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ABSTRACT
Cigarette smoke could induce pulmonary smooth muscle cells (PASMCs) proliferation. Although our previous study had implied the

involvement of protein kinase Ca (PKCa), the molecular mechanism underlying PKCa pathway in this process is still unknown. In this study,

rat PASMCs were stimulated by cigarette smoke extract (CSE) or PMA (a special activator to PKCa). Two percent CSE and PMA significantly

enhanced cyclin D1 expression and cells proliferation. But cyclin D1-specific siRNA successfully inhibited DNA synthesis in CSE-treated or

PMA-treated cells. On the other hand, PKCa-specific siRNA significantly suppressed cyclin D1 expression in CSE-treated cells. Moreover,

PKCa-specific siRNA resulted in a cell-cycle arrest in G0/G1 and decreased cells number significantly. We conclude that CSE induced rat

PASMCs proliferation at least partly via PKCa-mediated cyclin D1 expression. J. Cell. Biochem. 112: 2082–2088, 2011. � 2011Wiley-Liss, Inc.
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C igarette smoke induced the proliferation of pulmonary

vascular smooth muscle and contributed to pulmonary

hypertension [Wright et al., 2005]. It has been proved that cigarette

smoke is mitogenic for vascular smooth muscle cells (SMCs) from

bovine thoracic aorta, human greater saphenous vein, aortic and

iliac arteries [Carty et al., 1997; Nishio andWatanabe, 1998; Li et al.,

2004; Jacob et al., 2009]. But the mechanisms of its actions remain

poorly understand.

The protein kinase C (PKC) family is an important intracellular

mediator in signal transduction, which was responsible for a

multitude of cellular processes including proliferation, differentia-

tion, and apoptosis [Gould and Newton, 2008]. As a member of the

conventional PKC subgroup, protein kinase Ca (PKCa) has been

proved playing critical role in SMCs proliferation [Okazaki et al.,

2000; Itoh et al., 2001]. Furthermore, our previous study implied

that cigarette smoke induced rat pulmonary artery smooth muscle

cells (PASMCs) proliferation via the PKCa pathway [Hu et al., 2007].

However, the downstream targets and molecular mechanism of

PKCa pathway in this process is still unclear.

In the past decade, increasing evidence manifested PKC as a key

regulator of cell-cycle progression [Black, 2000]. As a key regulator

of G1 cell-cycle progression, cyclin D1 promotes cell-cycle

progression via encoding the rate-limiting step in transitions from

the G1 to S phase [Stacey, 2003]. The activation of cyclin D1

enhanced the proliferation of tumor cells [Gladden and Diehl, 2005].

Moreover, cyclin D1 has been proved playing important role in cells

proliferation of SMCs from intestine, airways, and vessels

[Kuemmerle et al., 2004; Pera et al., 2010; Zeng et al., 2010].

Although PKCa and cyclin D1 both acted critical role in cells

proliferation, the role of PKCa in activating cyclin D1 remains

controversial. An early study reported that PKCa did not exert any

effect on cyclin D1 gene expression in HepG2 Cells [Marino et al.,

2002]. Some studies implied that PKCa inhibited cyclin D1

expression in intestinal epithelium and prostate cancer cells [Hizli

et al., 2006; Paone et al., 2008]. But, some other studies indicated

that PKCa-activated cyclin D1 expression in colon cancer cells,

hepatocellular carcinoma cells, and mouse skin [Garg et al., 2008;

Wu et al., 2008; Gwak et al., 2009]. In our previous studies, PKCa

could up-regulate cyclin D1 expression in airways SMCs from

humans and asthmatic rats [Qiao et al., 2008; Du et al., 2010].

Update, the precise role of PKCa in regulating cyclin D1

expression in rat PASMCs remains unclear. So, the present study
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focused on the role of PKCa on cyclin D1 expression and cell cycle in

rat PASMCs exposed to CSE.

MATERIALS AND METHODS

REGENTS

Phorbol 12-myristate 13-acetate (PMA) was bought from Sigma–

Aldrich Co. (USA). Mouse polyclonal antibody against 5-bromo-2-

deoxyuridine (BrdU), beta-actin, and a smooth muscle actin (a-SM-

actin), rabbit polyclonal antibody against PKCa and cyclin D1 were

all purchased from Santa Cruz Biotechnology Inc. (USA). RT-PCR kit

was product of Toyobo Biotechnology, Inc. (Japan). Lipfectine2000

and Trizol were bought from Invitrogen Biotechnology, Inc. (USA).

