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Abstract. The RAC serine/threonine-protein kinase (AKT) 
family of serine/threonine protein kinases, particularly the 
AKT1 isoform, has been identified abnormally expressed in 
hepatocellular carcinoma (HCC) cells, and is highly associated 
with cell behavior, including proliferation, survival, metabo-
lism, and tumorigenesis. However, the specific mechanism 
by which AKT1 elicits these effects requires further study. 
The purpose of the present study was to reveal the effects of 
AKT1 on the survival and proliferation of HCC cells, and to 
investigate the mechanisms involved. Western blotting and 
reverse transcription-quantitative polymerase chain reaction 
(RT‑qPCR) to evaluate the expression levels of AKT1 in 
HCC SMMC-7721 cell line. Molecular mechanisms and the 
influences of different regulation the expression of AKT1 on 
HCC cell growth, proliferation were determined by western 
blotting, MTT and colony formation assays, cell cycle and 
apoptosis were investigated by flow cytometry. The activation 
of AKT1 suppressed the expression of phosphatase and tensin 
homolog and increased the activation of Notch1. The inhibi-
tion of AKT1 effectively suppressed the expression of Notch1. 
Furthermore, the data of the present study indicated that 
B-cell lymphoma 2 and cyclin D1 is involved in the regulation 
of AKT1 expression.

Introduction

Primary liver cancer, which consists mainly of hepatocel-
lular carcinoma (HCC), is the third-leading cause of cancer 

mortality worldwide, following lung and stomach cancer, 
owing to its poor prognosis and frequent relapse and metas-
tasis (1,2). Although much is already known about the major 
pathogenic factors behind HCC, including chronic hepatitis 
B and hepatitis C infection (3,4), the definitive mechanisms 
behind HCC have not been elucidated. Only 30-40% of 
patients with HCC are eligible for potentially radical thera-
pies (5), meaning the overall survival rate of patients with HCC 
remains low. Therefore, the identification of novel therapeutic 
targets to improve and develop treatment strategies for HCC.

The phosphoinositide 3-kinase (PI3K)/RAC seine/threo-
nine-protein kinase (AKT)/mechanistic target of rapamycin 
(mTOR) signaling pathway is a promising therapeutic target 
owing to its frequent dysregulation in HCC and the critical 
functions it has in regulating cell survival, proliferation, apop-
tosis, migration and angiogenesis through phosphorylation of 
distinct protein substrates (6,7). AKT is a key molecule in the 
PI3K/AKT/mTOR signaling pathway, which has been shown 
to serve notable functions in the regulation of cell viability 
and to be closely associated with a variety of disorders caused 
by dysfunctional cellular proliferation (8,9). Three isoforms 
of AKT (AKT1, AKT2, and AKT3), which share >80% 
sequence homology, have been identified in mammals (10,11). 
It has been reported that overexpression of AKT is associated 
with decreased disease-free survival rates and development of 
primary carcinomas of the prostate, breast and ovary (12,13). 
However, the action of individual AKT isoforms in different 
molecular subtypes of HCC has not been extensively evaluated. 
Lee et al (14) revealed that AKT1 serves a critical func-
tion in angiogenesis; AKT1 also has a crucial effect on cell 
survival (14-17). However, the precise molecular mechanisms 
by which AKT1 promotes cell proliferation and regulates 
apoptosis (18,19) remain largely unclear.

High expression of activated AKT can be detected in HCC, 
and AKT may promote cell proliferation and regulation of 
cells apoptosis in HCC (20,21). The present study confirmed 
a potential function for AKT1 in promoting proliferation and 
inhibiting apoptosis of HCC. Subsequent mechanism investi-
gations revealed that AKT1 served a notable function in cell 
proliferation and anti-apoptosis by directly regulating the 
expression of phosphatase and tensin homolog (PTEN) and 
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Notch1. The present study revealed that the specific inhibition 
of AKT1 may be therapeutically viable.

