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Benzo[a]pyrene-7,8-diol-9,10-epoxide (B[a]PDE), the major
metabolite of B[a]P, has been well recognized as one ubiquitous
carcinogen, but the molecular mechanism involved in its carci-
nogenic effect remains obscure. In the present study, we found
that bronchial epithelial cells (Beas-2B) and hepatocytes treated
with B[a]PDE presented a significant increase of cyclin D1
expression. Moreover, Akt, p70s6k, and MAPKs including JNK,
Erks, and p38 were notably activated in B[a]PDE-treated
Beas-2B cells, whereas NF-�B, NFAT, and Egr-1 were not. Our
results demonstrated that JNK and Erks were required in
B[a]PDE-induced cyclinD1expressionbecause the inhibitionof
JNK or Erks by a selective chemical inhibitor or dominant neg-
ative mutant robustly impaired the cyclin D1 induction by
B[a]PDE. Furthermore, we found that overexpression of the dom-
inant negativemutant of p85 (regulatory subunit of phosphatidyl-
inositol 3-kinase) or Akt dramatically suppressed B[a]PDE-in-
duced JNK and Erk activation as well as cyclin D1 expression,
suggesting that cyclinD1 inductionbyB[a]PDE is via thephospha-
tidylinositol 3-kinase/Akt/MAPK-dependent pathway. In addi-
tion, we clarified that p70s6k is also involved in B[a]PDE-induced
cyclin D1 expression because rampamycin pretreatment dramati-
cally reduced cyclin D1 induction by B[a]PDE. More importantly,
we demonstrated that up-regulated cyclin D1 by B[a]PDE plays a
critical role in oncogenic transformation and tumorigenesis of
Beas-2Bcells. These results not only broadenourknowledgeof the
molecular mechanism of B[a]PDE carcinogenicity but also lead to
the further study of chemoprevention of B[a]PDE-associated
human cancers.

Polycyclic aromatic hydrocarbons are ubiquitous environ-
mental chemical carcinogens existing in cigarette smoke,
charred foods, and exhaust gas from incomplete combustion of

fossil fuels (1, 2). Benzo[a]pyrene (B[a]P),3 as the first identified
carcinogenic component of polycyclic aromatic hydrocarbons,
is the most extensively studied carcinogen in cigarette smoke
and has been regarded as a critical mediator of lung cancer for a
long time (3, 4). B[a]P is metabolized by cytochrome P450
enzyme to B[a]PDE, which is highly cytotoxic, mutagenic, and
carcinogenic (5, 6). Carcinogenesis is a multistage process that
consists of initiation, promotion, and progression (7). Initiation
is a rapid and irreversible course, whereas promotion is a long
term process requiring chronic exposure to a certain com-
pound with tumor promotion activity (8). The carcinogenicity
of B[a]PDE has been reported to be associated with its covalent
binding to some critical targets in DNA and the subsequent
DNA damage, which lead to the activation of oncogenes or
inactivation of tumor suppressor genes (9). For example,
B[a]PDE-DNA hydrophobic adduct found in lung tissue from
smokers was verified to be able to induce p53 mutation, which
is well accepted to mediate cancer initiation during tumor
development (10). It has been also demonstrated that topical
application of a low dose of B[a]PDE alone for a long period is
able to cause cancer, implicating that B[a]PDE also possesses
tumor promotion activity (11). In addition to its tumor initia-
tion activity via DNA adduction and consequent gene muta-
tion, the tumor promotion activity of B[a]PDE is also consid-
ered to be rather important for its carcinogenicity, but the
underlying molecular mechanism is far from being fully under-
stood (11).
The precise regulation of cell cycle transition is critical for

maintaining cellular homeostasis, whereas abnormal expres-
sion of regulatory factors, which drives uncontrolled cell cycle
progression, is involved in tumor promotion (12, 13). Previ-
ously, we found that B[a]PDE exposure could markedly induce
cyclin D1 transcription in mouse epidermal Cl 41 cells (14).
Cyclin D1, which complexes with and activates cyclin-depend-
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transition of cells exposed to various growth factors and
stresses including chemical carcinogen. Overexpression of
cyclin D1 has been observed in a number of human cancers
including lung cancer, hepatocarcinoma, and bladder cancer,
etc. Cyclin D1 knockdown was reported to inhibit tumorigen-
esis of human cancer cells in nude mice (15). Accumulating
evidence has demonstrated that the carcinogenic effect of
cyclin D1 is much more sophisticated than simply accelerating
the cell cycle progression (16). As known to all, lung is the pri-
mary target of B[a]PDE from cigarette smoke. Therefore, it is
important to study whether B[a]PDE is able to up-regulate
cyclin D1 expression in pulmonary cells, and if so, what would
be the molecular mechanism and the tumorigenic effect.

