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Abstract. Hepatoblastoma (HB) is the most type of common 
pediatric liver cancer. The primary chemotherapy drug for 
HB is cisplatin (DDP). However, patients readily develop 
intrinsic and acquired resistance, and severe side effects to 
treatment. Sphingomyelin synthase 2 (SMS2) is a key enzyme 
involved in the generation of sphingomyelin (SM), which is 
able to regulate cell proliferation, apoptosis and differentia-
tion. The death receptors (DRs) have important functions in 
DDP-induced apoptosis. However, whether SMS2 is able to 
modulate cell apoptosis through the DR signaling pathway 
remains unknown. To investigate this question, SMS2 was 
overexpressed in HepG2 cells and treated with 3.5 mg/l 
cisplatin in the present study. After 24 h, the expression of 
SMS2, avian myelocytomatosis viral oncogene homolog 
(c-Myc), DR4, DR5 and caspase-3 was analyzed. Furthermore, 
cell viability was quantified, and apoptosis was assessed 
by western blot and flow cytometry analysis as well as Cell 
Counting kit-8. The results of the present study revealed that 
overexpression of SMS2 was able to increase the expression of 
c-Myc, cleaved caspase-3, DR4 and DR5 compared with the 
control group (P<0.05, n=3), and increase the levels of apop-
tosis in the SMS2 + DDP group, compared with the control 
(P<0.001, n=3). These results indicate that overexpression of 
SMS2 is able to improve sensitivity of HepG2 cells to DDP by 
increasing the expression of c-Myc, DR4 and DR5 in HepG2 
cells. This increased sensitivity may decrease intrinsic and 
acquired resistance of chemotherapy in HB, and reduce the 
associated severe side effects in pediatric patients.

Introduction

Hepatoblastoma (HB) is a malignant liver tumor observed in 
pediatric patients, the incidence of which has increased by 
2.18% annually in patients <20 years of age (1). A total of 
90% of patients with liver malignancies and <5 years of age 
were diagnosed with HB (1). Previously, the main treatment 
for HB was surgical resection. However, complete tumor 
resection may only be achieved in a small proportion of 
patients (1). However, since cisplatin (DDP) was introduced 
into the treatment regimen, the survival rate had improved 
markedly (1). DDP is a platinum-based chemotherapeutic 
that belongs to a class of alkylating agents widely used in the 
treatment of a variety of pediatric malignancies (2). However, 
as occurs with the majority of anticancer drugs, treatment 
resistance and side effects (including hearing loss) in healthy 
tissues are two major challenges in the use of DDP (2,3). The 
DDP-associated toxicity is dose-dependent, but inhibition of 
cancer cell proliferation requires a sufficient dose of DDP. 
Therefore, there exists a contradiction between chemotherapy 
efficiency and side effects, meaning that there is an urgent 
requirement to enhance the sensitivity of DDP chemotherapy.

The anticancer mechanism of DDP is associated with its 
ability to form inter- and intra-strand DNA crosslinks, which 
perturb DNA replication and transcription, therefore inducing 
a replication stress and DNA damage response, eventually 
resulting in cell cycle arrest and apoptosis (4). Apoptosis 
induced by DDP can be initiated through two main core 
signaling pathways, the tumor protein 53-dependent transcrip-
tion of pro-apoptotic B-cell lymphoma-2 family members 
(p53 upregulated modulator of apoptosis, phorbol-12-my-
ristate-13-acetate-induced protein 1 and Bcl-associated X) 
that trigger cell death via the mitochondrial apoptotic pathway 
and the death receptors (DRs) (5). DRs are receptors of tumor 
necrosis factor-related apoptosis-inducing ligands (TRAILs), 
which have five receptors. However, only two of the recep-
tors, DR4 (TRAIL-R1) and DR5 (TRAIL-R2), are capable of 
effectively transmitting the apoptotic signal (5). A number of 
studies reported that DDP enhances the sensitivity of TRAIL 
to the cancer cells by increasing the expression of DR4 and 
DR5 (6,7), which triggers the relocalization of DR4 and DR5 
to the cell membrane and accelerates the internalization of 
TRAIL (2,6,8). However, DDP can also induce apoptosis 
through the DR4 and DR5 signaling pathways, which is 
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not dependent on TRAIL and the mitochondrial apoptotic 
signaling pathway (9).

