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Abstract: The mammalian target of rapamycin (mTOR) has emerged as a critical effector in cell growth, proliferation, 
survival, angiogenesis, and autophagy through direct interaction with mTORC1 (mTOR complex 1) and mTORC2 
(mTOR complex 2). The mTOR axis is aberrantly activated in about 50% of human hepatocellular carcinoma (HCC) 
cases and thus has become an attractive target for drug development in this disease. Allosteric inhibitors of 
mTORC1, rapamycin and its derivatives have been used to study in patients with HCC but have not shown significant 
clinical utility, likely because of the lack of inhibition of mTORC2. In the present study, we describe that AZD2014, 
a small molecular ATP-competitive inhibitor of mTOR, was a highly potent inhibitor of mTORC1 and mTORC2 in hu-
man HCC cells, which led to a more thorough inhibition of mTORC1 than rapamycin, and the inhibition of mTORC2 
prevented the feedback activation of AKT signaling. Compared with rapamycin, AZD2014 resulted in more profound 
proliferation suppression, apoptosis, cell cycle arrest, and autophagy in HCC cells. Notably, we found blockage of 
both mTORC1 and mTORC2 by AZD2014 to be more efficacious than blockage of mTORC1 alone by rapamycin in in-
hibiting the migration, invasion and EMT progression of HCC cells. In conclusion, our current results highlight mech-
anistic differentiation between rapamycin and AZD2014 in targeting cancer cell proliferation, cell cycle, apoptosis, 
autophagy, migration, invasion and EMT progression, and provide support for further investigation of AZD2014 as 
an antitumor agent for the treatment of HCC in clinic.
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Introduction 

Hepatocellular carcinoma (HCC) is a common 
health problem, with the third most frequent 
cause of cancer-related death [1, 2]. Although 
liver transplantation, resection and local abla-
tion are potentially curative treatments, it is 
available for only a small fraction of patients 
with early-stage disease [2, 3]. For the majority 
of patients who are often diagnosed at an 
advanced stage, limited treatment options are 
available [2, 3]. It should be noted that, even if 
patients receive potentially curative therapies, 
the long-term prognosis of this disease remains 
dismal, due to a high rate of recurrence [2, 3]. 

The mammalian target of rapamycin (mTOR) is 
a conserved serine-threonine protein kinase 

that functions as a central controller of cell 
growth, proliferation, survival, angiogenesis, 
and autophagy [4, 5]. Depending on their bind-
ing partners and sensitivities to rapamycin, 
mTOR resides in at least two distinct complex-
es, termed mTOR complex 1 (mTORC1, contain-
ing Raptor, FKBP12, PRAS40 and mLST8) and 
mTOR complex 2 (mTORC2, containing Rictor, 
Sin1, Protor and mLST8) [6]. mTORC1 promotes 
cell growth and proliferation mainly through 
phosphorylating its two substrates, namely 
ribosomal protein S6 kinase (S6K) and eukary-
otic translation initiation factor eIF4E-binding 
protein 1 (4EBP1) [7]. mTORC2 also plays a key 
role in regulating the growth, proliferation and 
angiogenesis of cancer cells, due to its contri-
bution to the phosphorylation of AKT at Ser473 
residue, which is vital for the maximal activa-
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tion of AKT [8]. In addition, mTORC1 can nega-
tively regulate AKT activity by inhibiting mTORC2 
through a negative feedback loop [9-11]. As 
has been shown recently, the mTOR axis (PI3K/
AKT/mTOR) is frequently aberrantly activated in 
multiple tumors including human HCC, largely 
due to activation of upstream signaling or dys-
regulation in PTEN [12-14]. Therefore, targeting 
of PI3K/Akt/mTOR is being investigated as a 
promising therapy for cancer.

Most studies targeting the mTOR pathway in 
cancer therapy mainly focus on rapamycin and 
its derivatives, which are inhibitors of mTORC1 
but not of mTORC2 [15, 16]. Unfortunately, cur-
rent data indicate that rapamycin or its deriva-
tives show encouraging efficacy only in several 
types of cancer, such as renal cell carcinoma 
[12, 17]. Based on existing data, it appears that 
the efficacy of rapamycin or its derivatives 
monotherapy for HCC is highly limited [18, 19]. 
This may be due to the fact that rapamycin and 
its derivatives do not completely block mTORC1 
and lack effective inhibition of mTORC2 and 
result in feedback activation of AKT signaling 
that attenuate their antitumor activity [20-22]. 
In contrast to rapamycin and its derivatives, 
which inhibit only mTORC1, recently developed 
dual mTOR inhibitors are able to inhibit both 
mTORC1 and mTORC2 [23, 24]. Thus, it is rea-
sonable to hypothesize that dual mTOR inhibi-
tors would exert greater antitumor activity than 
rapamycin and its derivatives.

