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Abstract
Silica is a potent occupational fibrogenic agent capable of inducing lung fibrosis and many other lung diseases. Our

current study focused on the signalling pathways regulating cell cycle changes in HELF (human embryo lung fibroblast)

after silica (a-quartz) exposure. Our results showed silica exposure could lead to cell cycle changes. The cell cycle

alternations were accompanied with overexpression of cyclin D1 and CDK4 (cyclin-dependent kinase 4) in a time-

dependent manner. Silica exposure also decreased E2F-4 expression in HELF. These changes were blocked by

overexpression of dominant-negative mutants of ERK (extracellular signal-regulated protein kinase) or the JNK (stress-

activated c-Jun NH2-terminal kinase), respectively. Moreover, pretreatment of cells with curcumin, an activation of AP-1

(activator protein-1) inhibitor, inhibited silica-induced cell cycle alteration, the decreased expression of E2F-4 and

overexpression of cyclin D1 and CDK4. Furthermore, both antisense cyclin D1 and antisense CDK4 can block silica-

induced cell cycle changes. These results suggest that silica exposure can induce cell cycle changes, which may be

mediated through ERK, JNK/AP-1/cyclin D1–CDK4-dependent pathway.
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1. Introduction

Silica, a major component of the earth’s crust, is a ubiquitous

occupational fibrogenic agent (Ding et al., 2002). Occupations

having a high potential for exposure to crystalline silica dust

(respirable quartz) are stone clay, glass production work and

agricultural, chemical production and so on (Cherry et al., 1998;

De Klerk et al., 1998; Johnston et al., 2000; Rice et al., 2001). Both

epidemiological and animal studies support an association

between occupational crystalline silica exposure and several

diseases such as lung fibrosis and many other lung diseases

(Hughes et al., 2001; Knaapen et al., 2002; Porter et al., 2002,

2004; Calvert et al., 2003; Langley et al., 2004; International

Agency for Research on Cancer, 1997). It has been accepted that

human lung fibroblasts play a role in lung fibrosis. Previous studies

showed that lung fibrosis is related to the proliferation of human

lung fibroblasts and the increase of the collagen production

(Arcangeli et al., 2001; O’Reilly et al., 2005; Luzina et al., 2006).

Here, we want to explore the molecular events involved in the

proliferation of human lung fibroblasts.

Cell cycle is controlled by the sequential activation and

inactivation of CDKs (cyclin-dependent kinases). The G1-/S-phase

checkpoint is the major cell cycle transition point in which cells are

susceptible to extracellular mitotic signals. Activation of cyclin

D–CDK4/CDK6 and cyclin E–CDK2 is required for cell cycle

progression through G1/S transition. It is well known that cell

cycle aberrations often lead to uncontrolled cell proliferation. Hence,

it is of great importance to understand the signal transduction

mechanism that silica caused cell cycle changes in fibroblasts.

The classic MAPK (mitogen-activated protein kinase) pathway

is a key component in the transduction of signals leading to

growth and transformation in many cell types. AP-1 (activator

protein-1) is a family of transcription factors. AP-1 components

are regulated by MAPK signalling cascades, which have been

shown to be involved in the regulation of various intracellular

responses, including cell proliferation, differentiation and cell

death. The biological effects of MAPKs are mediated by

downstream phosphorylation substrates, which in the nucleus

are often transcription factors (Shen et al., 2001). Previous studies

have shown that cyclin D1 transcription is modulated by AP-1

transcription factor (Clarke et al., 1998), and AP-1 is able to

promote cell cycle transition by a direct transcriptional up-

regulation of cyclin D1 (Chen et al., 2001). Earlier study has also

suggested that in a non-transformed alveolar type II epithelial cell

line (C10), a-quartz silica causes persistent dose-related increases

in phosphorylation of JNKs (the stress-activated c-Jun NH2-

terminal kinases), which is accompanied by elevations in AP-1
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binding to DNA and increases in the proportion of C10 cells in S-

phase (Shukla et al., 2001).