Sphingomyelin synthase (SMS) is a key enzyme involved 
in the generation of sphingomyelin (SM) and has two isoforms, 
SMS1 and SMS2 (10). SMS can participate in inflammation, 
atherosclerosis, proliferation, apoptosis, differentiation and 
other functions (11,12). However, the association between 
SMS2 with the expression of DR4 and DR5, and DDP-induced 
apoptosis is unclear in HepG2 cells.

Therefore, the present study constructed a SMS2 over-
expression cell model to investigate the effects of SMS2 on 
the expression of DR4 and DR5, and on apoptosis induced by 
DDP. HepG2 cells were previously misidentified as human 
hepatocarcinoma (13); however, in the present study, HepG2 
cells were treated as HB, and the results were not affected by 
this misidentification.

Materials and methods

Cell culture and transfection. HepG2 cells were cultured 
in Dulbecco's modified Eagle's medium (DMEM; Hyclone; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (FBS; Zhejiang Tianhang 
Biotechnology Co., Ltd., Huzhou, China) and penicillin and 
streptomycin (100 U/ml and 0.1 mg/ml, respectively; Beijing 
Solarbio Bioscience & Technology Co., Ltd., Beijing, China), and 
incubated at 37˚C in a humidified atmosphere containing 
5% CO2.

Transfection was performed using LipoFiter transfection 
reagent (Hanbio Biotechnology Co., Ltd., Shanghai, China) 
according to the manufacturer's protocol. At 12 h before trans-
fection, the cells (7x105) were seeded into wells of a 6-well 
plate that contained antibiotic-free DMEM. At the time of 
transfection, cell confluence was 70‑80%. The SMS2 plasmid 
(4 µg; provided by Dr Tingbo Ding, School of Pharmacy, 
Fudan University, Shanghai, China) or negative plasmid (4 µg; 
provided by Dr Tingbo Ding, School of Pharmacy, Fudan 
University) was diluted with 250 µl DMEM (FBS- and anti-
biotic-free medium) or 12 µl LipoFiter with 238 µl DMEM. 
The cells transfected with the SMS2 plasmid were termed the 
SMS2 group. The cells transfected with the negative plasmid 
were termed the control group.

After 5 min, the dilutions were mixed together and 
incubated at 37˚C for 20 min, then dispensed into each well. 
After 6 h, the medium was replaced with DMEM containing 
10% FBS and the aforementioned antibiotics. These cells were 
cultured for 48 h. The control and SMS2 groups were divided 
separately into two groups, resulting in control, control + DDP, 
SMS2 and SMS2 + DDP groups. The control + DDP and 
SMS2 + DDP groups were treated with 3.5 mg/l DDP. After 
24 h, the cells were harvested for analysis.

Western blot analysis. The proteins were extracted using 
radioimmunoprecipitation assay buffer (CW2333S; Kangwei 
Century Biotechnology Co., Ltd., Beijing, China), and the 
protein concentration was measured using the DR4a bicincho-
ninic acid assay (CW0014; Kangwei Century Biotechnology 
Co., Ltd.). Equal quantities of cleared lysates (~50 µg protein) 
were separated by SDS-PAGE (10% gel), and then transferred 
onto polyvinylidene fluoride membranes (EMD Millipore, 

Billerica, MA, USA). Equal transfer was validated by 
staining with Ponceau red for 15 min at room temperature. 
The membranes were blocked with 10% skimmed milk in 
Tris-buffered saline (TBS), and then incubated with primary 
antibodies in TBS containing 0.05% Tween-20, 2% bovine 
serum albumin (A8010; Solarbio Bioscience & Technology Co., 
Ltd.) and 0.05% sodium azide overnight at 4˚C. The following 
antibodies were used at the indicated dilutions: SMS2 
(1:1,000; sc-34048; Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA), caspase-3 (1:1,000; 19677-1-AP; ProteinTech 
Group, Inc., Chicago, IL, USA), avian myelocytomatosis 
viral oncogene homolog (c‑Myc) (1:1,000; AF0358; Affinity 
Biosciences, Jiangsu, China), DR4 (1:1,000; AF0304; Affinity 
Biosciences) and DR5 (1:1,000; DF6368, Affinity Biosciences) 
GAPDH (1:10,000; 60004-1-Ig; ProteinTech Group, Inc.). 
Secondary horseradish peroxidase-coupled antibodies [mouse 
(SA00001-1) and rabbit (SA00001-2); ProteinTech Group, Inc.] 
were used at 1:10,000 in 10% skimmed milk in TBS containing 
0.05% Tween-20. Signals were detected using an enhanced 
chemiluminescence reagent (CW0049M; Kangwei Century 
Biotechnology Co., Ltd.) and an autoradiography system 
(Chemiluminescence Imaging system; CLINX Science 
Instruments Co., Ltd., Shanghai, China) (14). Each assay was 
repeated at least three times.

