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Abstract. The aim of the present study was to investigate 
the functional role of Frizzled‑7 (FZD7) in the apoptosis of 
hepatoma cells. HepG2 and Huh‑7 hepatocellular carcinoma 
(HCC) cell lines with FZD7 expression were selected for use in 
the present study. The small hairpin RNA (shRNA) eukaryotic 
expression vector specific to FZD7 was constructed using 
gene recombination, and was then transfected into HepG2 
and Huh‑7 hepatoma cell lines using Lipofectamine 2000 to 
assess whether the downregulation of FZD7 could affect the 
proliferative ability of these cells. The results demonstrated 
that the downregulation of FZD7 expression significantly 
inhibited the proliferative ability of both cell types through 
the induction of cell apoptosis, as evidenced using Cell 
Counting kit‑8 assays and flow cytometry. Furthermore, the 
western blotting results demonstrated that silencing of FZD7 
increased the activities of caspase‑3 and caspase‑9. These 
increases were also associated with the downregulation of 
the inhibitor of the apoptosis protein family. Additionally, it 
was revealed that silencing of FZD7 expression caused the 
downregulation of apoptosis regulator Bcl‑2 and Bcl‑XL in 
HepG2, and Huh‑7 cells, as determined through western blot 
analysis and reverse transcription‑quantitative polymerase 
chain reaction. In the following work, ELISA and western blot 
analysis revealed that the knockdown of FZD7 inhibited the 
expression and activities of nuclear factor‑κB (NF‑κB) p65. 
Furthermore, it was demonstrated that the expression levels 
of phosphylated‑Smad2/3 were markedly upregulated in 

sh‑FZD7‑transfected HepG2 and Huh‑7 cells. Then, shRNA 
eukaryotic expression vector specific to transforming growth 
factor (TGF)‑β receptor II was transfected into both cell lines to 
investigate the association between the TGF‑β/Smad signaling 
pathway and NF‑κB p65. Notably, when the TGF‑β/Smad 
signaling pathway was inhibited, no significant differences 
in the cell apoptosis rate and NF‑κB expression levels were 
identified in HCC cells. Overall, the results of the present 
study suggest that the shRNA‑mediated knockdown of FZD7 
induces apoptosis of hepatoma cell lines through the inhibition 
of NF‑κB. In addition, the TGF‑β/Smad signaling pathway 
appeared to partially participate in the underlying molecular 
mechanism of FZD7 in HCC.

Introduction

The Wnt/β‑catenin signaling pathway is one of the most 
significant signaling pathways involved in the regulation of 
cell proliferation, differentiation, migration, apoptosis and 
survival (1,2). It has been demonstrated to be dysregulated in 
human hepatocellular carcinoma (HCC) (3), gastric cancer (4), 
breast cancer (5) and colon cancer (6,7). Frizzled‑7 (FZD7) is 
an important receptor for Wnt signaling, which binds to Wnt 
proteins and subsequently activates either canonical or nonca-
nonical Wnt signaling pathways (8). When Wnt ligands bind to 
the Frizzled receptor, glycogen synthase kinase 3β (GSK3β) 
is released from the adenomatous polyposis coli/Axin/GSK3β 
complex and thus its activity is inhibited (9,10). Subsequently 
β‑catenin is released, accumulated in the cytoplasm and trans-
located to the nucleus where it can regulate the transcription 
of target genes associated with cell proliferation, and survival 
through an interaction with T cell factor (TCF)/lymphoid 
enhancer factor (LEF) family transcription factors and 
Legless family docking proteins (9,10). Some of the essential 
downstream proteins and genes that are activated following the 
binding of β‑catenin to transcriptional factors of the canonical 
pathway include c‑MYC, Cyclin D1, Survivin, Axin2, and 
matrix metalloproteinases (11).

