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Although arsenic trioxide (ATO) shows a strong anti-tumor effect in the

treatment of acute promyelocytic leukemia, it does not benefit patients with

hepatocellular carcinoma (HCC). Thus, combination therapy is proposed to

enhance the efficacy of ATO. Parthenolide (PTL), a natural compound,

selectively eradicates cancer cells and cancer stem cells with no toxicity to

normal cells. In this study, we chose PTL and ATO in combination and found

that nontoxic dosage of PTL and ATO co-treatment can synergistically inhibit

the in vitro and in vivo proliferation activity of HCC cells through suppressing

stemness and self-renewal ability and inducing mitochondria-dependent

apoptosis. More importantly, USP7-HUWE1-p53 pathway is involved in PTL

enhancing ATO-induced apoptosis of HCC cell lines. Meanwhile, accompanied

by induction of apoptosis, PTL and ATO evoke autophagic activity via inhibiting

PI3K/Akt/mTOR pathway, and consciously controlling autophagy can improve

the anti-HCC efficacy of a combination of PTL and ATO. In short, our

conclusion represents a novel promising approach to the treatment of HCC.
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Introduction

In the 1970s, the therapeutic potential of arsenic trioxide (As2O3, ATO) against acute

promyelocytic leukemia (APL) was first recognized in China (1). Subsequently, the

enormous clinical studies conducted in China and US confirmed that a low dose of ATO
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has shown strong therapeutic efficacy with little toxicity when

used in the treatment of refractory and relapsed APL (2, 3).

Thus, US Food and Drug Administration (FDA) approved ATO

as a chemotherapeutic drug to treat APL in 2000 (4), which

prompted researchers to examine the availability of ATO to

various solid tumors (5–7). Many reports have shown that ATO

exerts the antitumor effect in cell lines from solid tumors

through multiple mechanisms, including inducing apoptosis

(8–10), dampening proliferation (11–13), triggering partial

differentiation (14, 15), directly damaging DNA (16, 17),

suppressing tumor angiogenesis (18, 19) and metastasis (20,

21) and so on. However, our study and other studies proved that

the effective dose of ATO used in solid tumors is much higher

than that in APL (22–24). Furthermore, clinical investigations

have revealed that ATO can be removed quickly in blood

circulation and fail to accumulate effectively in solid tumors,

leading to no response to the treatment with a nontoxic dose of

ATO in patients with solid tumors (25). However, it is

encouraging that patients with solid tumors, such as breast

cancer, colorectal cancer, head-neck cancer and gliomas,

benefited from ATO and other drug combination therapy in

some completed clinical trials (26).

Human hepatocellular carcinoma (HCC) remains a severe

global health threat by reason of high mortality and recurrence.

Although surgery is an option as first-line therapy for patients

with HCC, systemic chemotherapy is still critical to keep the

patients from relapsing after surgery. Given the powerful effects

of ATO against APL, ATO was introduced to treat HCC cell

lines in laboratory and found to be able to induce apoptosis and

cell growth. But in fact, a phase II clinical trial verified that high

dose ATO administered was not good for HCC patients and

adversely caused grade 4 hematological toxicities (27). Hence,

the establishment of therapeutic combination is required to

improve the efficacy of nontoxic dose of ATO in HCC.

Parthenolide (PTL), a natural herbal compound from

feverfew (28), has a significant anti-tumor effect in all types of

cancers, but hardly affects normal cells (29, 30). More

importantly, PTL is the first agent that specifically kills tumor

stem cells (29, 31). As for the anti-tumor mechanisms of PTL,

existing evidences have shown that it can directly suppress NF-

kB pathway and deubiquitinase USP7 activated abnormally in

cancer cells and tumor stem cells (32, 33). Of note, our previous

study and other group study showed that PTL can enhance the

sensitivity of tumor cells to drugs (34–36), indicating PTL may

be an ideal candidate to sensitize solid tumor cells to ATO. As

expected, Wang et al. (22) elucidated that the combination

treatment with PTL and ATO significantly reduced growth of

pancreatic cancer compared with those treated with either PTL

or ATO alone. Thus, it is worth to explore whether PTL

improves the efficacy of ATO in HCC.

