverse transcription‑polymerase chain reac‑
tion (qRT‑PCR). Total cellular RNA was isolated using 
Trizol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) 
according to the manufacturer's instructions. Total RNA 
was reverse‑transcribed using the Easy RT‑PCR kit (Takara 
Bio, Inc., Otsu, Japan). qRT‑PCR was performed using the 
Power SYBR Green Master Mix (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) and an ABI 7300 Real‑time 
PCR Detection System (Applied Biosystems; Thermo Fisher 
Scientific, Inc.). A 20 µl sample system was used, including 
1 µl cDNA, 0.6 µl forward primer, 0.6 µl reverse primer, 
7.8 µl diethylpyrocarbonate water and 10 µl Rox‑mix. PCR 
was performed under the following conditions: Denaturation 
at 95˚C for 15 sec, followed by 40 cycles of annealing at 65˚C 
for 30 sec and extension at 72˚C for 15 sec. The sequences of 
the primers (Invitrogen; Thermo Fisher Scientific, Inc.) used 
for RT‑PCR were as follows: Forward, 5'‑CGT​GGC​CTC​
TAA​GAT​GAAGG‑3' and reverse, 5'‑TGC​GGA​TGA​TCT​
GTT​TGTTC‑3' for cyclin  D1; forward, 5'‑GAC​ACC​ACT​
GGA​GGG​TGACT‑3' and reverse, 5'‑CAG​GTC​CAC​ATG​
GTC​TTCCT‑3' for p21; and forward, 5‑'GCT​GCC​CAA​CGC​
ACC​GAATA‑3' and reverse, 5'‑GAG​TCA​ACG​GAT​TTG​
GTCGT‑3' for GAPDH. Each sample was run in triplicate. 
Fold changes in the expression of each gene were calculated 
using the comparative threshold cycle (Ct) method using the 
formula 2‑ΔΔCt (14).

Statistical analysis. All statistical analysis was performed 
using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). Data are 
expressed as the mean  ±  standard deviation. One‑way 
analysis of variance or the Kruskal‑Wallis test were used to 
analyze differences among groups. P<0.05 was considered to 
indicate a statistically significant difference.

Results

CSE induces proliferation in SV‑HUC‑1 cells. To study 
the cell viability of SV‑HUC‑1 cells following treatment 
with CSE, cells were incubated with CSE (0, 0.25, 0.50, 
0.75, 1, 2 and 4%) for 7 days and examined by MTT assay. 
A significant increase in the cell viability of SV‑HUC‑1 

cells following treatment with 0.25 (P<0.001) and 0.50% 
(P=0.042) CSE was identified, while cell viability decreased 
to <80% following treatment with CSE concentrations of ≥2% 
(P<0.001), which were demonstrated to be toxic to SV‑HUC‑1 
cells (Fig. 1A). To further investigate the effect of CSE treatment 
on the proliferation of SV‑HUC‑1 cells, lower concentrations of 
CSE (0.25 and 0.50%) were selected to study cell viability in 
further experiments. Although a CSE concentration of 0.05% 
increased SV‑HUC‑1 cell proliferation, concentrations of 0.10, 
0.25 and 0.50% CSE were selected as the optimal concentrations 
for future investigation, as they resulted in the most significant 
differences in proliferation (Fig. 1B).

CSE promotes SV‑HUC‑1 cell transformation from G1 to 
S phase. To examine whether the proliferative effects of CSE 
in SV‑HUC‑1 cells were mediated via cell cycle modulation, 
the cell cycle distribution in SV‑HUC‑1 cells was investigated 
by flow cytometry. Low concentrations of CSE (0.10, 0.25 and 
0.50%) promoted SV‑HUC‑1 cell transformation from G1 to S 
phase (Fig. 2A and B). Notably, a total of 39.83% of SV‑HUC‑1 
cells treated with 0.25% CSE entered S phase, which was signif-
icantly increased compared with the control group (29.82%; 
P=0.032). Next, the expression of proteins associated with the 
cell cycle were determined; the results revealed that the expres-
sion of cyclin D1 and PCNA were markedly increased following 
0.10, 0.25 and 0.50% CSE treatment. Notably, the expression 
of p21 was attenuated by CSE treatment and the expression of 
p21 almost disappeared following treatment with 0.5% CSE 
(Fig. 2C‑D).