Materials and methods

Cell culture and plasmid transfection. The human HL-7702 
and SMMC-7721 cell lines were purchased from the Shanghai 
Institutes for Biological Sciences (Chinese Academy of 
Science, Shanghai, China). HL-7702 and SMMC-7721 cells 
were cultured in RPMI-1640 medium (Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) supplemented with 10% 
fetal bovine serum containing penicillin (100 U/ml)/strepto-
mycin (100 mg/ml) (Gibco; Thermo Fisher Scientific, Inc.) 
and incubated at 37˚C in a humidified atmosphere containing 
5% CO2. The pEGFP-N1-AKT1 plasmid was synthesized 
by Bioworld Technology, Inc. (St. Louis. Park, MN, USA). 
AKT1-RNAi plasmid was synthesized by Shanghai Genechem 
Co., Ltd. (Shangahi, China). A blank plasmid, an expression 
plasmid coding for AKT1‑enhanced cyan fluorescent protein 
(pEGFP-N1-AKT1) and a plasmid containing short hairpin 
RNA (sh)-AKT (AKT1-RNAi plasmid) were transfected 
into cells using Effectene transfection reagent (Qiagen, 
Inc., Valencia, CA, USA), according to the manufacturer's 
protocol. SMMC-7721 cells were seeded into a 6-well plate 
(2x105  cells/well). Transfection was performed when the cell 
confluence reached 40-50% and cells were collected 48 h 
following transfection for subsequent experiments.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) assay. Total RNA was extracted from HCC 
cells with TRIzol (Thermo Fisher Scientific, Inc.). RNA 
was reverse-transcribed into cDNA using a PrimeScript RT 
reagent kit (Takara Bio, Inc.). cDNA samples were subjected 
to qPCR using the SYBR Premix Ex Taq kit (Takara Bio, 
Inc.). The thermocycling conditions were as follows: 40 cycles 
of pre‑denaturation at 95˚C for 30 sec, annealing at 95˚C for 
5 sec and final extension at 60˚C for 30 sec. Relative gene 
expression data were calculated using the 2-ΔΔCq method (22). 
All reactions were performed in triplicate and all experiments 
were performed three times. GAPDH was used as a reference 
gene. The primers are presented in Table I.

Western blot analysis. SMMC-7721 cells were transfected 
with the pEGFP-N1-AKT1, AKT1-RNAi and blank plasmids 
for 48 h. SMMC-7721 cells were lysed using radioimmunopre-
cipitation assay buffer (Beyotime Institute of Biotechnology, 
Haimen, China). The protein concentration was determined 
using a bicinchoninic acid assay kit (Beyotime Institute of 
Biotechnology). A total of 20 µg protein was separated by 
SDS-PAGE (10% gel) and transferred onto polyvinylidene 
fluoride membranes. Following blocking with 5% skimmed 
milk for 2 h at room temperature, membranes were incubated 
with primary antibodies at 4˚C overnight. Primary antibodies 
included: Anti AKT1 (rabbit monoclonal; dilution, 1:1,000; 
cat no. 2938), PTEN (mouse monoclonal; dilution, 1:1,000; 
cat no. 9556), Notch1 (rabbit monoclonal; dilution, 1:1,000; 
cat no. 3608), cyclin D1 (rabbit monoclonal; dilution, 1:1,000; 
cat no. 2922), Bcl2 (rabbit monoclonal; dilution, 1:1,000; cat 
no. 3498), GAPDH (rabbit monoclonal; dilution, 1:1,000; 
cat no. 5174) (all primary antibodies from Cell Signaling 

Technology, Inc., Danvers, MA, USA). The membrane was 
washed three times with Tris-buffered saline with 0.1% 
Tween-20 (TBST) for 15 min three times, then incubated 
with anti-rabbit (1:10,000; cat no. 7074; Cell Signaling 
Technology, Inc.) or anti-mouse (1:10,000; cat no. 7076; Cell 
Signaling Technology, Inc.) secondary antibodies for 2 h at 
room temperature. The protein bands were visualized using 
enhanced chemiluminescence (ECL Plus kit; Thermo Fisher 
Scientific, Inc.). The protein expression was detected using 
Image-Pro Plus software (version 6.0; Media Cybernetics, 
Inc., Rockville, MD, USA).

Colony forming assay. For the colony forming assay, 2,000 
cells in the blank plasmid, pEGFP-N1-AKT1 plasmid and 
AKT1-RNAi plasmid transfection groups were added to 
a 6‑well plate and incubated in a humid incubator at 37˚C 
with 5% CO2. After 10 days in culture, cells were fixed with 
100% methanol for 30 min at room temperature and stained 
with 0.2% crystal violet for 15 min at room temperature. 
Colonies (>50 cells) were then counted using light microscopy 
(magnification, x40).

