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Abstract: Desensitization of hepatocellular carcinoma (HCC) to paclitaxel chemotherapy is a major deterrent to 
successful treatment of the cancer. Abnormal activation of the PI3K/Akt/mTOR, pathway is a common outcome of 
chemotherapy for HCC. Therefore, we investigated whether BEZ235, a dual PI3K and mTOR inhibitor, could increase 
the sensitivity of HCC to paclitaxel. In vitro results showed that paclitaxel, combined with BEZ235, inhibited HCC cell 
proliferation and migration, arrested the cell cycle in the G2/M phase, and promoted cell apoptosis by decreasing 
PI3K/Akt/mTOR activity. In vivo experiments confirmed that BEZ235 enhances the anti-tumor effect of paclitaxel by 
reducing PI3K/Akt/mTOR activity. Immunohistochemical staining showed that paclitaxel combined with BEZ235 re-
duced the numbers of Ki-67- and GPC3-positive HepG2 cells in tumor tissues. We conclude that BEZ235 enhanced 
the sensitivity of HCC to paclitaxel, and inhibition of PI3K/Akt/mTOR signaling might be a therapeutic strategy 
against paclitaxel-resistant HCC.
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Introduction 

Hepatocellular carcinoma (HCC) is the most 
common primary malignant liver cancer [1, 2], 
with nearly 600,000 new cases diagnosed wo- 
rldwide each year [3]. In 2018, the global mor-
tality rate was about 8.2%, ranking it fourth 
among all types of cancer mortality [4]. The 
treatment of HCC is still a global health chal-
lenge [5]. 

Paclitaxel is a commonly used chemotherapy 
drug for the treatment of HCC. It promotes 
polymerization of cell microtubules, inhibits 
microtubule depolymerization, and leads to 
apoptosis of HCC cells [6, 7]. However, HCC is 
usually desensitized to paclitaxel after succes-
sive treatment, which limits its clinical effec-
tiveness. Paclitaxel often causes abnormal 
activation of the intracellular phosphoinositide-
3-kinase/threonine-protein kinase/mammali-

an rapamycin (PI3K/Akt/mTOR) pathway [8-10]. 
Abnormal activation of Akt and mTOR can 
reduce the effectiveness of anti-tumor drugs 
through promoting cellular proliferation, cell-
cycle progression, and anti-apoptosis [11-13]. 
Activated Akt (phosphorylated Akt, p-Akt) regu-
lates cell function by phosphorylating down-
stream factors, such as enzymes, kinases, and 
transcription factors, and it inhibits the expres-
sion of mitochondrial pro-apoptotic-related pro-
teins and prevents initiation of the pro-apoptot-
ic caspase pathway, thus promoting cell surviv-
al [14, 15]. mTOR, a mammalian target of ra- 
pamycin and an important serine-threonine 
protein kinase downstream of PI3K/Akt, phos-
phorylates the eukaryotic promoter 4E binding 
protein 1 (eIF4EBP1) and ribosomal S6 protein 
kinase (S6K) to promote protein synthesis and 
survival [16, 17]. Consequently, the PI3K/Akt/
mTOR signaling pathway is an important target 
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in anti-tumor therapy, especially in the treat-
ment of HCC. Dactolisib (BEZ235), a dual ATP-
competitive PI3K and mTOR inhibitor, blocks 
PI3K and mTOR kinase activity, primarily th- 
rough the ATP-binding groove that binds to 
these enzymes, an action that reduces the 
phosphorylation level of mTOR and mTOR down-
stream S6K and eIf4EBP1, thus inhibiting the 
activation of p110α/β/γ and p85 subunits of 
PI3K [18, 19]. 

In this study, we investigated the effect of 
BEZ235 on paclitaxel to HCC. BEZ235 en- 
hanced the chemotherapeutic effect of pacli-
taxel on HCC cells in vitro and in vivo. Thus, we 
believe that paclitaxel, combined with BEZ235, 
may be beneficial in HCC treatment and is the 
basis for further development of targeted ther-
apeutic strategies for HCC.

Materials and methods

Cell lines and cell culture

HepG2 cells were cultured in RPMI-1640 (Hy- 
clone; Salt Lake City UT, USA), supplemented 
with 10% fetal bovine serum (Biological 
Industries, Kibbutz Beit Haemek, Israel) and 
1% penicillin-streptomycin (Invitrogen Corpo- 
ration, CA, USA) and incubated at 37°C in a 
humidified atmosphere with 5% CO2.