In clinical chemotherapy, drug resistance is the most

common event and causes recurrence and failure of treatment

in HCC. Autophagy, a complex process of transferring cellular
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substances to lysosomes for degradation in normal or stressed

conditions, contributes to the occurrence of drug resistance.

Mount ing s tudies have shown that a lmost a l l o f

chemotherapeutics cause changes in the activity of autophagy,

and inhibiting autophagy can improve the efficacy of drugs (37–

40). However, the existing reports mainly focus on the single

drug-induced autophagy, and the roles of autophagy in

combination of drugs is unclear.

Herein, we found that PTL combined with ATO

synergistically inhibits the in vitro and in vivo proliferation

activity of HCC cells through suppressing stemness and self-

renewal ability and inducing mitochondria-dependent

apoptosis, in which USP7-HUWE1-p53 pathway involved.

Accompanied by induction of apoptosis, PTL and ATO evoke

autophagic activity by inhibiting PI3K/Akt/mTOR pathway, and

consciously controlling of autophagy can accelerate the anti-

HCC efficacy of combination of PTL and ATO. In short, our

conclusion represents a novel promising approach in the

treatment of HCC.
Materials and methods

Drugs and antibodies

Drugs used in this study: Chloroquine (CQ; Sigma-Aldrich,

C6628), Arsenic trioxide (ATO; Beijing Chemical, GB673-77)

and Parthenolide (BIOMOL, P8522f). Antibodies specific

against Caspase3 (9662), cleaved Caspase3 (9661), Pho-p53

(9284), Cdc25 (3652), p21 (2947), CyclinB (12231), Pho-S6K

(323), CyclinE1 (20808S), ATG5 (12994), PI3K (4263), Akt

(9272), Pho-Akt (13038), Pho-mTOR (5536), Pho-4EBP1

(2855) and BCL-2 (15071) were purchased from Cell Signaling

Technologies. Antibodies specific against BAX (sc493), p53

(sc126), catalase (sc50508) and SOD1 (sc11407) were

purchased from Santa Cruz. Antibodies specific against

HUWE1 (ab70161) and USP7 (ab4080) were purchased from

Abcam. Other antibodies were used in this study: CD133

(Immunway, YT5192), GFP (Thermo fisher scientific, MA5-

15256), LC3B (Sigma, L7543), mTOR (Genetex, 41731) and

GAPDH (Proteintech, 60004-1-Ig). Secondary antibodies used

in this study: Peroxidase-conjugated affinity pure goat antimouse

IgG, light chain specific (Jackson Immuno Research, 115–035-

174), peroxidase-conjugated IgG fraction monoclonal mouse

antirabbit, light chain specific (Jackson Immuno Research,

211–032-171).
Cell culture

HEK293T, HepG2, MHCC 97H and Huh7 cells were

cultured in Dulbecco’s modified Eagle’s medium (DMEM;

HyClone, SH30022.01)) supplemented with 10% fetal bovine
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serum (FBS; YEASEN, 40130ES76) and 1% Penicillin/

Streptomycin, LO2 cells and H22 cell were cultured in Roswell

Park Memorial Institute 1640 (RPMI1640; HyClone,

SH30027.01) supplemented with 10% FBS and 1% Penicillin/

Streptomycin. All cells were incubated in a humidified 5%

CO2 incubator.

Cell viability assay
5×103 cells were seeded in 96-well plates. After treatment

with ATO and/or PTL for the indicated times, 10 mL MTT

solution was added to each well. Plates were incubated for an

additional 4 h at 37°C,100 mL % SDS was added to each well to

solubilize formazan crystals. Each sample point was assayed with

4 replica points. Optical density was measured at 570nm using a

microplate reader (Powerwave X, Bio-Tek) to calculate

inhibition rate for cell proliferation and 50% inhibitory

concentration (IC50).