In this study, we investigated the biochemical 
activity of AZD2014, a novel small molecular 
ATP-competitive inhibitor of mTOR kinase, in 
blocking mTORC1 and mTORC2 signaling in 
human HCC cell lines. Our results suggest that 
AZD2014 had differential effects on both 
mTORC1 and mTORC2 activity compared with 
rapamycin. Rapamycin treatment partially 
blocked mTORC1 outputs and resulted in feed-
back activation of AKT in HCC cells, whereas 
AZD2014 fully inhibited mTORC1 and mTORC2 
activities, leading to a more complete inhibition 
of mTORC1 than rapamycin and prevention of 
the feedback activation of AKT. Then, we evalu-
ated the potential therapeutic value of 
AZD2014 by determining its effects on the pro-
liferation, apoptosis, cell cycle, autophagy, 
migration, invasion and EMT progression of 
HCC cells. Compared with rapamycin, AZD2014 
was found to be more efficacious in the induc-
tion of apoptosis, autophagy, and cell cycle 
arrest, resulting in a significant proliferation 

suppression of these cells. Moreover, AZD2014 
more effectively reversed EMT and inhibited 
migration and invasion than rapamycin in HCC 
cells. These promising results support potential 
clinical development of AZD2014 for the treat-
ment of HCC.

Materials and methods

Reagents and antibodies

AZD2014, rapamycin and 3-methyladenine 
(3-MA) were purchased from Selleckchem 
(Houston, TX). AZD2014 and rapamycin were 
dissolved in dimethyl sulfoxide (DMSO) and 
used at the indicated concentration. The final 
concentrations of DMSO in the culture medium 
did not exceed 1%. All antibodies were pur-
chased from Cell Signaling Technology (Beverly, 
MA), except mouse antibody specific to 
E-cadherin from BD PharMingen (San Diego, 
CA).

Cell lines

Human HCC cell lines HCCLM3, Huh-7, SMMC-
7721, HepG2 and the immortalized liver cell 
line HL-7702 were purchased from Cell Bank of 
Type Culture Collection of Chinese Academy of 
Sciences (Shanghai, China). HCCLM3, Huh-7, 
HepG2 and HL-7702 cells were maintained in 
DMEM (Invitrogen, Carlsbad, CA) supplemented 
with 10% FBS (Hyclone, Logan, UT). SMMC-
7721 cells were cultured in RPMI 1640 (GIBCO, 
Grand Island, NY) containing 10% FBS. All cell 
lines were incubated at 37°C in humidified 5% 
CO2.

Cell proliferation assay

The sensitivity of HCC cell lines to AZD2014 or 
rapamycin was determined by performing cell 
proliferation assay. Cells were seeded in 
96-well plates at 4,000 to 8,000 cells per well 
for 12 h, treated with DMSO or various concen-
trations of AZD2014 or rapamycin. Cell number 
was determined 72 hours later by a Cell 
Counting Kit-8 (Dojindo, Tokyo, Japan) following 
the kit assay protocol. The half maximal inhibi-
tory concentration (IC50) was generated for all 
cell lines and used in further experiments.

Apoptosis analysis

Cell apoptosis was quantitated using the 
Annexin V-FITC/PI Apoptosis Detection Kit 
(Sigma, MO, USA) as detailed in the manufac-
turer’s instructions. HCC cells were collected at 
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48 hours after incubation with or without 
AZD2014 or rapamycin. Cells were washed in 
cold PBS and incubated with Annexin V-FITC 
and propidium iodide (PI) in the dark, and then 
analyzed for apoptosis (acquired 10,000 cells/
test) by flow cytometer (BD Bioscience). 
Apoptosis was also assessed by the TUNEL 
technique, according to the manufacturer’s 
protocol (Roche Applied Science, Mannhelm, 
Germany). The images were obtained by a fluo-
rescent microscopy (Nikon, Tokyo, Japan) and 
accompanying NIS-Elements BR 3.1 software. 
Cells exhibiting green fluorescence were 
defined as TUNEL-positive apoptotic cells.

Cell cycle analysis 

For cell cycle analysis, cells were harvested at 
48 hours after the incubation with or without 
AZD2014 or rapamycin, washed with PBS and 
fixed overnight at 4°C in 70% ethanol. Cells 
were washed and stained with PI solution 
(Sigma, St Louis, MO) containing RNase in the 
dark, and analyzed for cell cycle distribution 
(acquired 10,000 cells/test) on flow cytometer 
(BD Biosciences) and Modfit LT Software (Verity 
Software House, Tosham, ME).