In our previous investigations, it was revealed that short 
hairpin (sh)RNA‑mediated knockdown of FZD7 inhibits 
invasion, metastasis and epithelial‑mesenchymal transition 
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of HepG2, and Huh‑7 cell lines  (12). In addition, previous 
studies have demonstrated that the secreted Frizzled‑related 
protein 4, which functions as antagonists of Wnt signaling 
by inhibiting Wnt‑FZD interactions, elicited apoptosis in 
ovarian (13), gastric (14), colorectal (15) and mammary (16) 
tumors. Furthermore, Nambotin et al (17) reported that in vitro 
and in vivo, the pharmacological inhibition of FZD7 induces 
apoptosis of HCC cell lines through the modulation of protein 
kinase Cδ (PKCδ) and β‑catenin; however, the other molecular 
mechanisms involved remain unclear.

The present study aimed to investigate the role of FZD7 
on the proliferation and apoptosis of HepG2, and Huh‑7 
HCC cell lines. Furthermore, the expression levels of several 
important genes that are associated with apoptosis signaling 
were assayed in order to determine the underlying molecular 
mechanism of FZD7 in HCC and identify novel therapeutic 
targets for HCC treatment.

Materials and methods

Cell culture. Human hepatoma cell lines (HepG2 and Huh‑7) 
were obtained from the Type Culture Collection of the 
Chinese Academy of Sciences (Shanghai, China). Both cells 
were grown in Dulbecco's modified Eagle's medium (DMEM; 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
supplemented with 10% heat‑inactivated fetal bovine serum 
(FBS; Gibco; Thermo Fisher Scientific, Inc.), 100  U/ml 
penicillin and 100 µg/ml streptomycin. Both cell lines were 
cultured at 37˚C in a humidified atmosphere with 5% CO2.

RNA interference and transfection. ShRNA sequences 
for FZD7 and transforming growth factor‑β receptor II 
(TGF‑βRII) were inserted into the BbsI and BamHI sites 
of the pGPU6/GFP/Neo vector (Shanghai GenePharma 
Co. Ltd., Shanghai, China). The resulting oligonucleotides 
sequences were termed sh‑FZD7 and sh‑TGF‑βRII. ShRNA 
with a scrambled nonspecific sequence was used as a 
negative control (sh‑NC). When the cells were grown to 
80% confluence, sh‑FZD7, sh‑TGF‑βRII, and sh‑NC plasmids 
were transfected into cells using Lipofectamine 2000 reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. Then the medium was changed 4‑6 h 
after transfection to avoid the problem of toxicity. Following 
48 h transfection, the cells were collected for use in subsequent 
experiments.

Western blot analysis. Each group of cells was harvested 
and lysed by a protein lysis buffer (Beyotime Institute of 
Biotechnology, Nantong, China), and the concentrations of 
the protein were measured utilizing a BCA assay (Beyotime 
Institute of Biotechnology, Nantong, China). All protein 
samples were denatured by mixing with loading buffer 
(Beyotime Institute of Biotechnology). After boiling for 
5 min, equal amounts of protein (30 µg/lane) were subjected 
to 8‑12%  SDS‑PAGE and transferred onto nitrocellulose 
membranes (GE Healthcare, Chicago, IL, USA) through a 
wet or semi‑dry transfer. Then the membranes were blocked 
with 5% nonfat milk diluted in Tris‑buffered saline with 
Tween 20 (TBST) for 2 h at room temperature (RT). Next, 
the blots were incubated overnight at 4˚C with primary 

