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Abstract. The T7 peptide, an active fragment of full‑length 
tumstatin [the non‑collagenous 1 domain of the type  IV 
collagen α3 chain, α3  (IV) NC1], has exhibited potential 
antitumor effects in several types of cancer cells. However, 
the mechanism underlying its action against human 
hepatocellular carcinoma (HCC) remains unclear. The 
present study aimed to investigate the role of autophagy in 
T7 peptide‑induced cytotoxicity in HCC cells in vitro and 
in vivo. The results revealed that the T7 peptide significantly 
reduced cell viability and induced cell cycle arrest in HCC 
cells. The T7 peptide induced apoptosis in HCC cells through 
upregulation of Bax, Fas, and Fas ligand, and through 
upregulation of the anti‑apoptotic protein Bcl‑2. In addition, 
treatment with the T7 peptide induced protective autophagy 
in HCC cells. Blocking autophagy by 3‑methyladenineor 
bafilomycin A1 enhanced T7 peptide‑induced apoptosis. 
Furthermore, co‑treatment with MK‑2206 (an Akt specific 
inhibitor) or rapamycin (an inhibitor of mTOR) enhanced 
T7 peptide‑induced autophagy, whereas co‑treatment with 
insulin (an activator of the Akt/mTOR signaling pathway) 
alleviated T7 peptide‑induced autophagy, which suggested 
that the T7 peptide may induce autophagy activation via 
inhibition of the Akt/mTOR signaling pathway. Taken 
together, the present results demonstrated that suppression of 
autophagy potentiated the cytotoxic effects of the T7 peptide, 
and suggested that the T7 peptide may serve as a potential 
alternative compound for HCC therapy.

Introduction

Hepatocellular carcinoma (HCC) ranks sixth among the 
common types of cancer worldwide and is the third leading 
cause of cancer‑related mortality (1). The main risk factors of 
HCC are cirrhosis from hepatitis virus infection (hepatitis B 
or C viruses), alcohol‑related liver cirrhosis, and non‑alcoholic 
steatohepatitis (2). In the past decades, therapeutic options for 
HCC have considerably developed, including radiofrequency 
ablation, liver transplantation, tumor resection, transarterial 
chemoembolization, and chemotherapy. However, they do not 
always have a favorable safety and efficacy ratio. The 5‑year 
survival rate for patients with HCC remains low (3). Therefore, 
novel therapeutic strategies are urgently needed.

Tumstatin is an endogenous angiogenesis inhibitor that 
is derived from the non‑collagenous 1 domain fragment of 
the type  IV collagen  α3 chain [α3(IV)NC1], a basement 
membrane collagen which binds to integrin αvβ3 and α3β1 (4). 
Tumstatin has 244  amino acids and its gene has 738  bp. 
The molecular weight of tumstatin is ~28 kDa (5). Previous 
studies demonstrated that tumstatin can suppress cell growth, 
invasion and angiogenesis, and promote apoptosis in many 
cancer cells  (6‑8). However, several studies have revealed 
that tumstatin is a pathogenic antigen with a high molecular 
weight, which may cause glomerulonephritis and lung hemor-
rhage (9). The T7 peptide, which comprises amino acids 74‑98 
of the collagen IV α3 chain, is a fragment that contains the 
entire anti‑angiogenic activity associated with tumstatin (10). 
The lower molecular weight of this fragment reduces its 
immunogenicity and improves the safety of tumstatin (11). 
Our previous study revealed that the T7 peptide suppresses 
angiogenesis and exhibits antitumor effects via inhibition of 
angiopoietin 2 (Ang2), matrix metalloproteinase‑2 (MMP‑2) 
and the AKT pathway in human umbilical vein endothelial 
cells (HUVECs)  (12). In addition, the T7 peptide induces 
autophagy and inhibition of autophagy potentiates the 
anti‑angiogenic activity of the T7 peptide (12).

Autophagy is a highly regulated and fundamental cellular 
homeostatic process, in which cytoplasmic proteins and organ-
elles are sequestered within double‑membrane structures and 
are delivered to lysosomes for degradation (13). Autophagy 
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is activated in response to various forms of cellular stress, 
including starvation, hypoxia, and radiation. Some anticancer 
drugs have also been reported to induce autophagy and apop-
tosis (14,15). However, the role of autophagy in HCC remains 
unclear. A previous study has reported that autophagy inhibi-
tors could exert tumor‑suppressive effects in an HCC rat model 
in the tumor‑forming stage while having a tumor‑promoting 
effect in the dysplastic stage, which suggests that the actual 
functions of autophagy in the occurrence and development of 
HCC may be dependent on the context of liver cells (16). Our 
previous data revealed that inhibition of autophagy can enhance 
the anti‑angiogenic activity of the T7 peptide in HUVECs and 
enhance meloxicam lethality to HCC cells, which indicates 
that targeting autophagy to sensitize cancers may be an effec-
tive therapeutic strategy to overcome drug resistance (12,17). 
Therefore, the present study was designed to further explore 
the effects of T7 peptide in HCC and autophagy.