MATERIALS AND METHODS

Reagents and Cell Lines—Human bronchial epithelial
Beas-2B cells, human hepatocyte L02 cells and their stable
transfectants were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen) supplemented with 10% fetal
bovine serum (FBS) at 37 °C in a humidified atmosphere with
5% CO2. B[a]PDE was purchased from Eagle-Picher Industries,
Inc., Chemsyn Science Laboratories (Lenexa, KS). Antibodies
against phospho-Akt (Thr308), phospho-Akt (Ser473), Akt,
phospho-p70s6k (Thr389), phospho-p70s6k (Thr421/Ser424),
p70s6k, cyclin A, cyclin D1, and cyclin E were purchased from
Cell Signaling Technology (Beverly, MA). Egr-1, p38, JNK, and
Erk antibodieswere purchased fromSantaCruz Biotechnology,
Inc. (Santa Cruz, CA). Wortmannin, a PI-3K inhibitor, and
rapamycin, an mTOR/p70s6k pathway inhibitor, were pur-
chased from Calbiochem (La Jolla, CA). Specific inhibitor of
MEK/Erks (PD98059), p38 (SB202190), and JNKs (SP600125)
were obtained from Calbiochem-Merck (Darmstadt,
Germany).
Plasmids—The cyclin D1 promoter-driven luciferase

reporter (cyclin D1-luc) construct was obtained by inserting a
1.23-kb EcoRI-PvuII fragment of the cyclin D1 gene promoter
from �1095 to �135 relative to the translation initiation site,
into the pA3LUC vector as described previously (17). The
NFAT-luciferase reporter plasmid and NF-�B-luciferase
reporter plasmidwere constructed as described previously (18).
Plasmids expressing dominant negative mutants of Akt, Erk,
JNK, and PI-3K (DN-Akt, DN-Erks, DN-JNK, and �p85) were
described in our previous studies (19–21). The specific small
interference RNA (siRNA) targeting human cyclin D1 was
inserted into pSuppressor vector as described previously (22).
Stable Transfection—Beas-2B cells were transfected with

hygromycin B-resistant plasmid together with cyclin D1-lucif-
erase reporter plasmid, or plasmid expressing �p85, DN-Akt,
DN-JNK, DN-Erk, or siCyclin D1, according to the manual of
Lipofectamine 2000 reagent. 400 �g/ml hygromycin was uti-
lized for the selection of stable transfectants. The stable trans-
fectants: Beas-2B cyclin D1-luc mass1 cells, L02 cyclin D1-luc
mass1 cells, Beas-2B DN-Akt mass1 cells, Beas-2B DN-JNK
mass1 cells, Beas-2B DN-Erk mass1 cells, Beas-2B �p85 mass1
cells, Beas-2B cyclin D1 siRNA mass1 cells, and their control
cells were cultured in hygromycin-free 10% FBS DMEM for at
least 2 days before each experiment.

Gene Reporter Assays—8 � 103 viable cells suspended in 100
�l of 10% FBS DMEM were seeded into each well of 96-well
plates. After the cell density reached 80–90% confluence, the
cells were exposed to B[a]PDE for various time periods and
then lysed with 50 �l of lysis buffer. The luciferase activity was
measured using the Promega Luciferase assay reagent with a
luminometer (BioTek SynergyTM 2 multi-mode microplate
reader). The results were expressed as cyclin D1 luciferase
activity relative to medium control (relative cyclin D1 induc-
tion). Student’s t test was used to determine the significance,
and the differences were considered significant at p � 0.05.
RT-PCR—The cells were cultured in a 6-well plate until they