All primers and siRNA were synthesized by Shanghai Bio-

Engineering Co. Ltd (China). In Situ Cell Death Detection Kit was

bought from F. Hoffmann-La Roche, Ltd (Switzerland).

PREPARATION FOR CSE SOLUTION

Cigarette smoke extract (CSE) was prepared as described previously

[Zeng et al., 2010]. Smoke from four full strength Marlboro Light

cigarettes was collected and passed through 100ml of phosphate-

buffered saline (PBS). This CSE solution was filtered for sterilization

and then diluted using Dulbecco’s modified Eagle’s medium (DMEM)

containing 2% fetal bovine serum (FBS). Final concentrations

of the solution are expressed as (CSE solution volume/total

volume)� 100%. Cells were exposed to CSE solutions for 48 h.

CELLS CULTURE

Primary rat PASMCs were prepared from explants of endothelium-

and adventitia-stripped intra-pulmonary arteries of healthy Wistar

Rats aged 12 weeks. Cells were cultured in DMEMwith 10% FBS and

identified by immunochemistry staining of a-SM-actin antibody.

Passages 3–8 cells were used for all experiments. Before exposure to

CSE, PMA (100 nM) or DMEM for 48 h, cells were transfected by

siRNA and then starved in serum-free media. All experiments were

repeated as least thrice.

SiRNA TRANSFECTION

The siRNA sequences against rat PKCa gene, cyclin D1 gene, and

negative control were described in previous studies [Kundumani-

Sridharan et al., 2007; Rudkouskaya et al., 2008]. Cells were 40–60%

confluent when transfected. Individual siRNAs was mixed with

Lipofectine2000 according to the manufacture’s instructions and

then applied to the cells. Efficiency of siRNA transfection

was assessed by monitoring the uptake of siRNA labeled with

6-carboxyfluorescein. The transfection efficiency for each siRNA

was above 90% and no significant difference existed between the

three kinds of siRNA.

RNA EXTRACTION AND RT-PCR

Cells were seeded into six-well plates at a concentration of 4� 104

cells/well. After treatment, total RNA was extracted from cells using

Trizol according to the manufacture’s instruction. First-strand cDNA

was synthesized using reverse transcription kit. PCR reactions were

carried out in thermal cycler (Bio-Rad PTC-200, USA) on a program

consisting of an initial denaturation at 948C for 5min followed by 29

cycles of 1-min denaturation (948C), 1-min annealing (568C), and 1-
min elongation (728C), with a final extension period of 10min at

728C. Each set of PCR reactions included water as a negative control,

and b-actin was used as a housekeep gene. Products of PCR

reactions were size fractionated on 1.5% agarose gel and stained

with 0.5mg/ml ethidium bromide. The relative mRNA level of PKCa

or cyclin D1 of each sample was determinated with the value of

optical density under urtraviolet light and normalized to that of b-

actin.

WESTERN BLOT

Cells were seeded into six-well plates at a concentration of 4� 104

cells/well. Whole protein was extracted from cells after treatment.

The protein content was quantified using a Bradford reagent, and

then 100mg of total protein was subjected to SDS–PAGE on 10%

acrylamide gels. PKCa and cyclin D1 were detected by immuno-

bloting with antibodies against rat PKCa (1:200) or cyclin D1

(1:500), respectively, and visualized with an enhanced chemilumi-

nescence system. The values of optical density of visualized blots

were analyzed by a gel imaging analysis system. The expression of

b-actin was measured as a housekeeping gene. Visualized blots were

analyzed by a gel imaging analysis system (Bio-Rad).

IMMUNOFLUORESCENCE STAINING FOR PKCa AND CYCLIN D1

Cells were seeded into 24-well plates at a concentration of 1� 104

cells/well. After treatment, cells were fixed with cold acetone and

permeabilized with 0.5% Triton X-100 in PBS for 5min. And then

cells were incubated with antibodies against PKCa (1:100) or cyclin

D1 (1:100) at room temperature for 2 h. Second antibodies (Cy3-

conjugated anti-rabbit IgG) were prepared in PBS and applied for 1 h

at room temperature. Nuclei were stained using DAPI (5mg/ml).