rabbit anti‑human antibodies against FZD7 (cat. no. BS2774), 
pro‑caspase‑3 (cat. no. BS1518), caspase‑9 (cat. no. AP0186), 
nuclear factor (NF)‑κB p65 (cat. no. BS1252), Smad2/3 (cat. 
no. BS1838), phosphorylated (P)‑Smad2/3 (cat. no. AP0326) 
and β‑actin (cat. no.  AP0731) purchased from Bioworld 
Technology, Inc. (St. Louis Park, MN, USA); mouse/rabbit 
anti‑human β‑catenin (cat. no. sc‑59737), apoptosis regulator 
Bcl‑2 (Bcl‑2; cat. no. sc‑70411), cellular tumor antigen p53 
(p53; cat. no.  sc‑393031), X‑linked inhibitor of apoptosis 
(XIAP; cat. no.  sc‑55550), cellular inhibitor of apoptosis 
(cIAP)‑1 (cat. no. sc‑271419) and cIAP‑2 (cat. no. sc‑517317) 
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, 
USA); and rabbit anti‑human Bcl‑2 extra large protein (Bcl‑XL; 
cat. no. 2764), BCL2 associated X apoptosis regulator (Bax; 
cat. no. 5023) and cleaved caspase‑3 (cat. no. 9661) purchased 
from Cell Signaling Technology, Inc. (Danvers, MA, USA). The 
β‑actin was diluted 1:5,000 in 5% skimmed milk, and other 
primary antibodies were diluted 1:1,000 in the same liquid. 
This was followed by incubation with the appropriate mono-
clonal goat anti‑mouse (cat. no. RK‑610‑131‑003) or anti‑rabbit 
(cat. no. RK‑611‑130‑002) immunofluorescence‑conjugated 
secondary antibodies (dilution, 1:10,000; LI‑COR Biosciences, 
Lincoln, NE, USA) for 1 h at room temperature. After each 
incubation, membranes were washed three times with TBST 
for 10 min at room temperature. Finally, the bands of specific 
proteins on the nitrocellulose membranes were visualized 
using an Odyssey infrared imaging system (Odyssey; LI‑COR 
Biosciences).

Cell proliferation assay. The 100 µl cell suspension of HepG2 
or Huh‑7 cells (3x103 cells/well) was seeded in 96‑well culture 
plates (Corning Incorporated, NY, USA). After culturing for 
24, 48, 72 and 96 h at 37˚C in a humidified incubator with 
5% CO2, the supernatant was removed and 100 µl serum‑free 
DMEM and 10  µl Cell counting kit‑8 (CCK‑8; Dojindo 
Molecular Technologies, Inc., Kumamoto, Japan) solution 
were added into six wells of each sample, followed by incuba-
tion at 37˚C in 5% CO2 for 2 h. The absorbance was measured 
at a wavelength of 450 nm using an ELX‑800 spectrometer 
reader (Omega Bio‑Tek, Inc., Norcross, GA, USA). Then 
growth curves were calculated and plotted. The experiment 
was performed in triplicate.

Flow cytometric analysis of apoptosis. Hepatoma cells were 
trypsinized, washed twice with cold phosphate buffered 
saline (PBS) and apoptosis rates were determined using flow 
cytometric analysis with annexin V‑fluorescein isothiocyanate 
(FITC)/propidium iodide (PI) staining (BD Biosciences, 
Franklin Lakes, NJ, USA) according to the manufacturer's 
protocol. A total of 500  µl binding buffer, 5  µl Annexin 
V‑FITC and 5 µl PI was added to the cells. Cells were then 
incubated in the dark at RT for 10 min. Subsequently, the cell 
apoptosis rate was analyzed using flow cytometry (FACScan, 
BD Biosciences). All experiments were repeated ≥3 times.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA from the hepatoma cells was 
extracted using TRNzol reagent (TianGen Biotech Co., Ltd., 
Beijing, China), and the reverse transcribed into cDNA using 
the reverse transcription kit (FastKing gDNA Dispelling 
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RT SuperMix; cat. no. KR118; TianGen Biotech Co., Ltd.) 
according to the manufacturer's protocol (42˚C for 15 min, 
and 95˚C for 3 min). qPCR was performed using a two‑step 
program with a 7500 real‑time PCR system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) as follows: 95˚C 
for 15 min; 40 cycles consisting of 95˚C for 10 sec and 64˚C for 
32 sec. GAPDH was used as the internal control. The change 
of each target gene relative mRNA lever was measured using 
the 2‑ΔΔCq method (18). All the detection kits were purchased 
from Tiangen Biotech Co., Ltd. (Beijing, China). The primers 
were obtained from Shanghai Genebase Gene‑Tech Co., Ltd. 
(Shanghai, China), and sequences were as follows: GAPDH 
forward, 5'‑AGA​AGG​CTG​GGG​CTC​ATT​TG‑3' and reverse, 
5'‑AGG​GGC​CAT​CCA​CAG​TCT​TC‑3'; Bax forward, 5'‑ATG​
GGC​TGG​ACA​TTG​GAC​TT‑3' and reverse, 5'‑ATG​GTG​
AGT​GAG​GCG​GTG​A‑3'; Bcl‑2 forward, 5'‑TCC​ATG​TCT​
TTG​GAC​AAC​CA‑3' and reverse, 5'‑CTC​CAC​CAG​TGT​TCC​
CAT​CT‑3'; Bcl‑XL forward, 5'‑GGC​TGC​TTG​GGA​TAA​
AGA​TG‑3' and reverse, 5'‑GAA​GGG​ACT​AGG​GTG​GTG​
CT‑3'; XIAP forward, 5'‑CCT​CAC​AAA​GTG​CTG​GGA​TT‑3' 
and reverse, 5'‑CTC​GGA​AAC​TGC​TGG​GAT​TA‑3'; cIAP‑1 
forward, 5'‑CCT​GAT​GCT​GGA​TAA​CTG​GAA‑3' and reverse, 
5'‑GGC​TGG​AGT​AAG​AAC​CAC​TGA‑3'; cIAP‑2 forward, 
5'‑CCT​GAT​GCT​GGA​TAA​CTG​GAA‑3' and reverse, 5'‑TTG​
AAT​AAG​AGC​CAC​GGA​AA‑3'.