Transwell assay

After incubation with or without AZD2014 or 
rapamycin for 48 hours, cells were trypsinized 
and resuspended in serum-free medium, and 
50,000 cells were added to the top well (insert) 
of each migration chamber with 8 um pores 
(Corning). The top well was loaded with 200 μl 
of cell suspension with or without AZD2014 or 
rapamycin. The migration was induced by the 
presence of 20% FBS medium in the bottom 
chambers. After 48 hours, cells in upper cham-
bers were removed, and then inserts were fixed 
in 4% paraformaldehyde and stained with 0.5% 
crystal violet. The numbers of migrated cells 
were counted in three different fields with an 
inverted microscope (Nikon, Tokyo, Japan). For 
the invasion assay, all conditions were as 
described in the migration assays, except that 
50,000 cells were added to the matrigel-coat-
ed inserts.

Labeling of autophagic vacuoles with 
monodansylcadaverine

The autofluorescent dye monodansylcadaver-
ine (MDC) is commonly used to monitor autoph-
agy. Cells were cultured in the presence or 
absence of AZD2014 or rapamycin for 48 

hours, and then incubated with 0.05 mM MDC 
in PBS at 37°C for 10 minutes, and washed for 
four times with PBS. Cells were immediately 
observed under a confocal laser scanning 
microscope (FV10i-w, Olympus, Japan) and 
accompanying FV10i-ASW 3.0 software. In 
some experiments, HCC cells were pre-incubat-
ed for 3 hours with 10 mM 3-MA (autophagy 
inhibitor), before AZD2014 or rapamycin 
treatment.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde for 
20 minutes, permeabilized in 0.2% Triton X-100 
for 10 minutes, and blocked with 5% BSA for 1 
hour. Mouse anti-E-cadherin (BD PharMingen) 
and rabbit anti-Vimentin (Cell Signaling 
Technology) antibodies in 5% BSA were added 
for 18 hours at 4°C, and detected using anti-
mouse antibodies conjugated to Alexa Fluor 
488 and anti-rabbit antibodies conjugated to 
Alexa Fluor 555. Slides were mounted using 
ProLong® Gold antifade reagent with DAPI (Cell 
Signaling Technology). Images were acquired 
using a confocal laser scanning microscope 
(FV10i-w, Olympus, Japan) and accompanying 
FV10i-ASW 3.0 software.

Western blot analysis

Cells were lysed on ice with RIPA buffer contain-
ing protease and phosphatase inhibitors. Equal 
amounts of protein (30 or 40 μg) from each 
sample were separated by 10% or 12% SDS-
PAGE gel electrophoresis and transferred to 
polyvinylidene difluoride (PVDF) membranes 
(Millipore, Bedford, MA). Membranes were 
blocked in 5% BSA in TBST and incubated with 
respective primary antibodies overnight at 4°C, 
then followed by incubation with HRP-con- 
jugated secondary antibody for 1 h. The immu-
noblotted proteins were visualized by Gene- 
Gnome HR imaging system (Synoptics Ltd., UK).

Statistical analysis

SPSS version 13.0 software was used for sta-
tistical analysis. Comparisons among multiple 
groups were determined using one-way ANOVA, 
followed by LSD-t (for equal variances assumed) 
or Dunnett’s T3 (for equal variances not 
assumed) test to compare individual group dif-
ferences. The data from cell proliferation assay 
were analyzed using GraphPad Prism version 
5.0. Values of P < 0.05 were considered 
significant.
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Results

The activation status of mTORC1 and mTORC2 
in HCC cell lines

We first examined the activation status of mTOR 
pathway in human HCC cell lines, HCCLM3, 
Huh-7, SMMC-7721, and HepG2 cells (Figure 

1A). HL-7702 cell line served as a normal con-
trol. mTORC1 activity was reflected by p-S6K 
and p-4EBP1, while mTORC2 activation was 
indicated by phosphorylation of AKT at Ser473. 
As shown in Figure 1A, the expression of p-S6K 
Thr389 and p-4EBP1 Thr37/46 was higher in the 
four HCC cell lines than that in HL-7702 cell 
line, indicating that aberrant activation of 

Figure 1. The activities of mTORC1 and mTORC2 
and effects of AZD2014 and rapamycin on 
mTORC1 and mTORC2 signaling in HCC cells. A: 
Immunoblot analysis for mTORC1 and mTORC2 
activity in HL-7702, HCCLM3, Huh-7, SMMC-
7721, and HepG2 cells. mTORC1 activity was 
reflected by p-S6K Thr389 and p-4EBP1 Thr37/46, 
and mTORC2 activity was indicated by p-AKT 
Ser473. B: Biochemical activity of AZD2014 and 
rapamycin in blocking mTORC1 and mTORC2 
signaling. HCC cells were treated with DMSO 
or increasing concentrations of AZD2014 or ra-
pamycin for 1 hour before lysis and immunob-
lotting.
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Figure 2. AZD2014 inhibits proliferation of HCC cells. A: Cell number determined by Cell Counting Kit-8 (CCK-8) in 
HCC cells exposed to DMSO (control) or increasing concentrations of AZD2014 or rapamycin for 72 hours. Columns, 
mean of quadruplicates of an experiment; bars, SD. B: The IC50 was generated by GraphPad Prism version 5.0 from 
CCK-8 assay.
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mTORC1 signaling exists in all HCC cell lines we 
tested. In contrast, we found that only SMMC-
7721 cells showed an increased level of p-AKT 
Ser473 compared with HL-7702 cells (Figure 1A). 