Negative controls were made with PBS instead of the primary

antibodies. Sections were examined using a fluorescence micro-

scope.

CELLS PROLIFERATION AND DNA SYNTHESIS ASSAY

Cells proliferation was evaluated by cells count. Cells were seeded

into six-well plates at a concentration of 4� 104 cells/well. After

treatment, cells were collected by trypsin digestion and cell numbers

were calculated with a hemocytometer after trypan blue exclusion.

The BrdU incorporation was measured for DNA synthesis. After

different treatment, cells were incubated with 50mM BrdU for 4 h at

378C and then fixed with cold acetone. Cells were permeabilized

with 2% HCI and 0.5% Triton X-100 for 10min. After incubation

with the primary antibody against BrdU (1:100), the immunocy-

tochemistry staining was applied according to the manufacture’s

instruction. PBS substituted for the primary antibody was used as

negative control. The BrdU incorporation was expressed as the

percentage of total cells.

APOPTOSIS ASSAY

Cells apoptosis was evaluated using TdT-UDP nick end labeling

(TUNEL) staining as described previously [Paone et al., 2008]. After

treatment, cells were fixed with 4% paraformaldehyde and then

permeabilized for 30min using 70% ethanol on ice. Nuclear DNA

fragmentation was detected using an In Situ Cell Death Detection Kit
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according to manufacturer instructions. The percentage of posi-

tively cells was determined by counting the numbers of labeled cells

and total cells.

DNA PROFILE ANALYSIS WITH FLOW CYTOMETRY

After treatment, cells were harvested and washed twice with cold

PBS, followed by fixation with 75% ethanol overnight at 48C. The
samples were subsequently stained with RNase A (50mg/ml) and

propidium iodide (50mg/ml) for 30min at room temperature. A

FACScan machine (FACScort, BD, USA) was used to analyze the

samples.

STATISTICAL ANALYSIS

All data were expressed as mean� standard deviation and analyzed

by one-way AVONA and followed by q-test using the computer

software SPSS 12.0. For all tests, P< 0.05 was considered

statistically significant.

RESULTS

EFFECTS OF CSE ON RAT PASMCs PROLIFERATION AND APOPTOSIS

As shown in Figure 1A,B, CSE showed a biphasic nature at low and

high concentrations on cells proliferation. CSE at low concentration

(such as 2%) significantly increased the cells number (by 67.62%)

and BrdU incorporation (by 134.18%) as compared with control.

However, CSE at high concentration (such as 20%) markedly

decreased the cells number (by 45.72%) and BrdU incorporation (by

75.24%). Although 10% CSE increased cells number by 13%, there

was no statistical variation as compared with control.

Moreover, we evaluated the apoptosis in CSE-treated cells. It is

interesting that CSE at all concentrations did not show any

significant affect on cells apoptosis. Although CSE at different

concentrations slightly increased the percentage of apoptosis cells,

there was no statistical variation as compared with control (Fig. 1C).

CYCLIN D1 IS REQUIRED FOR CSE-INDUCED RAT PASMCs

PROLIFERATION

As shown in Figure 2, 2% CSE significantly improved cyclinD1

expression at mRNA level (0.41� 0.06 vs. 0.12� 0.03, �P< 0.01)

and protein level (0.55� 0.07 vs. 0.16� 0.03, �P< 0.01) as

compared with control. Moreover, CSE increased the BrdU incorpo-

ration significantly as compared with control (17.66� 2.87% vs.

7.54� 1.33%, �P< 0.05).

However, the cyclin D1-specific siRNA successfully inhibited

the expression of cyclin D1 at both mRNA level (0.08� 0.01 vs.

0.39� 0.05, #P< 0.05) and protein level (0.12� 0.01 vs.

0.58� 0.06, #P< 0.05). Furthermore, cyclin D1-specific siRNA also

markedly decreased the BrdU incorporation as compared with

negative control (10.26� 1.52% vs. 16.48� 2.41%, #P< 0.05).