Materials and methods

Cell culture and animals. Human HCC cells, Huh‑7 and 
Hep3B, were obtained from the American Type Culture 
Collection. The normal human liver cell lines, L‑02, were 
purchased from the BeNa Culture Collection. The cells were 
cultured in Dulbecco's modified Eagle's medium (DMEM; 
HyClone; GE Healthcare Life Sciences) containing 10% fetal 
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 
100 U/ml penicillin, and 100 µg/ml streptomycin (Gibco; 
Thermo Fisher Scientific, Inc.) at 37˚C in 95% air and 5% CO2.

A total of 21 healthy BALB/c male athymic mice (age, 
5‑6 weeks; weight, 18‑22 g) were obtained from the Beijing 
Vital River Laboratory Animal Technology Co., Ltd. The 
mice were maintained in polypropylene cages (n=7 per cage) 
in an air‑conditioned room (25±1˚C, relative humidity 
50±20%, 12‑h light/dark cycle). All experimental procedures 
related to animals were approved by the Committee of Animal 
Experimentation and the Ethics Committee of Qianfoshan 
Hospital, Shandong University.

Reagents and antibodies. The recombinant T7 peptide was 
purchased from Shanghai Bootech Bioscience and Technology 
Co., Ltd. and dissolved in 30%  acetic acid. 3‑methylad-
enine (3‑MA), rapamycin, and insulin were purchased from 
Sigma‑Aldrich (Merck  KGaA). MK‑2206 was obtained 
from Merck KGaA. Antibodies against Bax (cat. no. 2772), 
Bcl‑2 (cat. no. 2872), AKT (cat. no. 9272), phosphorylated 
(p‑) AKT (Ser473; cat.  no.  9271), mTOR (cat.  no.  2972), 
p‑mTOR (Ser2448; cat. no. 2971). and autophagy‑related 5 
(Atg5; cat. no. 2630) were purchased from Cell Signaling 
Technology, Inc. Antibodies against Fas (cat. no. ab82419), Fas 
ligand (Fas‑L; cat. no. ab15285), Beclin‑1 (cat. no. ab62557), 
microtubule associated protein  1 light chain  3β (LC3B; 
cat. no. ab51520) and GAPDH (cat. no. ab37168) were obtained 
from Abcam.

Cell viability assay. Cell viability assays were performed by 
using the Cell Counting Kit‑8 (CCK‑8; Dojindo Molecular 
Technologies, Inc.). Cells (5x103/well) were seeded with culture 
medium onto 96‑well plates and incubated at 37˚C. After adap-
tation, cells were treated with various concentrations of the 

T7 peptide (0.25, 0.5, 1 and 2 µM). Then the culture medium 
was replaced with fresh medium containing 10 µl of CCK‑8 
solution. The optical density (OD) at 450 nm was assayed 
following cell incubation at 37˚C for 2h. The viability inhibi-
tion rate was calculated as: (control OD value‑experiment OD 
value)/control group OD value x100%.

Cell apoptosis assay. Cells were stained with the 
Annexin V‑FITC apoptosis detection kit (BD Biosciences). 
According to the manufacturer's instructions, the cells were 
incubated with 5 µl of Annexin V and 5 µl of propidium 
iodide  (PI) for 15 min at room temperature, and then the 
stained cells were analyzed on a flow cytometer using the 
FACSDiva software v8.0.1 (BD Biosciences).

Cell cycle assay. HCC cells were treated with the T7 peptide for 
24 h and then the cells underwent cell cycle analysis. In brief, 
5x104 cells were suspended in 0.5 ml of PI solution, and incu-
bated for 30 min in the dark, according to the manufacturer's 
instructions (BD Biosciences). The cell cycle distribution was 
analyzed by flow cytometry.

