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Abstract
AIM: To investigate the effect of ceramide on the cell 
cycle in human hepatocarcinoma Bel7402 cells. Possible 
molecular mechanisms were explored.

METHODS: [3- (4, 5)-d imethy l th iazo l -2-y l ] -2 , 
5-diphenyltetrazolium bromide (MTT) assay, plasmid 
transfection, reporter assay, FACS and Western blotting 
analyses were employed to investigate the effect and the 
related molecular mechanisms of C2-ceramide on the cell 
cycle of Bel7402 cells.

RESULTS: C2-ceramide was found to inhibit the growth 
of Bel7402 cells by inducing cell cycle arrest. During the 
process, the expression of p21 protein increased, while 
that of cyclinD1, phospho-ERK1/2 and c-myc decreased. 
Furthermore, the level of CDK7 was downregulated, 
whi le the t ranscr ipt ional act iv i ty of PPARγ was 
upregulated. Addition of GW9662, which is a PPARγ 
specific antagonist, could reserve the modulation action 
on CDK7.

CONCLUSION: Our results support the hypothesis 
that cell cycle arrest induced by C2-ceramide may 
be mediated via  accumulation of p21 and reduction 
of cyclinD1 and CDK7, at least partly, through PPARγ 
activation. The ERK signaling pathway was involved in 
this process.  
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INTRODUCTION
Ceramide has emerged as a novel lipid second messenger 
with specific roles in mediating cell growth, differentiation, 
stress responses and apoptosis[1-3]. Ceramide is generated 
through the hydrolysis of  sphingomyelin by the activation 
of  sphingomyelinase (SMase). A number of  stimuli 
have been reported to activate SMase[4-6]. Exogenously 
administered synthetic ceramide mimicked the action 
of  these inducers in the regulation of  various cell 
functions. Ceramide mediates numerous cellular functions 
such as differentiation, growth arrest, apoptosis and 
proliferation[7,8]. Ceramide is thought to be involved 
in modulat ing ceramide-act ivated protein kinase 
(CAPK), mitogen-activated protein kinase (MAPK), 
ceramide-activated protein phosphatase (CAPP) and 
phospholipaseA2 (PLA2), etc[9]. Apoptosis induction 
by ceramide is associated with Bcl-2 phosphorylation, 
SAPK/JNK and caspase pathway activation[10]. On the 
other hand, activation of  PKC and Bcl-2 expression can 
inhibit the ceramide signal pathway[11,12]. However, the link 
between ceramide signaling and the cell cycle is poorly 
understood. 

To exploit the effect of  ceramide on the cell cycle, 
human hepatocarcinoma Bel7402 cells were employed 
and treated with C2-ceramide. Hepatocarcinoma occurs 
with high incidence in southern China and southeast Asia. 
Radiation is one of  the agents that activates ceramide 
signaling[13], and therefore, it is of  interest in investigating 
the effect of  ceramide on Bel7402 cells. In this study, we 
observed inhibition of  cell proliferation and cell cycle 
arrest in the G1 phase following C2-ceramide treatment 
in Bel7402 cells. Subsequent studies suggested that 
modulation might be mediated via accumulation of  p21 
and reduction of  cyclinD1 and CDK7, at least partly, 
through PPARγ activation. The ERK signaling pathway 
was also involved in this process.  

MATERIALS AND METHODS
Materials
C2-ceramide was purchased from Sigma. Co (St Louis 
Mo, USA); mouse monoclonal anti-p21, anti-cyclinD1, 
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anti-CDK7, anti-p-ERK and anti-c-myc were purchased 
from Santa Cruz Biotechnology, Inc (CA, USA); antibody 
of  PE-E-cadherin was purchased from DAKO Co. 
Horseradish peroxidase-conjugated secondary antibodies 
were purchased from Jackson Immuno-Research 
Laboratories, Inc (West Grove, PA, USA). Lipofectamine 
and lipofectin reagents were from Gibco, Inc. RNaseA, 
MTT, propiudium iodide and other chemicals were all 
from Sigma.

Cell culture
Bel7402 cells were provided by the Institute of  Zoology, 
Chinese Academy of  Sciences, China. Cel ls were 
maintained in Dulbecco’s minimal essential medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS) 
in a humidified atmosphere of  95% air/5% CO2 at 37℃. 
A subculture of  cells was processed by enzymatic digestion 
(trypsin/EDTA solution: 0.25/0.02%). C2-ceramide 
dissolved in ethanol was used without filtration. The final 
concentration of  ethanol in culture medium was < 0.3%.