Cell viability assays. For cell viability assays, the cells 
(control and SMS2 groups; 1.5x104 cells/well) were plated into 
flat‑bottomed 96‑well plates. Next, 3.5 mg/l DDP was added 
into these cells, and the cells were cultured in 37˚C to measure 
viability. After incubation for 24 h, 20 µl Cell Counting kit-8 
(CCK-8) solution (Beijing Zoman Biotechnology Co., Ltd., 
Beijing, China) was added into each well at 37˚C in the dark 
for 2 h. The absorbance of each well was measured using a 
microplate reader at an absorbance of 450 nm. Each assay was 
repeated at least three times.

Flow cytometric analysis for apoptosis. The proportion 
of apoptotic cells was determined by flow cytometry, as 
described previously (15). In brief, cells from the control and 

Figure 1. Expression of SMS2 in HepG2 cells. n=3; **P<0.001 vs. control 
group; ##P<0.001 vs. control + DDP group. DDP, cisplatin; SMS2, sphyngo-
myelin synthase 2.
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SMS2 groups (1x106 cells/ml) were seeded in 6-well plates and 
cultured for 12 h, treated with DDP at 3.5 mg/l for 24 h and 
collected. The cells were then washed twice and subsequently 
analyzed apoptosis by flow cytometry (BD Biosciences, 
Franklin Lakes, NJ, USA) according to the protocol of the 
apoptosis assay kit (Promega Corporation, Madison, WI, 
USA). FlowJo Software (version 7.6; FlowJo LLC, Ashland, 
OR, USA) was used to analyze these data. Each assay was 
repeated in triplicate.

Statistical analysis. All data are reported as the mean ± stan-
dard deviation. Student's t-test was used for single comparisons. 
For multiple comparisons, one-way analysis of variance with 
Tukey's or Games-Howell post hoc analysis was used. P<0.05 
was considered to indicate a statistically significant difference.

Results

Identification of SMS2 overexpression cell model. To construct 
a cell model where SMS2 is overexpressed, HepG2 cells were 
transfected with the SMS2 plasmid. Western blotting revealed 

that SMS2 expression was significantly upregulated in the 
SMS2 and SMS2 + DDP groups compared with control and 
control + DDP group, respectively (P<0.001, n=3; Fig. 1). The 
expression of SMS2 in the SMS2 and SMS2 + DDP groups 
was increased 0.81- and 0.92-fold compared with the control 
or control + DDP group, respectively. These results demon-
strated that transfection with the SMS2 plasmid was able to 
effectively augment SMS2 protein expression.

Expression of DR4 and DR5. DR4 and DR5 are involved 
in DDP-induced apoptosis. Therefore, the present study 
analyzed the expression of DR4 and DR5 by western blot 
analysis (Fig. 2). The results indicated that upregulation of 
SMS2 was able to modulate the expression of DR4 and DR5 
compared with the control group, respectively. The expression 
of DR4 and DR5 was increased ~0.48 and 0.27-fold in the 
SMS2 group compared with the control group, respectively 
(P<0.05, n=3; Fig. 2B and C). However, when the control 
and SMS2 groups were treated with DDP, the expression of 
DR4 and DR5 was also induced. The expression of DR4 in 
the control + DDP group was significantly increased 1.02‑fold 