Western blot analysis. Huh‑7 and Hep3B cells were treated with 
1 µM of T7 peptide, 5 µM MK‑2206 or 100 nM rapamycin for 
24 h. In other experiments, HCC cells were treated with 1 µM 
T7 peptide for 24 h, followed by treatment with or without 
200 nM insulin for 30 min. After the indicated treatments, the 
cells were harvested and lysed in cold radioimmunoprecipita-
tion assay lysis buffer (cat. no. P0013B; Beyotime Institute 
of Biotechnology) with 1 nM phenylmethylsufonyl fluoride 
(PMSF), followed by centrifugation at 12,000 x g at 4˚C for 
10 min. To prepare protein extracts from tissues, ~30 mg 
fresh tumor tissue was ground and placed on ice. This was 
followed by the addition of 300 µl ice‑cold lysis buffer and 
2 µl PMSF. The samples were then centrifuged at 12,000 x g at 
4˚C for 15 min. The protein concentrations in were determined 
using a bicinchoninic acid assay (Bio‑Rad Laboratories, Inc.). 
Total proteins (20‑40 µg) were separated using SDS‑PAGE 
(8‑12% gel) and electrotransferred to polyvinylidene fluoride 
membranes (EMD Millipore). The membranes were blocked 
with 5% skim milk in Tris‑buffered saline containing 0.05% 
Tween-20 for 2 h at room temperature, and incubated with 
primary antibodies overnight at 4˚C (1:1,000 for Bax, Bcl‑2, 
AKT, p‑AKT, mTOR, p‑mTOR, Atg5, Fas, Fas‑L, Beclin‑1 
and GAPDH; 1:3,000 for LC3B). Membranes were then 
incubated with horseradish peroxidase‑conjugated secondary 
antibodies (cat. no. 7074; 1:2,000; Cell Signaling Technology, 
Inc.) for 1 h at room temperature followed by visualization 
with enhanced chemiluminescence immunoblotting detec-
tion reagents (EMD Millipore). Protein band intensities were 
quantified by densitometric analysis using ImageJ software 
(National Institutes of Health).

Immunofluorescence assay. Huh‑7 and Hep3B cells were 
seeded onto cover‑slips in 6‑well plates, fixed with 4% para-
formaldehyde (PFA) for 20  min, and permeabilized with 
0.1%  Triton X‑100 for 10  min at room temperature. The 
samples were blocked with PBS containing 2% bovine serum 
albumin (Sigma‑Aldrich; Merck KGaA) for 1  h at room 
temperature and further incubated with primary antibodies 
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(LC3B, cat. no. ab51520; 1:2,000; Abcam) overnight at 4˚C. 
The following day, the samples were incubated with secondary 
antibodies (cat. no. ab150077; 1:1,000; Abcam) for 2 h at room 
temperature in the dark and then cells were mounted onto 
microscope slides with a DAPI mounting solution (Abcam). 
Images of the HCC cells were captured and analyzed with 
a fluorescent microscope (magnification,  x200; Olympus 
Corporation).

TUNEL assay. Apoptosis was analyzed using the ApopTag 
Peroxidase in situ Apoptosis Detection kit (EMD Millipore). 
The tumor tissues were fixed in 4%  paraformaldehyde 
at 4˚C for 24 h, paraffin‑embedded and sectioned (thickness, 
3 µm). Tissue sections were deparaffinized and rehydrated 
and then incubated for 15‑30 min at room temperature with 
20 µg/ml proteinase K working solution (Beyotime Institute of 
Biotechnology). Subsequently, the TUNEL reaction mixture 
was added to the tumor sections. Following incubation in a 
humidified container for 2 h, the sections were mounted using 
anti‑fluorescence quenching agent (Beyotime Institute of 
Biotechnology) and five random fields per slide were observed 
under a fluorescent microscope (magnification, x200; Olympus 
Corporation).

Measurement of in vivo activity. Hep3B cells (5x106 in 0.1 ml 
PBS) were subcutaneously injected into the armpit of nude 
mice. The mice were observed until tumors reached a volume 
of 100 mm3. Then, the mice were randomized into three groups 
(7 in each group) and marked. The two experimental groups 
were administered an intraperitoneal injection of T7 peptide 
(dissolved with 0.9% normal saline) at doses of 2.5 mg/kg 
(dose/mouse body weight) or 5 mg/kg every other day. The 
control group was treated with the same volume of 0.9% normal 
saline. Mouse weight and tumor volume were recorded every 
second day until the animals were sacrificed. The tumor 
volume (V) was monitored by measuring its length (L) and 
width (W) with calipers and calculated by using the following 
formula: V = (LxW2) x 0.5. The longest diameter exhibited 
by a single subcutaneous tumor in this study was 1.5 cm. The 
tumor growth ratio was calculated as follows: the volume of 
tumor (n day)/the first measured volume of tumor (on day 5; 
where n=5, 10, 15, 20, 25, 30 and 35). The first‑time measured 
volume of tumor on the fifth day was defined as 1 unit. The 
mice were sacrificed 5 weeks after the tumor cell inoculation.