MTT assay
Bel7402 cells were seeded onto 96-well plates at a 
concentration of  2.5 × 103 cells/well in DMEM plus 5% 
FBS. The stock of  C2-ceramide was diluted with medium, 
and then added to wells for desired final concentrations. 
After exposure to C2-ceramide for the desired time, 
10 μL of  5 mg/mL MTT was added to each well and 
incubated for 4 h, and the liquid in wells was evaporated. 
To dissolve the formazam, 100 μL of  DMSO was added. 
The absorbance was determined with a microplate reader 
model 550 at the wavelength of  570 nm. 

Cell cycle analysis 
The proportions of  cells in G0-G1, S, and G2-M were 
determined by flow cytometric analysis of  DNA content. 
Briefly, cells were obtained by trypsinization following 
treatment with C2-ceramide, and then washed twice 
with PBS. Cells were then incubated with RNase at a 
concentration of  0.25 mg/mL at 37℃ for 1 h following 
incubation with PI (50 μg/mL in PBS) for 30 min at 4℃ 
in the dark. Before flow cytometry, samples were syringed 
through a 25-gauge needle to prevent nuclear clumping. 
PI was excited at 488 nm, and fluorescence was analyzed 
at 620 nm. All measurements were carried out under the 
same instrumental settings.

PE-E-cadherin labeling  
Cells were washed once with cold PBS, and centrifuged to 
collect the cell pellet (350 g × 5 min) following treatment 
with C2-ceramide.The cell pellet was resuspended in cold 
PBS (4℃) and PE-E-cadherin and the corresponding 
isotype antibodies were added to the cell suspension and 
mixed gently. The tube was then incubated for 30-60 min 
in the dark at room temperature prior to flow cytometry. 
PE-E-cadherin binding was analyzed by flow cytometry 
collecting the fluorescence of  10 000 cells using a FACScan 
(Becton Dickinson) according to the manufacturer’s 
instructions. All experiments were replicated three times.  

Western blot analysis
To determine the expression levels of  E-cadherin, p21, 
cyclinD1, CDK7 and c-myc, cells were lysed in buffer (150 
mmol/L NaCl, 1% NP-40, 0.5% sodium deoxycholate, 
0 .1% SDS, 50 mmoL/L Tr is, pH 8.0 , 1 mmoL/L 
phenylmethylsulfonyl fluoride (PMSF), and 10 μg/mL 
aprotinin). To determine the level and phosphorylation 
state of  ERK, cel ls were harvested in lysis buffer 
containing 50 mmol/LTES (N-tris [hydroxymethyl] methyl-
2-aminoethane sulfonic acid) (pH 7.4), 2 mmol/L EGTA, 
1 mmol/L EDTA, 250 mmol/L sucrose, 40 mmol/L 
phenylphosphate, 1 mmol/L MgCl2, 2 mmoL/L Na3VO4, 
10 mmol/L Na4P2O7, 100 mmol/L NaF, 5 μg/mL 
aprotinin, 1 mmol/L PMSF, 1 μg/mL leupeptin, 5 mmol/L 
benzamidine, and 10 mmol/L dithiothreitol. Protein (40-80 
μg) was separated by 12%-15% SDS-polyacrylamide gel 
in the separation buffer (25 mmol/L Tris, 250 mmol/L 
Glycine, 0.1% SDS). Total proteins were transferred onto 
a PVDF membrane after electrophoresis. Western blot 
analyses using anti-p21, anti-cyclinD1, anti-CDK7, anti-
c-myc, anti-phospho-p42/p44ERK and anti-totalERK 
antibodies were performed. As an internal control, mouse 
monoclonal anti-β-actin antibody was used.

Transient transfection and luciferase assay for PPARγ 
activity 
Bel7402 cells were seeded at a concentration of  1 × 105 
cells/35 mm dish. After 12 h, the medium was changed 
from complete medium to DMEM without antibiotic. 
Transfection was done using LipofectAMINE reagent 
mixed with 2 μg of  acyl-CoA oxidase promoter-luciferase 
plasmid pAOXPPREluc and the control pAOXBluc 
basic vector (kindly donated by Dr. Osumi) for 8 h. 
After the transfection mixture was replaced by a medium 
containing 10% FBS, cells were then incubated with or 
without different concentrations of  ceramide for a desired 
time. Luciferase activity was measured according to the 
manufacturer’s protocol (Promega).