MTT cell proliferation assay. For the MTT assay, SMMC-7721 
cells were seeded into a 96-well plate (6,000 cells/well), incu-
bated for 24 h, and separately transfected with blank plasmid, 
pEGFP-N1-AKT1 plasmid or AKT1-RNAi plasmid for 48 h. 
Once the medium was replaced with 100 µl culture liquid 
containing 10% fetal bovine serum, 20 µl MTT solution was 
added and plates were incubated for another 4 h, followed by 
the addition of 150 µl dimethyl sulfoxide. The absorbance was 
measured at 490 nm using a microplate reader to determine 
the number of viable cells in each well.

Flow cytometric analysis. SMMC-7721 cells were seeded 
into 6‑well plates for ~12 h until confluence reached 50%. 
Next, cells were transfected with blank, pEGFP‑N1‑AKT1 or 
AKT1-RNAi plasmids, as aforementioned. After 48 h, cells 
were washed with ice‑cold PBS and fixed with 70% ice‑cold 
ethanol at 4˚C overnight. Subsequently, propidium iodide 
(PI; Beyotime Institute of Biotechnology) was added to trans-
fected cells for 30 min at 4˚C in the dark. Finally, an Aria II 
flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) 
was used to detect the distribution of cells in the cell cycle. The 
proportion of cells in different phrases was analyzed using 
FlowJo software (version 7.6; FlowJo LLC, Ashland, OR, USA).

Analysis of apoptosis. At 48 h post-transfection, SMMC-7721 
cells were suspended in binding buffer and were hatched with 
an Annexin‑V‑fluorescein isothiocyanate (FITC)/PI apoptosis 
detection kit (Beyotime Institute of Biotechnology) for 30 min 
at room temperature in the dark. Flow cytometry was performed 
using a flow cytometer. The results were analyzed using FlowJo 
software (version 7.6; FlowJo LLC, Ashland, OR, USA).

Statistical analysis. Student's t-test or one-way ANOVA 
followed by least significant difference or Dunnett's test. 
Statistical analyses were conducted using GraphPad Prism 
6 (GraphPad Software, Inc., La Jolla, CA, USA) and PASW 
Statistics 18 (SPSS, Inc., Chicago, IL, USA). Results are 
presented as the mean ± standard error of the mean. P<0.05 
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was considered to indicate a statistically significant difference. 
All experiments were performed in triplicate.

Results

Expression of AKT1 is upregulated in HCC. Western blot 
analysis and RT‑qPCR were used to examine the expression 
levels of AKT1 in HCC SMMC-7721 cell line, as compared 
with the expression level in normal liver cell line HL‑7702. The 
results demonstrated that AKT1 was significantly upregulated 
in SMMC‑7721 cells (P<0.05; Fig. 1A and B). As AKT1 expres-
sion was elevated in HCC cells, AKT1 appears to have a positive 
effect on HCC progression. The transfection efficiency of 
various plasmids [blank plasmid, AKT1-upregulation plasmid 
(pEGFP-N1-AKT1 plasmid) and AKT1-downregulation 
plasmid (AKT1-RNAi plasmid)] was then assessed. 
Transfection with the AKT1-upregulation plasmid promoted 
the expression of AKT1 and AKT‑1‑downregulation plasmid 
inhibited the expression of AKT1 (P<0.05; Fig. 2A and B).

Upregulation of AKT1 promotes HCC cell proliferation, 
whereas downregulation of AKT1 inhibits proliferation. To 
identify the function of AKT1 in HCC progression, SMMC-7721 
cel ls were t ransfected with pEGFP-N1-AKT1 or 
AKT1‑RNAi plasmids. The expression of AKT1 protein in 
pEGFP-N1-AKT1 plasmid-transfected cells was upregulated 
by 150-300%, whereas in AKT1-RNAi plasmid-transfected 
cells it was downregulated by 400-1,000%, compared with 
cells transfected with an empty vector (P<0.05; Fig. 2A and B). 
The transfection efficiency was confirmed by RT‑qPCR and 
western blot analysis.