PMA PROMOTED RAT PASMCs PROLIFERATION VIA CYCLIN

D1 PATHWAY

Figure 3 shows the effect of PMA, a PKCa-specific activator, on

cells proliferation. As compared with control, treatment with PMA

(100 nM) significantly induced the cyclin D1 expression (0.19 vs.

0.83, �P< 0.01 in Fig. 3B) and BrdU incorporation (9.6% vs. 29.3%,

�P< 0.01 in Fig. 3C). The specific siRNA not only decreased cyclin

D1 protein levels (0.41 vs. 0.75, #P< 0.05 in Fig. 3B) but also

suppressed the BrdU incorporation (19.2% vs. 27.7%, #P< 0.05 in

Fig. 3C) as compared with negative control.

PKCa-SPECIFIC siRNA INHIBITED CYCLIN D1 PROTEIN LEVELS

As shown in Figure 4, 2% CSE significantly improved the protein

levels of PKCa (Fig. 4B, 0.78� 0.19 vs. 0.25� 0.04, �P< 0.01) and

cyclinD1 (Fig. 4C, 0.56� 0.15 vs. 0.19� 0.03, �P< 0.01) as

compared with control. PKCa-specific siRNA successfully sup-

pressed the protein levels of PKCa as compared with negative

control (Fig. 4B, 0.19� 0.04 vs. 0.76� 0.18, #P< 0.01). Further-

more, cyclin D1 protein levels was also inhibited by PKCa-specific

siRNA as compared with negative control (Fig. 4C, 0.31� 0.05 vs.

0.58� 0.16, #P< 0.05). These were associated with that of mRNA

levels as described above.

The protein levels of PKCa and cyclin D1 were also detected by

immunofluorescence staining. The stimulation of 2% CSE increased

PKCa expression in cytosol and nucleus (Fig. 5B) and cyclin D1

Fig. 1. Effects of CSE on rat PASMCs proliferation and apoptosis. Rat

PASMCs were seeded into six-well plates and incubated with CSE at different

concentrations (1–20%) for 48 h (n¼ 6). A: The total cells number was

counted using a hemocytometer. B: The BrdU incorporation was expressed

as the percentage of total cell. C: Cells apoptosis was detected by TUNEL.
�P< 0.05 as compared with control, #P< 0.01 as compared with control. All

experiments were repeated as least thrice.
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expression in nucleus (Fig. 5G) as compared with control (Fig. 5A,F).

But PKCa-specific siRNA not only prevented PKCa expression

(Fig. 5D) but also decreased cyclin D1 protein (Fig. 5I) successfully as

compared with negative control (Fig. 5C,H).

PKCa-SPECIFIC siRNA SUPPRESSED CELL-CYCLE PROGRESSION

AND CELLS PROLIFERATION

Finally, we investigate the effect of PKCa-specific siRNA on cell-

cycle progression and cell proliferation. As compared with control,

2% CSE significantly decreased cells percentage in G0/G1 phase

(Fig. 6A, 62.19� 8.64% vs. 85.95� 12.37%, �P< 0.01) and

increased cells percentage in S phase (Fig. 6A, 18.36� 4.13% vs.

8.48� 1.24%, �P< 0.01). However, PKCa-specific siRNA signifi-

cantly increased the percentage of cells in S phase (13.23� 2.27%

vs. 17.49� 2.64, #P< 0.05) and caused a G0/G1 cell-cycle arrest

(75.29� 15.35% vs. 63.16� 16.22%, #P< 0.05) as compared with

negative control.

Figure 6B shows the results of cells count, which were similar to

that of cell-cycle analysis. PKCa-specific siRNA decreased the cells

number of CSE-treated rat PASMCs by about 29.88% (#P< 0.05 as

compared with negative control). Although PKCa-specific siRNA

successfully cause G0/G1 cell-cycle arrest in vitro, it did not

completely blocked the cells proliferation as compared with control

(Fig. 6C, 1.37-folds vs. 1-fold, þP< 0.05).

DISCUSSION

Cigarette smoke might induce DNA synthesis and cells proliferation

in many kinds of mammalian cells, including SMCs from vessels and

airways [Nishio andWatanabe, 1998; Pera et al., 2010]. In this study,

there is a biphasic nature of the effect of CSE on cells proliferation.

