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Abstract. Aberrant expression of Ras homolog enriched in brain 
(RHEB) has been observed in a variety of cancer tissues and is 
closely associated with clinicopathological features. However, 
the expression profile of RHEB in patients with hepatocellular 
carcinoma (HCC) and its clinical signature with underlying 
mechanisms have not been explored thus far. To analyze the 
association between RHEB expression and clinicopathological 
features, the RHEB expression levels were determined in the 
present study using gene microarrays, immunohistochemistry 
and western blotting in 60 liver cancer tissues and 35 normal 
liver tissues. Downregulation of RHEB expression in liver 
cancer cell lines was achieved by RNA interfering technology 
to explore its biological function in HCC. RHEB expression was 
high in liver cancer tissues, with an increase of 2.00±0.19‑fold 
compared with normal tissues and of 2.00±0.27‑fold compared 
with adjacent non‑cancer tissues. RHEB expression increased 
along with the clinical staging of HCC, and the overall survival 
and mortality of patients were closely correlated to RHEB 
levels, micro‑vascular invasion, hepatitis B virus‑DNA titer, 
tumor differentiation and pathological satellites (P<0.05). 
After knocking down RHEB in SMMC‑7721 cells, the growth 
of liver cancer cells was significantly reduced. The majority of 
cells were blocked in S‑phase, and their colony‑forming and 
proliferating abilities significantly decreased (P<0.05). In vivo, 
upon downregulation of RHEB expression, the tumorigenic 
ability of HCC significantly decreased (P<0.05). These data 
suggest that RHEB expression is a significant prognostic factor 
and may be important in HCC cell growth. The present study 

highlights the importance of RHEB as a novel prognostic 
marker of HCC.

Introduction

Primary liver cancer, which consists of 85‑90% hepatocel-
lular carcinoma (HCC), is the fifth and seventh most common 
cancer in men and women, respectively, worldwide, and ~85% 
of cases occur in developing countries (1‑3). Liver cancer is 
the third most common cause of cancer‑associated mortality 
worldwide, and in China, it accounts for half of the cancer 
cases and cancer‑associated mortalities (1‑3).

HCC is the leading cause of mortality from cancer in rural 
China, and the primary challenges for improving the prognosis 
of HCC are invasiveness, recurrence and metastasis  (4‑6). 
Surgical resection and liver transplantation are the main 
curative modalities for HCC (7,8). However, if the restrictive 
common international criteria were applied, only 5‑10% of 
patients would be offered surgical resection (7). The long‑term 
prognosis for HCC remains poor, with a high 5‑year tumor 
recurrence rate and a low 5‑year survival rate (7‑9). Transcath-
eter arterial chemoembolization has increased the chances of 
conventional surgical treatments for HCC, and other clinical 
treatments, including radiofrequency ablation and microwave 
ablation, have been widely applied; however, improvements in 
the prognosis and survival rate remain limited and poor (10). 
Rapid advances in cellular and molecular techniques offer 
novel approaches for cancer treatments. Numerous molecular 
markers associated with recurrence, metastasis and invasive-
ness have been identified in tissue and serum, which exhibit 
a prognostic significance and may be promising therapeutic 
targets (8). However, the specificity and reliability of these 
markers is poor (8). Therefore, it is necessary to identify a novel 
reliable target molecule to improve the treatment of HCC.

In 1994, Ras homolog enriched in brain (RHEB) was first 
identified and cloned while screening genes that regulate 
neural activity (11). As a novel and unique member of the Ras 
superfamily of G proteins, RHEB is a conservative protein 
from yeast to humans, and plays a significant role in regulating 
growth and cell cycle (12). With its GTPase activity, RHEB can 
shift between the combination state with guanosine diphos-
phate and guanosine-5'-triphosphate (GTP), which determines 
its molecular biological function (11‑13).
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Previous studies demonstrated that RHEB is overexpressed 
in various malignant tumors (14,15). In breast cancer and in 
head and neck cancer, its overexpression correlates directly with 
a worse prognosis (14-16). RHEB is also overexpressed in skin 
cancer, and furthermore, depending on transgenic overexpres-
sion technology, the hyperplasia and canceration of the skin can 
be induced by increasing RHEB expression in mouse keratin 
cells (14). Prostate cancer studies revealed that RHEB is over-
expressed in cancer tissues compared with adjacent non‑cancer 
tissues, and in androgen‑independent prostate cancer cell lines, 
RHEB overexpression is also observed (14‑16). These studies 
suggest that RHEB has oncogene functions; however, whether 
RHEB plays an important function in the occurrence and 
progression of HCC remains currently unknown.