Figure 2. Expression of DR4, DR5, cleaved caspase-3 and c-Myc in HepG2 cells. (A) The protein expression of DR4, DR5, cleaved caspase-3 and c-Myc was 
investigated using western blotting. Quantification and statistical analysis was performed on (B) DR4, (C) DR5, (D) cleaved caspase‑3 and (E) c‑Myc. n=3, 
*P<0.05, **P<0.001 vs. control group; #P<0.05, ##P<0.001 vs. control + DDP group. DR. death receptor; DDP, cisplatin; SMS2, sphyngomyelin synthase 2; 
c-Myc, avian myelocytomatosis viral oncogene homolog.
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compared with the control group (P<0.001, n=3; Fig. 2B). By 
contrast, the expression of DR5 in the control + DDP group 
only increased ~0.81-fold compared with the control group 
(Fig. 2C). Notably, the expression of DR 4 and DR 5 in SMS2 
+ DDP group compared with the control group was increased 
1.64 and 1.47-fold, respectively (P<0.001, n=3). Additionally, 
the expression of DR4 and DR5 in the SMS2 + DDP group was 
upregulated compared with the control group (P<0.05, n=3).

Effect of SMS2 expression on apoptosis. To analyze the effect 
of SMS2 expression on the DDP-induced apoptosis of HepG2 
cells, the viability of cells was analyzed (Fig. 3). As shown 

in Fig. 3F, the expression of SMS2 was able to increase the 
viability of HepG2 cells by ~18.3% compared with the control 
group (P<0.05, n=9). However, when the cells were treated 
with DDP, the viability of the cells in the control + DDP and 
SMS2 + DDP groups compared with the control group was 
significantly decreased by ~23.7% (P<0.05, n=9) and 64.4% 
(P<0.001, n=9), respectively. Moreover, compared with the 
control + DDP group, the viability of the cells in the SMS2 
+ DDP group significantly decreased, by ~40.7% (P<0.001, 
n=9). These observations were confirmed by flow cytometric 
analysis. The percentage of apoptotic cells in the control, 
SMS2, control + DDP and SMS2 + DDP groups were 13.0, 

Figure 3. Apoptosis and viability of HepG2 cells. The apoptosis of (A) control, (B) SMS2, (C) control + DDP and (D) SMS2 + DDP groups. (E) Quantification 
of apoptosis and (F) viability of HepG2 cells. n=3, apoptosis analysis; n=9, viability assays; *P<0.05; **P<0.001 vs. control group; ##P<0.05 vs. control + DDP 
group. DDP, cisplatin; SMS2, sphyngomyelin synthase 2.
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3.5, 37.6 and 75.5%, respectively (Fig. 3A-D). The proportion 
of apoptotic cells in the SMS2 + DDP group increased by 
~37.9% compared with the control + DDP group (Fig. 3E, 
P<0.001, n=3). The levels of cleaved caspase-3 and c-myc 
were assessed using western blotting (Fig. 2A). The levels of 
cleaved caspase-3 in the SMS2 + DDP group was increased 
by 115.3% compared with the control + DDP group (P<0.001, 
n=3; Fig. 2D). The levels in the control + DDP group were 
significantly increased compared with the control group 
(P<0.001, n=3; Fig. 2D), where expression was increased by 
37.2% (P<0.001, n=3; Fig. 2D). Expression of SMS2 was able 
to increase the sensitivity of HepG2 cells to DDP treatment.

Expression of c‑Myc. Furthermore, the present study 
continued to investigate the expression of c-Myc. As presented 
in Fig. 2E, the expression of c-Myc in the SMS2 group 
was increased 0.48-fold, compared with the control group 
(P<0.01, n=3). However, when the HepG2 cells were treated 
with DDP, the expression of c-Myc in the control + DDP 
and SMS2 + DDP groups was increased compared with the 
control group (P<0.001, n=3). Notably, the degree of increase 
in c-Myc expression in the SMS2 + DDP group compared 
with the control was greater compared with the increase in the 
control + DDP group compared with the control (P<0.05, n=3).

Discussion

The results of the present study indicated that the overexpres-
sion of SMS2 was able to slightly increase the viability of 
HepG2 cells and increase the expression of DR4, DR5 and 
c-Myc. Overexpression of SMS2 was also able to increase the 
sensitivity of the HepG2 cells to DDP.