MTT and colony formation assays were performed to 
assess the function of AKT1 on HCC cell proliferation. These 
assays revealed that the overexpression of AKT1 resulted in a 
significant increase in viability compared with control group 
in SMMC-7721 cells. In line with this, downregulation of 

AKT1 suppressed cell proliferation (P<0.05; Fig. 3A and B). 
These results demonstrated that AKT1 effectively promoted 
the proliferation of HCC cells, whereas knockdown of AKT1 
inhibited proliferation. These results indicate that the upregula-
tion of AKT1 expression promoted cell proliferation, whereas 
its downregulation restrained this proliferation.

Deactivation of AKT1 suppresses cell cycle and induces 
apoptosis in HCC cells. Suppression of AKT1 in SMMC-7721 
by transfection with the AKT1‑RNAi plasmid confirmed the 
function of AKT1 in HCC cells. Flow cytometric analysis 
revealed a marked increase in the percentage of cells at G1/G0 
phase and a decrease in the percentage of cells in S phase in 
the AKT1-RNAi plasmid transfected cells, compared with 
those transfected with the blank vector (P<0.05; Fig. 4A). 
Furthermore, inhibition of AKT1 led to a decrease in B-cell 
lymphoma‑2 (Bcl‑2) and cyclin D1 expression (P<0.05; 
Fig. 5A). Subsequently, apoptosis analysis using flow cytometry 
an increase in the percentage of annexin V‑FITC‑positive HCC 
cells in those transfected with AKT1-RNAi compared with the 
control cells (P<0.05; Fig. 4B). These results demonstrated that 
inhibition of AKT1 suppresses the cell cycle in HCC cells and 
promotes apoptosis.

AKT1 promotes HCC cell survival and proliferation by 
targeting PTEN in vivo. PTEN is a dual lipid/protein phospha-
tase, acting as a tumor suppressor by negatively regulating the 
AKT signaling pathway; it is inactivated in a number of cancer 
types (23,24). PTEN is crucial for inhibiting cell proliferation 
downstream of Notch (25-27). The upregulation of Notch1 
in SMMC‑7721 cells increased the expression of Notch1 
compared with that in control cells. The RT-qPCR and western 
blot assays were additionally performed to examine the effects 
of AKT1 on the endogenous expression of PTEN and Notch1. 
As shown in Fig. 5, AKT1 downregulation was associated 
with a significant increase and decrease in PTEN and Notch1 
mRNA and protein levels, respectively, in SMMC-7721 cells, 
with AKT1 overexpression inducing the opposite result. It 
is possible that Notch1 and PI3K-AKT signaling are closely 
linked to the control of cell growth and proliferation via PTEN 
and differential regulation of AKT1 signaling promotes cell 
growth, in part through Notch1.

Discussion

HCC is one of the most common malignant tumors of 
digestive tract carcinoma, the incidence of which has been 
increasing recently (28-31). The survival rate and prognosis of 
patients with HCC are poor, partly owing to local recurrence, 
metastasis and multi-drug resistance of tumor cells (32,33). 
Furthermore, HCC is refractory to treatment as it is usually 
diagnosed at advanced stages (34). Accordingly, it is necessary 
to seek novel therapeutic targets for the treatment of HCC. The 
present study investigated the link between AKT1 and HCC 
and assessed the effect of differential regulation of AKT1 on 
the proliferation and apoptosis of cells and the specific regula-
tory mechanisms involved. Previous studies have indicated 
that AKT is closely associated with cell survival, proliferation, 
apoptosis, migration and angiogenesis in HCC (6,17). AKT 
was frequently dysregulated in hepatoma cell lines and human 

Table I. Reverse transcription-quantitative polymerase chain 
reaction primers.