Therefore, in the present study, the association between 
RHEB expression and the clinicopathological features of 
HCC was determined. The present study provides a basis for 
elucidating the underlying molecular mechanisms of HCC.

Materials and methods

Cell cultures. Human liver cancer cell lines Hep3B, HepG2 
and Huh‑7 were obtained from the American Type Culture 
Collection (Manassas, VA, USA), while SMMC‑7721, 
MHCC‑97‑L and MHCC‑97‑H were a gift from the Liver 
Cancer Institute, Zhongshan Hospital, Fudan University 
(Shanghai, China). These cells were cultured in Dulbecco's 
modified Eagle's medium (DMEM; Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) supplemented with 10% 
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 
1% penicillin‑streptomycin solution (Beyotime Institute of 
Biotechnology, Haimen, China) at 37˚C in a 5% CO2 incubator.

Tumor formation assay. A total of 18  five-week-old male 
BALB/c nude mice, (weight, ~18 g) were obtained from the 
Shanghai Experimental Animal Center (Shanghai, China). 
The mice were kept under standard laboratory conditions: 
21‑23˚C controlled temperature, 50‑65% humidity and 12‑h 
light-dark cycle lighting, with free access to drinking water 
and chow. The condition of the mice was monitored every 
other day. Tumor size was measured by a vernier caliper 
weekly and calculated as (length x width2)/2. All procedures 
were performed in accordance with the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals (9).

HCC tissue collection and patient follow‑up. The surgically 
resected tissue samples, including 60 cases of diagnosed liver 
cancer with matching adjacent tissue samples and 35 normal 
liver tissue samples from patients under liver transplanta-
tion, were collected from the Eastern Hepatobiliary Surgery 
Hospital, Second Military Medical University (Shanghai, 
China) between May 2010 and May 2011. Of the 60 HCC 
cases, 39 were males and 21 were females, with a median age 
of 52.0±8.9 years. Of these cases, 26 were clinical stage I, 
15 were stage II and 19 were stage III‑IV. All tissue samples 
were stored in liquid nitrogen within 30 min after surgical 
resection of the biopsy for later use.

Ethics statement. Written informed consent from all patients 
and approval from the Ethics Committee of the Eastern 

Hepatobiliary Surgery Hospital were obtained. All animal 
experiments were approved by the Institutional Animal Care 
and Use Committee of the Second Military Medical Univer-
sity.

Gene microarray. Gene expression in cancer tissues and 
matching adjacent tissues was assayed using a DNA micro-
array, and the results were then analyzed using a gene map 
analysis software (Human CHIP version  1; DNA Chip 
Research Inc., Tokyo, Japan).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from the cultured cells, 
liver cancer and non‑cancerous liver specimens using TRIzol 
regent (Invitrogen; Thermo Fisher Scientific, Inc.), according to 
the manufacturer's protocol. RT for complementary DNA was 
achieved by a TaKaRa RNA PCR kit (Takara Biotechnology 
Co., Ltd., Dalian, China) and detected using an RT‑qPCR 
kit and 7900HT Fast Real-Time PCR System (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). The primers for 
the RHEB gene are as follows: Forward 5'‑ACT​CCT​ACG​
ATC​CAA​CCA​TAGA‑3' and reverse 5'‑TGG​AGT​ATG​TCT​
GAG​GAA​AGA​TAGA‑3', and the probe was 6-carboxy-
fluorescein (6-FAM)‑5'‑AGA​CAC​AGC​CGG​GCA​AGA​TGA​
ATA‑3'‑minor groove binder (MGB). The GAPDH gene was 
used as an internal control, and the primers were as follows: 
Forward 5'‑CAT​GGG​TGT​GAA​CCA​TGAGA‑3' and reverse 
5'‑GAG​TCC​TTC​CAC​GAT​ACC​AAAG‑3', and the probe was 
FAM‑5'‑AGA​TCA​TCA​GCA​ATG​CCT​CCT​GCA‑3'‑MGB. The  
following cycling conditions were used: 94˚C for 5  min, 
followed by 94˚C for 1 sec, 65˚C for 15 sec and 72˚C for 30 sec 
for 35 cycles. RHEB messenger RNA (mRNA) from normal 
liver tissues and untreated cultured cells was used as the 
control for RT‑qPCR.