Reagents and antibodies

Paclitaxel, 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetrae- 
thyl-benzimidazolyl carbocyanine iodide (JC-1), 
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide (MTT) and Annexin V-FITC/
PI Kit were purchased from Sigma-Aldrich (St. 
Louis, MO, USA); BEZ235 was obtained from 
MedChem Express, Dactolisib, USA; PI3K An- 
tibody Kit (9655#), p-Akt Antibody Kit (9916#), 
mTOR Antibody Kit (9964#), Bcl-2 Family 
Antibody Kit (9942#), Apoptosis Antibody Kit 
(9915#) and secondary goat anti-rabbit and 
anti-mouse antibodies were purchased from 
Cell Signal Technology (Danvers, MA, USA); 
Cyclin B1 and Cyclin-dependent-kinase (CDK1) 
were purchased from Abcam Biological Te- 
chnology (USA); and Phospho Explorer Antibody 
chip CSP100 was obtained from Full Moon 
BioSystems Inc. (Sunnyvale, CA, USA). Human 
HepG2 cell line was bought from the American 
Type Culture Collection (Manassas, VA, USA). 

Phospho-protein microarray analysis

Protein from cell lysates was biotinylated with 
Antibody Array Assay Kit (Shanghai Biochip Co., 
Ltd., Shanghai, China). The antibody microarray 
slides were first blocked with blocking solution 
for 30 min. The slides were then incubated with 
the biotinylated cell lysate in the coupling solu-
tion for 2 h, and bound biotinylated proteins 
were detected with Cy3-conjugated streptavi-
din. There are two replicates per molecule, and 
positive and negative controls were estab-
lished. The slides were scanned on a GenePix 
4000 scanner, and the images were analyzed 
with GenePix Pro 6.0 (Molecular Devices, 
Sunnyvale, CA).

MTT assay

HepG2 cell (4×103 cells/well) was plated over-
night in 96-well plates. Cells of each treatment 
group were treated for 12 h, 24 h or 48 h. 
Twenty microliters of MTT (5 mg/ml) were 
added to each well and incubated for 4 h at 
37°C. One hundred microliters of dimethyl sulf-
oxide were added and shaken for 10 min to 
completely dissolve the reaction product forma-
zan. The optical density at wavelength 492 nm 
was measured with a microplate reader, and 
the cell proliferation inhibition rate was calcu-
lated with Graphpad Prism Version 5.0 
software. 

Cell scratch healing test

HepG2 cell (5×105 cells/well) was plated over-
night in 6-well plates. The sterile 10-μL tip to 
create a cell-free zone on the monolayer cell, 
continuous cultured in serum-free medium. The 
treatment groups were photographed at 0 h, 24 
h and 48 h to record scratch-healing. Cell-
migration ability of the treatment groups was 
evaluated according to the scratch-healing size.

Transwell assay

HepG2 cell (5×104 cells/well) was inoculated 
with 200 µl cell suspension (FBS-free medium) 
in transwell chambers (24-well plates); 500 µl 
of 10% fetal bovine serum medium were added 
to the lower chamber, cultured for 24 h, taken 
out the transwell chamber, fixed with 4% para-
formaldehyde for 20 min, and stained with 
0.1% crystal violet for 5 min. Cells in 5 random-
ly chosen fields of each group were counted for 
determining cell migration.  
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Colony formation assay

HepG2 cell (1×103 cells/well) was plated over-
night in 6-well plates, and the cells of each 
treatment group were cultured for 2-3 weeks 
until clones were clearly visible and counted. 
The culture solution was discarded, the cells 
were fixed in 4% paraformaldehyde for 20 min 
and stained with 0.1% crystal violet for 5 min. 
Cell cloning ability was expressed as the per-
centage of the number of clones formed in the 
experimental group relative to the control 
group.

Cell cycle assay

HepG2 cell (1×105 cells/well) was plated over-
night in 6-well plates. Cells were digested and 
harvested after being treated with drugs for 24 
h. The cells were fixed with ethanol and treated 
with 50 μg/ml propidium iodide (PI) and 100 
μg/ml RNase A in the dark for 30 min at room 
temperature followed by flow cytometry analy-
sis (BD FACSCalibur, USA). Cell cycles were ana-
lyzed with ModiFit version 3.0 software (Verity 
Software House, Topsham, ME).

Mitochondrial membrane potential (ΔΨm) 
measurement

JC-1, which is a cationic dye that exhibits poten-
tial-dependent accumulation in mitochondria, 
indicated by a fluorescence emission shift from 
red (~590 nm) to green (~525 nm), can be used 
as a dual-emission potential-sensitive probe 
for measuring ΔΨm. HepG2 cells were cultured 
in 24-well plates overnight, treated with drugs 
for 24 h, counterstained with DAPI and JC-1, 
and examined with fluorescence microscope; 
HepG2 cells treated with drug were stained 
with 10 µg/ml JC-1 for 30 min at room tempera-
ture and analyzed with flow cytometry for 
changes in ΔΨm.

