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Cigarette smoke extract induces the proliferation of normal
human urothelial cells through the NF-kB pathway
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Abstract. Bladder cancer is a common genitourinary
malignant disease worldwide. Convincing evidence shows
that cigarette smoke (CS) is a crucial risk factor for bladder
cancer, yet the role of the NF-«xB signaling pathway in the
development of CS-associated bladder cancer has not been
fully elucidated. In the present study, we found that exposure
to cigarette smoke extract (CSE) induced proliferation and
triggered the transition of normal human urothelial cells
from Gl1 to S phase. Moreover, CSE exposure enhanced the
expression of cyclin D1 and proliferating cell nuclear antigen
(PCNA) and decreased the expression of p21 in SV-HUC-1
cells. Furthermore, the levels of nuclear NF-kB p65/p50 were
significantly elevated by CSE. Pre-treatment with the NF-xB
inhibitor (PDTC) reversed CSE-triggered cell proliferation.
Taken together, our study revealed that CSE induced prolif-
eration of normal human urothelial cells through the NF-kB
pathway, and these data enhance our understanding of the
CSE-related carcinogenesis of bladder cancer.
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Introduction

Bladder cancer is the 11th most common cancer worldwide,
accounting for an estimated 429,793 new diagnosed cases and
165,084 deaths each year (1,2). Bladder cancer is becoming
the leading cause of cancer-related death among all urinary
malignancies (3-5).

Cigarette smoke (CS) is a well-established risk factor for
bladder cancer (3,6,7). Zeegers et al concluded that cigarette
smokers have an approximately 3-fold higher risk of bladder
cancer (8), and it has been estimated that CS accounts for 50%
of bladder cancer cases among both men and women (9). CS
contains at least 60 carcinogens such as cigarette-specific
nitrosamines, specific polycyclic aromatic hydrocarbons
(PAHs), and multiple alkylated agents which are capable of
initiating tumorigenesis (10-12). There have been many epide-
miological investigations of CS, but there is limited research
on the mechanism of CS leading to bladder cancer.

Accumulating evidence has confirmed that the deregula-
tion of the cell cycle in normal cells is central to cancer
initiation (13). The constituents of CS can impact cell cycle
progression and proliferation, and accelerate tumor progres-
sion in multiple cancer types, including bladder cancer (14,15).
Ho et al demonstrated that exposure to nicotine increased
the expression of cyclin D1 and proliferating cell nuclear
antigen (PCNA) via the nuclear factor-kB (NF-«kB) signaling
pathway (16). Other researchers found that upon exposure to
cigarette smoke extract (CSE) the expression levels of p21 and
p27 were significantly reduced (17,18).

There are five members of the NF-kB family: p50/p105
(NF-xB1), p52/p100 (NF-kB2), c-Rel, RelB, and p65 (RelA).
In most cell types, NF-kB complexes exist as homodimeric
and heterodimeric, which are predominantly cytoplasmic and
transcriptionally inactive by the inhibitory protein IkB mainly
IxBa. In response to environmental stimuli, the IkB proteins
then undergo rapid ubiquitination and proteasome-mediated
degradation by IkB kinases (IKK) and releasing complex to
translocate to the nucleus and alter gene transcription (19,20).
NF-kB plays an essential role in cell proliferation and cancer
development (21-24), and regulates the expression of cell
cycle genes, such as cyclin DI and c-myc (19,25). However,
little information is available in regards to the role of NF-kB
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activity in CSE-induced proliferation of normal human
urothelial cells.

The present study aimed to investigate the proliferative
effect of CSE on normal human urothelial SV-HUC-1 cells.
Moreover, the role of NF-xB activity in CSE-induced prolif-
eration in these cells was also explored.

Materials and methods

Materials. An SV-40 immortalized human urothelial cell
line (SV-HUC-1) was purchased from the Chinese Academy
of Typical Culture Collection Cell Bank. F12K medium
was purchased from Gibco (New York, NY, USA). Fetal
bovine serum (FBS) was obtained from PAA Laboratories
(Pasching, Austria). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was purchased from
Sigma-Aldrich. p-IKKa/B, IxkB, p65, p21, cyclin D1, PCNA
antibodies were all purchased from Cell Signaling Technology
(Beverly, MA, USA). P50 was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Primers were synthe-
sized according to published sequences from Invitrogen
(Carlsbad, CA, USA). Ammonium pyrrolidinedithiocarbamate
(PDTC) was purchased from Beyotime (Shanghai, China). A
nuclear and cytoplasmic protein extraction kit was purchased
from KeyGen (Nanjing, China). Sources of other materials are
noted accordingly in the text.