Cell apoptosis
After the designated treatment, cells were washed and

labeled with Annexin V/PI kit (eBioscience, 800-8005-72) for

15 min at room temperature in the dark, according to the

manufacturer’s instructions. The images were captured using

fluorescence microscopy (OLYMPUS, IX81), and the percentage

of apoptosis was measured by Flow cytometry (Beckman-

Coulter Epics XL).

Cell cycle analysis
Cells were treated with drugs at the indicated concentrations

for 24 h, and then collected and fixed with 75% ethanol at -20°

Covernight. Cells were washed twice with cold PBS and

resuspended in propidium iodide (PI; Solaibio, C0080))

staining buffer containing RNAse. Following incubation for

30 min at room temperature in the dark, cells were analyzed

by Flow cytometry.

Mitochondrial membrane potential
Cells were seeded into a 96-well plate and treated for 24 h

with drugs at indicated concentrations. After treatment, cells

were incubated at 37°C with TMRE (100 nM) (Thermo Fisher

Scientific, I 34361) in growth media for 30 min in a CO2

incubator. After incubation, cells were analyzed using

fluorescence microscopy to determine the fluorescence

intensity. Measurement of TMRE integrated intensity was

done using Image J software.

Mitochondrial reactive oxygen species
measurement

Cells were seeds into 96-plate and treated with ATO, PTL

and ATO plus PTL for 24 h, followed by incubation with

MitoSOX™ red mitochondrial superoxide indicator

(Invitrogen, M36008) for 15min at 37°C. Cellular fluorescence
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intensity was detected using fluorescence microscope. The

fluorescence intensity quantified by ImageJ software.

Colony formation assay
HpeG2 cells were seeded in six-well plates at low density

(2,000 cells per well). In next day, ATO, PTL and ATO plus PTL

was added directly into each well at indicated concentration.

After 12 days, the plates were washed with PBS and stained with

coomassie brilliant blue. The number of colons as counted and

the morphology of single clone was observed under the

microscope (>50 clones validated).

Plasmids
EYFP-USP7 constructs was generated using PCR amplification

and subcloned into pEYFP-C1 vectors using ClonExpress II one

step cloning Kit (Vazyme, C112-01). pEYFP-C1was obtained from

Clontech. LentiCRISPRv2 puro (Addgene, 98290) was a gift from

Brett Stringer (41). PMD2.G (Addgene, 12259) and psPAX2

(Addgene, 12260) were gifts from Didier Trono.

Establishment of ATG5 KO cell lines using
CRIPSR/Cas9 system

ATG5 guide RNAs were designed with the online CRISPR

design tool. The gRNA sequences (sg-ATG5-1: 5′-cacc
ggatggacagttgcacacact-3′, sg-ATG5-2: 5′-aaacagtgtgtgcaactgtccatcc-
3′) were purchased from Sangon Biotech. These sgRNAs were

cloned into LentiCRISPRv2 according to the protocol provided by

the Zhang Lab (42). These two plasmids containing the guide RNA

of interest and packaging plasmids (PMD2.G and psPAX2) were

transfected into HEK293T cells. After 96 h, virus supernatant was

harvested, and then concentrated using Lentivirus concentration

solution (YEASEN, 41101ES50). HepG2 cells were infected with

concentrated virus supernatant for 48 h. Followed by puromycin

(400 ng/ml; Merck, P9620) selection for 2 weeks. The ATG5

knockout effect in puromycin-resistant cells was then verified

by immunoblotting.

Western blotting
After designated treatment, Laemmli buffer (62.5 mM Tris-HCl,

pH 6.8, 20% glycerol, 2% SDS, 2 mM dithiothreitol (DTT),

phosphatase inhibitor and proteinase inhibitor cocktail [Thermo

Fisher Scientific, 78446]) was used to lyse the harvested cells. An

equal amount of protein was separated on SDS-PAGE gels and then

transferred onto PVDFmembranes (Bio-Rad Laboratories, 1620177).

After blocking with 5% nonfat milk in TBST, membranes were

incubated with the indicated primary antibodies and secondary

antibodies, and then visualized using Super ECL Detection Reagent

(YESEN, RPN2232) with CLINX Hemiscope (QinXiang, China).