The mechanisms that silica exposure caused lung fibrosis and

many other lung diseases have been extensively studied in the last

several years. Previous studies have largely focused on silica-

induced production of ROS (reactive oxygen species) by lung

phagocytes (Ding et al., 2001; Shen et al., 2001). Several studies

have reported that, in many cell types, silica could affect DNA

including DNA damage caused by silica dusts directly or by

ROS released by silica dusts, and p53 and TNF (tumour necrosis

factor) gene mutations (Barrett et al., 1999; Seiler et al., 2001;

Deshpande et al., 2002; Gambelli et al., 2003; Albrecht et al.,

2005; Roy et al., 2005). It has been thought that cell cycle

perturbation caused by silica exposure is an important mech-

anism implicated in its pathogenic effects. However, the signalling

pathways that lead to cell cycle alteration after silica exposure

have not been well defined. In the present study, we focus on

investigating the role of ERK (extracellular signal-regulated protein

kinase), JNK/AP-1/cyclin D1–CDK4 pathway in silica-induced cell

cycle changes in HELF (human embryo lung fibroblast).

2. Materials and methods

2.1. Reagents

RPMI 1640 medium was obtained from Gibco. Glutamine,

gentamicin, curcumin, PI (propidium iodide) and RNase A were

obtained from Sigma. Phospho-MAPK antibody and total MAPK

antibody were purchased from Cell Signaling Technology Inc.

Monoclonal antibodies of cyclin D1, CDK4 and actin were from

Santa Cruz Biotechnology, Inc. Nitrocellulose membrane 102 was

bought from Bio-Rad. The substrate for the luciferase assay and

Transfectam Reagent were purchased from Promega. Antisense

cyclin D1 stable transfectants and antisense CDK4 stable

transfectants were established in our previous work (Jia et al.,

2006). Dominant-negative mutant ERK, JNK, p38 and the AP-1-

luciferase reporter plasmid and CMV-neo vector plasmid were

kindly donated by Professor Huang of New York University School

of Medicine.

2.2. Cell cultures

Human embryonic lung fibroblast cell line was obtained from the

Institute of Basic Medical Sciences, Chinese Academy of Medical

Sciences. Cells were cultured in RPMI 1640 containing 10% FBS

(fetal bovine serum), 2 mM L-glutamine, 50 mg/ml gentamicin. The

cells were grown at 37uC in 5% CO2 atmosphere. Cells were

switched to 0.5% FBS-containing medium for 24 h prior to

addition of silica at final concentrations of 200 mg/ml.

2.3. Silica exposure

Briefly, standard a-quartz, 95% of which had the diameter of less

than 5 mm, was obtained from the National Institute of

Occupational Health and Poisons Control, Chinese Center for

Diseases Control and Prevention. Crystalline silica was hand

ground in an agate mortar with a pestle to produce freshly

fractured silica. The mortar ground silica exhibited a wide size

distribution pattern. The silica particles were suspended in D-

Hanks buffer saline, autoclaved to sterilize and diluted into the

needed concentrations.

2.4. Generation of stable transfectants

Cells were cultured in six-well plates until they reached 40–50%

confluence. One microgram of CMV-neo vector, 2 mg of AP-1-

luciferase reporter plasmid DNA and 12 mg of dominant-negative

mutant plasmids [DN-ERK (dominant-negative mutant ERK),

DN-JNK (dominant-negative mutant JNK) or DN-p38 (dominant-

negative mutant p38), respectively] or vector control, mixed

together with 15 ml of Transfectam Reagent and then were used

to transfect each well of six-well plate in the absence of serum.

After 10–12 h, the medium was replaced with RPMI-1640

containing 10% FBS. Approximately 30–36 h after beginning of

the transfection, the cells were dislodged with 0.125% trypsinase,

and cell suspensions were plated on to 60-ml culture flasks and

cultured for 24–28 days with G418 selection (400 mg/ml). The

stable transfectants were identified by measuring both the basal

level of luciferase activity and the activities of target proteins (data

not shown). Stable transfectants, HELF–AP-1 and HELF–ERK,

JNK or p38 were established and cultured in G418-free RPMI-

1640 for at least two passages before each experiment.

2.5. Immunofluorescence assays

Cells were cultured with 10% FBS RPMI-1640. After cell density

reached 50–60% confluence, the medium was replaced with

serum-free RPMI-1640 (supplemented with 0.5% FBS) and

cultured for 24 h and then exposed to silica. Cells cultured in a

six-well glass slide chamber were fixed with ice-cold methanol for

10 min at 4uC and then permeabilized with 0.2% Triton X-100.