Cell culture and treatment. The SV-HUC-1 cells were cultured
in F12K medium with 10% FBS and antibiotics (100 U/ml
penicillin and 100 pg/ml streptomycin) in a humidified atmo-
sphere of 5% CO, at 37°C. The medium was changed every
other day. When the cells reached 80-90% confluency, they
were treated with various concentrations of cigarette smoke
extract (CSE) or with PDTC (2 uM) for 7 days.

Preparation of the cigarette smoke extract. CSE was prepared
daily immediately before use according to a previously reported
method (26). Briefly, one filterless 3R4F reference cigarette
(12 mg tar and 1.0 mg nicotine/cigarette) was combusted,
and the mainstream smoke was continuously drawn through
a glass syringe containing 10 ml of FBS-free F12K that was
pre-warmed to 37°C at a rate of 5 min/cigarette. The resulting
suspension was adjusted to pH 7.4 and then filtered through a
0.22-um-pore size filter. The obtained solution was referred to
as a 100% CSE solution and was further diluted to the desired
concentration with culture medium. Control solution was
prepared using the same protocol, except that the cigarette was
unlit. SV-HUC-1 cells were exposed to various concentrations
of CSE within 30 min of preparation.

MTT assay. Briefly, SV-HUC-1 cells (1x10°/well) were seeded
in 96-well plates with F12K medium containing 10% FBA for
up to 24 h. The cells were treated with different concentrations
of CSE for 7 days. Cells viability was measured by MTT assay.
Twenty microliters of MTT solution (5 mg/ml) was added to
each well, and the plates were further incubated for 4 h at
37°C. Then the MTT was removed and the precipitants were
solubilized in DMSO. Absorbance was measured at 490 nm
using a microplate reader. All measurements were performed
in triplicate.
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Cell cycle analysis. The distribution of SV-HUC-1 cells at
different stages in the cell cycle was calculated by flow cyto-
metric analysis. Briefly, we plated 1x10° cells on 6-cm dishes
for 24 h. Then the cells were incubated at 37°C overnight.
SV-HUC-1 cells were treated with 0, 0.1, 0.25, and 0.5% CSE
for 7 days and then trypsinized and washed twice with cold
PBS and mixed with 75% ethanol at 4°C overnight. Then the
cells were centrifuged and resuspended in 500 ul PBS. After
addition of 10 xl RNAse (10 mg/ml), the cells were left for
30 min at 37°C in the dark and stained with 10 pul propidium
iodide (1 mg/ml). The cells were immediately evaluated by
flow cytometry. The percentages of cells in each cell cycle
phase (GO/G1, S, G2/M) were measured using Multicycle V.3.0
software, with a minimum of 1x10° cells/sample being evalu-
ated.

Quantitative reverse transcription-polymerase chain reaction
(gRT-PCR). For RNA analysis, 1x10° cells per dish were plated
in 6-cm plastic tissue culture dishes for 24 h. Then SV-HUC-1
cells were either exposed to different concentrations of CSE,
or were pretreated for 30 min with PDTC (2 uM) before expo-
sure to CSE for 7 days. Finally, the cells were harvested, and
total RNA was extracted using TRIzol reagent (Invitrogen)
according to the manufacturer's protocol. Total RNA was
reverse-transcribed using the Easy RT-PCR kit according to
the manufacturer's instructions. GAPDH was analyzed in
parallel as an internal control. Real-time PCR assays were
performed using Power SYBR Green Master Mix and an
ABI 7300 real-time PCR detection system (both from Applied
Biosystems, USA). The primer sequences used for the RT-PCR
were: cyclin DI forward, 5-CGTGGCCTCTAAGATGAA
GG-3' and reverse, 5"-TGCGGATGATCTGTTTGTTC-3"; p21
forward, 5'-GACACCACTGGAGGGTGACT-3' and reverse,
5'-CAGGTCCACATGGTCTTCCT-3"; and GAPDH forward,
5-GCTGCCCAACGCACCGAATA-3" and reverse 5-GAGT
CAACGGATTTGGTCGT-3" All of the primers were synthe-
sized by RiboBio (Guangzhou, China). Fold changes in
expression of each gene were calculated by a comparative
threshold cycle (Ct) method using the formula 2-44<,