reached 85–90% confluence. The cell culture medium was
replaced with 0.1% FBS DMEM and cultured for 24 h. The cells
were then exposed to various concentrations of B[a]PDE for
12 h. The cells were washed oncewith ice-cold phosphate-buff-
ered saline, andwhole RNAwas extractedwithTRIzol� reagent
following the manufacturer’s instructions (Invitrogen). The
cDNAwas synthesized from 1�g of RNA by using a first strand
synthesis system for RT-PCR (Invitrogen). The PCR was per-
formed by using 2 �l of synthesized cDNA and the specific
human cyclin D1 primers (sense, 5�-agctcctgtgctgcgaagtg-
gaaac-3�; antisense, 5�-agtgttcaatgaaatcgtgcggggt-3�) or the
�-actin primers (sense, 5�-gcgagaagatgacccagatcat-3�; anti-
sense, 5�-gctcaggaggagcaatgatctt-3�). The relative mRNA level
of cyclin D1 was normalized to the internal reference �-actin
that was co-amplified in the same reaction for each sample.
Western Blot Assays for Cell Culture—2 � 105 Beas-2B cells

or its stable transfectants were cultured in each well of 6-well
plates till 70–80% confluence. The culture medium was
replaced with 0.1% FBS DMEM. After being cultured for 24 h,
the cells were exposed to B[a]PDE for various time periods. The
cells were then washed once with ice-cold phosphate-buffered
saline and extracted with SDS sample buffer. The extracts of
cells were separated on polyacrylamide-SDS gels, transferred to
nitrocellulose membrane, and probed with rabbit or mouse-
specific antibodies. The protein band, specifically bound to the
primary antibody, was detected using an IRDye 800CW-conju-
gated secondary antibody and LI-COR imaging systems (LI-
COR Biosciences, Lincoln, NE).
Cell Cycle Assays—Beas-2B siCyclin D1 mass1 cells and the

control cells were seeded in 6-well plate until they reached
85–90% confluence. After serum starvation for 24 h, the cells
were exposed to 0.5 �M B[a]PDE for 24 h, then harvested, and
fixed in 70% ice-cold ethanol overnight. The fixed cells was then
centrifuged (1500 rpm, 3 min), suspended in suspension buffer
(100mM sodium citrate and 0.1% Triton X-100), and incubated
for 15 min at room temperature. The cells were incubated with
RNase A (10 mg/ml) (Sigma) for 10 min at room temperature,
and DNA was stained with propidium iodide (50 mg/ml) for at
least 1 h at 4 °C. The DNA content was determined by flow
cytometry (Beckman Coulter, San Diego, CA) and EXPO 32
software.
Colony Formation Assay—Beas-2B stable transfectants were

cultured in each well of six-well plates to 30–40% confluence
with normal culture medium. The cells were treated with 0.5
�MB[a]PDE for 1 day and then recovered in freshmedium for 2
days. After repeated treatment with B[a]PDE for 12 weeks, the
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cells (1� 103) were plated in 10% FBSDMEMon 96-well plates
precoated with 100 �l of Matrigel (Becton Dickinson) and cul-
tured for 2weeks. The colony formationwas assessed by count-
ing the colony number under microscope, and representative
views were photographed.
Tumorigenicity Assays—Six-week-old male nude mice were

injected subcutaneously with 4 � 106 of Beas-2B cells with or
without B[a]PDE long term treatment, respectively. Tumor
growth was monitored by caliper measurement once or twice a
week for at least 6 weeks. The tumor volume (cm3) was calcu-
lated using the following formula: 0.5 � (L � W2), where L is
tumor length, andW is tumor width. Six weeks after the tumor
cells inoculation, themice were sacrificed byCO2 asphyxiation,
and the xenograft tumors were excised for immunohistochem-
istry. These procedures were approved by the Animal Care and
Use Committee (Shanghai, China).
Immunohistochemistry—The tumors were excised, fixed in

formalin, embedded in paraffin, and cut into 5-mm-thick slices
for staining. The sections were subjected to incubation with
anti-cyclin D1 antibody or anti- proliferating cell nuclear anti-
gen antibody (Cell SignalingTechnology, Inc.) at 4 °C overnight
and then with horseradish peroxidase-conjugated secondary
antibody at 37 °C for 30 min. The sections were finally incu-
bated with diaminobenzidine and counterstained with hema-
toxylin for detection. The slides were viewed by aNikon Eclipse
E600 microscope (Nikon Corporation, Tokyo, Japan), and rep-
resentative views were photographed.
Statistical Analysis—The significance of the difference

between the treated and untreated groups was determined
using the Student’s t test, and the statistical significance was set
at p � 0.01 or p � 0.05.