Immunohistochemical analysis. Sections (4‑µm) were cut 
from paraffin blocks for immunohistochemical staining. A 
rabbit anti‑human RHEB monoclonal antibody (ab92313) 
was purchased from Abcam (Cambridge, MA, USA), and the 
PV‑9000 immunohistochemical reagent kit was obtained from 
Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd. 
(Beijing, China). RHEB protein expression in liver cancer was 
detected by immunohistochemical staining with the PV‑9000 
kit according to the manufacturer's protocol. After conven-
tional dewaxing and hydration, the sections were incubated 
in 3% H2O2 with deionized water to block the endogenous 
peroxidase activity. A microwave antigen retrieval procedure 
with ethylenediaminetetraacetic acid (pH  8.0) was used, 
and then the sections were cooled and incubated with rabbit 
anti‑human RHEB antibody (dilution 1:100) at 4˚C overnight. 
Next, the sections were incubated with a secondary anti-rabbit 
antibody (dilution 1:200; 8114; Cell Signaling Technology, Inc., 
Danvers, MA, USA) at 37˚C for 30 min, and then rinsed with 
1X PBS. Finally, 3,3'‑diaminobenzidine was used to develop 
the sections. The sections were incubated at room temperature 
without light for 10 min, and the reaction was completed with 
distilled water. The tan or brown granules in the nucleus and 
cytoplasm represented positive RHEB protein expression.

Four different views were randomly observed with high 
magnification (x400), and the number of total cells and cells 
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positive for nuclear staining were recorded. Based on the ratio 
of positive cells, the staining was scored as 1 (0‑10 cells), 
2  (11‑50  cells), 3  (51‑75  cells) and 4  (76‑100  cells). The 
staining intensity was scored as 1 (negative staining), 2 (weak 
staining), 3 (moderate staining) and 4 (strong staining). The 
final score for RHEB protein expression was calculated as the 
product of the staining score and the intensity score. Based 
on the final score, 0‑4 was (‑), 5‑8 was (+), 9‑12 was (++) and 
13‑16 was (+++). For the purpose of statistical evaluation, (‑) 
and (+) represented negative and weakly positive expression, 
respectively, while (++) and (+++) represented highly positive 
expression. All results were confirmed using a blind method 
by ≥2 pathologists.

Western blotting. After being cultured for 48‑72  h, the 
adherent cells were rinsed in chilled PBS, and lysis buffer 
was added to cover the cells completely at room temperature. 
Then, the buffer was collected and the cells were centrifuged 
at 600  x  g/min for 5  min at 4˚C. Upon determination of 
protein concentration with the BCA Protein Assay kit (P0012; 
Beyotime Institute of Biotechnology), the remaining superna-
tant was boiled and placed on ice for 5 min. In total, 50 µg 
of sample was loaded in each well, and separated by 12% 
polyacrylamide gel electrophoresis at ~200 V. The separated 
proteins were electrophoretically transferred onto nitrocellu-
lose membranes at 60 V. The blotted membrane was blocked 
with 5% skim milk in Tris-buffered saline with Tween 20 
(TBST), and then washed with TBST. Anti‑RHEB antibody 
(ab92313) was next added at a 1:1,000 dilution and incubated at 
4˚C overnight. The membrane was washed in TBST, and horse-
radish peroxidase‑conjugated immunoglobulin G secondary 
antibody (7074; Sigma-Aldrich; Merck Millipore, Darmstadt, 
Germany) was added at a 1:1,000 dilution and incubated at 
room temperature for 2  h. The nitrocellulose membrane 
was developed with a chemiluminescent solution (Kangwei, 
Beijing, China), covered with plastic wrap and placed in a 
cassette. Finally, the blot was analyzed upon exposure.