Preparation of nuclear and cytoplasmic protein extraction.
The NF-«kB activity in the nuclear and cytoplasmic fractions
was determined using the KeyGen kit (KeyGen, Nanjing,
China) according to the instructions of the manufacturer.
Briefly, cultured cells were collected by centrifugation,
washed in cold PBS three times and suspended in 100 pl of
buffer A (containing DTT 1 mM and PMSF 0.5 mM) and
incubated on ice for 15 min. Then 5 ul of buffer was added to
the suspension and briely vortexed. Following this, the nuclear
proteins were pelleted by centrifugation at low speed. The
(cytoplasmic extract) supernatant was collected and stored at
-20°C. The nuclear pellet was resuspended in 50 pl of buffer C
(containing DTT 1 mM and PMSF 0.5 mM). The suspension
was incubated for 30 min at 4°C and volatility every 10 min
to 15 sec followed by centrifugation at 16,000 x g for 10 min.
The supernatant containing the nuclear protein extract was
transferred to a fresh microcentrifuge tube and stored at -20°C.

Western blot analysis. Western blot analyses were used
for assessment of the protein levels of NF-kB p65, p50,
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IxBa, p-IKKa/f, cyclin D1, p21 and PCNA. Cytosolic or
nuclear proteins (40-60 ug) were loaded and separated on
10% SDS-PAGE and were transferred to PVDF membranes
(Millipore, Billerica, MA, USA). After blocking with 5% milk,
the membranes were subsequently probed with primary anti-
bodies at a dilution of 1:500 for 12 h at 4°C, and then incubated
with the secondary antibodies at a dilution of 1:1,000. Finally,
the membranes were developed using an enhanced chemilu-
minescence detection kit (Amersham Biosciences, USA) and
exposed to film. GAPDH was used as a loading control.

Statistical analysis. All data are presented as mean =+ standard
deviation. Statistical analyses were performed by one-way
analysis of variance, using SPSS 17.0. A value of P<0.05 was
considered statistically significant, All of the experiments
were performed in triplicate and performed at least thrice to
confirm their reproducibility.

Results

CSE induces the proliferation of SV-HUC-1 cells. The growth
of normal bladder epithelial cells (SV-HUC-1) was detected by
MTT assay at various concentrations of CSE (0, 0.05,0.1,0.25,
0.5,0.75,1.0,2.0 and 4.0%) for 7 days. As shown in Fig. 1, CSE
caused a significant increase in cell viability at concentrations
from 0.05 to 0.5%. Therefore, CSE concentrations of 0.1, 0.25,
and 0.5% were selected in our following experiments.

CSE triggers cell cycle progression in SV-HUC-1 cells. In
order to investigate the effect of CSE on the cell cycle, we
used flow cytometry to analyze the proportion of cells in each
phase. As shown in Fig. 2A and B, flow cytometry showed that
treatment with 0.5% CSE accelerated G1 to S phase progres-
sion, with 40.87% of cells entering into the S phase, which was
significantly higher than that of the control value (13.86%). The
effect was in a dose-related manner. The results demonstrated
that exposure of SV-HUC-1 cells to CSE induced proliferation
by modulating cell cycle distribution. As shown in Fig. 2C,
western blot analysis showed that CSE exposure increased the
cyclin D1 and PCNA protein expression level and decreased
the p21 protein expression level. As shown in Fig. 2D, results
of qRT-PCR revealed that CSE exposure enhanced the level of
mRNA expression of cyclin D1, while the expression level of
p21 was significantly decreased.

CSE activates the NF-xB pathway in SV-HUC-1 cells. To
determine whether the CSE-induced proliferation is corre-
lated with the NF-xB pathway, we examined the protein
levels of p65 and p50 in the nuclear extract of the SV-HUC-1
cells (Fig. 3A). The nuclear protein levels of both p65 and p50
were significantly increased. Furthermore, we also examined
the upstream of the NF-«B pathway. As shown in Fig. 3B, the
expression of IkB kinase (p-IKKa/p) was clearly increased in
the cytoplasm, and IxB was subsequently degradation and the
expression was obviously reduced.