CSE at a low concentration promoted cells proliferation, but CSE at a

high concentration inhibited cells growth. Cigarette smoke contains

Fig. 2. Cyclin D1-specific siRNA silenced cyclin D1 expression and inhibited

DNA synthesis. Rat PASMCs were transfected with cyclin D1-specific siRNA

(CD1-siRNA) or negative control siRNA (NC-siRNA) and then treated with 2%

CSE for 48 h (n¼ 6). A: The mRNA levels of cyclin D1 in different groups were

evaluated by RT-PCR and expressed as the ratio of optical density of cyclin D1

and b-actin. B: The protein levels of cyclin D1 in different groups were

evaluated by Western blot and expressed as the ratio of optical density of

cyclin D1 and b-actin. C: DNA synthesis was measured by BrdU incorporation.
�P< 0.01 as compared with control, #P< 0.05 as compared with NC-siRNA. All

experiments were repeated as least thrice.

Fig. 3. PMA promoted cells proliferation via cyclin D1 pathway. Rat PASMCs

were transfected with cyclin D1-specific siRNA (CD1-siRNA) or negative

control siRNA (NC-siRNA) and then treated with PMA (100 nM) for 48 h

(n¼ 6). A: Representative blots of cyclin D1 protein preformed by SDS–PAGE.

B: Cyclin D1 protein levels were expressed as the optical density of cyclin D1

normalized to that of b-actin. C: DNA synthesis was measured by BrdU

incorporation. �P< 0.01 as compared with control, #P< 0.05 as compared

with NC-siRNA. All experiments were repeated as least thrice.
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a great number of distinct chemical compounds. Some compounds

(such as nicotine and cotinine) are mitogenic for vascular SMCs at

low doses [Carty et al., 1997; Li et al., 2004], while high doses of

these compounds had a toxic effect on cells proliferation [Jacob

et al., 2009]. Some other compounds (such as carbon monoxide and

nitric oxide) might directly inhibit the proliferation of vascular

SMCs [Cornwell et al., 1994; Morita et al., 1997]. Furthermore,

previous study has reported that CSE enhanced SMCs proliferation

through the dysregulation of the activities of superoxide dismutase

and glutathione [Nishio and Watanabe, 1998]. As the concentration

of CSE varied, cells growth was affected by the relative quantities of

all these compounds. So, the affect of these compounds on the

activation of PKCa and cyclin D1 need to be further investigated.

However, the high concentrations of CSE are actually to be less

relevant in vivo [Su et al., 1998]. For example, the concentration of

cotinine in a passive smoker is significant lower than the

concentration which was cytotoxic to vascular SMCs [Carty

et al., 1997; Ambalavanan et al., 2001; Jacob et al., 2009].

Cyclin D1 is one of the most important regulators of G1 cell-cycle

progression. As a critical compound in cigarette smoke, nicotine

could activate cyclin D1 in epithelial cells, preosteoblastic cells, and

vascular SMCs [Chu et al., 2005; Pestana et al., 2005; Sato et al.,

2008]. In this study, CSE-activated cyclin D1 expression and then

accelerated cells proliferation. These results were agreed with

previous studies on SMCs from intestine, airways and vessels

[Kuemmerle et al., 2004; Pera et al., 2010; Zeng et al., 2010]. When

associated with cyclin-dependent kinase 4/6, cyclin D1 could trigger

major mitotic events by phosphorylating certain target proteins on

chromosomes or elsewhere [Gladden and Diehl, 2005].

As an important intracellular mediator in signal transduction,

PKCa could also be activated by nicotine in many kinds of cells,

such as lung epithelial cells, cancer cells, and vascular endothelial

cells [Yang et al., 2006; Guo et al., 2008; Nishioka et al., 2010]. As a

specific activator to PKCa, PMA could induce cells proliferation in

our study, which was similar to that of CSE. Moreover, PKCa was

also activated by CSE in rat PASMCs. Nicotine might also participate

Fig. 4. PKCa-specific siRNA suppressed the protein levels of PKCa and cyclin

D1. Rat PASMCs were transfected with PKCa-specific siRNA (PKCa-siRNA) or

negative control siRNA (NCsiRNA), and then treated with 2% CSE for 48 h

(n¼ 6). A: Representative blots of PKCa and cyclin D1 protein preformed by

SDS–PAGE. B: PKCa protein levels were expressed as the optical density of

PKCa normalized to that of b-actin. C: Cyclin D1 protein levels were expressed

as the optical density of PKCa normalized to that of b-actin. �P< 0.01 as

compared with control, #P< 0.05 as compared with NC-siRNA. All experiments

were repeated as least thrice.