RNA interference (RNAi). The nucleotide sequences were 
designed for the RHEB mRNA sequence derived from the 
Human Gene Mutation Database (http://www.hgmd.cf.ac.uk/
ac/index.php) using the Ambion RNAi software version 3 
(Thermo Fisher Scientific, Inc.). According to this nucleotide 
sequence, a pair of complementary oligonucleotide chains 
encoding the corresponding short hairpin (sh) small inter-
fering (si) RNA that binds specifically to the RHEB mRNA 
were synthesized. The sequences were as follows: Sense 
strand 5'‑GAA​AGA​CCU​GCA​UAU​GGA​AAG​GGTG‑3' and 
antisense strand 5'‑CAC​CCU​UUC​CAU​AUG​CAG​GUC​UUU​
CUU‑3'. Without any sequences matched to the human genome 
sequences, the siRNA‑NC was used as the negative control, 
with sense strand 5'‑UUC​UCC​GAA​CGU​GUA​CGUTT‑3' and 
antisense strand 5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3'. The 
synthesis of these oligonucleotide chains was performed by 
Bioneer Corporation (Daejeon, Korea).

The pSilencer™ 2.1‑U6neo plasmid (Ambion; Thermo 
Fisher Scientific, Inc.), which was digested with BamHI and 
HindIII endonucleases (New England BioLabs, Inc., Ipswich, 
MA, USA), was collected and purified with a plasmid DNA 
extraction kit (Qiagen GmbH, Hilden, Germany), according 

to the manufacturer's protocol, to obtain the fragments of 
the target gene and carrier. The eukaryotic expression vector 
pU‑RHEB‑siRNA was constructed by ligating the oligo-
nucleotide chains and carrier fragments into the pSilencer™ 
2.1‑U6neo plasmid, and was sequenced with the Sanger 
method by Thermo Fisher Scientific, Inc.

Prior to transfection (20 h), liver cancer cells were plated 
in 6‑well plates (Corning Incorporated, Corning, NY, USA). 
Cells were transfected with the eukaryotic expression vector 
pU‑RHEB‑siRNA using Lipofectamine™ 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) when the cells reached 80‑90% 
confluency. Both liver cancer cells, which were transfected 
with the empty vector, and untreated liver cancer cells served 
as the control groups. After transfection (24 h), the cells were 
subcultured in G418‑free DMEM at a ratio of 1:20, and selec-
tive medium with G418 (400 µg/ml) (Sigma‑Aldrich; Merck 
Millipore) was added the following day.

Cell cycle analysis. To analyze the cell cycle distribution, all 
the collected cells were fixed in 70% ethanol at ‑20˚C overnight, 
stained with propidium iodide (36 mg/ml; Sigma‑Aldrich; 
Merck Millipore) for 30 min and analyzed by flow cytometry 
(Beckman Coulter, Inc., Brea, CA, USA).

Statistical analyses. The association between RHEB expres-
sion and clinicopathological features was evaluated with the 
χ2 test, or with the Fisher's exact test when the χ2 test was 
not suitable. The correlation between RHEB overexpression 
(as determined by immunohistochemistry and quantified by 
integral optical density) and tumor‑node‑metastasis (TNM) 
stages was evaluated by analysis of variance (ANOVA) and 
Spearman correlation analysis. Cox proportional hazards 
regression analysis of multiple factors was employed to assess 
the association between clinical data and survival or recur-
rence. All statistical analyses were performed using the SPSS 
version 12.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 
was considered to indicate a statistically significant difference.

Results

Aberrant expression of RHEB in liver cancer cell lines and 
tissues. To investigate the RHEB expression in different 
liver cancer cell lines, a total of six strains of liver cancer 
cells were selected, including Hep3B, SMMC‑7721, HepG2, 
MHCC‑97‑L, MHCC‑97‑H and Huh‑7. Western blot analysis 
demonstrated that RHEB is overexpressed in all these cell 
lines, with the exception of MHCC‑97‑L (Fig. 1A).