Apoptosis test

Cells (1×103 cells/well) were incubated over-
night in 6-well plates containing cell slides. 
Each group of cells was treated with drug for 24 
h. The cells were stained with Annexin-V FITC/PI 
in the dark for 15 min at room temperature, 
and apoptosis rate was analyzed with a fluores-
cence microscope. 

Western blot (WB)

A mixture of protease and phosphatase inhibi-
tor (Biyuntian Biotechnology Co., Ltd., Shanghai, 

China) was added in Radio Immunoprecipitation 
Assay lysis buffer (Biyuntian Biotechnology Co., 
Ltd., Shanghai, China) to lyse cells. The BCA 
protein assay kit (Biosharp, Hefei, China) was 
used for measuring protein concentration. 
Various concentrations of SDS-polyacrylamide 
gel were used to separate each sample con-
taining approximately 20 μg of protein, and the 
soluble lysate was transferred to a polyvinyli-
dene fluoride membrane (Millipore Sigma, 
USA). After blocking with 5% skim milk, primary 
antibody was incubated overnight at 4°C, and 
secondary antibody was applied for 1 h at room 
temperature. Color was developed with an ECL 
luminescent solution (Thermo Fisher Scientific 
Waltham, MA, USA). Protein was detected with 
a gel imager Bio-Rad (Hercules, CA, USA) and 
quantified with Image J Version 1.48 software 
(NIH, Bethesda, MD). Results were expressed 
as a percentage of each target molecule com-
pared to that of the control group. The protein 
content of β-actin was used as a loading 
control. 

Animal experiments

All animal experiments were approved by the 
Animal Experimental Ethics Committee of Anhui 
University of Science and Technology and were 
carried out in accordance with appropriate pro-
cedures. Animal experiments were carried out 
in the SPF-level animal room of the Central 
Laboratory of Medical School Anhui University 
of Science and Technology (NO: AUST2018- 
10088). One hundred microliters of HepG2 cell 
suspension (2×107/ml) were injected subcuta-
neously into the dorsal right side of 5-week-old 
female BALB/c nude mice (Vital River Labo- 
ratories, Beijing, China). When tumor volume 
reached 100 mm3, mice were randomized into 
four groups: control group: 100 μl saline daily, 
ip; paclitaxel (PTX) group: 10 mg/kg weekly, ip; 
BEZ235 group: 45 mg/kg daily, oral treatment. 
(The dose of BEZ235 used in vivo was based 
on the specifications of Selleck Chemicals); 
BEZ235-PTX group: PTX (10 mg/kg weekly, ip) 
plus BEZ235 (45 mg/kg daily, oral treatment). 
Each group of rats received treatment for 4 
weeks, and tumor size and body weight were 
measured every 3 days. Tumor volume was cal-
culated according to the formula: V=L×W2×1/2 
(V, volume; L, length of tumor; W, width of 
tumor). Mice were sacrificed after the treat-
ment; tumor tissues were isolated; protein was 
extracted for WB detection or formalin-fixed; 
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and GPC3 and Ki67 positive cells were detect-
ed by immunohistochemistry (IHC).

Statistical analysis

All analyses were performed with SPSS version 
18.0 (SPSS Inc., Chicago, IL, USA). All experi-
ments were performed at least 3 times in dupli-
cates. One-way ANOVA or two-tailed unpaired 
Student t test were used to measure signifi- 
cant differences between the means. Data are 
expressed as mean ± SD. P<0.05 was taken as 
statistically significant. 

Results 

BEZ235 significantly inhibits paclitaxel-in-
duced activation of PI3K/Akt/mTOR pathway 
in HCC cells