Statistical analysis. Data were analyzed with SPSS software 
(version 17.0; SPSS, Inc.) and expressed as the mean ± standard 
deviation. Student's t‑tests were used for comparisons between 
two groups, and one‑way analysis of variance followed by 
Tukey's post  hoc test was applied to compare differences 
between multiple groups. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Treatment with the T7 peptide reduces cell viability in human 
HCC cells. Fig. 1A presents a schematic of the T7 peptide. In 
our previous study, it was demonstrated that the T7 peptide 
can significantly inhibit cell growth of HUVECs (12). The 
current study explored the effect of the T7 peptide on the 

cell viability of HCC cells in vitro. HCC cells were exposed 
to various concentrations of the T7 peptide for 24 h and cell 
viability was determined using the CCK‑8 assay. As demon-
strated in Fig. 1B, the viability of the HCC cells exposed to 
the T7 peptide was significantly decreased compared with the 
control cells, and the T7 peptide cytotoxicity increased in a 
concentration and time‑dependent manner. T7 peptide at a 
concentration of 1 mM induced the highest inhibitory rates 
for the two HCC cell lines; therefore, this concentration was 
selected for subsequent experiments. In contrast to malig-
nant cells, the T7 peptide had little effect on the viability of 
L‑02 cells (Fig. 1C).

Treatment with the T7 peptide induces apoptosis and cell cycle 
arrest in human HCC cells. Our previous study reported that 
the T7 peptide can induce apoptosis in HUVECs. Therefore, 
in the present study, apoptosis of HCC cells was analyzed by 
flow cytometry following PI and Annexin V‑FITC staining. 
As presented in Fig. 2A and B, treatment with the T7 peptide 
significantly enhanced apoptotic cell death in Huh‑7 and 
Hep3B cells. Next, the effects of the T7 peptide on the cell 
cycle phase distribution of human HCC cells were investigated. 
As expected, Huh‑7 and Hep3B cells were arrested in the G1 
phase following 24 h treatment with the T7 peptide (Fig. 2C). 
These results suggested that treatment of HCC cells with the 
T7 peptide resulted in G0/G1 arrest of the cell cycle.

Treatment with the T7 peptide promotes Bax and Fas/FasL 
expression and suppresses Bcl‑2 expression in human HCC 
cells. The balance between pro‑apoptotic and anti‑apoptotic 
proteins of the Bcl‑2 family, including Bax and Bcl‑2, serves 
an important role in cell survival in the early phase of the 
apoptotic cascade. In our previous study, it was demonstrated 
that the T7 peptide can reduce expression of the anti‑apoptotic 
protein Bcl‑2 and reverse the decrease in expression of the 
pro‑apoptotic protein Bax induced by hypoxia (12). In the 
present study, the effects of T7 peptide treatment on Bcl‑2 
and Bax protein levels were investigated in Huh‑7 and Hep3B 
cells. As presented in Fig. 3A, treatment of HCC cells with the 
T7 peptide resulted in downregulation of Bcl‑2 and upregula-
tion of Bax expression, in a concentration‑dependent manner. 
Fas, a cell surface receptor protein, which induces apoptosis 
upon binding FasL, is the key regulator in the extrinsic pathway 
for apoptosis. Western blot analysis was used to explore the 
expression levels of the Fas and FasL proteins. As presented in 
Fig. 3A, the expression levels of Fas and FasL were markedly 
increased following treatment with the T7 peptide. These data 
revealed that T7 peptide‑induced apoptotic cell death might 
involve both intrinsic and extrinsic pathways.

Treatment with the T7 peptide induces autophagy in human 
HCC cells. Autophagy has a crucial role in coping with 
multiple forms of cellular stress, including hypoxia, reac-
tive oxygen species and DNA damage (18‑21). Our previous 
study revealed, through the acridine orange staining assay, 
that the T7 peptide can induce autophagosome formation in 
HUVECs (12). To further investigate the antitumor mechanism 
of T7 peptide in human HCC cells, the effects of the T7 peptide 
on autophagy target genes were detected. As presented in 
Fig. 3B, the T7 peptide markedly enhanced expression of 
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Beclin‑1, Atg5, and LC3, which are the major key autophagy 
molecules, in a concentration‑dependent manner. To further 
ascertain if autophagosome formation was increased in HCC 
cells following treatment with the T7 peptide, LC3 was visual-
ized by immunofluorescent staining. As presented in Fig. 3C, 
immunofluorescent staining of LC3 was notably increased in 
HCC cells following T7 peptide treatment.