Statistical analysis
All statistical analyses were performed with SPSS 10.0 
statistical package for Microsoft Windows. Data were 
expressed as mean ± SE for all measurements. P < 0.05 
was considered statistically significant.

RESULTS
Ceramide inhibited proliferation by halting the cell cycle in 
Bel7402 cells 
Treatment with different concentrations of  C2-ceramide 
for 24 h exhibited significant inhibition of  cell proliferation 
of  human hepatocarcinoma Bel7402 cells as suggested by 
MTT assay. Under concentrations of  0, 5, 10, 15, 30 and 
60 μmmo/L, inhibitory rates were 0, 21.5% ± 1.3%, 
52.7% ± 0.9%, 69.3% ± 1.2%, 77.2% ± 0.8% and 83.8% ± 
1.2%, respectively (Figure 1A). Cytotoxicity was further 
indicated by determination of  E-cadherin, which is a 
marker for many tumor cells with high expression. PE-
E-cadherin antibodies were stained with cells to determine 
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cell extracts were prepared from Bel7402 cells treated 
with different concentrations of  C2-ceramide. Protein 
expression was indicated by blot using anti-p21 and anti-
cyclinD1 antibodies, respectively. As shown in Figure 2, 
C2-ceramide increased the expression of  p21 protein, but 
decreased that of  cyclinD1 protein.

CDK7 and PPARγ pathways involved in cell cycle arrest 
induced by C2-ceramide 
In our previous study, we reported that C2-ceramide could 
activate PPARγ transcription activity in human colon cancer 
HT29 cells[14]. In this study, as shown in Figure 3A, C2-
ceramide could also markedly activate the transcriptional 
activity of  PPARγ in hepatocarcinoma Bel7402 cells.

Cyclin-dependent kinase 7 (CDK7) is critical for cell 
cycle and transcriptional programs[15]. Therefore, we 
investigated the expression of  CDK7 by blotting. It was 
observed that CDK7 expression decreased following 
treatment with 30 μmmo/L C2-ceramide for 24 h. 
However, addition of  the PPARγ specific antagonist 
GW9662 markedly reversed the inhibition (Figure 3B).

Ceramide inhibited the activation of ERK1/2 in Bel7402 
cells
ERK plays a key role in cell survival in many cells. To 
examine whether ceramide inhibited the activation 
of  ERK, Bel7402 cells were treated with different 
concentrations of  C2-ceramide and phospho-ERK1/2 
was determined. As shown in Figure 4, the expression 
of  p-ERK decreased significantly with the treatment of  

Table 1  Ceramide halted cell cycle in Bel7402 cells (mean ± 
SE, n = 3)

Ceramide (μmol/L) G0/G1 (%) S (%) G2/M

  0 35.3 ± 0.7 44.3 ± 0.3 20.4 ± 0.1
  5 36.8 ± 1.2 43.9 ± 0.4 19.3 ± 1.8a

15 43.9 ± 1.2a 41.9 ± 0.7a 14.2 ± 0.8a

30 57.2 ± 0.6a 28.8 ± 0.5a 14.0 ± 0.5a

60 76.2 ± 1.3a   8.2 ± 0.2a 15.6 ± 1.3a

aP < 0.05 vs control.
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Figure 1  Ceramide inhibited proliferation by halt of cell cycle in Bel7402 cells. 
A: ceramide inhibited cell proliferation in Bel7402 cells. Cells were cultured in the 
medium with different concentrations of C2-ceramide for 24 h. Cell viability was 
analyzed by MTT assay and presented as cell proliferative rates. The results show 
the mean ± SE (n = 3-4); B and C: ceramide down-regulated the expression of 
E-cadherin. Bel7402 cells were incubated with or without 30 μmmo/L of ceramide 
for 24 h. Cells were then harvested and stained with anti-E-cadherin directly 
labeled by PE. The protein levels of E-cadherin were determined by flow cytometry. 
Data was represented by the mean ± SE of 3 or 4 separate experiments (B). 
Bel7402 cells were incubated with or without 30 μmmo/L of ceramide for 24 h. 
Cells were then harvested, lysed and resolved in 12% SDS-PAGE. The expression 
of E-cadherin was determined by Western blot. Actin was used as a control. Data 
represent the results of three separate experiments (C).