After blocking with 5% normal goat serum, they were incubated

with a rabbit polyclonal antibody against cyclin D1 overnight at

4uC and then with FITC-conjugated goat anti-rabbit IgG at room

temperature for 1 h after extensive washing between each step.

The slides were washed three times with PBS. After a final

washing with PBS, the slides were mounted using Gel/Mount. An

OLYMPUS fluorescence microscope coupled to a digital camera

and Adobe Photoshop software was used to view and acquire

images.

2.6. Western blot analysis

Cells were cultured with 10% FBS RPMI-1640. After cell density

reached 70–80% confluence, the medium was replaced with

serum-free RPMI-1640 (supplemented with 0.5% FBS) and

cultured for 24 h and then exposed to silica. Cell lysates were

extracted with lysis buffer containing 62.5 mM Tris/HCl, pH 6.8,

2% (w/v) SDS, 0.01% Bromophenol Blue, 10% glycerin, 50 mM

DTT (1,4-dithiothreitol). The samples were boiled for 10 min, soni-

cated for 1 min and then centrifuged at 10000 g for 10 min. Total

protein was separated by 5–10% SDS/PAGE and transferred to
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nitrocellulose membranes. Membranes were blocked in blocking

buffer containing 5% (w/v) non-fat dry milk in Tris-buffered saline,

pH 7.6, 0.1% (v/v) Tween-20 (TBST) for 1 h at room temperature

and incubated with the relevant antibodies (1:1000) in blocking

buffer overnight at 4uC. After washing with TBST, blots were

incubated with the appropriate peroxidase-conjugated secondary

antibody (1:2000) for 1 h at room temperature and developed

using ECL (enhanced chemical luminescence) detection system

(Amersham) according to the manufacturer’s instructions.

2.7. Cell cycle analysis

Flow cytometry was performed to analyse cell cycle distribution.

Cells were cultured in flasks with 10% FBS RPMI-1640. Cells were

serum starved for 24 h prior to silica exposure at a final

concentration. Cells were dissociated with trypsin and washed

in cold PBS and fixed with 70% cold ethanol on ice for 30 min. The

suspensions were centrifuged at 250 g for 5 min. The pellet was

resuspended in a solution containing 50 mg/ml PI, 1 mg/ml sodium

citrate, 0.3% nonidet P40 and 5 mg/ml RNase A and stained on ice

without light for at least 40 min. Then, the pellets were analysed by

a Beckman Coulter Epics XL Flow Cytometer.

2.8. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide] assay for cell
proliferation

Cells were seeded in 96-well plates (16104/well) at 37uC
overnight and then exposed to silica at various concentrations

of 50–300 mg/ml. Following treatment for 24 h, the culture medium

was removed and replaced with a medium containing 0.5 mg of

MTT dissolved in PBS (pH 7.2). After 4 h, the formed crystals were

dissolved with 200 ml of DMSO. The intensity of the colour in each

well was measured at a wavelength of 490 nm using a microplate

reader (Dynex Technology). The experiment was repeated three

times in triplicate.

2.9. Statistical analysis

All data of flow cytometry were shown as means with the S.E.M.

Statistical analysis were performed by using one-way ANOVA

(analysis of variance) with the probability of P,0.05 considered to

be significant.

3. Results

3.1. Cell cycle alternation occurred in response to
silica treatment

HELFs were spindle or fibrous cells. After being exposed to silica,

the basic morphology of the cell almost did not change, ex-

cept the shape became slightly round. Silica at the concentration

of 200 mg/ml can increase cell proliferation compared with the

control (Figure 1). To check the effects of silica on cell cycle

distribution, HELFs were treated with silica (200 mg/ml) for 24 h,

and cell cycle distribution was analysed by flow cytometry. The

results showed that there was significant increase in S-phase cells

accompanied by significant decrease in G1-phase cells after silica

treatment (Table 1). This data suggests that silica exposure may

be able to induce HELFs to progress into S-phase.

