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Abstract. The present study investigated the effects and 
molecular mechanism of the second mitochondria‑derived 
activator of caspase (SMAC) mimetic birinapant on the 
proliferation and apoptotic rate of liver cancer cells. Western 
blotting and reverse transcription‑quantitative PCR were used 
to detect the protein and mRNA expression levels of cellular 
inhibitor of apoptosis 1 (cIAP1) and tumor necrosis factor 
receptor‑associated factor 3 (TRAF3) in the liver cancer cell 
lines Huh7, H22 and HepG2, and the hepatocyte line AML12. 
Annexin V‑FITC and Transwell assays were used to assess 
the effect of birinapant pretreatment on the apoptotic rate 
and invasive ability of liver cancer cells. Lentivirus‑mediated 
silencing of TRAF3 was performed in liver cancer cells. 
Western blotting was used to detect the lentivirus silencing 
efficiency. A subcutaneous hepatocellular carcinoma model 
was established in nude mice and 15 days after tumor induc-
tion the subcutaneous tumors were measured in each group. 
Immunohistochemistry assays were used to detect the protein 
expression levels of proliferating cell nuclear antigen and 
caspase‑3. The results suggested that the expression levels of 
cIAP1 and TRAF3 were lower in Huh7, H22 and HepG2 cells 
compared with AML12 cells. Pretreatment with birinapant 
promoted apoptosis and inhibited invasion of liver cancer 
cells by activating the cIAP1/TRAF3 axis. Birinapant also 
promoted apoptosis and inhibited the growth of subcutaneous 

hepatocellular carcinoma tumors in nude mice. The present 
results suggested that the SMAC mimetic birinapant may 
promote apoptosis, and inhibit the proliferation and invasion 
of liver cancer cells. The molecular mechanism responsible for 
the effects of birinapant may be related to activation of the 
cIAP1/TRAF3 signaling pathway by birinapant in liver cancer 
cells.

Introduction

Hepatocellular carcinoma (HCC) is the third leading cause 
of cancer‑related mortality worldwide  (1). While diverse 
treatments exist for HCC, the clinical prognosis of patients 
with HCC remains poor  (2). Therefore, it is necessary to 
investigate the molecular mechanism underlying HCC. 
Second mitochondria‑derived activator of caspase (SMAC) is 
a protein located in the mitochondria that can regulate apop-
tosis (3). SMAC can be released from mitochondria into the 
cytoplasm where it binds to cellular inhibitor of apoptosis 1 
(cIAP1) and inhibits the anti‑apoptotic function of cIAP1, thus 
promoting apoptosis (4,5). As a result of previous in‑depth 
studies showing the structure and function of SMAC protein, 
the application of SMAC mimetics in the treatment of various 
diseases, especially tumors, has become a novel research 
hotspot (6‑9). SMAC mimetics have been used for the treatment 
of cancer, including breast cancer, HCC and lung cancer (6,7). 
Birinapant is a SMAC mimetic that can promote apoptosis of 
tumor cells by binding to cIAP1 and inducing cIAP1 degra-
dation (8,9). The caspase‑8 inhibitor emricasan can combine 
with birinapant to induce necroptosis and treat acute myeloid 
leukemia (10). Additionally, birinapant can act as a nanomi-
cellar carrier of paclitaxel delivery for cancer therapy (11); 
and it also has anti‑inflammatory effects  (12). Birinapant 
attenuates lipopolysaccharide (LPS)‑induced liver injury by 
inhibiting tumor necrosis factor receptor‑associated factor 3 
(TRAF3) degradation in Kupffer cells (12). However, whether 
birinapant affects HCC growth and the possible underlying 
molecular mechanism of this effect are still unknown. In the 
present study, birinapant and liver cancer cell lines Huh7, 
H22 and HepG2 were used to study the effects and molecular 
mechanisms of birinapant on the proliferation and apoptotic 
rate of liver cancer cells. It was found that birinapant could 
promote apoptosis, as well as inhibiting the proliferation and 
invasion of liver cancer cells. The molecular mechanism may 
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be related to the activation of the cIAP1/TRAF3 signaling 
pathway by birinapant in liver cancer cells.

Materials and methods

Cell culture and treatment. The liver cancer cell lines Huh7, 
HepG2 and H22, and the hepatocyte line AML12 were 
obtained from the Chinese Academy of Science. All cells were 
cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.) 
containing 10% FBS (PAN‑Biotech GmbH) with 1% peni-
cillin and 1% streptomycin. Cells were maintained at 37˚C in a 
humidified atmosphere containing 5% CO2. Huh7, HepG2 and 
H22 cells were pretreated in a cell incubator with 300 nmol/ml 
birinapant (MedChemExpress) at 37˚C for 24 h prior to subse-
quent experimentation.