the expression of  E-cadherin on the cell surface. Flow 
cytometry analysis results indicated that E-cadherin was 
significantly down-regulated by C2-ceramide (Figure 1B), 
which was also suggested by blot assay (Figure 1C). To test 
whether the cytotoxicity was derived from the effect on the 
cell cycle, flow cytometry analysis was applied following 
treatment with different concentrations of  C2-ceramide 
at 0, 5, 15, 30 and 60 μmol/L. As shown in Table 1, the 
cell cycle was halted in the G1 phase, and the percentage 
of  cells in the G1 phase was 35.3% ± 0.7%, 36.8% ± 
1.2%, 43.9% ± 1.2%, 57.2% ± 0.6% and 76.2% ± 1.3%, 
respectively.

Ceramide up-regulated the expression of p21WAF1/BIP1 and 
down-regulated that of cyclinD1 
In order to elucidate whether molecules were involved 
in the G1/S transition following C2-ceramide treatment, 

CT                     CA-15                  CA-30

       P21

CyclinD1

     Actin

Figure 2  Ceramide up-regulated the expression of p21WAF1/BIP1 and down-regulated 
that of cyclinD1. Bel7402 cells were incubated with different concentrations of 
ceramide as indicated for 24 h. Cells were harvested, lysed and resolved in 15% 
SDS-PAGE. The expression of p21 and cyclinD1 were determined by Western 
blot. Actin was used as a control. Data represent the results of three separate 
experiments.

μmol/L
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C2-ceramide, while total ERK protein expression was 
unaffected. 

To complete the study of  the MAPK pathway, c-myc 
content was also indicated by blot using anti-c-myc 
antibodies. As shown in Figure 4, the modulation pattern 
on the expression of  c-myc induced by C2-ceramide was 
similar to that of  p-ERK. 

DISCUSSION
Since ceramide was affirmed as an important lipid second 
messenger in 1994, the importance of  ceramide in cell 
metabolism has been broadly investigated. Ceramide has 
shown inhibition of  cell growth via apoptosis in a variety 
of  cancers. However, the link between ceramide signaling 
and the cell cycle is poorly understood. The present work 
demonstrates that C2-ceramide halted the distribution of  
cell cycles in G1 phase, and the mechanisms involved were 
explored. 

As displayed in Table 1, C2-ceramide induced cell 
cycle arrest in the G1 phase. Accordingly, down-regulation 
of  E-cadherin, a marker for many tumor cells with high 
expression, suggested that C2-ceramide inhibited cancer 
cell growth (Figure 1B). 

In order to elucidate the mechanisms involved in cell 

cycle arrest following treatment with C2-ceramide in 
Bel7402 cells, we firstly investigated whether the cell cycle 
control genes; i.e., cyclin D1 and the cyclin-dependent 
kinase inhibitor p21, are involved in ceramide-mediated 
cell cycle regulation in Bel7402 cells.

Cell cycle progression is regulated by interactions 
between cyclins and cyclin-dependent kinases, which are 
modulated by a family of  negative cell cycle regulators; 
i.e., cyclin-dependent kinase inhibitors, which are especially 
involved in controlling the transition from G1 to S-phase[16,17]. 
The latter includes two families, the CIP/KIP family and 
the INK4 family. p21 is a member of  the CIP/KIP family 
and plays a crucial role in growth arrest by a variety of  
mechanisms[18]. Consistent with this idea, we showed that 
C2-ceramide up-regulated the expression of  p21 protein 
concomitant with inhibition of  cyclin D1 protein (Figure 2). 

PPARγ is clearly involved in lipid metabolism and 
is essential for cell differentiation[19,20]. Activation of  
PPARγ by its ligands can induce growth inhibition 
and cytotoxicity in human prostate cancer cells, colon 
cancer cells and liposarcoma cells, and their biological 
activities are attributed to inhibition of  proliferation and 
induction of  apoptosis by PPARγ[21,22]. We have previously 
shown C2-ceramide could induce apoptosis via a PPARγ 
dependent pathway in human colon cancer HT29 cells[14].
To examine whether the PPARγ pathway was involved in 
the modulation of  cell cycle arrest induced by ceramide 
in human hepatocarcinoma Bel7402 cells, the luciferase 
reporter of  PPRE3x-tk-luc was transfected and luciferase 
activity was assayed. The result shown in Figure 3A 
suggested that ceramide activated the transcriptional 
activity of  PPARγ in a dose-dependent manner. 