RESULTS

B[a]PDEEnhances CyclinD1 Expression in Bronchial Epithe-
lial Cells and Hepatocytes—Epidemiological studies have
shown that occupational and nonoccupational exposures to
B[a]P are associated with an increased risk of lung cancer (3, 4).
Previous studies have documented that cyclin D1 is constitu-
tively overexpressed in human lung cancer (16). It is therefore
interesting to determine whether cyclin D1 is inducible in
human bronchial epithelial cells exposed to B[a]P. To address
this question, Beas-2B cells were exposed to B[a]P and itsmajor
metabolite B[a]PDE. As shown in Fig. 1 (A and B), treatment of
Beas-2B cells with B[a]PDE or B[a]P led to amarked increase of
cyclin D1 transcription in gene reporter assay, and the induc-
tion of cyclin D1 by B[a]PDE was more obvious and rapid than
that by B[a]P. It is well accepted that B[a]P exerts its carcinoge-
nicity mainly through its intermediate metabolite B[a]PDE.
Hence, our following studies were focused on B[a]PDE. RT-
PCR (Fig. 1C) and Western blot assay (Fig. 1D) were also per-
formed, and the results were consistent with the data from gene
reporter assay. Considering liver is the primary target organ for
ingested B[a]P, we also examined the cyclin D1 expression in
hepatocytes exposed to B[a]PDE, and the results verified that
B[a]PDE was able to up-regulate cyclin D1 expression in L02
hepatocytes (Fig. 1, E–G).

Akt, p70s6k, and MAPKs Are Activated by B[a]PDE, Whereas
NFAT, NF-�B, and Egr-1 Are Not—Numerous signaling cas-
cades including PI-3K/Akt, MAPKs, IKK/NF-�B, p70s6k, and
Egr-1 have been documented to participate in the regulation of
cyclin D1 expression in different cell types (23, 24). Our previ-
ous results also revealed that in mouse epidermal Cl41 cells,
B[a]PDE treatment resulted in marked activation of NFAT,
which was responsible for B[a]PDE-induced cyclin D1 tran-
scription in Cl41 cells. In present study, we found that phos-
phorylation of Akt, p70s6k, and MAPKs (Fig. 2, A–C) were sig-
nificant enhanced in Beas-2B cells upon B[a]PDE exposure,
whereas no obvious activation of Egr-1, NF-�B, or NFAT was
observed (Fig. 2, D–F). These data demonstrated that Akt,
p70s6k, and MAPKs might be implicated in B[a]PDE-induced
cyclin D1 expression.
JNK and Erks Are Required in B[a]PDE-induced Cyclin D1

Expression, but p38 Is Not—It has been well demonstrated that
MAPK family, consisting of JNK, Erks, and p38, modulates the
activation of signaling cascades by phosphorylating various
transcription factors, which in turn regulate the target gene
expression (25, 26). To clarify the role of JNK, Erks, and p38 in
B[a]PDE-induced cyclin D1 expression in Beas-2B cells, spe-
cific inhibitors of theseMAPK familymemberswere used in the
present study (Fig. 3A). As shown in Fig. 3B, pretreatment of the
cells with SP600125 or PD98059 markedly inhibited cyclin D1
induction by B[a]PDE, but SB202190 pretreatment did not
show any inhibitory effect. These results demonstrated that
JNK and Erks were required in B[a]PDE-induced cyclin D1
expression, whereas p38 was not. To further confirm this find-
ing, Beas-2B cells ectopically expressing DN-JNK or DN-Erks
were treated with B[a]PDE. As shown in Fig. 3 (C and D), the
impairment of JNK or Erk activation by dominant negative
mutant dramatically attenuated cyclin D1 induction by
B[a]PDE.
PI-3K/Akt/p70s6k-dependent Pathway Is Required for Cyclin