Lentivirus‑mediated knockdown of TRAF3 in Huh7 and 
H22  cells. The lentivirus was obtained from Shanghai 
GeneChem Co., Ltd. (shRNA‑TRAF3 was inserted into these 
lentiviruses by Shanghai GeneChem Co., Ltd). The lenti-
virus‑mediated knockdown of TRAF3 in Huh7 and H22 cells 
was performed as previously described (13). A total of 4 µl 
of lentivirus titer (1x108 TU/ml) with shRNA was added to 
1x106 Huh7 and H22 cells. Lentivirus without shRNA served 
as the negative control, and the blank control group was Huh7 
and H22 cells without the lentivirus vector, these cells were 
continuously cultured in a cell incubator at 37˚C for 72 h. 
At 72 h later, green fluorescence observed under an inverted 
fluorescent microscope (x200) and western blotting were used 
to determine the efficiency of lentivirus‑mediated knockdown.

Establishment of a subcutaneous tumor model in BALB/c 
nude mice. Male, 7‑week‑old BALB/c nude mice (~13 g) were 
obtained from the Animal Experimental Center of Chongqing 
Medical University. All mice were fed with common 
feed and sterile water ad libitum, and housed in 22˚C with 
50% humidity, with 12 h light/dark cycles in a cage of 5 mice. 
In total, 18 mice were divided into three groups (Control group; 
shRNA‑TRAF3 + Birinapant group; and Birinapant group) 
with six mice in each group. Subcutaneous tumor models 
were prepared by subcutaneously injecting 2x107 H22 cells 
into the left armpit of each mouse. In the birinapant group, 
nude mice were injected intraperitoneally with 30 mg/kg 
body weight birinapant the day after the subcutaneous injec-
tion, and then again 1 week later. In the Control group, mice 
were injected with an equivalent volume of saline at the same 
time points as birinipant injection. The subcutaneous tumors 
were observed every day, and after 15 days the subcutaneous 
tumor tissues were removed for subsequent analyses.

Western blotting. After the cells were harvested, the 
cellular protein was extracted using a protein extraction kit 
(Nanjing KeyGen Biotech Co., Ltd.). Protein concentration 
was detected by BCA protein assay kit (Beyotime Institute 
of Biotechnology) and a microplate reader (Synergy™ HT; 
BioTek). Total cellular protein was mixed with loading buffer 
and boiled in water for 10 min. In total, 50 µg protein lysate 
was separated by SDS‑PAGE with 10% gels and transferred to 
PVDF membranes (EMD Millipore), which were blocked with 
5% skim milk for 1 h at room temperature. The membranes 

were then incubated overnight at 4˚C with antibodies against 
cIAP1 (1:1,000; cat. no. ab189193; Abcam), TRAF3 (1:1,000; 
cat. no. ab36988; Abcam) and β‑actin (1:1,000; cat. no. 4970; 
Cell Signaling Technology, Inc.). The membranes were 
further incubated with the corresponding horseradish 
peroxidase (HRP)‑conjugated secondary antibody (1:10,000; 
cat. no. 7074; Cell Signaling Technology, Inc.) at 37˚C for 1 h. 
Bands were analyzed and scanned using Quantity One software 
(version 5.2.1; Bio‑Rad Laboratories, Inc.) after incubation 
with enhanced chemiluminescence reagent (EMD  Millipore) 
at room temperature for 10 sec.

RNA isolation and reverse transcription‑quantitative (RT‑q)
PCR. Total RNA was isolated from Huh7, H22, HepG2 
and AML12 cells using TRIzol® reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocol. Then, the RNA was reverse transcribed to cDNA 
with the PrimeScript™ RT Reagent kit (Takara Biotechnology 
Co., Ltd.) at 37˚C for 15 min, 85˚C for 5 sec and 4˚C hold. 
RT‑qPCR was performed using SYBR‑Green (Takara 
Biotechnology, Co., Ltd.) and an ABI Prism 7900 Sequence 
Detection system (Applied Biosystems; Thermo   Fisher 
Scientific, Inc.). The thermocycling conditions were as follows: 
95˚C for 30 sec for one cycle; 95˚C for 5 sec and 60˚C for 
30 sec for 39 cycles; 65˚C for 5 sec and 95˚C for 15 sec for 
one cycle. The gene expression level of each target gene was 
normalized to that of GAPDH for each sample. The primers 
used were as follows: cIAP1, forward 5'‑GAT​ACG​AAT​GAA​
AGG​CCA​AG‑3', reverse 5'‑TCT​CCA​GGT​CCA​AAA​TGA​
AT‑3'; TRAF3, forward 5'‑CTC​CCA​TCA​AGA​AGC​CAC​C‑3', 
reverse 5'‑TGT​AGG​GCC​TCT​TTG​AGG​TAA‑3'; and GAPDH, 
forward 5'‑CAC​CCA​CTC​CTC​CAC​CTT​TG‑3' and reverse 
5'‑CCA​CCA​CCC​TGT​TGC​TGT​AG‑3'. The relative gene 
expression was analyzed using the 2‑∆∆Cq method (14).