Abnormal activation of signaling pathways may 
lead to acquired resistance of liver cancer to 
paclitaxel and treatment failure [21]. Therefore, 
we tested paclitaxel with a phosphorylated 
molecular chip (CSP100) and performed a dif-
ferential analysis. The results showed that sev-
eral signaling pathways have different degrees 
of activation, in which the activation of PI3K/
Akt/mTOR pathway was the most significant 
(Figure 1A and 1B). To verify this result, we 
treated HepG2 cells with paclitaxel (5 μM) for 
various times (0 h, 12 h, 24 h, 36 h, 48 h and 
72 h) and measured the phosphorylation levels 
of PI3K, mTOR, Akt, eIF4EBP1 and S6K in Hep- 
G2 cells. WB results also showed that p-PI3- 
Kp85, p-mTOR (Ser2481), p-Akt (Ser473), p-eIF- 
4EBP1 and p-S6K1 were progressively elevat-
ed in paclitaxel-treated HepG2 cells; after 
reaching the peak expression at 24 hours, the 
levels of these molecules declined and stabi-
lized at higher levels than in the control group 
(P<0.001) (Figure 1C and 1C1), which suggest-
ed that paclitaxel induced stress activation of 
the PI3K/mTOR signaling pathway in HepG2 
cells. Next, we evaluated the inhibitory effect of 
BEZ235 (0, 0.0625, 0.125, 0.25, 0.5, 1 μM) on 
the PI3K/Akt/mTOR signaling pathway in Hep- 
G2 cell. The results shown that the BEZ235 
inhibited phosphorylation of mTOR (Ser2481), 
Akt (Ser473) and PI3Kp85 in a concentration-
dependent manner (Figure 1D and 1D1). Thus, 
we selected PI3K/mTOR dual inhibitor (BEZ235) 
to further determined the effect of paclitaxel (5 

μM) combined with PI3K/mTOR dual inhibitor 
(BEZ235) (0.25, 0.5, 1 μM) on the PI3K/Akt/
mTOR pathway. WB results confirmed that pa- 
clitaxel-activated PI3K/AKT/mTOR pathway 
was inhibited by BEZ235 (P<0.05) (Figure 1E, 
1E1-E5). Therefore, we believe that BEZ235 
can inhibit the stress activation of the PI3K/
Akt/mTOR pathway in paclitaxel-treated HCC 
cells.

BEZ235 enhances the inhibitory effect of pa-
clitaxel on proliferation of HCC cells

As mTOR plays an important role in cell growth, 
proliferation and metabolic regulation, we per-
formed MTT and colony formation tests to in- 
vestigate whether BEZ235 enhances the inhibi-
tory effect of paclitaxel on proliferation of HCC 
cells. IC50s of paclitaxel and BEZ235 single 
treatment on HepG2 cells were analyzed 
(Figure 2A and 2B). When BEZ235 was co-
treated with paclitaxel, the inhibition rate of 
paclitaxel on HepG2 cell was significantly in- 
creased. Like single paclitaxel and BEZ235 
treatment, the inhibition effect of HepG2 cells 
both showed time-dose double dependence 
(Figure 2C-E). Moreover, the colony formation 
efficiency of the BEZ235-PTX treatment was 
significantly lower than that of the control and 
any single-drug group (P<0.001), while the 
paclitaxel (1 nM) or BEZ235 group (1 µM) was 
not significantly different than the control group 
(Figure 2F and 2G). Thus, BEZ235 enhanced 
the inhibitory effect of paclitaxel on prolifera-
tion of HCC cells. 