3.2. Silica exposure increased levels of cyclin D1 and
CDK4, but not E2F-1, and decreased levels of
E2F-4 in HELF

To determine whether or not silica could induce changes of the

levels of cyclin D1, CDK4, E2F-1/4, in HELFs, a time-dependent

experiment was performed. The Western blot analysis showed

that significant increases in cyclin D1 and CDK were observed

after addition of silica4, peaking at 24 h (Figure 2). In con-

trast, after exposure to silica, significant decreases in E2F-4 were

observed at 12, 24 and 48 h (Figure 2). Silica exposure did not

lead to changes of E2F-1 expression at any time point tested

(Figure 2).

Figure 1 Effect of silica on HELFs cell proliferation measured by MTT assay
Cells (1.06104) were plated in 96-well plates and treated with various concentrations
of silica for 24 h. MTT assay was performed as described in Section 2. *P,0.05
compared with control.

Table 1 Effects of antisense of cyclin D1 and antisense CDK4 on silica-induced cell cycle changes
Cells were treated with silica (200 mg/ml) for 24 h. Results represent three independent experiments. Data were analysed using one-way ANOVA.
*P,0.05, compared with 2BS-PXJ.

Cell cycle distribution (%)

Group G1 S G2/M

2BS-PXJ 53.93¡3.52 39.13¡2.74 6.93¡0.86
2BS-PXJ+silica 37.93¡4.56* 58.37¡3.48* 3.70¡1.08
2BS-PXJ-anti-D1 53.70¡5.11 41.70¡4.60 4.60¡0.56
2BS-PXJ-anti-D1+silica 47.83¡2.55 46.87¡2.02 5.30¡0.62
2BS-PXJ-anti-K4 57.00¡3.34 39.37¡1.99 3.63¡1.46
2BS-PXJ-anti-K4+silica 50.97¡6.10 45.03¡4.16 4.00¡2.21
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3.3. Cyclin D1 and CDK4 were involved in cell cycle
changes

Passage through the cell cycle is a highly regulated event, and a

variety of safeguards have been incorporated into this process. In

order to examine whether silica-induced cell cycle changes

in a cyclin D1-dependent manner or a CDK4-dependent manner

in HELFs, we used RNA transfection techniques (we established

stable antisense cyclin D1 and antisense CDK4 transfectants in

our previous work). For detection of changes of cell cycle, we

performed flow cytometry. Antisense cyclin D1 or antisense CDK4

inhibited cell cycle changes, as reflected by the higher percentage

of G1 phase cells (Table 1).

3.4. The role of AP-1 in cell cycle changes, cyclin D1
and CDK4 induction and the decrease of E2F-4
expression

To investigate the role of AP-1 in the cell cycle changes induced

by silica, curcumin, the chemical inhibitor of AP-1, was used. The

silica-induced cell cycle progression from G1-phase to S-phase

was slower in HELFs exposed to curcumin than in control cells

(Figure 3).

Furthermore, we investigated whether AP-1 was involved in

silica-induced up-regulation of cyclin D1, CDK4 and down-

regulation of E2F-4. Pretreatment with curcumin before exposure

to silica, consistent with down-regulation of AP-1 activation (Jia

et al., 2008), expressions of cyclin D1 and CDK4 were decreased

and E2F-4 expression was showed an increase (Figure 4).

3.5. DN-ERK and DN-JNK, but not DN-p38, are
required for silica-induced cell cycle changes,
AP-1 activation and the induction of cyclin D1,
CDK4 and the decrease of E2F-4

The increasing evidence has indicated the importance of MAPK

pathway in cell proliferation. To confirm the role of ERK, JNK and

p38 in silica-induced cell cycle changes, DN-ERK, DN-JNK

and DN-p38 were used in performing flow cytometry analysis in

the presence of silica. The stable transfectants were identified

using Western blot. It was proved that ERK, JNK and p38 were

efficiently silenced in their transfected cells, respectively. The

silica-induced decrease in the population of cells in G1-phase was

Figure 2 Effects of silica on expression of E2F-1/4, cyclin D1 and CDK4 in
HELF

Cells were treated with silica (200 mg/ml) for 12, 24 and 48 h. Results represent three
independent experiments.

Figure 3 Effects of curcumin and expression of DN-ERK, DN-JNK and DN-p38
on silica-induced cell cycle changes

The decreased percentages of cells in G1-phase after treatment with silica (200 mg/ml)
for 24 h. Results represent three independent experiments. Data were analysed using
one-way ANOVA. *P,0.05, compared with HELF–AP-1.