D1 Induction by B[a]PDE—To explore whether Akt and p70s6k
was involved in B[a]PDE-induced cyclin D1 expression, wort-
mannin, a specific inhibitor of PI-3K (which is a upstream
mediator of Akt), and rampamycin, a specific inhibitor of the
mTOR/p70s6k pathway, were utilized in this study. As shown in
Fig. 4 (A and B), wortmannin pretreatment not only blocked
Akt phosphorylation but also impaired cyclin D1 induction in
Beas-2B cells upon B[a]PDE exposure, indicating that the
PI-3K/Akt cascade is involved in B[a]PDE-induced cyclin D1
expression. Akt was reported to act as an upstreammediator of
MAPKs in Cl41 cells exposed to B[a]PDE (27). We therefore
investigated the correlation between the PI-3K/Akt cascade
and MAPKs in B[a]PDE-induced cyclin D1 expression. Over-
expression of �p85 or DN-Akt not only inhibited B[a]PDE-
elicited JNK and Erks activation but also impaired B[a]PDE-
induced cyclin D1 expression (Fig. 4, C and D), which suggests
that cyclin D1 induction by B[a]PDE is via the PI-3K/Akt/JNK-
and Erk-dependent pathway. Moreover, the blockage of p70s6k
phosphorylation resulted from �p85 or DN-Akt overexpres-
sion, together with the impairment of cyclin D1 induction
caused by rampamycin pretreatment, implicated that p70s6k is a
downstream mediator of the PI-3K/Akt cascade in B[a]PDE
response and participates in cyclin D1 induction as well.
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Increased Cyclin D1 by B[a]PDE Promotes Malignant Trans-
formation of Beas-2B Cells—To further investigate the onco-
genic effect of up-regulated cyclinD1 by B[a]PDE in pulmonary
cells, we established cyclin D1 siRNA stable-transfected
Beas-2B cells. As shown in Fig. 5 (A andB), cyclinD1 siRNAwas
able to specifically inhibit B[a]PDE-induced cyclin D1 expres-
sion. Fluorescence-activated cell sorter assay showed that
B[a]PDE exposure significantly facilitated G1/S cell cycle tran-
sition. More importantly, B[a]PDE-triggered increase of S
phase cells was dramatically reduced in cyclinD1 siRNA stable-
transfected Beas-2B cells, which further confirmed the role of
cyclinD1 inB[a]PDE-induced cell cycle progression (Fig. 5C). It
has been accepted that induction of cyclin A or cyclin E may
account for the enhanced G1/S cell cycle transition as well.
But our results showed that expression of cyclin A was

decreased, and cyclin E expression
was not changed in B[a]PDE-
treated Beas-2B cells, which
excluded the role of cyclin A or
cyclin E in B[a]PDE-triggered
G1/S cell cycle transition (Fig. 5D).
To test the potential role of cyclin
D1 in B[a]PDE-induced cell trans-
formation, colony formation assay
was performed in the current study.
We found that long term repeated
exposure of Beas-2B cells to
B[a]PDE was able to induce notable
anchorage-independent cell growth,
which could be significantly
reduced by cyclin D1 knockdown
using its specific siRNA (Fig. 5E).
These results strongly indicate that
induction of cyclinD1 is at least par-
tially responsible for B[a]PDE-in-
duced cell transformation.
B[a]PDE-induced Cyclin D1 Up-

regulation Facilitates Tumorigene-
sis of Beas-2B Cells—It is well
accepted that the capacity of anchor-
age-independent growth of trans-
formed cells in soft agar reflects their
tumorigenicity in vivo. To evaluate
the tumorigenicity of Beas-2B cells
that have undergone long term
B[a]PDE exposure, the nude mice
were subcutaneously injected with
B[a]PDE-treated Beas-2B cells or
Beas-2B control cells, respectively.
The results showed that long term
repeated exposure of B[a]PDE
robustly increased the tumorigenicity
of Beas-2B cells (Fig. 6A). Immuno-
histochemistry revealed that the
expression of proliferating cell
nuclear antigen and cyclin D1 in
xenograft tumor of B[a]PDE-treated
cellswas significantlyhigher than that

in control tumor (Fig. 6B).More importantly, the size of xenograft
tumors of cyclin D1 siRNA stable-transfected cells was signifi-
cantly reduced compared with those of control cells (Fig. 6C),
which further confirmed that cyclin D1 is involved in B[a]PDE-
induced tumorigenesis. Taken together, these data demonstrated
that cyclin D1 induction by B[a]PDE, via the PI-3K/Akt/MAPK
and p70s6k-dependent pathway, is able to promote cell transfor-
mation and tumorigenesis (Fig. 6D).