ELISA. Nuclear protein was extracted using a Nuclear and 
Cytoplasmic Protein Extraction kit (Beyotime Institute 
of Biotechnology). The level of phosphorylated NF‑κB 
p65 (Ser536) of the nuclear protein was quantified using 
the Sandwich ELISA kit according to the manufacturer's 
protocol (Cell Signaling Technology, Inc.). The absorbance 
value (OD value) of each well was measured at a wavelength 
of 450 nm using an ELX‑800 spectrometer reader (Omega 
Bio‑Tek, Inc.). The sample concentration was calculated 
according to the OD value and standard curve.

Statistical analysis. Experimental data are presented as the 
mean ± standard deviation and were analyzed using SPSS 
software (version 16.0; SPSS, Inc., Chicago, IL, USA). One‑way 
analysis of variance followed by Least significant difference 
test and Dunnett's T3 was used to assess significant differences 
among groups. The bar and line charts were produced using 
GraphPad Prism software (version 5.0; GraphPad Software, 
Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a 
statistically significant difference (two‑tailed).

Results

Downregulation of FZD7 expression inhibits the Wnt/β‑catenin 
signaling pathway in HepG2 and Huh‑7 cells. Two hepatoma 
cell lines with high expression levels of FZD7 were selected, 
HepG2 and Huh‑7. The vectors that expressed shRNA against 
FZD7 were transfected into HepG2 and Huh‑7 cells. Western 
blotting results demonstrated that the FZD7 and β‑catenin 
protein expression levels were markedly decreased in the 
sh‑FZD7 group compared with the sh‑NC‑transfected and 
blank groups in both cell lines (Fig. 1). These results suggest 
that the Wnt/β‑catenin signaling pathway was inhibited in 
sh‑FZD7‑transfected HepG2 and Huh‑7 cells. The objective 
band of FZD7 is clear, but there are some mixed bands. The 
β‑catenin of HepG2 includes wild type and mutant type.

Growth inhibition of HepG2 and Huh‑7 cells through 
silencing of FZD7 expression. The effects of FZD7 silencing 
on the proliferation of hepatoma cells were determined using 
CCK‑8 assays. As presented in Fig. 2A, the proliferative ability 
of sh‑FZD7‑transfected cells was significantly suppressed 
following 48, 72 and 96 h incubation, when compared with the 
sh‑NC‑transfected and blank groups (all P<0.05). However, no 
significant differences were identified between the blank and 
sh‑NC groups (P>0.1; Fig. 2A).

FZD7 knockdown promotes the apoptosis of HepG2 and 
Huh‑7 cells. Flow cytometric analysis demonstrated that 
the apoptotic rate of the HepG2 cells in the sh‑FZD7 group 
(43.90±2.61%) was significantly increased compared with that 
of the blank (14.12±1.39%) and sh‑NC (16.82±1.26%) groups 
(both P<0.01). Similarly, in Huh‑7 cells, the apoptotic rate 
in the sh‑FZD7 group (45.80±3.90%) were markedly higher 
compared with that of the blank (8.54±1.12%) and sh‑NC 
(7.92±1.06%) groups (both P<0.01). These results indicate that 
FZD7 knockdown induces the apoptosis of the HepG2 and 
Huh‑7 cells (Fig. 2B).