Immunohistochemical staining. Immunohistochemical 
staining was performed as previously described  (15). 
Subcutaneous tumor tissues (n=18) were fixed in 4% formalin 
at room temperature for 48 h and embedded in paraffin. Then, 
sections (4 µm) were cut and mounted on glass slides. The slides 
were dewaxed in 100% xylol for 30 min and rehydrated in 100, 
95 and 85% graded alcohol solutions. Subsequently, antigen 
retrieval was performed in 0.01 M sodium citrate solution at 
98˚C for 15 min. Endogenous peroxidase activity was blocked 
with 5% normal goat serum (OriGene Technologies, Inc.) at 
37˚C for 1 h. The subcutaneous tumor tissues were incubated 
with a proliferating cell nuclear antigen (PCNA) antibody 
(1:100; cat. no. 13110; Cell Signaling Technology, Inc.) and 
caspase‑3 antibody (1:100; cat. no. ab4051; Abcam) at 4˚C 
overnight. Then, the slides were washed three times with 
PBS and incubated with an anti‑rabbit lgG HRP‑conjugated 
secondary antibody (1:10,000; cat. no. 7074; Cell Signaling 
Technology, Inc.) for 1 h at room temperature. The slides were 
then washed three times with PBS and 50 µl of DAB solution 
(Beyotime Institute of Biotechnology) was added for 3‑5 min, 
followed by another wash. Then, the slides were stained with 
hematoxylin at room temperature for 5  min, followed by 
another wash. Next, 1% hydrochloric acid alcohol differentia-
tion was used for 2 sec in order to stain the tissue blue, and 
then the sections were dehydrated and sealed with neutral 
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gum after clearing. After drying, images of the slides were 
captured using an upright light microscope (x400). A total of 
5 different fields of view were taken from each sample using 
magnification, x400, and the number of brown cells in each 
field of view was counted. Statistical analyses were performed 
using SPSS 17.0 software (SPSS, Inc.).

Cell apoptosis and invasion assays. Apoptosis assays were 
performed using an Annexin V‑FITC/PI Cell Apoptosis kit 
(Nanjing KeyGen Biotech, Co., Ltd.). In total, 100 µl suspen-
sion containing 5x105 cells was incubated with 5 µl Annexin V 
and 1 µl PI in the dark at room temperature for 15 min. The 
apoptotic rate (early  +  late apoptotic) was determined by 
flow cytometry (BD FACSCalibur; BD Biosciences) and the 
software used for analysis was FlowJo™ v10.4.0 (FlowJo LLC).

Cell invasion assays were performed as described in previous 
studies (8,9). In total, 1x105 Huh7 or 1x105 HepG2 cells were 
resuspended in FBS‑free culture and was added to the upper 
Transwell chamber containing Matrigel (BD Biosciences), and 
900 µl of culture medium with 10% FBS was added into the 
lower chamber. The cells were incubated at 37˚C for 24 h and 
then fixed with 4% paraformaldehyde at room temperature for 
10 min. The cells were removed from the upper surface of the 
filter membrane, and the invading cells were stained with a 
0.1% crystal violet solution at room temperature for 10‑15 min. 
Images were captured and the cells were counted using a light 
microscope (x200).

Statistical analysis. Data are presented as the mean ± SD of ≥3 
independent experiments. Statistical analyses were performed 
using SPSS 17.0 software (SPSS, Inc.). Student's t‑test was 
used for the comparison of parameters between two groups. 
One‑way ANOVA and Tukey's test were used to compare 
the parameters among >2 groups. P<0.05 was considered to 
indicate a statistically significant difference.

Results

cIAP1 and TRAF3 are expressed at low levels in Huh7, H22 
and HepG2 cells. Western blotting and RT‑qPCR were used to 
detect the protein and mRNA expression levels of cIAP1 and 
TRAF3 in Huh7, H22, HepG2 and AML12 cells. The present 

results suggested that the protein and mRNA expression levels 
of cIAP1 and TRAF3 were significantly lower in Huh7, H22 
and HepG2 cells compared with in AML12 cells (Fig. 1).