Inhibition of NF-kB reverses CSE-induced SV-HUC-I cell
proliferation. To further determine the effect of the altered
NF-«B signaling pathway activity on CSE-induced SV-HUC-1
cell proliferation, the inhibition of the NF-xB pathway with
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Figure 1. Cigarette smoke extract (CSE) induces SV-HUC-1 cell prolifera-
tion. (A) Effect of CSE on the cell viability of SV-HUC-1 cells. SV-HUC-1
cells were treated with various concentrations of CSE for 7 days and cell
viability was measured by the MTT assay. (B) Effect of CSE on the cell
viability of SV-HUC-1 cells at higher concentrations. Data are expressed as
mean = SD. "P<0.05, “P<0.01, compared with the control group.

ammonium pyrrolidinedithiocarbamate (PDTC, 2 uM), a
NF-«kB-specific inhibitor was used to pretreat the cells. As
shown in Fig. 4A, an MTT assay was executed to test the cell
viability and the inhibitory effect of the inhibitor. As shown in
Fig. 4B and C, the western blot results showed that the activi-
ties of p65 and p50 proteins were significantly reduced. This
confirmed that the NF-kB pathway was effectively inhibited.
As shown in Fig. 5A and B, flow cytometry revealed that
inhibition of the NF-kB pathway decreased the percentage
(16.71%) of cells in the S phase as compared with the control
(43.33%). As shown in Fig. 5C, cyclin D1 and PCNA protein
levels were downregulated and accordingly the effect on p21
was reversed, when activation of the NF-«xB pathway was
inhibited. In addition, as shown in Fig. 5D, qRT-PCR showed
that the cyclin D1 mRNA level was decreased following inhi-
bition of the NF-kB pathway, consistent with the change in the
protein level. Inhibition of the NF-xB pathway reversed the
effect of CSE on the SV-HUC-1 cells. These data suggest that
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Figure 2. Cigarette smoke extract triggers cell cycle progression in SV-HUC-1 cells. (A and B) SV-HUC-1 cells were treated with CSE for 7 days, cells were
fixed in 70% ethanol, and cell cycle analysis was performed by flow cytometry. One representative image of more than three independent experiments is
shown. Data are expressed as mean = SD. "P<0.05, “P<0.01, compared with the control group. (C and D) Cigarette smoke extract alters cell cycle marker
expression in SV-HUC-1 cells. (C) Cigarette smoke extract increased the protein expression of cyclin D1 and PCNA and decreased protein expression of
p21 as determined by western blotting. Glyceraldehyde 3-phosphate dehydrogenase was used as a loading control. (D) Cigarette smoke extract increased the
expression of cyclin D1 mRNAs, and decreased the expression of p21 mRNAs, as detected by quantitative reverse transcriptase-polymerase chain reaction
after normalization to glyceraldehyde 3-phosphate dehydrogenase. One representative image of more than three independent experiments is shown. Data are
expressed as mean = SD. "P<0.05, “P<0.01, compared with the control group.
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Figure 3. CSE-induced cell proliferation is associated with NF-kB activation in the SV-HUC-1 cells. (A) CSE caused NF-kB activation in the SV-HUC-1 cells.
The levels of nuclear pS0 and p65 were increased. The active form of NF-kB was measured by western blotting following CSE treatment. (B) CSE increased
IKK protein activation, while IxkB was subsequently degradation. Glyceraldehyde 3-phosphate dehydrogenase was used as loading control. One representative
image of more than three independent experiments is shown. Data are expressed as mean + SD. "P<0.05, “P<0.01, compared with the control group.

the NF-kB pathway plays an important role in CSE-induced
proliferation of normal human urothelial SV-HUC-1 cells.

Discussion

The hypothesis that CS is closely related to the develop-
ment of bladder cancer is supported by studies with rodents,
non-human primates and human cancer cell lines (8-12).
The underlying molecular mechanisms by which CS causes
bladder cancer development remain to be established. In the
present study, we revealed that exposure to CSE induced cell
proliferation in normal human urothelial SV-HUC-1 cells.
Most importantly, we showed that CSE-induced cell prolif-
eration was reversed by NF-«kB inhibition. These data suggest
the important role of NF-«xB activity in CSE-associated cell
proliferation and provide critical information in regards to the
molecular mechanisms of CSE-related bladder tumorigenesis
as well as the identification of a potential target of bladder
cancer intervention.