Animal studies
Kunming mice and BALB/c mice (8 weeks, 200-250g) were

approved by Laboratory Animal Science and Technology Work
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Management Committee, School of Basic Medicine, Lanzhou

University, which is fully accredited by the Institutional Animal

Care and Use Committee. For xenograft experiments, H22 cell

were injected into the abdominal cavity of 8-week-old Kunming

mice. One week later, we collected ascites and counted 5×105

cells in 200 mL PBS for subcutaneous injection into left flanks to

establish tumors. Treatment was started when tumor volumes

reached a minimal size (notable by sight, approximately a week

after injection). Mice were treated with drugs by intraperitoneal

injection at the indicated concentrations for 14 times in 28 days,

and mice showed no toxicity to all drugs after injection. After 28

days, the mice were sacrificed and tumors were harvested.

Statistical analysis
All numerical data are expressed as the mean ± SD from at least

three independent experiments. Statistical significance of differences

between groups was evaluated using Student’s t-test. Statistical

analysis was performed using SPSS statistical software (version

21.0). P<0.05 was considered to be statistically significant.
Results

Further suppression of proliferation of
HCC cells by combination of PTL
and ATO

Based on metastatic properties, three different HCC cell

lines, HepG2 cells, MHCC 97H cells and Huh7 cells, were

used to separately evaluate the effect of ATO or PTL on HCC

cells growth. MTT assay showed that both drugs dramatically

inhibited the proliferation of three cell lines in a dose and time

dependent manner. The half inhibitory concentrations (IC50) of

ATO are 21.2 mM and 9.0 mM (HepG2), 43.2 mM and 23.4 mM
(MHCC 97H), 20.5 mM and 6.9 mM (Huh7) for 24 h and 48 h

respectively (Figure 1A). The IC50 of PTL are 24.5 mM and 7.4

mM (HepG2), 39.9 mM and 21.4 mM (MHCC 97H), 20.3 mM and

7.1 mM (Huh7) for 24 h and 48 h (Figure 1B). According to our

previous studies and other groups evidences, we found that HCC

cell lines were less sensitive to ATO or PTL than leukemia cells

(the value of IC50 is 3.4 uM for 24 h) (24). In a separate study,

we assessed the cellular toxicity of ATO and PTL to human

hepatocyte LO2 cells. The results indicated that ATO had

appreciable toxicity at the doses treated HCC cell lines,

whereas, we observed no obvious effect to LO2 cells at the

doses that HCC cell lines demonstrated strong specific toxicity in

response to PTL. In following experiments, the influences of PTL

on ATO-mediated cytotoxicity was separately investigated in
Frontiers in Oncology 04
three HCC cell lines and LO2 cells using MTT assay. The data

showed that the combination of ATO and PTL did not increase

the ATO-induced toxicity to LO2 cells (Figure 1C). Conversely,

HCC cell lines showed more remarkable suppression of cell

growth in response to ATO/PTL combined group than each

agent alone group. Consistent with this result, we observed

combined treatment yielded a significantly higher reduction in

cell numbers than those obtained with either drug alone using

contrast microscope (Figures 1D, E). Taken together, these

results suggested that PTL may decrease the effective dose of

ATO required for treatment of hepatocarcinoma cells.