Effects of FZD7 knockdown on the expression of apoptosis‑asso‑
ciated genes in HepG2 and Huh‑7 cells. In order to determine 
the possible mechanism underlying FZD7 knockdown‑induced 
cell apoptosis, the expression levels of capase‑3 and caspase‑9 
were detected in HepG2 and Huh‑7 cells using western blot 
analysis. The results demonstrated that silencing of FZD7 
markedly upregulated the levels of the cleaved caspase‑3 and 
cleaved caspase‑9 protein (35 kDa), but the pro‑caspase‑3 and 
pro‑caspase‑9 (48 kDa) expression levels remained unchanged 
or markedly downregulated in both cell lines (Fig. 3A).

The IAP family proteins are direct inhibitors of activated 
caspases, which lead to caspase inactivation in eukaryotic 
cells. Accordingly, the involvement of the IAP family in 
HepG2 and Huh‑7 cells was further analyzed at the protein, 
and mRNA levels. The results indicated that the protein 
levels of XIAP, cIAP‑1 and cIAP‑2 were markedly inhibited 
by different degrees in sh‑FZD7‑transfected HepG2 cells 
when compared with the sh‑NC and blank groups (Fig. 3B). 
Nevertheless, the cIAP‑1 and cIAP‑2 mRNA expression levels 
were significantly suppressed in sh‑FZD7‑transfected Huh‑7 
cells with no significant differences identified in the level of 
XIAP (Fig. 3B).

Figure 1. Knockdown of FZD7 inhibits Wnt/β‑catenin signaling in HepG2 
and Huh‑7 cells. β‑actin was probed as a loading control. The objective band 
of FZD7 is clear, but there are some multiple bands. β‑catenin of HepG2 
includes wild type and mutant type. FZD7, Frizzled‑7; sh, short hairpin; NC, 
negative control.
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Bcl‑2 family members also serve an important role in the 
process of apoptosis. The apoptotic cascades involved in the 
sh‑FZD7‑transfected HepG2 and Huh‑7 cells were investi-
gated by silencing FZD7, and comparing the levels of the 
Bcl‑2 family members. RT‑qPCR and western blot analysis 
demonstrated that no significant differences occurred in the 
transcriptional, and translational levels of pro‑apoptotic Bax in 
sh‑FZD7‑transfected HepG2 and Huh‑7 cells compared with 
the two control groups (Fig. 3C). However, the protein expres-
sion levels of anti‑apoptotic Bcl‑2 and Bcl‑XL were markedly 
downregulated, with corresponding significant differences 
observed in the mRNA expression in response to the sh‑FZD7 
transfection in both cell lines (Fig. 3C).

Modulation of IAP and Bcl‑2 families by inhibition of NF‑κB 
P65 nuclear translocation in sh‑FZD7‑transfected HepG2, 
and Huh‑7 cells. NF‑κB is an essential nuclear receptor respon-
sible for cellular proliferation and apoptosis, which participates 
in the transcription of a variety of functional genes, such as 
IAP and Bcl‑2 family members. Therefore, the expression 
and activities of NF‑κB p65 in HepG2, and Huh‑7 cells were 
further examined. Total, nuclear and plasma protein samples 
were extracted, and used for the detection of NF‑κB p65. The 
western blotting results demonstrated that nuclear protein 
expression was markedly decreased following sh‑FZD7 trans-
fection, but no marked differences observed in plasma protein 
expression on the basis of reduced total protein  (Fig. 4A). 