DISCUSSION

It has been well accepted that B[a]PDE exposure is closely
associated with an increased risk of human lung cancer (2, 5, 9).
However, the molecular mechanism of the B[a]PDE-induced
carcinogenesis is far frombeing fully understood. In the current
study,we found that B[a]PDE is able to induce cyclinD1 expres-

FIGURE 1. B[a]PDE-induced cyclin D1 expression in bronchial epithelial cells and hepatocytes. A, Beas-2B
cyclin D1-luc cells were treated with 1 �M B[a]PDE or B[a]P for 12 h and subjected to luciferase assay. B, Beas-2B
cyclin D1-luc cells were exposed to 0.5 �M B[a]PDE or B[a]P for indicated time periods and subjected to lucif-
erase assay. C and D, Beas-2B cells were exposed to B[a]PDE as indicated for 12 h and subjected to RT-PCR or
Western blot assay. E, L02 cyclin D1-luc mass1 cells were exposed to 0.5 �M B[a]PDE for 24 h followed by
luciferase assay. F and G, the cells were exposed to 0.5 �M B[a]PDE dosages and subjected to RT-PCR and
Western blot assay.
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FIGURE 2. Akt, p70s6k, and MAPKs were activated by B[a]PDE. A–D, Beas-2B cells were treated with various dosages of B[a]PDE for the indicated time periods
and subjected to Western blot assay. E, Beas-2B NF-�B-luc cells were treated with B[a]PDE for indicated time periods and subjected to luciferase assay. Tumor
necrosis factor � was used as a positive control. F, Beas-2B NFAT-luc cells were treated with B[a]PDE for indicated time periods and subjected to luciferase assay.
Nickel chloride was used as a positive control.
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sion in human bronchial epithelial cells and hepatocytes. We
also demonstrated that JNK, Erk, and p70s6k are involved in
cyclin D1 induction by B[a]PDE in Beas-2B cells. Further study
elucidated that PI-3K/Akt is the upstream mediator of both
MAPK and p70s6k in B[a]PDE response and is required in
B[a]PDE-induced cyclin D1 up-regulation. More importantly,
we demonstrate here that the increased cyclin D1 by B[a]PDE
facilitates cell transformation and tumorigenesis of bronchial

epithelial cells, whichmay be at least
partially responsible for B[a]PDE
carcinogenicity in human lung
cancer.
Cyclin D1 is an important regula-

tor of cell cycle progression (G1 to S
phase) and acts as a sensor of cell
cycle machinery in response to
growth factor signaling or extracel-
lular stress (28) but its functions are
more sophisticated than simple
acceleration of cell cycle transition.
Actually, cyclin D1 overexpression
has been linked to the promotion
and progression of cancer. Roy
and Thompson (29) emphasized
the importance of cyclin D1 not
only in cell growth regulation
(normal and abnormal) but also in
mammary gland development and
carcinogenesis (15). Cyclin D1 has
been reported to distinguish
benign and premalignant breast
lesions from any form of human
breast carcinoma (30). Gautschi et
al. (16) concluded in their review
that cyclin D1 overexpression is
not a consequence but a pivotal
element in the process of malig-
nant transformation of pulmonary
cells. Moreover, cyclin D1 is impli-
cated in tumor vascularization by
mediating vascular endothelial
growth factor-stimulated growth
of vascular endothelial cells (31).
Cyclin D1 accumulation is regu-
lated at multiple levels including
transcription, post-translational
activation, and intracellular local-
ization throughout the cell cycle
(32). Our previous study indicated
that cyclin D1 transcription can
be up-regulated by B[a]PDE or
B[a]PDE plus ionizing radiation
through NFAT3-involved path-
way in mouse epidermal Cl 41 cells
(14). In the current study,
B[a]PDE-induced cyclin D1 ex-
pression was first verified at both
RNA and protein levels in human

bronchial epithelial Beas-2B cells.
In general, JNK and p38, which are usually activated by var-

ious extracellular stimuli such as oxidative stress or UV irradi-
ation, play critical roles in the mediation of apoptosis (33),
whereas Erk is required in cell growth and division (34). How-
ever, the functions of these MAPK members may be diverse
depending on the cell types and stimuli. Previous studies have
documented thatMAPKs play a pivotal role in the regulation of

FIGURE 3. JNK and Erks were required in B[a]PDE-induced cyclin D1 expression, but p38 was not.
A, Beas-2B cells with or without chemical inhibitor pretreatment were exposed to B[a]PDE for 30 min and then
subjected to Western blot analysis. B, Beas-2B cells pretreated with chemical inhibitors or not were exposed to
B[a]PDE for 24 h and then subjected to Western blot analysis. C and D, Beas-2B DN-JNK mass1 cells and Beas-2B
DN-Erk mass1 cells were exposed to 0.5 �M of B[a]PDE for 24 h and then subjected to Western blot analysis.