Inhibition of autophagy enhances T7 peptide‑induced cell 
death in human HCC cells. A large number of studies have 
indicated that autophagy may have protective effects in cancer 
therapy  (22,23). Our previous studies also demonstrated 
that inhibition of autophagy by 3‑MA, a specific inhibitor 
of autophagy, can enhance the pro‑apoptotic activity of the 
COX‑2 inhibitor by upregulating the expression of Bax in 
HCC cells  (24) and blocking of autophagy by 3‑MA can 
potentiate the anti‑angiogenic activity of the T7 peptide in 
HUVECs  (12). To further explore the role that autophagy 
exerts in T7  peptide‑induced apoptosis in human HCC 
cells, the apoptotic effect of the T7  peptide in combina-
tion with 3‑MA was examined. Based on results from our 
previous study (12), the dose 5 nM was selected for the 3‑MA 
treatments. The present results demonstrated that combi-
nation treatment with 5 nM 3‑MA significantly inhibited 
T7 peptide‑induced autophagy (Fig. 4A and B) and potenti-

ated T7 peptide‑induced Bax and Fas as well as expression of 
FasL in Huh‑7 and Hep3B cells (Fig. 4C and D). Suppression 
of autophagy by 3‑MA combination treatment significantly 
enhanced T7 peptide‑induced apoptosis in human HCC cells 
(Fig. 4E). Bafilomycin A1, a specific inhibitor of the vacuolar 
type H (+)‑ATPase (V‑ATPase), has been reported to inhibit 
the turnover of autophagosomes. To further investigate the 
defensive role of autophagy in T7 peptide‑induced apoptosis, 
Huh‑7 and Hep3B cells were co‑treated with the T7 peptide 
and bafilomycin A1 (5 nM) for 24 h. The results revealed that 
bafilomycin A1 also enhanced T7 peptide‑induced apoptosis 
(Fig. 4F). The present data suggested that autophagy may have 
a protective role in mediating T7 peptide‑induced apoptosis in 
human HCC cells.

Treatment with the T7 peptide induces autophagy activation 
via the Akt/mTOR signaling pathway. A large number of 
studies have demonstrated that the Akt/mTOR signaling 
pathway has an important role in cell proliferation and 
autophagy (25,26). In our previous study, it was demonstrated 
that the T7 peptide decreases Ang2 expression via inhibition 
of Akt phosphorylation (12). To further explore the molecular 
mechanisms of T7 peptide‑induced autophagy in human HCC 
cells, the potential involvement of this signaling pathway 
was investigated. As presented in Fig. 5A, expression levels 

Figure 1. Treatment with the T7 peptide reduces cell viability of human hepatocellular carcinoma cells in vitro. (A) Schematic of the T7 peptide. (B) Huh‑7 and 
Hep3B cells were treated with the T7 peptide at various concentrations (0‑2 µM) for 24 h, or treated with 1 µM T7 peptide for the indicated timepoints (1‑24 h), 
and cell viability was determined by CCK‑8 assay. (C) The normal human liver cell line, L‑02, was incubated with the T7 peptide at various concentrations 
(0‑2 µM) for 24 h, and the cell viability was determined by CCK‑8 assay. Data are expressed as the means ± standard deviation from three independent experi-
ments. *P<0.05, **P<0.01 vs. the Huh‑7 control; #P<0.05, ##P<0.01 vs. the Hep3B control. 
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Figure 2. Treatment with the T7 peptide induces cell apoptosis and cell cycle arrest in human HCC cells in vitro. (A) Huh‑7 and (B) Hep3B cells were treated 
with the T7 peptide (0, 0.25, 0.5 or 1 µM) for 24 h. Apoptotic cells were analyzed by flow cytometry following PI and Annexin V‑FITC staining. *P<0.01 vs. 
the control early apoptosis; #P<0.01 vs. the control late apoptosis. (C) Cell cycle phase distribution of HCC cells was determined at 24 h following treatment 
with the T7 peptide. *P<0.05, **P<0.01 vs. the control G0/G1 phase; ##P<0.01 vs. the control S phase. Data are presented as means ± standard deviation from 
three independents experiments. HCC, hepatocellular carcinoma; PI, propidium iodide.
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of p‑Akt (Ser473) and p‑mTOR (Ser2448) in both Huh‑7 
and Hep3B cells were notably suppressed by the T7 peptide 
in a concentration‑dependent manner. Next, the effects of 
the T7 peptide on this signaling pathway in the process of 
autophagy compared with MK‑2206 (an Akt specific inhibitor) 
and rapamycin (an inhibitor of mTOR) were explored. The 
results demonstrated that both MK‑2206 and rapamycin 
significantly potentiated T7 peptide‑induced LC3 activation in 
HCC cells (Fig. 5B and D). Previous studies have revealed that 
insulin, not only activates the Akt/mTOR signaling pathway, 
but also inhibits autophagy (27,28). As presented in Fig. 5C, 
insulin notably enhanced expression of p‑Akt (Ser473) and 
p‑mTOR (Ser2448). However, their phosphorylation levels 