Figure 4 Effects of curcumin on silica-induced cyclin D1 and CDK4 induction
and expression of E2F-4

Cells were pretreated with curcumin (20 mM) for 1 h and exposed to silica (200 mg/ml)
for 24 h. Results represent three independent experiments.

Figure 5 Effects of expression of DN-ERK, DN-JNK and DN-p38 on
silica-induced AP-1 activation

Cells were treated with silica (200 mg/ml) for12 h. The luciferase activity was
measured, and the results are presented as relative AP-1 activity. Each bar indicates
the mean and S.D. of three repeat assay wells. Data were analysed using one-way
ANOVA. *P,0.05, compared with HELF–AP-1+silica.
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slower in DN-ERK and DN-JNK stable transfectants than in

control cells similarly treated (Figure 3).

Furthermore, we studied whether ERK, JNK and p38

were involved in silica-induced AP-1 activation; the effects of

MAPK on AP-1 activation were evaluated in HELF transfected with

dominant-negative mutant ERK, JNK and p38, respectively.

Overexpression of DN-ERK and DN-JNK, but not DN-p38,

impaired AP-1 activation (Figure 5).

Additionally, our result shows that overexpression of DN-ERK

and DN-JNK blocked silica-induced down-regulation of E2F-4 and

up-regulation of cyclin D1 and CDK4 (Figures 6 and 7). DN-p38,

however, did not show any inhibitory effect on these gene ex-

pression induced by silica (Figures 6 and 7).

4. Discussion

Silica exposure received worldwide concerns for its impact on

human health. Silicosis is thought to be the main occupational

disease, which is a major threat for workers in both developed and

developing countries. Previous studies show that macrophages,

lung fibroblasts and their soluble mediators are responsible for the

onset and development of pulmonary fibrosis (O’Reilly et al., 2005;

Liu et al., 2007). However, the molecular and cellular mechanisms

involved in the silica-induced pathogenesis are not fully under-

stood. Therefore, we focus on exploring the signalling pathways

leading to cell cycle changes in HELF after silica exposure directly.

Our recent study has shown that silica can lead to cell cycle

changes in HELFs, which is reflected by the decrease in G1-phase

cells. In the present study, our results revealed that silica expo-

sure could increase the expression of cyclin D1 and CDK4 and

decrease the expression of E2F-4. There were no changes in

expression of E2F-1 at all time points tested in this study. Cyclin

D1 and CDK4 are the important genes implicated in G1 to S

progression (Kim et al., 2005). Our previous study had demon-

strated that cyclin D1 and CDK4 were increased in S-HELF (Shen

et al., 2006).

Cyclin D1 and CDK4 are found to be involved in cell cycle

changes caused by various stimuli (Kim et al., 2005; Youn et al.,

2007). Progression through the first gap phase (G1) requires CDK4

and CDK6 and cyclin E/CDK2 activities. The ability of pRb

(retinoblastoma protein) to bind E2F is regulated by the CDK4/

6–cyclin D-activated kinase complex, which can hyperphosphor-

ylate pRb and release it from E2F (Dimova et al., 2003; Lin et al.,

2004; Kim et al., 2005). To determine whether silica induced cell

cycle changes in a cyclin D1- or CDK4-dependent manner in

HELFs, we used the antisense techniques. Introduction of

antisense cyclin D1 or antisense CDK4 could slow the silica-

induced cell cycle progression from the G1-phase to S-phase, as

reflected by the higher percentage of G1-phase cells in HELFs.

These results suggest that cyclin D1 and CDK4 were involved in

cell cycle changes induced by silica.

It is well known that cell cycle is mediated through many

regulatory proteins. MAPK is considered to play an important role

in regulating protein synthesis and cell proliferation in various cell

types (Ding et al., 1999; Buder-Hoffmann et al., 2001; Joslin et al.,

Figure 6 Effects of expression of DN-ERK, DN-JNK and DN-p38 on
silica-induced CDK4 induction and expression of E2F-4

Cells were treated with silica (200 mg/ml) for 24 h. Results represent three independent
experiments.