Fig. 5. PKCa-specific siRNA inhibited the protein expression of PKCa and cyclin D1. Rat PASMCs were transfected with PKCa-specific siRNA (PKCa-siRNA) or negative

control siRNA (NCsiRNA) and then treated with 2% CSE for 48 h (n¼ 6). Cells in groups of control (A,F), 2%CSE (B,G), NC-siRNA (C,H), and PKCa-siRNA (D,I) were incubated

with mouse anti-PKCa or anti-cyclin D1 antibodies, respectively, and then stained by Cy3-labeled goat anti-mouse IgG (red) and DAPI (blue). Magnification: 400�. Scale bars:

100mm.
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in this process. Although the specific siRNA successfully inhibited

PKCa activation, it did not prevent cells proliferation completely.

These might due to two reasons. Firstly, other PKC isoforms (such as

PKC beta, delta or epsilon) or some other mediators (such as

extracellular signal-regulated kinase or signal transducer and

activator of transcription) might also be involved in this process

[Itoh et al., 2001; Smani et al., 2008]. Secondly, specific siRNA did

not always silence the targeted gene completely because of the

differences of target sequences and knockdown efficiency [Tiemann

and Rossi, 2009]. In our study, the specific siRNA blocked PKCa

expression about 76%. As the roles of other PKC isoforms in rat

PASMCs proliferation were undetermined, we did not use any PKC

inhibitors as a positive control.

Increasing evidences have demonstrated PKC as a key regulator of

cell-cycle transitions, including the G1/S and G2/M checkpoints

[Black, 2000]. As one of the most important regulators in G1 cell

cycle, cyclin D1 has been proved to be a target of PKC in many kinds

of cells, such as epithelial cells, renal proximal tubule cells and SMCs

[Kampfer et al., 2001; Page et al., 2002; Bowles et al., 2007; Lee and

Han, 2008]. This study revealed that PKCa promoted cell-cycle

progression and cells proliferation by activating cyclin D1

expression. This was contrast with other studies which implied

that PKCa suppressed cyclin D1 expression in intestinal epithelium

and prostate cancer cells [Hizli et al., 2006; Paone et al., 2008]. These

might due to the different cell lines or the different stimuli for PKCa

activation. On the one hand, the same isozyme of PKC might play

contrast roles in different cells types. For example, PKCa activation

promoted the proliferation of airway SMCs, but suppressed the

proliferation of aortas SMCs [Haller et al., 1995; Qiao et al., 2008].

On the other hand, activation of PKC by different stimulus resulted

in its translocation to distinct cellular compartments, such as plasma

membrane or nucleus [Nakashima 2002; Alzamora and Harvey,

2008]. The differential translocation of PKC might lead to different

downstream targets and result in different functions [Kiley and

Parker, 1995; Konopatskaya and Poole, 2010]. In our study, CSE

might activate PKCa and then induce its translocation to nucleus.

The translocation of PKCa to nucleus might result in the activation

of cyclin D1 and the cell-cycle progression. Previous studies have

demondtrated that PKC regulated cyclin D1 transcription and

translation via different ways [Page et al., 2002; Hizli et al., 2006].

However, it is not clear that how the PKCa translocation regulated

cyclin D1 expression in CSE-treated rat PASMCs.

In this study, PKCa siRNA blocked cyclin D1 expression and

subsequently inhibited cell-cycle progression and cells proliferation

in rat PASMCs. These data demonstrated that PKCa-mediated cyclin

D1 expression was involved in CSE-induced rat PASMCs prolifera-

tion in vitro. However, further researches are needed for a full

understanding of PKCa pathway in the regulation of cyclin D1

expression and cell-cycle progression.
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