BEZ235 enhanced paclitaxel inhibition of 
HepG2 cellular migration 

To explore whether BEZ235 can enhance the 
inhibitory effect of paclitaxel on HCC cell migra-
tion ability, scratch healing and transwell exper-
iments were performed. The scratch healing 
assay showed that paclitaxel and BEZ235 
monotherapy moderately inhibited cell migra-
tion (paclitaxel, 24 h: 66.5%, 48 h: 49.8%; 
BEZ235, 24 h: 77.2%, 48 h: 65.0%). When the 
two drugs were combined, the decrease in cell 
migration (24 h: 96.1%, 48 h: 93.6%) was great-
er than with either drug alone (P<0.05) (Figure 
3A and 3C). Similarly, the transwell assay 
showed that the migration inhibition rate of 
paclitaxel was reduced to 38.8%; BEZ235 
reduced this number to 40.0%, and co-treat-
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Figure 1. BEZ235 significantly inhibited paclitaxel-induced activation of PI3K/Akt/mTOR pathway in HCC cells. A and B. The distribution of differential proteins on 
the PI3K/Akt and mTOR pathways in the paclitaxel-treated HepG2 signal map. C and C1. HepG2 cell was incubated with paclitaxel (5 μmol/L) for different time 
points, respectively. The cell lysates were gathered and the designated proteins (p-PI3Kp85, p-mTOR (Ser2481), p-Akt (Ser473), p-eIF4EBP1 and p-S6K1) were 
detected by WB, compare to the 0 h group. D and D1. HepG2 cell was incubated with various concentrations of BEZ235 for 24 h. The cell lysates were gathered 
and the designated proteins were detected by WB, compare to the 0 µM group. E, E1-E5. HepG2 cell was incubated under various concentrations of BEZ235 
with a stable concertation of paclitaxel for 24 h. The cell lysates were gathered and the designated proteins (p-PI3Kp85, p-mTOR (Ser2481), p-Akt (Ser473), 
p-eIF4EBP1 and p-S6K1) were detected by WB, compared to that of the control and single drug groups. BEZ235-PTX: paclitaxel combined with BEZ235. Data 
expressed as mean ± SD, n=3 (*P<0.05; **P<0.01; ***P<0.001). 
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Figure 2. Effects of BEZ235 combined with PTX on HCC cell proliferation. A and B. The IC50 of HepG2 cell (pacli-
taxelIC50: 12 h: 25.959 µM; 24 h: 18.400 µM; 48 h: 8.311 µM. BEZ235IC50: 12 h: 12.387 µM; 24 h: 5.583 µM; 48 
h: 1.535 µM). C-E. The inhibition rate of proliferation on HepG2 cells in each group at different concentrations 
(paclitaxel: 5 µM, 10 µM, 20 µM, 40 µM; BEZ235: 1 µM, 2 µM, 4 µM, 8 µM; BEZ235-PTX: 5 µM + 1 µM, 10 µM + 2 
µM, 20 µM + 4 µM, 40 µM + 8 µM) and different time (12 h, 24 h, 48 h). F and G. Colony formation of HepG2 cell 
in different treatment (control; paclitaxel: 1 nM; BEZ235: 1 µM; paclitaxel + BEZ235: 0.5 nM + 0.5 µM; paclitaxel 
+ BEZ235: 1 nM + 1 µM; paclitaxel + BEZ235: 2 nM + 2 µM). BEZ235-PTX: paclitaxel combined with BEZ235. 
Data expressed as mean ± SD, n=3 (*P<0.05; **P<0.01; ***P<0.001). 
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Figure 3. Effects of BEZ235 combined with paclitaxel on HCC cell migration. A and C. Degree of scratch healing at 
0 h, 24 h and 48 h in each group (control; paclitaxel: 5 µM; BEZ235: 1 µM; paclitaxel + BEZ235: 5 µM + 1 µM). 
×100 magnification. B and D. Cell migration ability at 24 h in different groups (control; pacliaxel: 1 nM; BEZ235: 
1 µM. Paclitaxel + BEZ235: 1 nM + 1 µM). ×100 magnification. BEZ235-PTX: paclitaxel combined with BEZ235. 
Paclitaxel (5 µM), BEZ235 (1 µM). Data expressed as mean ± SD, n=3. ns = not significant (*P<0.05; **P<0.01; 
***P<0.001). 

ment with the two drugs reduced it to 70.9% 
(Figure 3B and 3D). All these data revealed that 

BEZ235 enhanced paclitaxel inhibition of 
HepG2 cellular migration.
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BEZ235 combined with paclitaxel treatment 
enhanced accumulation of HepG2 cells in the 
G2/M phase

The effect of paclitaxel combined with BEZ235 
on HepG2 cell-cycle progression was investi-
gated by flow cytometric analysis. After treat-
ment of HepG2 cells for 24 h with drugs, the 
proportions of cells in G2/M phase after BEZ- 
235 treatment (6.13%) or paclitaxel treatment 
(16.18%) were higher than in the control group 
(2.62%) (P<0.05). With paclitaxel combined 
with BEZ235, the proportions of cells in G2/M 
phase (33.39%) were significantly higher than 
in the control or with any single drug treatment 
(P<0.001). Especially, the proportion of sub-G1 
DNA content was significantly increased with 
BEZ235-paclitaxel treatment (P<0.01), which 
revealed that paclitaxel combined with BEZ235 

promoted apoptosis of HepG2 cells (Figure 4A 
and 4B). Endogenous cyclin B1 and p-CDK1 
control G2/M phase progression; thus, we eval-
uated the expression of cyclin B1 and p-CDK1. 
In the HepG2 cell line treated with BEZ235 plus 
paclitaxel, cyclin B1 and p-CDK1 were down-
regulated. These results indicate that BEZ235-
PTX blocks cell-cycle progression at the G2/M 
phase and implies that it might promote apop-
tosis (Figure 4C and 4D).  