SMAC mimetic birinapant promotes apoptosis and inhibits 
invasion of liver cancer cells. The experimental groups used 
in the present study included Huh7 and HepG2 cells treated 
with 300 nmol/ml birinapant for 24 h, and control cells that 
did not receive any treatment. Flow cytometry was used to 
detect cell apoptosis in the different groups. Transwell assays 
were used to detect cell invasion. The present results suggested 
that pretreatment with birinapant promoted apoptosis and 
inhibited the invasive ability of Huh7 and HepG2 cells (Fig. 2). 
H22 cells were not assessed for cell invasion as they do not 
adhere to well walls.

Silencing TRAF3 inhibits birinapant‑mediated apoptosis in 
liver cancer cells. cIAP1 is the target protein of birinapant, 
a SMAC mimetic that regulates the development of several 
diseases, such as inflammatory and metabolic diseases, by 
modulating the cIAP1/TRAF signaling pathway  (6,9,12). 
However, whether birinapant‑induced apoptosis in liver cancer 
cells is related to the cIAP1/TRAF axis is unknown. The 
present results suggested that pretreatment with birinapant 
increased the protein expression levels of cIAP1 and TRAF3 
in Huh7, H22 and HepG2 cells (Fig. 3A). Therefore, the present 
results suggested that birinapant may promote apoptosis in 
liver cancer cells by activating the cIAP1/TRAF3 signaling 
pathway. To investigate the role of TRAF3 in birinapant‑medi-
ated apoptosis in liver cancer cells, the present study knocked 
down TRAF3 in liver cancer cells using a lentivirus (Fig. 3B). 
There were three different experimental groups: Control (Con) 
group, the shRNA‑TRAF3 + birinapant (shRNA) group and the 
birinapant group. The present results suggested that silencing 
TRAF3 expression inhibited birinapant‑mediated apoptosis in 
H22 and Huh7 cells (Fig. 3C).

SMAC mimetic birinapant inhibits HCC growth by activating 
the cIAP1/TRAF3 signaling pathway. PCNA reflects the 
proliferative ability of tumor cells and caspase is a marker of 
cell apoptosis (16,17). In the present study, mice were subcuta-
neously injected with normal or shRNA‑TRAF‑infected H22 

Figure 1. Expression levels of cIAP1 and TRAF3 in liver cancer cell lines. (A) Western blot analysis was used to detect the protein expression levels of cIAP1 
and TRAF3 in AML12, Huh7, H22 and HepG2 cells. (B) Reverse transcription‑quantitative PCR was used to detect the mRNA expression levels of cIAP1 and 
TRAF3 in AML12, Huh7, H22 and HepG2 cells. *P<0.05, **P<0.01. cIAP1, cellular inhibitor of apoptosis 1; TRAF3, tumor necrosis factor receptor‑associated 
factor 3.
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cells, and treated with saline or birinapant, and tumor growth 
was monitored for 15 days. Immunohistochemistry assays 
were used to detect the protein expression levels of PCNA and 
caspase‑3 in the subcutaneous tumors. Birinapant inhibited the 
growth of subcutaneous tumors, and silencing TRAF3 reduced 
the inhibitory effect of birinapant on subcutaneous tumor 
growth (Fig. 4A). The present results suggested that birinapant 
inhibited the expression of PCNA and increased the expression 
of caspase‑3, whereas silencing TRAF3 reversed these effects 
(Fig. 4B). Collectively, the present results suggested that the 
SMAC mimetic birinapant inhibited the growth of HCC and 
promoted apoptosis in liver cancer cells, possibly by activating 
the cIAP1/TRAF3 signaling pathway.

Discussion

HCC is a serious threat to human health due to a lack of 
effective treatments (1,2). Inducing apoptosis in tumor cells is 
currently an important strategy for inhibiting the malignant 
biological features of cancer (18,19). SMAC was discovered 
by Verhagen and Vaux (20) to localize in mitochondria and 
regulate cell apoptosis. SMAC may promote the apoptosis of 
tumor cells in several cancer types, including gastric cancer, 

ovarian cancer and non‑Hodgkin lymphoma (21‑23). This 
mechanism may be closely related to the fact that upon stim-
ulation by certain factors, such as interferon and antitumor 
drugs, SMAC can be released from the mitochondria into 
the cytoplasm to bind cIAPs and inhibit the anti‑apoptotic 
activity of cIAPs, thus promoting cell apoptosis and further 
inhibiting tumor growth (22,23). In addition, SMAC serves 
an important role in regulating immunity and inflammation. 
A previous in vitro study demonstrated that SMAC inhibits 
the LPS‑mediated release of inflammatory cytokines from 
RAW264.7 macrophages by inhibiting the LPS‑mediated 
degradation of TRAF3 and activation of the MAPK signaling 
pathway (24).