To further study the RHEB expression in liver cancer tissue 
in vivo, 20 paired liver cancer tissues and adjacent tissue speci-
mens were examined via gene microarray. The results revealed 
that the expression of RHEB in liver cancer compared with the 
control gene GAPDH (5.00±0.34‑fold) was upregulated rela-
tive to adjacent tissues (2.00±0.27‑fold; P=0.025) and normal 
tissues (2.00±0.19‑fold; P=0.035) (Fig. 1B). Furthermore, the 
RHEB mRNA expression in the liver cancer tissue samples, 
as detected by RT‑qPCR, was significantly upregulated 
compared with non‑cancerous liver tissues (Fig. 1C), which 
was consistent with the results of gene microarray. The immu-
nohistochemical results revealed that RHEB was expressed 
primarily in the nucleus and partially in the cytoplasm, and 
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Figure 1. RHEB expression in liver cancer cell lines and tissues. (A) RHEB was overexpressed in Hep3B, SMMC‑7721, HepG2 and MHCC‑97‑H cells, but 
not in MHCC‑97‑L cells, as demonstrated by western blot analysis. (B) RHEB expression in liver cancer relative to the control gene GAPDH (5.00±0.34‑fold) 
was upregulated compared with that in adjacent tissues (2.00±0.27‑fold) and normal tissues (2.00±0.19‑fold), as evaluated by gene microarray analysis. 
(C) RHEB messenger RNA level in liver cancer samples was upregulated compared with that in non‑cancerous liver samples, as demonstrated by reverse 
transcription‑quantitative polymerase chain reaction analysis. (D) RHEB was overexpressed in liver cancer tissues, but little or no expression was detected in 
normal liver tissues, as analyzed by immunohistochemistry. Magnification, x200. RHEB, Ras homolog enriched in brain; mRNA, messenger RNA.

Figure 2. Correlation analysis between RHEB expression and clinicopathological data of patients with HCC. (A) The differences in RHEB expression between 
different tumor stages in liver cancer tissues was significant (P=0.020). (B and C) Correlation analysis between different clinicopathological data and (B) sur-
vival time and (C) postoperative recurrence of patients with HCC. RHEB, Ras homolog enriched in brain; IOD, integral optical density; HCC, hepatocellular 
carcinoma; HR, hazard ratio; CI, confidence interval; HBV, hepatitis B virus.
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Figure 3. Influence of silencing RHEB on the growth of SMMC‑7721 cells. (A) RHEB expression in SMMC‑7721 cells treated with RHEB-shRNA according 
to by western blot analysis. (B) Variation in interference efficiency in SMMC‑7721 cells treated with different shRNAs. (C and D) Changes in cell proliferation 
ability upon treatment with shRHEB were reported as (C) cell count and (D) cell count/fold. RHEB, Ras homolog enriched in brain; mRNA, messenger RNA; 
scr, scramble; shRNA, small hairpin RNA.

Figure 4. Influence of silencing RHEB on the biological behavior of the liver cancer cell line SMMC‑7721. (A) Cell cycle changes of SMMC‑7721 cells with 
low expression of RHEB were analyzed by flow cytometry. (B) Comparison of the cell cycle changes in SMMC‑7721 cells treated with different shRNAs. 
(C) Analysis of soft agar colony‑formation ability of SMMC‑7721 cells with downregulated RHEB expression. The experiments were performed in triplicate, 
and representative images are shown. RHEB, Ras homolog enriched in brain; scr, scramble; FL2-A, fluorescence 2-area; shRNA, small hairpin RNA.
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of 60 liver cancer tissues, 41 exhibited positive expression of 
RHEB, while little or no RHEB expression was observed in 
the adjacent or normal tissues (Fig. 1D).

Relative analysis between RHEB expression and clinicopath‑
ological features in patients with HCC. To further investigate 
the role of RHEB in patients with HCC, the association between 
the immunohistochemical results and the clinicopathological 
data was evaluated. According to the immunohistochemical 
results, of the 26 liver cancer samples at stage T1, positive 
RHEB expression occurred in 17. Of the 15 liver cancer samples 
at stage T2, positive RHEB expression occurred in 9. Of the 
19 liver cancer samples at stage T3‑T4, positive RHEB expres-
sion occurred in 13. Statistical analysis demonstrated that the 
differences in positive RHEB expression between T1 and the 
other stages were not significant (P=0.876). The differences in 
RHEB expression between liver cancer groups with different 
TNM stages were analyzed by ANOVA and were observed to be 
significant (P=0.020) (Fig. 2A). Spearman correlation analysis 
demonstrated that high expression of RHEB positively corre-
lated with TNM staging in HCC (r=0.583, P=0.031). Survival 
analysis revealed that the survival time of HCC patients was 
closely correlated to RHEB expression level, hepatitis B virus 
(HBV)‑DNA titer, micro‑vascular invasion, pathological satel-
lites and tumor differentiation (P<0.05) (Fig. 2B), and was 
not dependent on gender (P=0.231), age (P=0.064) or tumor 
size (P=0.157). According to the correlation analysis between 
clinicopathological data and postoperative recurrence, postop-
erative recurrence was closely correlated to RHEB expression 
level, HBV‑DNA titer, micro‑vascular invasion and patho-
logical satellites (P<0.05) (Fig. 2C), and was not dependent 
on gender (P=0.165), age (P=0.073), tumor size (P=0.142) or 
tumor differentiation (P=0.351).