BEZ235 increased paclitaxel-induced apopto-
sis in HepG2 cells 

To investigate the effect of apoptosis induced 
by paclitaxel combined with BEZ235 in HepG2 
cells, JC-1 staining and flow cytometry analy- 
sis for mitochondrial membrane potential 
(ΔΨm) were performed. In these experiments, 

Figure 4. Cell-cycle analysis of HepG2 cell treated with paclitaxel and BEZ235. A and B. HepG2 cell stained with 
propidium iodide after treatment with paclitaxel (16 nM), BEZ235 (1 μM) and BEZ235-PTX (16 nM + 1 uM) for 
24 h. Cell cycle distribution was analyzed by flow cytometry. C and D. Total protein was extracted from HepG2 cell 
after treatment with paclitaxel (16 nM), BEZ235 (1 μM) and BEZ235-PTX (16 nM + 1 uM) for 24 h. BEZ235-PTX: 
paclitaxel combined with BEZ235. Data expressed as mean ± SD, n=3. ns = not significant (*P<0.05, **P<0.01, 
***P<0.001). 
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the intensity ratio of green/red fluorescence of 
BEZ235-PTX (25.63%) was significantly higher 
than that of paclitaxel (13.10%), BEZ235 
(10.21%) and control groups (6.03%) (P<0.01) 
(Figure 5A). In flow cytometry analysis, the 
green/red fluorescence intensity ratio of BEZ- 
235-PTX (0.33%) was significantly higher than 
in the control (0.09%), paclitaxel (0.15%) or 
BEZ235 groups (0.04%) (P<0.05) (Figure 5C). 
Moreover, Annexin V/PI staining revealed that 
the apoptosis rate of BEZ235-PTX (76.34%) 
was higher than that of other groups (paclitaxel: 
35.07%; BEZ235: 24.11%; control: 9.12%) 
(P<0.001) (Figure 5B). 

To further clarify the mechanisms of BEZ235-
PTX induction of apoptosis, we evaluated the 
expression of the mitochondria apoptosis-relat-
ed proteins (Bad, Bik, Bid, Bim, Bax, Bak and 
puma) by WB. The results revealed that the 
expression levels of apoptosis-related proteins 
after BEZ235-PTX treatment were higher than 
in control or with BEZ235 and paclitaxel single 
treatment (P<0.05) (Figure 5D and 5E). The 
expression level of caspase-3, -7, -9 and poly 
ADP ribose polymerase (PARP) proteins were 
further analyzed to evaluate the effect of 
BEZ235 on paclitaxel-induced apoptosis. WB 
results showed that the expression levels of 
caspase-3, -7, -9 and PARP in BEZ235 group 
and paclitaxel group were slightly higher than 
that of the control group, while the combination 
of BEZ235 and paclitaxel produced an additive 
effect on these proteins (P<0.05) (Figure 5D 
and 5E). Consequently, we concluded that 
BEZ235 increased paclitaxel-induced apopto-
sis in HepG2 cells (Figure 5F).

BEZ235 significantly enhanced the anti-tumor 
effect of paclitaxel in vivo by PI3K/mTOR dou-
ble inhibition

Anti-tumor effects of paclitaxel combined with 
BEZ235 in vivo were evaluated also in a murine 
xenograft model using HepG2 cells. Tumor tis-
sues of each group were isolated and collected 
after 28-day treatment of tumor-bearing mice. 
The tumor growth of animals treated BEZ235-
PTX was significantly inhibited compared with 
that in the paclitaxel, BEZ235 and control 
groups (P<0.01) (Figure 6A). The molecular 
mechanism of the anti-tumor activity of 
BEZ235-PTX was further examined by WB anal-
ysis of protein lysates from HepG2 xenografts. 

The results showed that BEZ235-PTX signifi-
cantly reduced the phosphorylation levels of 
PI3K, Akt, mTOR, eIF4EBP1 and S6K compared 
with levels in the control, paclitaxel and BEZ235 
groups (P<0.01) (Figure 6B). IHC staining 
showed that the proportion of Ki-67- and GPC3-
positive HepG2 cells was significantly reduced 
in the BEZ235-PTX-treated animals compared 
with the proportion in control or each single 
drug groups, which indicated that cell prolifera-
tion and activity of HepG2 cells were inhibited 
(Figure 6C). Thus, we concluded that BEZ235 
significantly enhanced the antitumor effect of 
paclitaxel in HCC in vivo, at least in part by 
inhibiting the PI3K/Akt/mTOR pathway. 

Discussion

HCC resistance to paclitaxel may involve multi-
ple molecular mechanisms, including activa-
tion of the PI3K/Akt/mTOR and MAPK pathway 
and overexpression of P-glycoprotein (P-gp) 
[20-24]. The PI3K/Akt/mTOR signaling pathway 
is frequently activated in human tumors, such 
as gastric cancer, ovarian cancer and HCC [25, 
26]. Activation of the PI3K/Akt/mTOR pathway 
induces cell proliferation, migration, regulation 
of the cell cycle and promotes cell apoptosis 
[27]. Thus, we applied a novel PI3K/mTOR dual 
inhibitor, BEZ235, combined with paclitaxel on 
HCC cells. Paclitaxel treatment increased phos-
phorylation of PI3Kp85, mTOR, Akt, eIF4EBP1 
and S6K1 in HepG2 cells, while BEZ235 signifi-
cantly enhanced the anti-proliferative, anti-
migration and pro-apoptotic effects of paclitax-
el. In in vivo work, tumor growth was inhibited 
more in HepG2 xenograft models when pacli-
taxel combined with BEZ235 was administered 
than with either paclitaxel or BEZ235 alone.