were suppressed following pretreatment with the T7 peptide. 
In addition, the activation of LC3‑II was notably inhibited by 
insulin in Huh‑7 and Hep3B cells, whereas this effect of insulin 
was decreased by T7 peptide pretreatment (Fig. 5C and E). To 
further confirm the role of the Akt/mTOR pathway in HCC 
cells treated with the T7  peptide, the effect of MK‑2206 
and rapamycin on T7 peptide‑induced apoptosis was evalu-
ated. Flow cytometry analysis revealed that both MK‑2206 
and rapamycin could alleviate T7  peptide‑induced HCC 
cell apoptosis (Fig. 5F), which was consistent with previous 
studies (29). The present results suggested that the T7 peptide 
induced autophagy in Huh‑7 and Hep3B cells via blocking the 
Akt/mTOR signaling pathway.

Figure 3. Treatment with the T7 peptide enhances Bax and Fas/FasL expression, alleviates Bcl‑2 expression, and induces autophagy in human hepatocellular 
carcinoma cells in vitro. (A) Western blot analysis of Bax, Bcl‑2, Fas and FasL protein expression levels. Representative blots from least three independent 
experiments. (B) Western blot analysis of autophagy‑related molecules Beclin‑1, Atg5, and LC3. Representative blots from least three independent experiments. 
GAPDH served as a loading control. (C) Immunofluorescent photomicrographs show expression of LC3 in Huh‑7 and Hep3B cells (magnification, x200). FasL, 
Fas ligand; Atg5, autophagy‑related 5; LC3, microtubule‑associated protein 1 light chain 3α. 
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Figure 4. Inhibition of autophagy potentiates T7 peptide‑induced apoptosis in human hepatocellular carcinoma cells in vitro. (A and B) Western blot anal-
ysis of autophagy‑related molecules Beclin‑1 and LC3. GAPDH served as a loading control. *P<0.05 and **P<0.01, with comparisons indicated by lines. 
(C and D) Western blot analysis of Bax, Fas and FasL. GAPDH served as a loading control. *P<0.05, with comparisons indicated by lines. (E and F) Apoptotic 
cells were analyzed by flow cytometry following propidium iodide and Annexin V‑FITC staining. Quantitative analysis of the total apoptosis (early and 
late) population. Results are presented as means ± standard deviation from at least three independent experiments. *P<0.05 vs. T7‑treated Huh‑7; #P<0.05 vs. 
T7‑treated Hep3B. LC3, microtubule‑associated protein 1 light chain 3α; FasL, Fas ligand.
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Figure 5. Effect of the T7 peptide on the Akt/mTOR signaling pathway in human hepatocellular carcinoma cells in vitro. (A) Cell lysates were harvested and 
analyzed by western blotting with specific antibodies against p‑AKT (Ser473), AKT, p‑mTOR (Ser2448) and mTOR. (B) Huh‑7 and Hep3B cells treated with 1 µM 
T7 peptide, 5 µM MK‑2206 or 100 nM rapamycin for 24 h were analyzed by western blotting with antibodies against LC3. (C) Cells treated with 1 µM T7 peptide 
for 24 h, followed by treatment with or without 200 nM insulin for 30 min were analyzed by western blotting for expression levels of p‑AKT (Ser473), p‑mTOR 
(Ser2448) and LC3. (D) Densitometric analysis of the LC3‑II levels relative to GAPDH from panel B. *P<0.05 and **P<0.01 vs. T7+Rap Huh‑7 cells; ##P<0.01 
vs. T7+Rap Hep3B cells; ††P<0.01 vs. T7+ MK2206 Huh‑7 cells; ΔΔP<0.01 vs. T7+ MK2206 Hep3B cells. (E) Densitometric analysis of the LC3‑ II levels from 
panel C. *P<0.05 and **P<0.01 vs. T7+insulin Huh‑7 cells; #P<0.05 and ##P<0.01 vs. T7+insulin Hep3B cells. (F) Apoptotic cells were analyzed by flow cytometry 
with propidium iodide and Annexin V‑FITC staining. Quantitative analysis of total apoptosis (early and late) population is presented as means ± standard deviation 
from at least three independent repeats. *P<0.05 vs. T7 alone. p‑, phosphorylated; LC3, microtubule‑associated protein 1 light chain 3α; Rap, rapamycin. 
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Figure 6. Treatment with the T7 peptide suppresses tumor growth in vivo. (A) Hep3B tumors were established in mice, and then injected with saline or 
different doses of the T7 peptide. The location of the tumors obtained from mice at the end of the experiments is shown in the red rectangle in the top panel. 