AZD2014 fully inhibits mTORC1 and mTORC2 
signaling and prevents feedback activation of 
AKT

The biochemical activity of AZD2014 in block-
ing mTORC1 and mTORC2 signaling was investi-
gated in HCCLM3, Huh-7, SMMC-7721, and 
HepG2 cells. Phosphorylation of AKT was mea-
sured at Ser473 (mTORC2 substrate), phosphory-
lation of S6K was measured at Thr389 (mTORC1 
substrate) and phosphorylation of 4EBP1 was 
measured at Thr37/46 (mTORC1 substrate). 
Concentration-dependent experiments (from 
10 to 1,000 nM) showed that AZD2014 effec-
tively inhibited p-S6K Thr389 and p-4EBP1 
Thr37/46 in a concentration-dependent manner 
(Figure 1B). Rapamycin, in contrast, potently 
inhibited p-S6K Thr389 but did not result in the 
inhibition of 4EBP1 phosphorylation at Thr37/46 
even at a high dose of 1,000 nM (Figure 1B), 
suggesting that the Thr37/46 phosphorylation 
sites on 4EBP1 is resistant to rapamycin in HCC 
cells. As shown in Figure 1B, the direct mTORC2 
substrate p-AKT Ser473 was markedly inhibited 
by AZD2014 in a concentration dependent 
manner. In contrast, rapamycin treatment 
resulted in a significant increase in p-AKT Ser473 
(Figure 1B), suggesting that rapamycin treat-
ment induced feedback activation of AKT sig-
naling in HCC cells. These results indicate that 
AZD2014 is a potent inhibitor of mTORC1 and 
mTORC2 in human HCC cells, which leads to a 
more complete blockade of mTORC1 than 
rapamycin, and the inhibition of mTORC2 pre-
vents the feedback activation of AKT signaling.

AZD2014 inhibits proliferation of HCC cells in 
vitro 

To determine the effect of AZD2014 on cell pro-
liferation, we treated HCC cell lines with 
AZD2014 for 72 hours at concentrations rang-
ing from 10 nM to 20 mM. Rapamycin was used 
as a control. As shown in Figure 2A, AZD2014 
exhibited a more profound antiproliferative 
activity than rapamycin in a dose-dependent 
manner in the four HCC cell lines tested here. 
HCCLM3, Huh-7, and HepG2 cells were found to 
be sensitive to AZD2014 at IC50 101.6, 441.6, 
and 600 nM, respectively (Figure 2B). Rapa- 

mycin, however, in general elicited a flat, mod-
est suppression of cell proliferation (Figure 2A) 
and had a much higher IC50 than AZD2014 
(Figure 2B). Interestingly, we found that SMMC-
7721 cells were resistant to rapamycin, as 
shown by no significant decrease in cell prolif-
eration even at a high concentration of 20 μM 
(Figure 2A), but were highly sensitive to 
AZD2014 at IC50 141 nM (Figure 2B). Taken 
together, we decided to treat HCCLM3, Huh-7, 
SMMC-7721, and HepG2 cells with AZD2014 
at concentrations of 100, 440, 140 and 600 
nM, respectively, for subsequent experiments, 
and an equal dose of rapamycin was used as a 
control.

AZD2014 induces selective apoptosis in HCC 
cells

Results in Figure 2A confirmed the cytotoxic 
effect of AZD2014 in HCC cells. Then, we exam-
ined whether the cytotoxicity is related to cell 
apoptosis. The Annexin V-FITC/PI FACS assay 
was conducted as described in Materials and 
Methods. In HCCLM3 and Huh-7 cells, both 
drugs induced an increase in apoptotic cells 
from 1.6% (control) to 19.0% and 49.0%, and 
7.9% (control) to 29.0% and 43.2% with rapamy-
cin and AZD2014, respectively (Figure 3A and 
3B). Strangely enough, both rapamycin and 
AZD2014 did not have significant effect on 
apoptosis in SMMC-7721 and HepG2 cells 
(Figure 3A and 3B). Similar results were 
obtained by TUNEL assay (Figure 3C). Western 
blot analysis detected increased bax, and 
cleavage of poly ADP-ribose polymerase (PARP) 
and caspase-3 in HCCLM3 and Huh-7 cells 
treated with AZD2014 and rapamycin, but not 
in SMMC-7721 and HepG2 cells (Figure 3D), 
which was consistent with the results of 
Annexin V/PI staining and TUNEL assay. Coll- 
ectively, these results indicate that AZD2014 
induces apoptosis in subsets of HCC cells with 
a greater potency than that of rapamycin.