Dysregulation of the cell cycle and unlimited proliferation
play an important role in initiation of tumorigenesis (28,29).
Evidence has revealed that exposure of cells to carcinogens

induce dysregulation of the cell cycle (14,30,31), suggesting the
important role of dysregulation of the cell cycle in the initia-
tion of tumorigenesis. Schaal and Chellappan demonstrated
that exposure of non-neuronal cells to tobacco carcinogen
nicotine induced dysregulation of the cell cycle, and early
precancerous lesions during the tumorigenic process, partici-
pating in cancer initiation and promoting the clonal expansion
of premalignant cells (14). It has been documented that CS
promoted the progression of the cell cycle, resulting in loss
of growth inhibition which increased the potential of limit-
less replication (32-34). In agreement with previous studies,
we showed in the present study that exposure of SV-HUC-1
cells to CSE induced proliferation by modulating cell cycle
distribution. Compared with the control group (13.64%), CSE
induced cell proliferation as determined by MTT assay and
the percentage of cells in the S phase (40.87%) was increased
significantly in the CSE-treated group. Moreover, we also
showed that CSE exposure resulted in increased expression
of PCNA and cyclin DI, as well as decreased expression of
p21 in normal human urothelial SV-HUC-1 cells, suggestive of
proliferation induction. Take together; our data revealed that
CSE triggered proliferation in normal human urothelial cells.
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Figure 4. Proliferative effect of CSE on SV-HUC-1 cells is reversed when cells are treated with the NF-kB pathway inhibitor. (A) SV-HUC-1 cells were treated
with 0.5% CSE with or without 2 uM PDTC for 7 days, and cell viability was measured by MTT assay. Data are expressed as mean =+ standard deviation (SD).
“P<0.05, compared with the control group. (B) Activation of NF-kB was obviously inhibited by PDTC. (C) Densitometric analyses of the western blotting.
“P<0.05, “P<0.01, compared with the control group; “P<0.05, ”’P<0.01, compared with the PDTC control group.

To explore the molecular mechanisms of CSE-induced
proliferation, the role of the NF-kB pathway in regulating
CSE-mediated cell proliferation was investigated in our study.
A large number of reports have demonstrated that NF-xB
regulates cell proliferation (35-38). Many studies revealed that
NF-kB can directly regulate cell cycle genes and trigger the
expression of proliferation-related proteins, such as cyclin D1,
PCNA and p21 (39,40). Cyclin D1 forms active holoenzymes
with CDK4 or CDK6 by phosphorylating the retinoblastoma
protein (pRB) to play an important role in regulating transi-
tion from the G1 phase to the S phase in the cell cycle (41,42).
Cyclin D1 expression is regulated by NF-kB (42). Proliferating
cell nuclear antigen (PCNA) plays a crucial role in modulating
DNA replication and cell proliferation in AML cells (44).
Moreover, PCNA can also serve as a potential chemotherapy
target (45). The cyclin dependent kinase inhibitor p21 is a
negative regulator of the cell cycle through inactiving Cdks
and directly interacts with PCNA to inhibit replication. A

close relationship between NF-kB and p21 has been demon-
strated (46). In line with these previous studies, we found
that CSE-induced NF-kB activation was associated with
downregulation of p21, and upregulation of cyclin DI and
PCNA. In addition, we also showed in the present study that
CSE increased the levels of phosphorylated IKK and reduced
the IxB level, suggesting activation of the NF-kB pathway by
CSE. Meanwhile, we found that inhibition of NF-kB activity
reversed CSE-induced proliferation in SV-HUC-1 cells.
Collectively, our data indicated that the NF-xB pathway posi-
tively regulates CSE-induced proliferation in SV-HUC-1 cells.

In summary, we demonstrated that exposure of normal
human urothelial SV-HUC-1 cells to cigarette smoke extract
induced cell proliferation. Moreover, NF-«xB activity played
an important role in CSE-triggered cell proliferation. The
findings of this study provide new insight into the molecular
mechanisms of cigarette smoke-related bladder cancer carci-
nogenesis.
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Figure 5. Inhibition of NF-«xB reverses CSE-induced SV-HUC-1 cell cycle progression. (A and B) SV-HUC-1 cells were treated with 0.5% CSE with or without
2 uM PDTC for 7 days. Cell cycle progression was entirely inhibited. ‘P<0.05, “P<0.01, compared with the control group; “P<0.05, ”"P<0.01, compared with the
PDTC control group. (C and D) Inhibition of NF-«B reverses CSE-induced SV-HUC-1 cell cycle marker expression. SV-HUC-1 cells were treated with 0.5%
CSE with or without 2 uM PDTC for 7 days. Cell cycle marker expression was entirely reversed. "P<0.05, “P<0.01, compared with the control group; “P<0.05,
#P<0.01, compared with the PDTC control group.
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