MAPK/AP‑1 pathway is involved in the proliferative effects 
induced by CSE in SV‑HUC‑1 cells. The MAPK/AP‑1 pathway 
is hypothesized to be involved in the effects induced by CSE in 
SV‑HUC‑1 cells. Therefore, SV‑HUC‑1 cells were treated with 
0, 0.10, 0.25 or 0.50% CSE for 7 days followed by western blot 
analysis to investigate whether CSE activates the MAPK/AP‑1 
pathway. The results revealed that CSE activated p‑ERK1/2, 
P38 and JNK (Fig. 3A). However, the AP‑1 proteins exhibited 
varying sensitivity to CSE (Fig. 3B). For example, p‑c‑Jun was 
more sensitive to 0.25% CSE, while Jun B was more sensitive 
to 0.1% CSE; whereas p‑c‑Fos was continuously activated by 

Figure 1. Change in SV‑HUC‑1 cell viability following treatment with 0, 0.05, 0.10, 0.25, 0.50, 0.75, 1, 2 and 4% CSE for 7 days. (A) Treatment with 0.25 
and 0.50% CSE significantly increased the proliferation of SV‑HUC‑1 cells, whereas treatment with 2 and 4% CSE resulted in a significant decrease in cell 
viability. (B) Treatment with 0.10% CSE also promoted proliferation. Data are representative of three independent experiments and are expressed as the 
mean ± standard deviation. *P<0.05 and **P<0.01 vs. control group. CSE, cigarette smoke extract.

  A   B
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Figure 2. (A) CSE promoted the transformation of phase GO into G1 phase in SV‑HUC‑1 cells, particularly the 0.25% CSE. (B) Cell cycle phase is shown 
in a bar graph form with the G0/G1, S and G2/M phases. Folowing tratment with 0.25% CSE, the number of SV-HUC-1 cells entering S phase (39.83%) was 
significantly higher than that of the control (29.82%). Data are representative of three independent experiments and are expressed as the mean ±standard 
deviation. *P<0.05 vs. control group. (C) Western blots and (D) quantification revealed the relative protein expression of cyclin D1, p21 and proliferating cell 
nuclear antigen in SV‑HUC‑1 cells following treatment with 0, 0.10, 0.25 and 0.50% CSE for 7 days. *P<0.05 and **P<0.01 vs. control group. CSE, cigarette 
smoke extract; mRNA, messenger RNA.

  A

  B

  C

  D
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CSE, which indicates that at higher concentrations of CSE, 
the effects of Jun D attenuation are more evident.

MAPK pathway inhibitors reverse CSE‑induced prolifera‑
tion in SV‑HUC‑1 cells. To investigate the role of the MAPK 
pathway in CSE‑induced cell proliferation of SV‑HUC‑1 
cells, cells were incubated with DMSO (control group), 0.10 
or 0.25% CSE in combination with U0126 (5 µM), SB203580 
(5  µM) or SP600125 (2  µM) for 7  days. An MTT assay 
was conducted to analyze cell viability and the inhibitory 

effects induced, following treatment with MAPK inhibitors 
(Fig. 4A). The results revealed that U0126 and SP600125 
markedly reversed CSE‑induced proliferation in SV‑HUC‑1 
cells (P<0.001; 0.25%CSE vs. 0.25%CSE+U0126/SP600125). 
SB203580 marginally attenuated the effect of CSE; however, 
the effect was not reversed, which indicates that p38 is not 
involved in the proliferative effects induced by CSE.

Western blot analysis revealed similar results. p‑ERK1/2 
was significantly downregulated and the expression of 
p‑c‑Jun and p‑c‑Fos was attenuated by U0126 treatment after 

Figure 3. (A) Expression of proteins involved in the mitogen-activated protein kinase pathway, including p‑ERK1/2, p‑p38 and p‑JNK, in SV‑HUC‑1 cells 
following treatment with 0.10, 0.25 and 0.50% CSE for 7 days. p‑ERK1/2, p‑P38 and p‑JNK protein expression was increased following CSE treatment. 
(B) Expression of proteins involved in activator protein 1 pathway, including p‑c‑Jun, p‑c‑Fos, Jun B and Jun D in SV‑HUC‑1 cells following treatment with 
CSE for 7 days. The expression of p‑c‑Jun, p‑c‑Fos and Jun B were markedly increased following CSE treatment. p-, phosphorylated; ERK, extracellular signal 
regulated protein kinase; JNK, Jun N-terminal kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