Gene Sequence

AKT1 
  Forward 5'-CACAAACGAGGGGAGTACATC-3'
  Reverse 5'-GCCATCATTCTTGAGGAGGAAGT-3'
PTEN 
  Forward 5'-AGGGACGAACTGGTGTAATGA-3'
  Reverse 5'-CTGGTCCTTACTTCCCCATAGAA-3'
Notch1 
  Forward 5'-ACTGTGTAGGACCTGGTGGAC-3'
  Reverse 5'-TTGTAGGTGTTGGGGAGGTC-3'
GAPDH 
  Forward 5'-TCATGGGTGTGAACCATGAGAA-3'
  Reverse 5'-GGCATGGACTGTGGTCATGAG-3' 

AKT1, RAC-α serine/threonine-protein kinase; PTEN, phosphatase 
and tensin homolog.
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HCC tissues (35). AKT isoforms are highly expressed in the 
majority of cancer types, including those of the lung, breast 

and colon, and HCC; however, the isoform‑specific functions 
in the occurrence and development of HCC remain unclear. 

Figure 1. (A) Western blotting and (B) reverse transcription‑quantitative polymerase chain reaction analysis revealed that the AKT1 over expression in the 
hepatocellular carcinoma SMMC-7721 cell line compared to the normal liver HL-7702 cell line. Results are presented as the mean ± standard error of the mean 
for three independent experiments. *P<0.05. AKT1, RAC-α serine/threonine-protein kinase.

Figure 2. Transfection efficiency was evaluated using western blot analysis (A) and (B) the reverse transcription‑quantitative polymerase chain reaction. 
Transfection with pEGFP‑N1‑AKT1 plasmid increases AKT1, whereas transfected with AKT1‑RNAi decreases AKT expression. Results are presented as 
the mean ± standard error of the mean for three independent experiments. *P<0.05. AKT1, RAC-α serine/threonine-protein kinase; RNAi, RNA interference.
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As a member of the AKT family, AKT1 expression has been 
proved to be dysregulated in cancer cells; this dysregulation 

of AKT1 is associated with cancer cell survival, proliferation 
and metabolism (15,16). Previous evidence demonstrated that 

Figure 3. SMMC-7721 cells were treated with blank plasmid, pEGFP-N1-AKT1 plasmid and AKT1-RNAi plasmid. The cell proliferation was determined 
using an MTT assay and the colony formation assay. The effect of AKT1 on cell viability following transfection at different time points (12, 24, 48 and 72 h) 
was measured. (A) Cell viability was determined using an MTT assay. (B) A colony formation assay was performed to further investigate the effects of AKT1 
on the cell proliferative capacity in SMMC‑7721 cells. Increased expression of AKT1 is able to accelerate cell growth, whereas downregulation of AKT1 
inhibits cell proliferation in SMMC‑7721 cells. Results are presented as the mean ± standard error of the mean for three independent experiments. *P<0.05 vs. 
blank. AKT1, RAC-α serine/threonine-protein kinase; RNAi, RNA interference.

Figure 4. Effects of silencing AKT1 expression on cell cycle progression in SMMC‑7721 cells. Cells were analyzed by flow cytometry following staining 
with propidium iodide. (A) The histogram depicts the percentage of all stages in each cell cycle phase. P<0.05. (B) AKT1 deficiency induces SMMC‑7721 
cells apoptosis. Following transfection with the indicated plasmid for 48 h, the percentage of apoptotic cells were determined using flow cytometric analysis. 
Each quadrant represents viable cells (lower left), early apoptotic cells (lower right), late or secondary necrotic cells (upper right), and primary necrotic cells 
(upper left). Downregulation of AKT1 promotes cell apoptosis in the SMMC-7721 cell line compared with the blank control. Results are presented as the 
mean ± standard error of the mean for three independent experiments. *P<0.05. AKT1, RAC-α serine/threonine-protein kinase; RNAi, RNA interference.



CHEN et al:  AKT1 REGULATES GROWTH OF HEPATOCELLULAR CARCINOMA CELLS6862

AKT1 participates in the initiation, progression and metastasis 
of malignant tumors (36-38). Thus, AKT1 has emerged as a 
novel potential target of anticancer drugs.

The present study analyzed the functional relevance of 
AKT1 action on the HCC SMMC-7721 cell line, on prolifera-
tion, apoptosis and cell cycle. First, the AKT1 expression in 
different HCC subtypes was screened and found that AKT1 
was high expression in SMMC‑7721 HCC cell line. Compared 
with the HCC, the expression of AKT1 was higher in 
SMMC-7721 cells. This result is in line with that of a previous 
study showing that AKT was high expression in oncological 
patients (38,39). To identify the precise impact of AKT1 on 
the occurrence and development of HCC, colony formation, 
MTT, and flow cytometry assays were performed. The results 
of these analyses demonstrated that AKT1 had significant 
impact on cellular survival and proliferation. Silencing AKT1 
significantly stimulated apoptosis and suppressed the cell 
cycle, whereas increasing AKT1 expression promoted HCC 
cells proliferation.