RHEB silencing downregulates the proliferation of a hepa‑
toma cell line. To identify the effects of RHEB expression on 
the growth of HCC cells, the SMMC‑7721 liver cancer cell 
line with RHEB overexpression was selected and treated with 

shRNA‑RHEB. shRNA‑RHEB downregulated RHEB expres-
sion in SMMC‑7721 cells, and its interference efficiency was 
detected by RT‑qPCR and western blotting (Fig. 3A), which 
demonstrated 80% efficiency (P<0.0001; Fig.  3B). Upon 
downregulation of RHEB expression, the proliferation of the 
knocked down cells was significantly inhibited (P=0.025; 
Fig. 3C), and the inhibition was obvious on the third day 
post‑transfection (P=0.03; Fig. 3D), which suggests that RHEB 
plays an important biological role in HCC.

Influence of RHEB silencing on the biological behavior of 
a liver cancer cell line. To evaluate the biological functions 
of RHEB, the cell cycle of SMMC‑7721 cells treated with 
shRNA‑RBEB was analyzed, and was observed to change 
significantly, according to the results of flow cytometry[scramble 
(scr)‑shRNA vs. RHEB-shRNA1, P=0.041 and scr-shRNA vs. 
RHEB-shRNA2, P=0.021; Fig. 4A]. The number of S‑phase 
cells increased significantly, while the number of G2/M‑phase 
cells decreased significantly (scr-shRNA vs. RHEB-shRNA1, 
P=0.016 and scr-shRNA vs. RHEB-shRNA2, P=0.011), with 
the majority of cells arrested in S phase (Fig. 4B). In soft agar 
colony‑forming assay, the colony‑formation and proliferation 
abilities of the groups treated with shRNA‑RHEB decreased 
significantly by 6.0±0.5‑fold (scr-shRNA vs. RHEB-shRNA1, 
P=0.004 and scr-shRNA vs. RHEB-shRNA2, P=0.003; 
Fig. 4C).

RHEB silencing suppresses the growth of HCC cells in vivo. 
In the tumorigenicity assay, SMMC‑7721 cells were subcuta-
neously injected into nude mice, and knocked down RHEB in 
SMMC‑7721 cells was observed to decelerate cancer growth, 
with no difference in tumor growth between the RHEB‑shRNA1 
and the RHEB‑shRNA2 groups (RHEB‑shRNA1 vs. RHEB-
shRNA2, P=0.620), although there was a significant difference 
between the downregulated groups and the scr‑shRNA group 
(scr-shRNA vs. RHEB-shRNA1, P=0.003 and scr-shRNA vs. 
RHEB-shRNA2, P=0.006; Fig. 5A). In addition, the tumori-
genic ability of the control group was higher than that of the 

Figure 5. Influence of RHEB silencing on the biological behavior of nude mice. Influence of low RHEB expression on (A) tumor growth and (B) nude mice 
tumorigenic ability. RHEB, Ras homolog enriched in brain; scr, scramble; shRNA, small hairpin RNA.
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RHEB‑shRNA1 and RHEB‑shRNA2 groups (Fig. 5B), and the 
difference in tumorigenic ability between the experimental and 
control groups was significant (scr-shRNA vs RHEB‑shRNA1, 
P=0.003 and scr-shRNA vs. RHEB-shRNA2, P=0.006).

Discussion

The RHEB protein is an extremely important activator in cell 
signal transduction mediated by insulin, and previous studies 
have demonstrated that insulin elevates its GTP‑binding 
state (17,18). GTP‑loaded RHEB binds directly to the catalytic 
domain of mechanistic target of rapamycin (mTOR)to activate 
its serine/threonine kinase activity and to increase cancer 
cell growth, which can be blocked by rapamycin (17‑19). In 
numerous tissues, RHEB overexpression can promote cancer 
cell growth and change the cell cycle kinetics through accel-
erating the G1‑S phase, while the cell division rates are not 
affected (20).