  A   B

Figure 4. (A) Fold change in cell viability of SV‑HUC‑1 cells treated with 0, 0.10 and 0.25% CSE for 7 days in combination with 5 µM U0126, 5 µM SB203580 
or 2 µM SP600125. Data are representative of three independent experiments and are expressed as the mean ± standard deviation. *P<0.05 vs. control group 
(0% CSE + dimethyl sulfoxide); #P<0.05 represents CSE ± inhibitor group vs. respective CSE group. (B) Protein expression of AP‑1 pathway and cell cycle 
markers in SV‑HUC‑1 cells following combined treatment with CSE and 5 µM U0126 for 7 days. The upregulated expression of p‑c‑Fos, p‑c‑Jun, cyclin D1 
following CSE treatment was decreased by U0126, while U0126 inhibited the CSE-induced downregulation of p21. (C) Protein expression of AP‑1 pathway 
and cell cycle markers in SV‑HUC‑1 cells following combined treatment with CSE and 5 µM SB203580 for 7 days. The expression of p‑c‑Jun was decreased by 
SB203580. The expression of p‑c‑Fos and cell cycle regulators, cyclin D1 and p21, was not decreased following SB203580 treatment. (D) Protein expression of 
AP‑1 pathway and cell cycle markers in SV‑HUC‑1 cells following combined treatment with CSE and 2 µM SP600125 for 7 days. p‑c‑Fos, p‑c‑Jun, cyclin D1 
and p21 were decreased following treatment with SP600125. CSE, cigarette smoke extract; p-, phosphorylated; ERK, extracellular signal regulated protein 
kinase; JNK, Jun N-terminal kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; AP-1, activator protein-1.

  A   B

  C   D
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CSE treatment (Fig. 4B). Furthermore, U0126 reversed the 
CSE‑induced upregulation of cyclin D1 and downregulation 
of p21 expression. However, SB203580 exhibited no effect 
on cyclin D1 or p21 expression following CSE treatment 
(Fig. 4C). Additionally, SP600125 treatment markedly inhib-
ited the effects of CSE, and the expression of downstream 
p‑c‑Fos and p‑c‑Jun were strongly inhibited. Furthermore, 
the expression of cyclin D1 and p21 were decreased following 
SP600125 treatment (Fig. 4D). Notably, following treatment 
with SP600125, the observed protein levels of cyclin D1 and 
p21 were similar to the levels exhibited in the control group, 
which indicates that SP600125 may be present a potential 
chemopreventative agent. U0126, SB203580 and SP600125 
treatment exhibited little effect on the control group and 
mainly diminished the effect induced by CSE.

Discussion

The present study demonstrated that exposure to CSE acti-
vated the MAPK/AP‑1 pathway and induced cell proliferation 
in SV‑HUC‑1 cells. Furthermore, inhibitors of the ERK1/2 
and JNK pathways reversed the proliferation induced by 
exposure to CSE. However, the inhibition of p38 did not 
reverse the proliferation induced by CSE.

BC is one of the most common tumors of the urinary 
tract. It is a disease that peaks in older patients, and ~90% 
of cases are pathologically diagnosed as urothelial carci-
noma (15). Cigarette smoke is considered to be the major risk 
factor for BC (3). Thus, elucidating the processes involved 
in the transformation of normal urothelial cells to malignant 
cells induced by exposure to cigarette smoke may aid the 
development of early targeted interventions for BC. To date, 
>60 carcinogens, which are present in mainstream smoke, 
sidestream smoke and the particulate phase of CSE, including 
polycyclic aromatic hydrocarbons, benzo[a]pyrene, nitrosa-
mines and aromatic amines, have been identified (16). As the 
risk of BC is significantly associated with the intensity and 
duration of exposure to cigarette smoke, CSE was selected as 
a stimulus in the present study, as it has been widely used in 
previous BC studies (17,18).