Representative images of tumors from each treatment group are shown in the lower panel. (B) The tumor size/weight was calculated throughout the duration 
of the experiment. Mouse body weight was also measured. **P<0.01 vs. the saline‑treated controls; #P<0.05 vs. the T7 peptide (2.5 mg/kg). (C) Western blot 
analysis of Hep3B cell‑derived tumors treated with the T7 peptide or saline control for expression of Bax, Bcl‑2, p‑AKT (Ser473), AKT, p‑mTOR (Ser2448) 
and mTOR. GAPDH was used as the loading control. (D) Apoptosis was measured in the Hep3B tumor xenografts by TUNEL assay in vivo. Data are presented 
as the mean ± standard deviation. **P<0.01 vs. the saline‑treated controls; #P<0.05 vs. the T7 peptide (2.5 mg/kg). p‑, phosphorylated.
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Treatment with the T7 peptide arrests tumor growth in vivo. 
Given the antitumor activity of the T7 peptide in vitro, the 
hypothesis that it may suppress HCC tumor growth in vivo was 
next investigated in a xenograft mouse model. As presented in 
Fig. 6A and B, treatment of the tumor‑bearing mice with the 
T7 peptide notably suppressed the growth of Hep3B xenograft 
tumors. However, T7 peptide treatment did not cause obvious 
weight loss in the mice. Western blot analysis revealed that 
Bax expression increased and Bcl‑2 expression decreased in 
T7 peptide‑treated Hep3B xenograft tumors. In addition, the 
levels of p‑Akt and p‑mTOR proteins significantly declined, 
whereas there were no significant differences in Akt and 
mTOR total protein expression in T7 peptide‑treated groups 
compared with the control (Fig. 6C). To further investigate the 
inhibition of tumor growth caused by the T7 peptide, the apop-
tosis rates in the tumor tissues were analyzed by TUNEL assay. 
As presented in Fig. 6D, T7 peptide treatment resulted in a 
significant increase in TUNEL‑positive tumor cells compared 
with the control group. Collectively, these data suggested that 
treatment with the T7 peptide reduced tumor growth in vivo.

Discussion

The T7 peptide, the 74‑98 amino acid fragment of tumstatin, 
is an endogenous growth inhibitor that directly acts on tumor 
cells. Because of its small molecular weight, it is able to 
penetrate the tumor cells easily, with low immunogenicity 
and more stability, therefore it is expected to become valuable 
in tumor‑specific diagnosis and cell‑targeted treatment (12). 
However, the T7 peptide includes more hydrophobic amino 
acids, resulting in low solubility. Compared with traditional 
radiotherapy, chemotherapy and surgical treatment, tumstatin 
has strong anti‑angiogenic effects as well as antitumor 
effects  (30,31). Research reports have demonstrated that 
tumstatin is active against various types of cancer (32,33), 
but its extraction and purification is difficult due to its large 
molecular weight. In addition, as the autoantigen of lung‑renal 
hemorrhagic syndrome, it may cause certain damage to kidney, 
lungs and other organs of the body and induce allergic reac-
tions and other side effects, thus leading to safety concerns and 
limited clinical application (9). At present, a variety of active 
small peptides obtained on the basis of structural modification 
of tumstatin not only reduce the molecular weight but also 
retain the antitumor activity, improving its overall function 
and cancer targeting (5,11). These active peptides have multiple 
advantages, including small molecular weight, safe use, easy 
extraction and purification, less cytotoxic side effects, high 
specificity, low risk of drug resistance, and high antitumor 
spectrum. They exhibit efficacy for most vascular‑dependent 
solid tumors without effect on angiogenesis in physiological 
processes and are safe for clinical treatment  (30,34,35). 
Our previous study revealed that the T7  peptide inhibits 
angiogenesis in HUVECs via downregulation of Ang2 and 
autophagy (12). However, the detailed antitumor mechanism of 
the T7 peptide in HCC cells remained unknown. In the present 
study, it was demonstrated that the T7 peptide enhanced apop-
tosis of HCC cells both in vitro and in vivo.