Figure 2. Effects of knockdown of FZD7 on the proliferation and apoptosis in HepG2, and Huh‑7 cells. (A) Inhibition of cell proliferation in FZD7 
shRNA‑transfected HepG2 and Huh‑7 cells. Data are presented as the mean ± standard deviation of three independent experiments (n=3; *P<0.05, compared 
with blank and sh‑NC). (B) Downregulation of FZD7 induced apoptosis in HepG2 and Huh‑7 cells. FITC, fluorescein isothiocyanate; PI, propidium iodide; 
FZD7, Frizzled‑7; sh, short hairpin; NC, negative control.
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Figure 3. Effects on apoptosis‑associated genes expression in sh‑FZD7‑transfected HepG2 and Huh‑7 cells. (A) Activation of caspase‑3 and caspase‑9 by 
silencing of FZD7. (B) Effects of knockdown of FZD7 on the levels of the IAP family members: a, protein expression levels of XIAP, cIAP‑1 and cIAP‑2 
were determined by western blot analysis; b, mRNA levels of XIAP, cIAP‑1 and cIAP‑2 were evaluated by RT‑qPCR. (C) Effects of knockdown of FZD7 
on the levels of the Bcl‑2 family members: a, protein expression levels of Bcl‑2, Bcl‑XL, Bax were determined by western blot analysis; b, mRNA levels of 
Bcl‑2, Bcl‑XL, Bax were evaluated by RT‑qPCR. β‑actin was probed as a loading control in western blot analysis; GAPDH was used as the loading control 
for RT‑qPCR. Data are presented as the mean ± standard deviation of three independent experiments (n=3; *P<0.05, compared with blank and sh‑NC). FZD7, 
Frizzled‑7; sh, short hairpin; NC, negative control; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; XIAP, X‑linked inhibitor of apop-
tosis; cIAP, cellular inhibitor of apoptosis; Bcl‑XL, apoptosis regulator Bcl‑XL; Bax, BCL2 associated X apoptosis regulator; Bcl‑2, apoptosis regulator Bcl‑2.
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Consistently, the ELISA results demonstrated that the expres-
sion of active P‑NF‑κB p65 was significantly repressed in both 
cell lines compared with the two control groups (Fig. 4B).

Expression of P‑Smad2/3 and p53 in both HepG2 and Huh‑7 
cells. The TGF‑β/Smad signaling pathway, which serves 
an important role in the development of liver cancer, cross-
talks with NF‑κB p65 and Wnt signaling pathways. Thus, it 
was hypothesized whether downregulated FZD7 affects the 
TGF‑β/Smad signaling pathway. Therefore, the expression 
levels of Smad2/3 and P‑Smad2/3 were examined using 
western blot analysis. The results revealed that the levels 
of P‑Smad2/3 were markedly upregulated in both cell lines 
without alteration to the levels of Smad2/3. In addition, in order 
to determine other possible mechanisms underlying FZD7 
knockdown‑induced cell apoptosis, the protein expression of 
p53 was detected. No marked differences in the expression 
of p53 were observed among the three groups in both cell 
lines (Fig. 5).

Association between the TGF‑β/Smad signaling pathway and 
NF‑κB p65 in HepG, 2 and Huh‑7 cells. In order to investigate 
the interaction between the TGF‑β/Smad signaling pathway 
and NF‑κB p65, the TGF‑β/Smad signaling pathway was 
suppressed using shRNA‑TGF‑βRII in both cell lines. Notably, 
compared with the sh‑NC group, no significant differences in 
the cell apoptosis rate were observed following flow cyto-
metric analysis (Fig. 6A). The expression of nuclear NF‑κB 
p65 was markedly decreased in HepG2 cells, as determined 
using western blot analysis (Fig. 6B). In addition, the ELISA 
revealed no significant differences in P‑NF‑κB p65 concentra-
tions amongst the three groups in both cell lines (Fig. 6C).

Discussion

FZD7, an important receptor of the Wnt signaling pathway, 
has been demonstrated to be overexpressed in 90% of HCC 
cases, most of which are associated with chronic hepatitis B 
virus infection (19). The Wnt/β‑catenin signaling pathway is 
one of the most significant pathways involved in the regula-
tion of cell proliferation, differentiation, migration, apoptosis 
and survival (1,2). The pharmacological inhibition of FZD7 
induces apoptosis of HCC cell lines through the modulation 
of PKCδ and β‑catenin (17). However, the other molecular 
mechanisms underlying the association between FZD7 and 
apoptosis in HCC cells remain unclear and require elucidation. 
In the present study, it was demonstrated that the silencing of 
FZD7 expression inhibited the proliferative ability of HCC 
cells through the induction of cell apoptosis and the mecha-
nisms underlying the anti‑apoptotic effects of FZD7 were 
further analyzed. The results of the current study revealed 
that caspases and/or Bcl‑2 family members participated in 
the anti‑apoptotic process of FZD7. FZD7‑induced NF‑κB 
transcriptional activity appeared to induce the expression of 
several Bcl‑2 and IAP family members, consequently leading 
to the suppression of HCC cell apoptosis. In addition, the 
TGF‑β/Smad signaling pathway appeared to partially partici-
pate in this molecular mechanism.