Previous studies have demonstrated that the MAPK/AP‑1 
pathway is involved in the effects induced after treatment 
with CSE  (6,19). The Ras‑MAPK signaling pathway is 
a well‑established target for anticancer therapies, due to 
its central role in regulating the growth and survival of 
cells (19). BC is a disease caused by alterations in several 
cellular processes, characterized by constitutive activation 
of the Ras‑MAPK pathway (20). In the present study, CSE 
was found to activate the ERK1/2, P38 and JNK pathways. 
The activation of the ERK signaling pathway, also known as 
the p42/p44 MAP kinase pathway, is a major determinant in 
the control of cell growth, differentiation and survival (21). 
Furthermore, ERK1/2 inhibitors have been administered as 
anti‑cancer drugs (22). The present study results revealed 
that ERK1/2 inhibition reversed the proliferative effects 
induced by CSE, which may aid with the development of 
novel therapies for bladder cancer. Notably, a previous 
study demonstrated that JNK and p38 are involved in 
arsenic‑induced activating transcription factor 2 activation in 
SV‑HUC‑1 cells (23). However, few studies have investigated 

CSE‑induced AP‑1 activation in SV‑HUC‑1 cells, as demon-
strated in the present study. The results of the present study 
revealed that ERK1/2 and JNK regulated the expression of 
AP‑1 proteins involved in the proliferative effects induced by 
CSE (Fig. 4B and D).

The AP‑1 transcription factor is a hetero or homodimeric 
complex that comprises members of the proto‑oncogene Jun 
(c‑Jun, Jun B and Jun D) and Fos (c‑Fos, Fos B, Fra‑1 and 
Fra‑2) protein families. c‑Fos and c‑Jun are a pair of tran-
scription factors that, in combination with other associated 
proteins, form the AP‑1 transcription factor complex (24). 
AP‑1 exhibits a crucial role in the carcinogenesis of tumors 
via the promotion of cell proliferation, invasion and metas-
tasis. c‑Jun expression has been found to positively correlate 
with an increasing tumor stage in BC (25).

Bladder carcinogenesis has been reported to be initi-
ated by the clonal expansion of genetically altered cells that 
include normal mucosa and premalignant lesions (26). In the 
present study, CSE treatment resulted in the upregulation 
of cyclin D1 and PCNA expression and the downregulation 
of p21 expression in SV‑HUC‑1 cells via the AP‑1 pathway. 
Cyclin D1 and PCNA are AP‑1 target genes that are involved 
in cell proliferation. Cyclin D1 gene regulatory sequences 
contain two AP‑1 binding sites. Several AP‑1 proteins, 
including c‑Jun and c‑Fos, bind these sites to subsequently 
activate cyclin D1 expression (27). Cyclin D1 is a gene that 
controls the cell cycle and promotes cell cycle progression 
through G1‑phase by forming active holoenzymes with 
cyclin‑dependent kinase (CDK)4 and CDK6, which leads to 
phosphorylation of retinoblastoma protein (28). Cyclin D1 
overexpression has been demonstrated to be an independent 
adverse risk factor in metastasizing BC (29). Similarly, the 
PCNA gene contains AP‑1 binding sites in the promoter region 
and thus its expression is regulated by AP‑1 activity (30). 
Consistent with the results of the present study, a number of 
previous studies have demonstrated that exposure to cigarette 
smoke and nicotine induces the expression of PCNA (31,32). 
Additionally, p21 is a well‑characterized PCNA partner that 
has been identified in a protein complex that contains PCNA, 
cyclin D1 and CDK. The p21 protein exhibits two various 
inhibitory effects on the entry of a cell into S phase: Inhibi-
tion of the kinase activity of CDK and inhibition of DNA 
replication via interactions with PCNA (33). According to 
the results of the present study, ERK1/2 and JNK inhibition 
attenuated the proliferative effects triggered by CSE.

In addition, the present study indicated that the inhibition 
of p38 did not reverse the proliferative effect on SV‑HUC‑1 
cells induced by CSE. As shown in Fig. 4C, SB203580 did 
not suppress the CSE‑induced expression of p‑c‑Fos, which 
may indicate why the proliferative effects induced by CSE 
were not reversed following SB203580 treatment. However, 
numerous signaling pathways are associated with exposure 
to cigarette smoke, including the nuclear factor‑κB and 
phosphoinositide 3‑kinase/protein kinase B pathways (31), 
therefore further study is required.

The results of the present study confirmed that exposure 
to CSE induces proliferation in normal human urothelial 
cells. The ERK1/2 and JNK pathways are important in the 
regulation of CSE‑induced proliferation of SV‑HUC‑1 cells 
via the AP‑1 pathway. These findings revealed the effects of 
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CSE on the proliferation of normal human urothelial cells 
and also highlighted the importance of the MAPK/AP‑1 
pathway in the development of CSE‑induced pathogenesis, 
which may provide novel evidence with regard to the molecular 
mechanisms of BC development.
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