Autophagy is a fundamental cellular homeostatic process 
involved in the turnover of long‑lived proteins and whole organ-
elles through lysosomal degradation. It serves a crucial role in 

regulating intracellular materials for energy production under 
stress. Many antitumor agents have been reported to lead to 
autophagy. Autophagy has been considered to have a paradoxical 
role in the control of cell death and survival. Some agents, such 
as including phenethyl isothiocyanate, can trigger autophagic 
cell death to enhance chemotherapeutic efficacy (36). However, 
other antitumor agents, such as arginine deiminase, induce 
autophagy that alleviates apoptotic cell death (37). Our previous 
study demonstrated that meloxicam, a selective COX‑2 inhib-
itor, induced autophagy. Inhibition of autophagy could enhance 
its proapoptotic activity in HCC cells (17,24). In the current 
study, the results revealed that treatment with the T7 peptide 
induced autophagy in Huh‑7 and Hep3B cells both in vitro and 
in vivo. 3‑MA, a selective and potent autophagy inhibitor, can 
suppress the formation of autophagosomes. The present results 
demonstrated that combination treatment with 3‑MA enhanced 
T7 peptide‑induced apoptosis in HCC cells by inhibiting the 
level of Beclin‑1 and LC3 proteins and by increasing expression 
of Bax, Fas and FasL. Furthermore, it was also observed that 
bafilomycin A1 increased T7 peptide‑induced apoptotic cell 
death of Huh‑7 and Hep3B cells, indicating that the formation 
of autophagosomes induced by the T7 peptide had a protective 
role in human HCC cells.

The Akt/mTOR signaling pathway has an important role in 
regulating cell growth, proliferation, survival and motility. In 
addition, it is considered a major negative signaling pathway 
against autophagy (38). Accumulating evidence has demon-
strated that blocking Akt and its downstream target mTOR can 
contribute to the initiation of autophagy (39). In the present 
study, it was demonstrated that treatment with the T7 peptide 
inhibited the phosphorylation of Akt (Ser473) and mTOR 
(Ser2448) both in vitro and in vivo. In addition, expression 
of LC3‑II was increased by T7 peptide co‑treatment with 
MK‑2206 (an Akt specific inhibitor) or rapamycin (an inhibitor 
of mTOR) compared with single agent treatment alone, which 
suggested that the T7 peptide had a synergistic role in inducing 
autophagy with MK‑2206 or rapamycin. Subsequently, insulin 
was employed to further investigate the correlation between 
insulin‑induced activation of the Akt/mTOR signaling 
pathway and T7  peptide‑induced autophagy. The present 
results revealed that insulin significantly enhanced expression 
of p‑Akt (Ser473) and p‑mTOR (Ser2448) and alleviated the 
activation of LC3‑II, whereas these effects were weakened 
following co‑treatment with the T7 peptide. The present data 
demonstrated that the Akt/mTOR pathway was involved in the 
T7 peptide‑induced autophagy in Huh‑7 and Hep3B cells.

In conclusion, the present study demonstrated that the 
T7 peptide inhibited the cell viability and induced autophagy 
in human HCC cells. Furthermore, the current data provided 
the first evidence that the T7 peptide resulted in autophagy 
through blocking the Akt/mTOR signaling pathway. Autophagy 
inhibitors potentiated the cytotoxic efficacy of the T7 peptide 
in human HCC cells. Therefore, it can be speculated that the 
T7 peptide may serve as an alternative therapeutic agent in 
the treatment of HCC. However, the present study has several 
limitations, including using only one cell type, as well as not 
using the autophagy inhibitor in vivo. Future studies will 
investigate the mechanism underlying the T7 peptide‑induced 
cytotoxic effect in HCC cells in vivo, especially in combina-
tion with autophagy inhibitors.
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