In adult mammals, apoptosis is essential for normal 
homeostasis, with billions of cells undergoing the process 

daily to maintain tissue integrity through a balance between 
cell proliferation and death  (20). The proliferation and 
differentiation of tumor cells are involved in tumor invasion; 
therefore, inhibition of HCC growth, and promotion of HCC 
apoptosis are important targets in cancer treatment (21,22). 
The caspase and Bcl‑2 families serve important roles in 
inducing apoptosis. Caspases are synthesized initially as 
single polypeptide chains representing the latent precursors 
that undergo proteolytic processing at specific residues to 
produce the subunits that form an active heterotetrameric 
protease (23). According to the functional differences, Bcl‑2 
family members have been classified as anti‑apoptotic or 
pro‑apoptotic; the anti‑apoptotic proteins comprise apoptosis 
regulator Bcl‑2, Bcl‑XL, Bcl‑w and myeloid cell leukemia 1, 
and the pro‑apoptotic proteins include apoptosis regulator 
Bax, Bcl‑2 homologous antagonist/killer, and Bcl2‑associated 
agonist of cell death. Accumulating evidences have revealed 

Figure 4. Effects of knockdown of FZD7 on the expression and activities of 
NF‑κB p65 in HepG2, and Huh‑7 cells. (A) Total protein, the nuclear protein 
and the plasma protein expression levels of NF‑κB p65 were determined by 
western blot analysis. β‑actin was probed as a loading control. (B) The level 
of phosphorylated active NF‑κB p65 of the nuclear protein was evaluated 
by ELISA. Data are presented as the mean ± standard deviation of three 
independent experiments (n=3; *P<0.05, compared with blank and sh‑NC). 
FZD7, Frizzled‑7; sh, short hairpin; NC, negative control; NF, nuclear factor; 
p‑, phosphorylated.

Figure 5. Protein expression levels of Smad2/3, P‑Smad2/3 and p53 were 
determined by western blot analysis in HepG2, and Huh‑7 cells. β‑actin was 
probed as a loading control. p‑, phosphorylated; p53, cellular tumor antigen 
p53; FZD7, Frizzled‑7; sh, short hairpin; NC, negative control.
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Figure 6. Association between the TGF‑β/Smad signaling pathway and NF‑κB p65. (A) Effects of TGF‑βRII knockdown on cell apoptosis rate in HepG2 
and Huh‑7 cells. (B) Total protein of P‑Smad2/3 and the nuclear protein of NF‑κB p65 were determined by western blot analysis. β‑actin was probed as a 
loading control. (C) Level of active p‑NF‑κB p65 of the nuclear protein was evaluated by ELISA. Data are presented as the mean ± standard deviation of three 
independent experiments (n=3). FZD7, Frizzled‑7; sh, short hairpin; NC, negative control; TGF‑βRII, transforming growth factor‑β receptor II; PI, propidium 
iodide; NF, nuclear factor; p‑, phosphorylated.
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that mitochondria are associated with cell apoptosis (24). The 
anti‑apoptotic Bcl‑2 proteins are pro‑survival and preserve 
the integrity of the mitochondrial outer membrane by binding 
to, and inhibiting pro‑apoptotic Bcl‑2 proteins (20). Thus, the 
ratio between the level of Bcl‑2 and Bax, decides if a cell reacts 
to an apoptotic signal. In the present study, silencing of FZD7 
markedly increased the activities of caspase‑3 and caspase‑9, 
and decreased the Bcl‑2/Bax ratio in HepG2 and Huh‑7 cells.