The classic anti-mitotic agent paclitaxel can 
inhibit cell mitosis and arrest cell cycle in G2/M 
phase to induce cell death by binding to 
β-tubulin and promoting tubulin polymerization 
[6]. However, paclitaxel treatment often acti-
vates the PI3K/Akt/mTOR pathway in cancer 
cells. Akt and mTOR signaling is involved in cell 
survival and proliferation [28], so activation of 
the PI3K/Akt/mTOR pathway can impair the 
anti-cancer effect of paclitaxel and even induce 
paclitaxel resistance. In this research, CSP100 
antibody microarray and WB results both re- 
vealed that the levels of p-PI3Kp85, p-Akt 
(Ser473), p-mTOR (Ser2481), p-S6K1 and 
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Figure 5. Effects of BEZ235-PTX on apoptosis of HepG2 cells. A. HepG2 cells were treated with each treatment 
group for 24 h, then counterstained with JC-1 and DAPI and observed with fluorescence microscopy. ×400 mag-
nification. B. HepG2 cells were treated with each treatment group for 24 h, counterstained with DAPI/Annexin 
V-FITC/PI and observed with fluorescence microscopy. ×400 magnification. C. HepG2 cells were treated with each 
treatment group for 24 h, the ΔΨm were dectected by flow cytometry. D. The expression levels of mitochondria-
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associated pro-apoptotic proteins (Bad, Bax, Bak, Bim, Bid, Bik, puma) and caspase proteins (caspase-9, -3, -7) 
in each treatment group were analyzed by WB. E. Statistical graph of the ratio of apoptosis-related proteins to 
β-actin. F. Related apoptotic molecule regulation pattern chart. Treatment groups: control; paclitaxel: 25 µM; 
BEZ235: 1 µM; paclitaxel + BEZ235: 25 µM + 1 µM. Data expressed as mean ± SD, n=3 (*P<0.05; **P<0.01; 
***P<0.001). 

Figure 6. BEZ235 significantly enhanced the anti-tumor effect of paclitaxel in vivo by PI3K/mTOR double inhi-
bition. A. Tumor tissues of each group (control group: 100 μl saline daily, ip; PTX group: 10 mg/kg weekly, ip; 
BEZ235 group: 45 mg/kg daily, oral treatment; BEZ235-PTX group: PTX: 10 mg/kg weekly, ip and BEZ235: 45 
mg/kg daily, oral treatment) were isolated and collected after 28-day-treatment of tumor-bearing mice. Tumor 
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volume expressed as mean ± SD. n=5. B. Partial tumor tissue was lysed to extract tissue protein for WB analysis. 
C. Each treatment groups IHC analysis results of Ki-67 and GPC3. Data expressed as mean ± SD, n=3 (*P<0.05; 
**P<0.01; ***P<0.001). 

Figure 7. Paclitaxel abnormally activates the PI3K/Akt/mTOR pathway, leading to desensitization of HCC cells.

p-eIF4EBP1 in HepG2 cells were up-regulated 
after 24 h treatment with paclitaxel. Activated 
PI3Kp85 phosphorylates Akt (p-Akt) reduces 
tumor apoptosis and promotes proliferation by 
up-regulating phosphorylation of downstream 
factors, such as kinases and transcription fac-
tors [29]. p-Akt (Ser473) activating the mTORC1 
signaling, then activated mTORC1 further phos-
phorylates and activates S6K1 and eIF4EBP1, 
which initiates translation of the protein and 
promotes cell survival [30]. Our in vivo results 
also showed that the phosphorylation levels of 
Akt, mTOR, S6K and eIF4EBP1 were upregulat-
ed after paclitaxel treatment. Cyclin B1/CDK1 
complex is an important enzyme that promotes 
the conversion to the G2/M phase. When p-Akt 
(Ser473) induces CDK1 phosphorylation (p-CD- 
K1), then p-CDK1 inhibits the activity of the 
Cyclin B1/CDK1 complex, which cannot pro-
mote cell-cycle progression [31]. Our cell-cycle 
experimental results indicated that the expres-
sion levels of cyclin B1 and p-CDK1 in the pacli-
taxel-treated animals were higher than in con-
trols. p-Akt (Ser473) inhibits the activity of cas-

pase-9 hydrolase and prevents the initiation of 
the apoptotic cascade to exert an anti-apoptot-
ic effect [39]. Therefore, we conjectured that 
the activated PI3K/Akt/mTOR pathway may be 
the main reason for the reduction of paclitaxel 
sensitivity to HCC cells (Figure 7).