FIGURE 4. PI-3K/Akt/p70s6k signaling cascade was involved in B[a]PDE-induced cyclin D1 expression.
Beas-2B cells with or without the pretreatment of chemical inhibitors were exposed to B[a]PDE for 30 min (A) or
24 h (B) and then subjected to Western blot analysis. Beas-2B �p85 mass1 cells or Beas-2B DN-Akt mass1 cells
were exposed to B[a]PDE for 30 min (C) or 24 h (D) and then subjected to Western blot assay.
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cyclin D1 expression. Kashima et al. reported that activation of
theMAPK pathway followed by up-regulation of cyclin D1 and
cyclin E was involved in estrogen-induced overgrowth of endo-
metrial carcinoma cells (35). Rac/Erk-dependent cyclin D1
induction has been clarified to correlate with heregulin-pro-
moted cell proliferation of breast cancer (36). The MEK/Erk
pathwaywas reported to up-regulate cyclinD1 transcription, as
well as to facilitate the assembly of cyclin D1 with cyclin-de-
pendent kinase 4 in murine fibroblast (37). p38 activation was
also reported to promote heregulin-induced cell cycle progres-
sion and cyclin D1 expression in breast cancer cells (38). More-
over, MAPK was recognized as an essential mediator of gene

expression in cells upon B[a]PDE exposure. Our previous study
has verified that the MAPK/activator protein-1-dependent
pathway is responsible for COX-2 induction by B[a]PDE in
mouse epidermal Cl 41 cells (39). In the current study, we
showed that JNK, Erk, and p38 were all activated by B[a]PDE in
Beas-2B cells, but only Erk and JNK were involved in the
B[a]PDE-induced cyclin D1 expression.
Besides the MAPK pathway, the PI-3K/Akt cascade also

exhibits distinct activation in response to various extracellular
stimuli (40). Aberrant activation of Akt is frequently observed
inmany types of human cancers (41). Constitutive activation of
PI-3K/Akt signaling has been regarded as an indispensable

FIGURE 5. Increased cyclin D1 by B[a]PDE promotes oncogenic transformation. A and B, Beas-2B-Vc mass1 cells and Beas-2B siCyclin D1 mass1 cells were
exposed to 0.5 �M B[a]PDE for 12 h and then subjected to RT-PCR assay or Western blot assay. C, Beas-2B-Vc mass1 cells and Beas-2B siCyclin D1 mass1 cells
were starved for 24 h and then exposed to 0.5 �M of B[a]PDE for 12 h followed by flow cytometry assay. D, Beas-2B cells were treated with 0.5 �M B[a]PDE for
the indicated time periods and subjected to Western blot assay. E, Beas-2B-Vc mass1 cells and Beas-2B siCyclin D1 mass1 cells were repeatedly treated with 0.5
�M of B[a]PDE for 12 weeks and then subjected to colony formation assay as described under “Materials and Methods.”
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event during cancer development, although the detailed mech-
anism has not been fully characterized (42). Accumulating evi-
dence has indicated that activation of both MAPK and PI-3K/
Akt pathways are usually necessary, yet insufficient alone, to
promote cell survival, cell growth, and carcinogenesis (38). It
was reported that inhibition of PI-3K in normal T-cells attenu-
ated the activation of Erk signaling pathway (43). A previous
study by Li et al. (27) also showed that Akt may act as upstream
regulator of JNKs in Cl 41 cells upon B[a]PDE exposure. A
recent study demonstrated that cyclin D1 is a downstream tar-
get of the PI-3K/Akt cascade and participates in the cell trans-
formation caused by arsenite in human keratinocytes (44). In
present study, we demonstrated that B[a]PDE-induced cyclin
D1 expression is via the PI-3K/Akt/MAPK- and p70s6k-
dependent pathway.
p70s6k is one of the important downstreamprotein kinases of

the PI-3K/Akt pathway. Previous studies showed the activation
of p70s6k is critical for the oncogenic properties of the PI-3K/
Akt pathway (45). Tumors and tumor-derived cell lines in