Additionally, IAPs, a group of signaling molecules, func-
tion in a range of cellular activities, including the inhibition 
of caspases and the promotion of cell cycle progression (25). 
Therefore, the downregulation of IAPs relieves the inhibition 
caused on pro‑apoptotic signaling and increases the activation 
of caspases, thus activating cell death (26). Furthermore, it 
was demonstrated that patients with HCC exhibit increased 
expression of cIAP‑1, cIAP‑2, NAIP, XIAP and Survivin, as 
compared with the corresponding cirrhotic tissues (27). In the 
present report, it was revealed that the knockdown of FZD7 
promoted apoptosis, and was accompanied by the downregu-
lation of IAP family members in HepG2 and Huh‑7 cells.

NF‑κB, a prosurvival transcription factor is identified in 
various tissues and organs, and can promote tumorigenesis, 
tumor cell proliferation, invasion and metastasis (28). Several 
studies have suggested that NF‑κB exhibits tumor‑promoting 
effects in HCC (29,30). In a β‑catenin‑induced HCC model, 
the activation of NF‑κB was identified to be essential for 
cancer development (31). In addition, NF‑κB serves a role in 
mediating a number of anti‑apoptotic factors, including Bcl‑2, 
Bcl‑XL, and IAPs (32). These findings support the results of 
the present study whereby β‑catenin, which was inhibited by 
the downregulation of FZD7 expression, impaired NF‑κB 
transcriptional activity. In addition, the induction of apop-
tosis was accompanied by selective inhibition of Bcl‑2 and 
IAP families, two pro‑survival NF‑κB target genes. This 
suggests that NF‑κB P65 serves an essential role in FZD7 
knockdown‑induced apoptosis.

The TGF‑β/Smad signaling pathway serves a bidirectional 
role in cancer progression and crosstalks with the NF‑κB 
p65 and Wnt signaling pathways. TGF‑β usually suppresses 
NF‑κB activity in normal cells, and NF‑κB activation 
induces Smad7 expression, which in turn inhibits TGF‑β 
signaling (33,34). Furthermore, TGF‑β and Wnt/β‑catenin 
signaling pathways include common downstream effectors, 
Smad3, Smad4, and TCF/LEF  (35). In proximal tubular 
epithelial cells, the downregulation of β‑catenin resulted 
in increased the expression of Smad3 (36). Consistent with 
previous findings, the present study demonstrated that 
inhibition of the Wnt/β‑catenin signaling pathway through 
FZD7 silencing markedly increased the expression of 
P‑Smad2/3. P‑Smad2/3 is a principal active substance of 
the TGF‑β/Smad signaling pathway, thus this result appears 
to partially account for the observed changes to NF‑κB 
p65 expression. However, when the TGF‑β/Smad signaling 
pathway was repressed, the cell apoptosis rate and NF‑κB 
expression remained unchanged in HCC cells. This may be 
due to the complex role of the TGF‑β/Smad pathway in liver 
cancer. In spite of this, we speculate whether inhibition of the 
Wnt/β‑catenin signaling pathway by knockdown of FZD7 
induces the antitumor function of the TGF‑β/Smad signaling 
pathway in HCC cells.

It is well known that the tumor suppressor p53 interacts with 
Bcl‑2 proteins at the mitochondria. Notably, the expression of 
p53 remained unchanged in sh‑FZD7‑transfected HCC cells. 
However, the possibility that FZD7 may regulate the function 
of p53 cannot be excluded. Further studies using p53 wild‑type 
are warranted to distinguish among these possibilities.

In conclusion, the results of the present study demonstrated 
that high expression levels of FZD7 inhibited the apoptosis of 
HCC cells, which appears to account for its tumor‑promoting 
role. These anti‑apoptotic mechanisms were mediated 
through the modulation of NF‑κB, the selective regulation of 
the Bcl‑2 and IAP family, and the inactivation of caspase‑3 
and caspase‑9. The TGF‑β/Smad signaling pathway serves a 
valuable role in this molecular mechanism. These results have 
provided an insight into the possible underlying mechanisms 
for the association between FZD7 and apoptosis in HCC.
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