In the present study, RHEB overexpression in liver cancer 
tissues was observed to be significant, as demonstrated by 
gene microarrays and verified by RT‑qPCR. According to the 
results of immunohistochemistry, RHEB protein displayed 
positive expression in HCC tissues compared with normal liver 
tissues, and was expressed in the cytoplasm of liver cancer 
cells. Furthermore, RHEB overexpression was observed in 
the majority of liver cancer lines in the present study, which 
suggests that RHEB serves an important role in the occurrence 
and development of HCC. In addition, analysis of the associa-
tion between RHEB expression and clinicopathological data 
in patients with HCC demonstrated that RHEB expression 
increased with clinical staging, which further suggests that 
RHEB is implicated in the development and progression of 
HCC. These results are consistent with those from previous 
studies on head and neck, breast and prostate cancer, which 
further indicates that RHEB overexpression is common in the 
development and progression of numerous cancers (14,15,16).

Survival analysis revealed that the overall survival time 
was closely correlated to the RHEB expression level, and was 
decreased in patients with high RHEB expression. Further 
analysis of the association between clinicopathological data 
and recurrence upon resection revealed that a high RHEB 
expression level was closely correlated to overall survival time. 
Based on these findings, overexpression of RHEB in patients 
with HCC appears to result in increased rates of recurrence 
following resection and in decreased overall survival time. 
These results further suggest that RHEB is involved in the 
metastasis, recurrence and prognosis of patients with HCC.

Due to its high RHEB expression, the liver cancer cell line 
SMMC‑7721 was selected and treated with siRNA‑RHEB 
in the present study. Inhibition of its cell growth could be 
observed, with the majority of cells being blocked in S phase, 
which led to an increase in the number of cells in S phase, 
while the number of cells in G2/M phase was decreased, 
which suggests that RHEB is involved in regulating the 
synthesis of DNA in S phase. Additionally, the decrease in soft 
agar colony‑forming ability demonstrated a decrease in cancer 
cell invasiveness, which suggests that RHEB may be involved 
in the regulation of invasiveness and metastasis in patients 
with HCC. Tumor growth also decreased subsequent to down-
regulation of RHEB expression in the animal experiments, 

and the tumorigenesis of the nude mice used in the study also 
decreased, which further suggests that the RHEB gene partici-
pates in the regulation of tumor growth.

However, the critical role of RHEB in the occurrence, 
development, metastasis and recurrence of HCC remains 
unknown. Previous studies have demonstrated that RHEB 
can activate the S6 kinase (S6K) transcription factor through 
the regulation of the mTOR signaling pathway and androgen 
receptor trans‑activity, thus regulating the proliferation of 
prostate cancer cells (15,21). RHEB is located downstream of 
the tumor inhibitors tuberous sclerosis (Tsc)1 and Tsc2, and 
upstream of mTOR in the mTOR‑S6K signaling pathway (19). 
The GTP‑bound activated state of RHEB could activate the 
mTOR signaling pathway and increase the phosphorylation 
of S6K and 4E‑binding protein 1, which promotes mRNA 
translation and protein synthesis, thus enhancing cancer cell 
growth and inhibiting autophagy (19,22,23). A similar func-
tion of RHEB in head and neck cancer, breast cancer and 
lymphoma was also reported in previous studies (16,24,25), 
which suggests that RHEB potentially promotes the prolif-
eration, invasiveness and metastasis of HCC via the mTOR 
signaling pathway, thus affecting the development, progression 
and prognosis of patients with HCC. Further studies on the 
underlying mechanism of RHEB in HCC should be conducted.

RHEB overexpression also occurs in non‑small cell lung 
cancer and lymphoma (24,26). Previous studies have suggested 
that RHEB is likely to be a therapeutic target (24,26). The present 
study demonstrates the significance of RHEB in HCC and provides 
a basis for non‑operative treatment of patients with HCC (27).

In conclusion, the present study demonstrated that RHEB 
overexpression is closely correlated to the clinicopathological 
features of patients with HCC, and is involved in the prolif-
eration, invasiveness, metastasis, recurrence and prognosis of 
HCC. RHEB plays a significant role in the development and 
progression of HCC, and is an important prognostic marker 
and likely to be a therapeutic target for patients with HCC.
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