AZD2014 leads to cell cycle arrest in HCC cells

Because it has been shown that mTOR signal-
ing pathway plays a pivotal role in the coordina-
tion of cell growth and the cell cycle [25], we 
investigated the effects of rapamycin and 
AZD2014 on cell cycle in HCC cells. Flow cyto-
metric analysis of rapamycin or AZD2014-
treated HCC cells indicated that AZD2014 led 
to a more profound increase in G1-phase cells 
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than rapamycin in the four HCC cell lines tested 
(Figure 4A and 4B), suggesting that AZD2014 
caused a strong G1 arrest in HCC cells. We also 
observed reduced Cyclin D1, CDK4 levels in 
AZD2014-treated HCC cells (Figure 4C), which 
is consistent with its ability to induce G1 arrest. 
Notably, although rapamycin were able to 
induce a modest G1 arrest in HCCLM3 and 

Huh-7 cells, it had a minor effect on the cell 
cycle profile of SMMC-7721 and HepG2 cells, 
as shown by that rapamycin treatment induced 
only a little increase in G1-phase cells from 
61.0% to 64.7% and 56.7% to 60.5% when 
comparing the control group in SMMC-7721 
and HepG2 cells, respectively (Figure 4A and 
4B). 

Figure 3. Apoptosis detection in HCC cells treated with AZD2014. A: Apoptosis was determined by Annexin V-FITC/
PI staining on a flow cytometer. HCCLM3, Huh-7, SMMC-7721, and HepG2 cells were treated with AZD2014 or 
rapamycin at concentrations of 100, 440, 140 and 600 nM, respectively, for 48 hours. Then, cell apoptosis was 
determined on a flow cytometer. Cells in the control group were treated with DMSO. B: Quantification of the percent-
age of early and late apoptotic cells. Columns, mean of three independent experiments; bars, SD. *P < 0.05, **P < 
0.01, ***P < 0.001, NS = not significant. C: TUNEL staining. HCC cells were treated as described above and labeled 
with Br-dUTP, and stained with an anti-Br-dUTP antibody for a TUNEL analysis. bar, 200 μm. D: Immunoblot analysis 
for PARP, caspase-3 and bax in HCC cells treated as described above.
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AZD2014 induces autophagy in HCC cells

It has been reported that inhibition of mTOR 
signaling is implicated in the induction of 
autophagy [26-28]. Hence, we evaluated 
whether AZD2014 would affect this process. 
Rapamycin was used as a positive control. After 
exposing HCC cells to AZD2014 for 48 hours, 
autophagic vacuoles were detected by mono- 

dansylcadaverine (MDC) staining. As shown in 
Figure 5A, AZD2014-treated HCC cells showed 
an increase in the number of MDC-labeled vac-
uoles as well as in their size. MDC staining 
could not be considered to be an indicator of 
autophagy until when the increased labeling of 
cellular compartments by this dye is prevented 
by treatment with autophagy inhibitors such as 
3-MA. As expected, the formation of MDC-

Figure 4. AZD2014 decreases cell cycle progression in HCC cells. A: HCCLM3, Huh-7, SMMC-7721, and HepG2 
cells were treated with AZD2014 or rapamycin at concentrations of 100, 440, 140 and 600 nM, respectively, for 
48 hours. Then, cell cycle profile was determined on a flow cytometer. Cells in the control group were treated with 
DMSO. B: Quantification of the percentage of cells in each cell cycle phase. Columns, mean of three independent 
experiments; bars, SD. *P < 0.05, **P < 0.01, ***P < 0.001, NS = not significant. C: Immunoblot analysis for Cyclin 
D1 and CDK4 in HCC cells treated as described above.
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Figure 5. AZD2014 induces autophagy in HCC cells. (A) MDC-labeled vacuoles were induced by AZD2014 and inhib-
ited by autophagy inhibitor (3-MA). HCCLM3, Huh-7, SMMC-7721, and HepG2 cells were treated with AZD2014 or 
rapamycin at concentrations of 100, 440, 140 and 600 nM, respectively, for 48 hours in the presence or absence 
of 3-MA, and then stained with MDC. Cells were immediately observed under a confocal microscope. Cells in the 
control group were treated with DMSO. bars, 20 μm. (B) Expression of LC3B (LC3B-I and LC3B-II) and Beclin-1 de-
termined by immunoblot analysis in HCC cells treated as described above. ImageJ densitometric analysis was used 
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for the measurement of LC3B-II/Actin (C), and Beclin-1/Actin (D) ratios from immunoblots. Each column was from 
the mean of at least three independent experiments; bars, SD. *P < 0.05, **P < 0.01, ***P < 0.001, NS = not 
significant.