TRAF3 is expressed by numerous types of cell, including 
immune cells such as macrophages, B lymphocytes and 
T lymphocytes, and serves important roles in regulating the 
immune system (25). TRAF3 functions mainly via ubiquitina-
tion (Ub), including K48‑linked Ub and K63‑linked Ub (26). 
K48 polyubiquitination of TRAF3 induces TRAF3 degrada-
tion, which limits retinoic acid‑inducible gene 1‑induced 
type I interferon production in immune cells (24). TRAF3 is 
also subject to post‑translational modification with K63‑linked 
polyubiquitin chains, which is markedly different from 

Figure 2. Effect of birinapant on apoptosis and invasion in liver cancer cells. (A) Transwell assays were used to assess the invasive ability of Huh7 and HepG2 
cells (magnification, x200); x200 represents the number of cells invaded under x200 visual field. (B) Annexin V‑FITC apoptosis assays were used to detect 
the apoptotic rate of Huh7 and HepG2 cells. Huh7: Control vs. birinapant, 8.28 vs. 13.60%; HepG2, Control vs. birinapant, 8.28 vs. 14.55%. *P<0.05, **P<0.01.
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Figure 4. Role and molecular mechanism of birinapant in hepatocellular carcinoma cell proliferation. (A) Subcutaneous tumors in each experimental group. 
(B) Immunohistochemistry was used to assess the protein expression levels of PCNA and caspase‑3 in subcutaneous tumors; magnification, x400. *P<0.05, 
**P<0.01. cIAP1, cellular inhibitor of apoptosis 1; Con, control; shRNA, short hairpin RNA; Nega, negative control; PCNA, proliferating cell nuclear antigen; 
TRAF3, tumor necrosis factor receptor‑associated factor 3.

Figure 3. Role of TRAF3 in birinapant‑mediated apoptosis of liver cancer cells. (A) Western blotting was used to assess the protein expression levels of 
cIAP1 and TRAF3 in Huh7, H22 and HepG2 cells. (B) Green fluorescence (magnification, x200) and western blotting were used to investigate the effi-
ciency of lentivirus‑mediated knockdown of TRAF3. (C) Annexin V‑FITC apoptosis assays were used to assess the apoptotic rate in H22 and Huh7 cells. 
H22, Control vs. shRNA‑TRAF3 + birinapant vs. birinapant, 12.68 vs. 21.69 vs. 32.27%; Huh7, Control vs. shRNA‑TRAF3 + birinapant vs. birinapant, 
13.28 vs. 25.54 vs. 36.06%. *P<0.05, **P<0.01. cIAP1, cellular inhibitor of apoptosis 1; Con, control; shRNA, short hairpin RNA; Nega, negative control; 
TRAF3, tumor necrosis factor receptor‑associated factor 3.
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K48‑linked polyubiquitination (27). K63 polyubiquitination 
of TRAF3 does not induce degradation, but mediates PI3K 
activation in immune cells (28).

The structure and function of the SMAC protein, and the 
application of SMAC mimetics for the treatment of various 
tumors, has become a focus in research. SMAC mimetics have 
been used for the treatment of several types of cancer, such as 
breast cancer, prostate cancer and lung cancer (6,7). Birinapant, 
a typical SMAC mimetic, can inhibit the proliferation of head 
and neck cancer, myeloma and pancreatic cancer cells (29,30). 
However, whether birinapant affects the growth of HCC and 
its associated molecular mechanism are still unknown.

To the best of our knowledge, the present study was the 
first to suggest that cIAP1 and TRAF3 were expressed at 
low levels in liver cancer cells, and that the SMAC mimetic 
birinapant promoted apoptosis and inhibited invasion in liver 
cancer cells. In addition, the present results suggested that 
silencing TRAF3 inhibited birinapant‑mediated apoptosis 
in liver cancer cells and that birinapant inhibited HCC 
growth in vivo. Therefore, the SMAC mimetic birinapant 
may promote apoptosis, and inhibit the proliferation and 
invasion of liver cancer cells. The present results suggested 
that the molecular mechanism may be related to activation of 
the cIAP1/TRAF3 signaling pathway by birinapant in liver 
cancer cells.
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