which the PI-3K pathway is aberrantly activated usually exhibit
an increased sensitivity to rapamycin or rapamycin analogues
(46–48). Other studies have also suggested the biological sig-
nificance of the PI-3K/Akt/p70s6k pathway in thyroid tumor
growth (49), NO-induced cyclin D1 expression (50), and the
proliferation of multiple myeloma cells (51). Currently, our
results demonstrated that p70s6k was involved in B[a]PDE-in-
duced cyclin D1 expression in human pulmonary cells.
There is a growing amount of evidence indicating the essen-

tial role of cyclin D1 in the oncogenic transformation of cells
(52). Ouyang et al. (44) reported that cyclin D1 induction by
arsenite, via the PI-3K/Akt-dependent pathway, is responsible
for arsenite-induced malignant transformation of human ke-
ratinocyte. Our current work elucidated that cyclin D1 is a
downstream target of the PI-3K/Akt/MAPK cascade and par-
ticipates in the cell transformation caused by B[a]PDE in
human bronchial epithelial cells. Although the precise mecha-
nismof cyclinD1-mediated cell transformation is still elusive, it
is accepted that chronic checkpoint activation triggered by the

FIGURE 6. B[a]PDE-induced cyclin D1 up-regulation facilitates tumorigenesis. A, Beas-2B cells with or without B[a]PDE long term treatment were subcu-
taneously inoculated into the nude mice. A representative picture was taken in the fourth week post inoculation. The tumor dimensions were measured as
described under “Materials and Methods.” B, xenografted tumors were excised and subjected to immunohistochemical staining. C, Beas-2B-Vc mass1 cells and
Beas-2B siCyclin D1 mass1 cells repeatedly treated with B[a]PDE were injected subcutaneously into each spot of nude mice separately. The tumor volume was
calculated as described above. D, illusion of the signaling pathway involved in B[a]PDE-induced cyclin D1 expression.
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nuclear cyclinD1-cyclin-dependent kinase complexmight pro-
vide the cells with not only a growth advantage but also the
tendency of genomic instability (52).
In summary, our study demonstrates that the PI-3K/Akt

pathway, as well as downstreamMAPK and p70s6k, is involved
in B[a]PDE-induced cyclin D1 expression, and the increased
cyclin D1 is required for the transformation and tumorigenesis
of human bronchial epithelial cells exposed to B[a]PDE. These
results not only broaden our understanding on the molecular
mechanism of B[a]PDE carcinogenicity but also lead to the
development of chemoprevention and therapeutic strategies
for B[a]PDE-associated human cancers.

REFERENCES
1. Baird, W. M., Hooven, L. A., and Mahadevan, B. (2005) Environ. Mol.

Mutagen. 45, 106–114
2. Boström, C. E., Gerde, P., Hanberg, A., Jernström, B., Johansson, C., Kyrk-

lund, T., Rannug, A., Törnqvist, M., Victorin, K., and Westerholm, R.
(2002) Environ. Health Perspect. 110, (Suppl. 3) 451–488

3. Alexandrov, K., Cascorbi, I., Rojas, M., Bouvier, G., Kriek, E., and Bartsch,
H. (2002) Carcinogenesis 23, 1969–1977

4. Wynder, E. L., and Graham, E. A. (1950) J. Am. Med. Assoc. 143, 329–336
5. Phillips, D. H. (1983) Nature 303, 468–472
6. Smith, L. E., Denissenko, M. F., Bennett, W. P., Li, H., Amin, S., Tang, M.,

and Pfeifer, G. P. (2000) J. Natl. Cancer Inst. 92, 803–811
7. Klaunig, J. E., and Kamendulis, L. M. (2004) Annu. Rev. Pharmacol. Toxi-

col. 44, 239–267
8. Huang, C., Ma, W. Y., Ryan, C. A., and Dong, Z. (1997) Proc. Natl. Acad.

Sci. U.S.A. 94, 11957–11962
9. Krawczak, M., and Cooper, D. N. (1998)Mutagenesis 13, 319–320
10. Hollstein, M., Sidransky, D., Vogelstein, B., and Harris, C. C. (1991) Sci-

ence 253, 49–53
11. Albert, R. E., Miller, M. L., Cody, T., Andringa, A., Shukla, R., and Baxter,

C. S. (1991) Carcinogenesis 12, 1273–1280
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