Figure 6. AZD2014 inhibit migration, invasion and EMT of HCC cells. A: Transwell migration assay carried out with 
HCC cells. HCCLM3, Huh-7, SMMC-7721, and HepG2 cells were treated with AZD2014 or rapamycin at concentra-
tions of 100, 440, 140 and 600 nM, respectively. Cells in the control group were treated with DMSO. bars, 200 μm. 
B: Quantification of migrated cells. The number of migrated cells was counted in three different fields. Columns, 
mean of cell number in three different fields; bar, SD. *P < 0.05, **P < 0.01. C: Transwell invasion assay was con-
ducted with HCC cells treated as described above. bars, 200 μm. D: Quantification of invasived cells. The number 
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labeled vacuoles induced by AZD2014 was 
inhibited by 3-MA (Figure 5A), indicating that 
AZD2014 indeed induced the formation of 
autophagy. LC3B is the most widely monitored 
autophagy-related proteins. Thus, we detected 
the conversion of LC3B-I to LC3B-II by western 
blot. Consistent with the results of MDC stain-
ing, AZD2014 treatment resulted in an increase 
in the levels of LC3B-II, and this increase was 
more pronounced than rapamycin (Figure 5B 
and 5C). Beclin-1 is one of the critical proteins 
for the initiation of autophagy, and many 
researchers use it as a way to monitor autoph-
agy [29]. We examined the amount of Beclin-1 
by western blot. As shown in Figure 5B and 5D, 
AZD2014 treatment led to a significant upregu-
lation of Beclin-1, suggesting that AZD2014 
promotes initiation of autophagy. It should be 
noted that rapamycin increased the number 
and size of MDC-labeled vacuoles in HCCLM3 
and Huh-7 cells, but not in HepG2 and SMMC-
7721 cells (Figure 5A), and the result was con-
firmed by the expression of LC3B-II and Beclin-1 
(Figure 5B-D). These results indicate that inhi-
bition of mTORC1 by rapamycin induces autoph-
agy in subsets of HCC cells, whereas blockade 
of mTORC1 and mTORC2 by AZD2014 induces 
a more profound autophagy in all of the four 
HCC cell lines tested here.

AZD2014 inhibits migration, invasion and EMT 
progression in HCC cells 

It was shown recently that inhibition of mTORC1 
or mTORC2 by RNA interference significantly 
decrease the motility, EMT, and metastasis of 
colorectal cancer cells [30]. Therefore, we stud-
ied whether AZD2014 could attenuate the 
migration, invasion and EMT progression in 
HCC cells. The ability of migration was assessed 
by Transwell assay. Treatment with AZD2014 
significantly decreased the migration of 
HCCLM3, Huh-7, SMMC-7721, and HepG2 cells 
(Figure 6A and 6B). Then, we evaluated the 
effect of AZD2014 on invasion using Matrigel-
coated Transwell chambers. As shown in Figure 
6C and 6D, AZD2014 potently decreased the 
invasion of HCCLM3, Huh-7, SMMC-7721, and 

HepG2 cells. During EMT, cells downregulate 
the expression of epithelial markers such as 
E-cadherin, and upregulate the expression of 
mesenchymal markers such as N-cadherin and 
Vimentin [31]. Because inhibition of mTOR sig-
naling by AZD2014 decreased the migration 
and invasion of HCC cells, we tried to confirm 
whether AZD4014 could inhibit EMT by examin-
ing the expression of E-cadherin, N-cadherin 
and Vimentin. As shown in Figure 6E, AZD2014-
treated HCC cells increased the expression of 
E-cadherin, whereas decreased Vimentin and 
N-cadherin levels. Immunofluorescence micros-
copy confirmed increased levels of E-cadherin 
and decreased levels of Vimentin in AZD2014-
treated Huh-7 and SMMC-7721 cells compared 
with control cells (Figure 6F). EMT is also 
accompanied by the upregulation of Snail, a 
transcription factor that is implicated in tran-
scriptional repression of E-cadherin [31]. In 
contrast to the increase in E-cadherin, the 
expression of Snail was decreased by AZD2014 
treatment (Figure 6G). EMT further correlates 
with the increased expression of matrix metal-
loproteases (MMP), such as MMP2, thus 
enhancing extracellular matrix proteins degra-
dation and facilitating invasion [31]. Because 
AZD2014 can inhibit the invasion of HCC cells, 
we determined whether AZD2014 could 
decrease MMP2 production. As shown in Figure 
6G, the expression of MMP2 was significantly 
decreased by AZD2014. Similar but modest 
results were obtained when HCC cells were 
treated with rapamycin (Figure 6A-G).