To investigate the mechanism of action of AKT1 in HCC, we 
increased and decreased AKT1 expression levels in HCC cell 

lines using the pEGFP-N1-AKT1 and AKT1-RNAi plasmids, 
respectively. Compared with the control, the level of AKT1 
expression was significantly enhanced in pEGFP‑N1‑AKT1 
plasmid-transfected cells and significantly decreased in 
cells transfected with the AKT1-RNAi plasmid. When the 
AKT1-RNAi plasmid was transfected into the HCC cell line, 
PTEN expression was significantly increased and Notch1 was 
evidently decreased, indicating that that PTEN and Notch1 
may be the target of AKT1 in HCC cells. Recent studies have 
shown that Notch1 inhibits HCC through the upregulation 
of PTEN and the subsequent inactivation of focal adhesion 
kinase; PTEN is a phosphatase that can negatively regulate 
Notch (25,40). The expression of AKT1, which is negatively 
associated with PTEN expression, was positively associated 
with Notch1 expression in AKT1‑RNAi plasmid‑transfected 
cells. Additionally, the pEGFP-N1-AKT1 plasmid-transfected 
cells were in the opposite direction. In addition, the present 
study revealed that the downregulation of AKT1 expression 
in the HCC SMMC-7721 cell line by transfection with the 
AKT1-RNAi plasmid suppressed cell survival and prolifera-
tion, and promoted apoptosis.

Figure 5. (A) Western blotting analysis and (B) reverse transcription‑quantitative polymerase chain reaction assay of PTEN, Notch1, Bcl‑2, cyclin D1 expres-
sion in AKT1‑overexpressing, and knockdown cells compared with blank control. Notch1, Bcl‑2 and cyclin D1 expression are positively regulated by AKT1 
and PTEN is negatively regulated by AKT1. Results are presented as the mean ± standard error of the mean for three independent experiments. *P<0.05 vs. 
blank. PTEN, phosphatase and tensin homolog; Bcl-2, B-cell lymphoma 2; AKT1, RAC-α serine/threonine-protein kinase; RNAi, RNA interference.
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Previous studies revealed that the Notch1 and the 
PI3K/AKT signaling pathways interact in more complex 
signaling networks, centered on one of the principal down-
stream targets of Notch1 (41,42). PTEN protein is a tumor 
suppressor gene that is mutated in a large number of cancer 
types at high frequency (43-46). Notch1 negatively regulates 
PTEN at the transcriptional level (47). The Notch signaling 
pathway, a highly conserved pathway composed of Notch1-4 
receptors (48), is critical for a wide variety of cells and tissues 
through its regulation of growth, differentiation and apoptosis. 
Notch1 is a receptor that tends to be highly expressed in human 
HCC (40). In the present study, RT-qPCR and western blot 
analysis revealed that Notch1 acted as a tumor promoter by 
modulating the PI3K/AKT pathway in HCC, and that PTEN is 
a possible intermediary of this signaling. The downregulation 
of AKT1 by the AKT1-RNAi plasmid in SMMC-7721 cells 
increased PTEN expression and decreased the expression of 
Notch1. These results contributed to cell apoptosis, increasing 
the expression of Bcl‑2 and reducing the expression of cyclin 
D1, inducing G1 cell cycle arrest. AKT1 overexpression elic-
ited an opposite effect to AKT1 knockdown. PTEN expression 
appears to serve a notable function in restraining the prolifera-
tion of HCC in AKT1.

In conclusion, the results of the present study indicated that 
silencing AKT1 is highly effective in upregulating expression 
of the tumor‑suppressing gene PTEN and reducing expres-
sion of Notch1 expression, dampening tumor growth and 
inducing apoptosis. Targeting AKT1 suppresses HCC growth 
and provides a basis for designing novel therapeutic strategies 
for HCC.
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