Figure 7 Effects of expression of DN-ERK, DN-JNK and DN-p38 on silica-induced cyclin D1 induction
Cells were treated with silica (200 mg/ml) for 24 h. Secondary antibodies were conjugated to FITC (green).
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2007). Previous studies from our laboratory showed that silica

exposure can induce phosphorylation of MAPK family, including

p38, ERKs and JNKs in HELF (Shen et al., 2006). We also

indicated that silica induced a marked activation of AP-1 in a time-

dependent manner, and the maximum induction of AP-1 activity

occurred at 12 h after exposure (Jia et al., 2008). A series of

evidences in in vitro studies have shown that AP-1 is thought to

play an important role in the regulation of cell cycle progression

(Leaner et al., 2005; Stepniak et al., 2006). All of which suggest

that there might be some association among the MAPK, AP-1

activation and cell cycle alternation in cells treated with silica.

The signal transduction pathways leading to cell cycle changes

have been extensively studied in the last several years. The classic

MAPK pathway is a key component in the transduction of signals

leading to growth and transformation in many cell types. It is

believed that MAPK pathways were activated by various kinds of

environmental stresses that induced cell cycle changes (Buder-

Hoffmann et al., 2001; Ramos-Nino et al., 2002; Collins et al.,

2005; Brown et al., 2005). Hence, we explored the role of MAPK in

silica-induced cell cycle alternation, AP-1 activation and the

regulation of the expression of cell cycle regulatory proteins by

using dominant-negative mutants. Expression of the domi-

nant-negative mutant ERK and JNK can substantially inhibit

silica-induced cell cycle alteration and the activation of AP-1. It

has been reported that silica exposure induced phosphorylation of

the p38 and ERK, but not JNK, and both p38 and ERK were

involved in AP-1 activation in a rat epidermal cell line (Ding et al.,

1999). However, studies by Shukla et al. (2001) have shown that

silica induced dose-related increases in phosphorylated JNK and

ERK protein and that JNK was involved in AP-1 activation in

a non-transformed alveolar type II epithelial cell line. Our result is

consistent with previous findings that MAPK phosphorylation

is the upstream kinase event responsible for mediation of cell

cycle changes and AP-1 activation induced by silica (Shukla et al.,

2001; Øvrevik et al., 2004; Shen et al., 2006). These studies

suggested that the precise roles of each of the MAPK depend on

the type of cell at the specific stimuli.

AP-1 is an important transcription factor that governs the

expression of genes involved in intercellular communication,

amplification and primary pathogenic signals spreading as well

as initiation and acceleration of tumorigenesis (Mitsuno et al.,

2001; Sawai et al., 2005; Zhou et al., 2005). Using curcumin,

inhibitor of AP-1, can impair cell cycle alteration remarkably,

which suggested AP-1 was required for silica-induced cell cycle

changes in HELF. Our study proved that application of curcumin

attenuated the overexpression of cyclin D1 and CDK4 and the

decreased expression of E2F-4 induced by silica. Thus, we

anticipate here that MAPK/AP-1 pathway might mediate the

expression of cell cycle regulatory proteins. As we expected, silica

significantly elevated the expression of cyclin D1 and CDK4 and

decreased the expression of E2F-4, using dominant-negative

mutant of ERK and JNK, respectively, obviously inhibiting silica-

induced overexpression of cyclin D1 and CDK4 and the

decreased expression of E2F-4. These results indicate that ERK

and JNK are upstream kinase of cyclin D1, CDK4 and E2F-4.

Silica-induced cell cycle alternation is regulated by ERK, JNK/AP-1/

cyclin D1–CDK4 pathway.

In the experiments performed by other members of our group,

we found an interesting phenomenon that expressions of cyclin

D1 and CDK4 were decreased after addition of 400 mg/ml silica for

2 h (Shen et al., 2008). We were very interested with regard to the

different results after using different concentrations of silica and

detecting the changes in different times. Further study has

been currently conducted to explore if these results should be

related to different exposure times and concentrations, or there

may be additional molecules regulating these processes in our

laboratory.

5. Conclusion

In summary, the present study demonstrated that silica exposure

could induce cell cycle changes in HELF. These changes were

mediated through JNK, ERK/AP-1/cyclin D1–CDK4-dependent

pathway and p38-independent pathway. This pathway may be

involved in the mechanism of silica-induced fibrosis and other

occupational lung diseases. These findings will help us to

understand the signal transduction mechanisms involved in the

pathogenic effects of silica at the cell cycle level.
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