Discussion

Evidence of mammalian target of rapamycin 
(mTOR) activation has been demonstrated in 
many cancers and thus mTOR has become an 
attractive target for cancer therapy. However, 
clinical results with conventional mTOR inhibi-
tors, rapamycin and its derivatives, are frustrat-
ing in most types of cancer treatment. This may 
be due to the facts, including the incomplete 
blockage of mTORC1, ineffective inhibition of 
mTORC2, and feedback activation of AKT. 
Consequently, intense efforts are exerted to 

of invasived cells was counted in three different fields. Columns, mean of cell number in three different fields; bars, 
SD. *P < 0.05, **P < 0.01. E: Immunoblot analysis for EMT markers in HCCLM3, Huh-7, SMMC-7721, and HepG2 
cells. HCC cells were treated with AZD2014 or rapamycin at concentrations of 100, 440, 140 and 600 nM, respec-
tively, for 48 hours before lysis and immunoblotting. Cells in the control group were treated with DMSO. F: Immu-
nofluorescence staining in Huh-7 and SMMC-7721 cells treated as described above. bars, 30 μm. G: Immunoblot 
analysis for Snail and MMP2 in HCC cells treated as described above.
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develop novel mTOR inhibitors that could inhibit 
both mTORC1 and mTORC2. In the present 
study, it is demonstrated that AZD2014, a novel 
small molecular ATP-competitive mTOR kinase 
inhibitor, was a highly potent inhibitor of 
mTORC1 and mTORC2 in human HCC cells, 
which led to a more complete inhibition of 
mTORC1 than rapamycin, and the inhibition of 
mTORC2 prevented the feedback activation of 
AKT signaling. In addition, the induction of 
apoptosis, autophagy, and cell cycle arrest by 
AZD2014 were more pronounced as compared 
with rapamycin, resulting in a more profound 
growth suppressive effect in HCC cells. What is 
more, AZD2014 treatment effectively inhibited 
the migration, invasion and EMT progression of 
HCC cells. 

AZD2014 has differential effects on both 
mTORC1 and mTORC2 activity compared with 
that of rapamycin. Activated mTORC1 phos-
phorylates S6K and 4EBP1, two best-charac-
terized substrates of mTORC1, to positively 
regulate protein synthesis driving cell growth 
and proliferation [7]. Therefore, p-S6K and 
p-4EBP1 are commonly used in research as a 
biomarker of mTORC1 activity. Consistent with 
recent studies [32], although rapamycin treat-
ment resulted in a great dephosphorylation of 
S6K at Thr389, significant phosphorylation of 
4EBP1 at Thr37/46 were still observed, suggest-
ing that rapamycin cannot completely block all 
mTORC1 outputs in HCC cells. In contrast to 
rapamycin, AZD2014 induced a much greater 
dephosphorylation of both S6K at Thr389 and 
4EBP1 at Thr37/46. Recent studies used knock-
down of Rictor (a component of mTORC2) and 
Raptor (a component of mTORC1) to show that 
phosphorylation of 4EBP1 at Thr37/46 site is 
independent of mTORC2 but dependent on 
mTORC1 [21, 33]. These results suggest that 
AZD2014 inhibits mTORC1 activity more com-
pletely than rapamycin in HCC cells. 

mTORC2 has been considered to function 
mainly through activating AKT by phosphorylat-
ing it at Ser473, which is important for its maxi-
mal activation [8]. Therefore, the level of p-AKT 
Ser473 is widely used for measurement of 
mTORC2 activity. Recent studies suggest that 
the limited clinical efficacy of rapamycin may be 
largely due to the release of the S6K negative 
feedback loop and lack of direct inhibition of 
mTORC2 and, therefore, resulting in an increase 
in AKT activity [20-22]. Consistent with previ-

ous studies [34], an increase in p-AKT Ser473 
was induced when HCC cells were treated with 
rapamycin, indicating that mTORC2 is insensi-
tive to rapamycin and rapamycin treatment 
indeed results in feedback activation of AKT in 
HCC cells. In sharp contrast, AZD2014 treat-
ment significantly decreased the phosphoryla-
tion of AKT at Ser473 in a concentration depen-
dent manner in HCC cells, indicating that 
AZD2014 is effective in attenuating mTORC2 
function and preventing the feedback activa-
tion of AKT. Our finding is in line with genetic 
knockout of Sin1 or Rictor (two components of 
mTORC2), where phosphorylation of Ser473 is 
inhibited [35, 36]. These results indicate that 
AZD2014 is a highly potent inhibitor of mTORC1 
and mTORC2 in human HCC cells.