SMS2 is a key enzyme involved in the biosynthesis of 
sphingomyelin and is also involved in the production of 
diacylglycerol (DAG), which is a second messenger that can 
induce cell proliferation (16). Overexpression of SMS2 may 
therefore increase the cellular levels of DAG and induce 
growth signal transmission.

Moreover, the proliferation of HepG2 cells may also be 
associated with c-Myc. c-Myc is a proto-oncogene which is 
a key regulator of cell proliferation, apoptosis and cellular 
differentiation (17). However, in the present study, the expres-
sion of SMS2 was able to upregulate the expression of c-Myc, 
which would lead to the viability of HepG2 cells. A number 
of studies have reported that upregulation of SMS is able to 
induce cell proliferation (18,19). For example, chronic myelog-
enous leukemia K562 cells have high SMS activity, and when 
SMS1 expression was downregulated using small interfering 
RNAs, cell apoptosis was induced (18). This result indicates 
that maintaining the SMS activity was necessary to prolifera-
tion of K562 cells (18).

c-Myc not only modulates the expression of growth genes, 
but also participates in the expression of DR4 and DR5, 
which are associated with apoptosis (20,21). When c‑Myc 
was overexpressed, the expression of DR4 and DR5 were also 
increased, which led to an increase in the sensitivity to tumor 
necrosis factor-related apoptosis-inducing ligand (TRAIL), 
as DR4 and DR5 are TRAIL receptors (20,21). This may 
overcome multidrug resistance in human ovarian, breast and 
gastric carcinoma cells (20,21).

Similar to TRAIL, DDP is also able to induce apoptosis 
through the DR4 and DR5 signaling pathways (6,7). DDP is 
able to trigger apoptosis through the DR4 and DR5 signal 
pathways in H460 cells, independent of TRAIL and the 
mitochondrial apoptotic pathway (9). Therefore, in the present 
study, it was hypothesized that overexpression of SMS2 was 
able to alter the expression of DR4 and DR5, and increased 
the expression of c-Myc, as well as increasing the sensitivity 
of the cells to DDP. However, DDP is also able to increase the 
expression of DR4 and DR5 to induce cell apoptosis (7,21). In 
the present study, it was demonstrated that treatment with DDP 
was able to significantly increase the expression of DR4 and 
DR5 in HepG2 cells, and the increase in the expression of DR4 
and DR5 was higher in the SMS2 + DDP group compared 
with the control + DDP group. Other studies reported that 
overexpression of SMS2 is able to increase the sensitivity of 
cancer cells to antitumor drugs. For example, Ding et al (22) 
found that when SMS1 and SMS2 were overexpressed in 
THP-1 cells, apoptosis was increased via tumor necrosis 
factor or lipopolysaccharide. 2-hydroxyoleic acid (2OHOA) is 
a potent antitumor compound. It has been demonstrated that 
2OHOA is able to regulate SMS activity in tumor cells, which 
is a critical upstream event (23).

Moreover, the increase in apoptosis induced by DDP may 
be associated with the lipid raft, which act as microdomains 
of the plasma membrane and are enriched in cholesterol 
and sphingolipids. Lipid rafts have an important function in 
signaling, vesicular transporting, interaction with pathogens 
and viral infection (24). SM is a type of sphingolipid that 
can affect lipid raft structure and function. DR4 and DR5 
localize to lipid rafts and can accelerate the internalization of 
TRAIL (2,6,8). Certain studies hypothesized that the localiza-
tion of DR4 and DR5 to the lipid raft was responsible for the 
transduction of intrinsic and extrinsic apoptosis signaling path-
ways in response to DDP treatment (8,9). Furthermore, in the 
present study, SMS2 was overexpressed in HepG2 cells, which 
may alter the structure of the lipid raft, and the relocalization 
of DR4 and DR5 to the lipid raft. Therefore, overexpression 
of SMS2 not only increased apoptosis of HepG2 cells by 
increasing the expression of DR4 and DR5, but may also have 
caused the relocalization of DR4 and DR5 to the lipid raft.

To conclude, the present study found that overexpression of 
SMS2 increased the sensitivity of HepG2 cells to DDP through 
c-Myc and an increase in the expression of DR4 and DR5. This 
increased sensitivity, if reflected in patients, would decrease 
intrinsic and acquired resistance, and severe side effects of HB 
chemotherapy in pediatric malignancies.
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