CDK7 distributes normally throughout the nucleus 
and cytoplasm, and in the nucleus, it attaches to a DNA 
template with other TFⅡH subunits initiating gene 
transcription[23], which is very important in modulating 
cell proliferation. Participating in basal transcription by 
phosphorylating the carboxy-terminal domain of  the 
largest subunit of  RNA polymerase Ⅱ, CDK7 is critical 
for the cell cycle and transcriptional programmes, which 
also phosphorylate other CDKs as an essential step for 
their activation[24,25]. Often, phosphorylation of  NRs by 
kinases that are associated with general transcription 
factors (e.g. CDK7 within TFⅡH), or activated in 
response to a variety of  signals (MAPKs, Akt, PKA, PKC), 
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Figure 3  CDK7 and PPARγ pathways involved in cell cycle arrest induced by C2-
ceramide. A: activation of PPARγ transcriptional activity induced by C2-ceramide. 
Bel7402 cells were transiently transfected with the PPAR responsive element 
(PPRE) reporter construct (pAOXPPREluc) or the promoter-less control vector 
pAOXBluc following the treatment of different concentrations of C2-ceramide 
as indicated, PPARγ transcriptional activity was measured as described. The 
bar represents the relative fold increase of luciferase activity. The results show 
means ± SE (n = 3); B: C2-ceramide down-regulated the expression of CDK7, 
which was blocked by GW9662. Bel7402 cells were cultured with 30 μmol/L C2-
ceramide in the presence or absence of GW9662, which was claimed as a specific 
PPARγ antagonist for 24 h. Total proteins were extracted and resolved on SDS-
PAGE followed by Western blot assay using anti-CDK7 antibody. Data represents 
the results of three separate experiments.
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Figure 4  Ceramide inhibited activation of ERK pathway in Bel7402. Bel7402 
cells were incubated with different concentrations of ceramide as indicated. Total 
proteins were extracted and resolved on SDS-PAGE. Phospho-ERK1/2 and c-myc 
were normalized to total Erk1/2 and internal standard actin was determined by 
Western blot. Data represents the results of three separate experiments.
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facilitates the recruitment of  coactivators or components 
of  the transcription machinery and, therefore, cooperates 
with the ligand to enhance transcription activation. 

Though there is much to be explored, data have shown 
that C2-ceramide inhibited cell proliferation through 
attenuation of  CDK7 (Figure 3B). However, GW9662, 
which is a PPARγ specific antagonist, could markedly 
block this action. These data suggested that CDK7 was 
related to PPARγ, which was consistent with the opinion 
described above.

ERK signaling plays a key role in cell survival, and 
Erk1/2 are proteins belonging to the MAPK pathway, 
whose members are active when phosphorylated. 
Consequently, dephosphorylation of  these proteins 
inhibits their activity and the transcription factor c-myc. 
The increase of  PP2A, which is a serine/threonine 
phosphatase causing dephosphorylation of  MAPKs[26], is 
one of  the causes of  Erk1/2 dephosphorylation. Indeed, 
the ERK1/2 pathway, that regulates cellular growth and 
proliferation, has been shown to be pro[27-30] or anti-
apoptotic[31-33], depending on experimental conditions and/
or cell types. To examine whether C2-ceramide can inhibit 
activation of  ERK, phospho-ERK was determined. It was 
found that phospho-ERK decreased with the treatment 
of  C2-ceramide in Bel7402 cells, however, the expression 
level of  total ERK protein was unaffected. Accordingly, 
the protein expression of  c-myc also decreased (Figure 4).

In summary, with consideration that there is much to 
be explored, it was concluded that C2-ceramide plays an 
important role in the inhibition of  cell growth in Bel7402 
cells. Our results showed that there is p21 accumulation 
in accordance with decreased cyclinD1, inactivation 
of  the ERK pathway, downregulation of  CDK7 and 
stimulation of  PPARγ transcriptional activity. As such, 
our results support the hypothesis that suppression of  
hepatocarcinoma cell growth through cell cycle arrest 
induced by C2-ceramide may be mediated via accumulation 
of  p21 and reduction of  cyclinD1 and CDK7, at least 
partly, through PPARγ activation. The ERK signaling 
pathway was involved in this process.
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