AZD2014 shows a more antiproliferative poten-
cy than rapamycin in human HCC cell lines. The 
mTOR signaling integrates intracellular and 
extracellular cues to regulate many processes 
that are involved in cell growth and prolifera-
tion, such as protein synthesis, cell cycle, apop-
tosis or autophagy [7]. It was previously sug-
gested that strong G1-phase cell cycle arrest 
induced by mTOR kinase inhibitors, WYE-
125132 and AZD8055, is attributed to the dual 
targeting of mTORC1 and mTORC2 [37, 38]. Our 
finding is that although rapamycin induced a 
modest G1 arrest in HCCLM3 and Huh-7 cells, 
it had only a minor effect on the cell cycle pro-
file of SMMC-7721 and HepG2 cells. However, a 
substantial G1 arrest can be induced by 
AZD2014 in HCCLM3, Huh-7, SMMC-7721, and 
HepG2 cells, indicating that mTORC2 and/or 
rapamycin-insensitive function of mTORC1 may 
play a pivotal role in controlling G1/S-phase 
progression. Furthermore, AZD2014 induced 
more pronounced apoptotic cells in HCCLM3 
and Huh-7 cells than rapamycin. Therefore, 
rapamycin induced a partial proliferation inhibi-
tion, whereas AZD2014 induced a profound 
proliferation inhibition in the four HCC cell lines 
we tested. 

Another important function of mTOR signaling 
is the inhibition of autophagy [39]. Indeed, 
mTOR signaling is critical for autophagy induc-
tion through the phosphorylation of autophagy-
related proteins [40]. In our study, however, 
inhibition of mTOR signaling by rapamycin could 
not induce autophagy in HepG2 and SMMC-
7721 cells. Conversely, treatment with 
AZD2014 induced autophagy in all HCC cell 
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lines tested here, including HepG2 and SMMC-
7721 cells. Because the exact role of autopha-
gy in cancer therapy is still under debate, fur-
ther investigation is required to determine the 
effect of autophagy in AZD2014-treated tumor 
cells. 

In the present study, the resistance of SMMC-
7721 cells to rapamycin could not be explained 
by a failure of inhibition of mTORC1 activity, 
because rapamycin equally inhibited p-S6K 
Thr389 in SMMC-7721 cells as well as in 
HCCLM3, Huh-7 and HepG2 cells. The detailed 
mechanisms involved in the resistance of 
SMMC-7721 cells to rapamycin need further 
exploration. Collectively, these data not only 
emphasize the importance of rapamycin-sensi-
tive function of mTORC1 in cell proliferation, 
cell cycle progression, survival and autophagy, 
but also suggest that mTORC2 and/or rapamy-
cin-insensitive function of m TORC1 are equally, 
and perhaps more important in these pro- 
cesses. 

Recently, mounting evidence stresses the 
importance of mTORC1 and mTORC2 in regula-
tion of cancer cell motility, EMT and metasta-
sis. We demonstrated here that AZD2014 sig-
nificantly decreased the migration and invasion 
of HCC cells, whereas rapamycin did not have 
the same activity, suggesting that both mTORC1 
and mTORC2 participate in regulating the 
migration and invasion of HCC cells. Our find-
ings are consistent with several studies show-
ing disruption of mTORC1 or mTORC2 by RNA 
interference decreased cell migration and inva-
sion in various types of cancers [30, 41-43]. A 
very recent study has shown that inhibition of 
mTORC1 or mTORC2 decreases cell motility 
associated with preventing the rearrangement 
of actin cytoskeleton and the formation of 
lamellipodia [30]. In addition, increased cell 
invasion is controlled by the expression and 
activity of MMP [44]. Our findings suggest that 
AZD2014 was more effective in decreasing the 
production of MMP2 than rapamycin in HCC 
cells. It has been well established that TGF-β 
signaling plays a predominant role in promoting 
EMT in vitro and in vivo [31, 45]. In cells under-
going EMT, TGF-β activates mTORC1 and 
mTORC2 through PI3K, leading to increases in 
protein synthesis, migration, invasion and the 
transition from an epithelial to a mesenchymal 
phenotype [43, 46]. In the present study, inhibi-
tion of both mTORC1 and mTORC2 by AZD2014 

was found to be more efficacious than inhibi-
tion of mTORC1 by rapamycin in reversal of 
mesenchymal phenotype to epithelial pheno-
type, as demonstrated by that AZD2014 treat-
ment resulted in more profound increase in 
E-cadherin and decrease in Vimentin and 
N-cadherin than rapamycin. 

In summary, we demonstrated that AZD2014 
was a highly potent inhibitor of mTORC1 and 
mTORC2 in human HCC cells, leading to a more 
complete inhibition of mTORC1 than rapamycin, 
and the inhibition of mTORC2 prevents the 
feedback activation of AKT signaling. AZD2014 
induced more profound proliferation inhibition, 
apoptosis, cell cycle arrest and autophagy than 
rapamycin in HCC cells. Importantly, we found 
AZD2014 to be more efficacious than rapamy-
cin in inhibiting the migration, invasion and 
EMT progression of HCC cells. Our current 
results forcibly support the investigation of 
AZD2014 as an antitumor agent in HCC.
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