To inhibit the PI3K/Akt/mTOR pathway stress 
activated by paclitaxel, we selected mTOR and 
PI3K dual inhibitor (BEZ235) combined with 
paclitaxel on the HepG2 cell. The results re- 
vealed that the expression levels of p-PI3Kp85, 
p-mTOR (Ser2481), p-Akt (Ser473), p-eIF4EBP1 
and p-S6K1 were significantly down-regulated. 
Moreover, the proportion of G2/M phase in 
paclitaxel combined with BEZ235 treatment 
was significantly higher than that of the pacli-
taxel treatment. The key molecules regulating 
G2/M phase transition are cyclin B1 and CDK1. 
When Akt is inhibited, it can cause CDK1 
dephosphorylation, enhance cyclin B1/CDK1 
activity, stimulate G2/M transformation, arrest 
cell cycle in the G2/M phase and inhibit cell-
cycle progression [32]. Thus, these results con-
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firmed that BEZ235 abolished the activation of 
PI3K/Akt/mTOR signaling by paclitaxel and 
inhibited the proliferation, migration and regu-
lation of cell-cycle progression of paclitaxel-
treated HepG2 cells.

More importantly, mitochondrial apoptosis ex- 
periments (JC-1 staining) and Annexin-V FITC/PI 
staining results also showed that BEZ235 sig-
nificantly increased paclitaxel-induced apopto-
sis rate in HepG2 cells. The levels of pro-apop-
totic proteins (Bad, Bid, Bik, Bax and Bim) were 
much higher in BEZ235-PTX treatment than 
that of paclitaxel and BEZ235 single groups. 
The WB results further showed that BEZ235-
PTX treatment significantly amplified the activi-
ty of caspase pathway. In the process of induc-
ing apoptosis, after p-Akt (Ser473) was inhibit-
ed, the Bcl-2 family member Bad was dephos-
phorylated, preventing Bcl-XL from initiating 
anti-apoptosis [33, 34]. The pro-apoptotic pro-
teins Bad, Bid, Bik, Bax and Bim can be present 
in the cytoplasm and translocate into the mito-
chondria after death signal transduction, where 
they promote cytochrome C (Cyt C) release [35-
38]. After DNA damage, activated p53 induces 
Puma transcription, and Puma interacts with 
Bcl-2/Bcl-XL also to induce Cyt C release. Cyt C 

is released from the mitochondria into the cy- 
toplasm, which forms an apoptotic complex 
with caspases-9 through the multimerization  
of Apaf-1 factor. Caspase-9 cleaves and acti-
vates the downstream effect of caspase (in- 
cluding caspase-3 and -7) to achieve apoptosis 
[39-41]. The xenograft mice results of in vivo 
experiments showed that paclitaxel combined 
with BEZ235 inhibited PI3K/Akt/mTOR path-
way activation, suppressed cell proliferative 
and promoted apoptotic effects in HCC. Conse- 
quently, high levels of expression of anti-apop-
tosis related proteins and cleaved-caspase sig-
naling in the BEZ235-PTX co-treatment strong-
ly confirmed that BEZ235 promoted apoptosis 
of paclitaxel-treated HCC HepG2 cells (Figure 
8). While we admit that our study has limita-
tions. The study of only one PI3K/Akt/mTOR pa- 
thway may not have been enough. Therefore, 
crosstalk between PI3K/Akt/mTOR with other 
pathways will be explored in our future research, 
as will in-depth exploration of the mechanism 
of paclitaxel desensitization. 

In conclusion, our results confirmed that ac- 
quired desensitization to paclitaxel in HepG2 
cells involves the PI3K/mTOR signaling path-
way and cell-death signaling, while BEZ235 

Figure 8. BEZ235 enhances paclitaxel sensitizes on HepG2 cells through inhibiting the PI3K/Akt/mTOR pathway. 
PTX = paclitaxel.
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mainly abolishes the activation of the PI3K/
Akt/mTOR pathway induced by paclitaxel. 
Blocking PI3K/mTOR signaling inhibited cell 
proliferation and migration, arrested cell cycle 
in G2/M phase, and promoted apoptosis, which 
enhanced the chemotherapy sensitivity of 
paclitaxel on HCC. These findings may have 
implications for the chemotherapy of HCC in 
clinical practice. 
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