PTL and ATO co-induces mitochondria-
dependent apoptosis in HCC cells

To ascertain the consequence of combined treatment with

ATO/PTL in HCC cell lines, we assessed the changes of cell

apoptosis. Following a 24h-treatment with ATO and/or PTL, the

apoptotic rate was examined using Annexin-V/PI double

staining. Fluroscence image showed that apoptotic cells were

significantly elevated in ATO plus PTL group in three HCC cell

lines, and FCM analysis demonstrated that 16.37%, 24.53% and

8.27% apoptotic rate in 2.5 mM alone, 5 mM ATO alone and 10

mM PTL alone treatment group, whereas combined treatment

resulted in a 2~3-fold increase in the apoptotic rate of the

HepG2 cells. Consistent results were also observed in MHCC

97H and Huh7 cells (Figure 2A). Subsequently, we also observed

the significant elevation of cleaved caspase-3 accompanied with

a reduction in the level of the total caspase-3 after the

combination treatment in HCC cell lines. Based on these

evidences, we concluded that combined treatment of ATO and

PTL is more effective for induction of apoptosis in HCC cell lines

(Figure 2B). Additionally, compared with alone reagent

treatment, co-treatment with ATO and PTL showed a more

obvious decline in anti-apoptotic protein BCL-2 and a more

dramatic enhancement in pro-apoptotic protein BAX

(Figures 2B, C). In follow-up investigation about the

mechanisms of ATO/PTL-induced apoptosis, we observed that

PTL/ATO combined treatment led to an appreciable reduction

of the mitochondrial membrane potential (DYm), an early

trigger of mitochondrial apoptotic pathway, using TMRM

staining (Figures 2D, E). Next, we identified the intracellular

ROS using mitoSOX, and the images showed an increase in the

release of ROS after treatment with ATO and PTL together

(Figures 2F, G). To confirm this increase, the expression of

superoxide dismutase 1 (SOD1) and catalase were examined

using western blotting. The results indicated that combined

treatment caused a more visible decrease in these two protein

levels than the reagent alone (Figure 2H).
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B

C

D

E

A

FIGURE 1

PTL enhances the effect of growth suppression of HCC cell lines mediated by ATO without influence on the normal hepatocyte LO2 cells.
(A, B) MTT assay showing the viability of HepG2 cells, MHCC97H cells and Huh7 cells after exposure to increasing concentrations of ATO or PTL
for 24 h and 48 h. The half-maximal inhibitory concentration (IC50) of ATO or PTL was calculated (P < 0.0001 vs. Control). (C) LO2 cells were
treated different concentrations of ATO, PTL or ATO plus PTL for 24 h or 48 h, and the cell viability was measured by MTT assay. (D) After
exposure to indicated concentrations of ATO, PTL and ATO plus PTL for 24 h, the cell viability was tested by MTT assay and IC50 was calculated
(**P < 0.01; ***P < 0.001; ****P < 0.0001). (E) After exposure to indicated concentrations of ATO, PTL and ATO plus PTL for 24 h, the changes
of cell morphology were observed under microscope. Scale bar: 20 mm.
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PTL promotes the blockage of cell cycle
in G2/M phase endowed by ATO

PTL or ATO are known to affect cell proliferation by

arresting cell cycle progression (23, 43). To test whether

combination of ATO and PTL more effectively blocked cell

cycle than each reagent alone, we next performed the cell cycle
Frontiers in Oncology 06
analyses following treatment with ATO and/or PTL for 24h and

observed a slight block at the G1 phase for PTL alone, a

significant arrest at G2/M phase for ATO alone, and a much

more block at G2/M for co-treatment with ATO/PTL

(Figures 3A, B). p53 negatively regulates cell cycle progression

in response to different cellular stresses, whereas phosphorylated

p53 represents the activation of p53 (44). Thus, we examined the
B C

D E F G

H

A

FIGURE 2

PTL promotes the cell apoptosis of HCC cell lines mediated by ATO via weakening the mitochondrial membrane potential and elevating ROS.
Exposure to indicated concentrations of ATO, PTL and ATO plus PTL for 12 h or 24 h. (A) Apoptotic cells were analyzed by fluorescence
microscope and Flow cytometry (**P < 0.01; ***P < 0.001). (B) The cells were harvested and the indicated proteins were analyzed using western
blotting, the expression of proteins were quantified as in (C); Columns, mean; bars, ± S.D. of 3 independent experiments (**P < 0.01; ***P < 0.001;
n.s, no significance). (D) HepG2 cells were stained with TMRM and the images were captured using fluorescence microscope. Scale bar:
10 mm. (E) The relative intensity of TMRM in the samples was quantified (n = 200). Columns, mean; bars, ± S.D. of 3 independent experiments
(***P < 0.001). (F) HepG2 cells were stained with mitoSOX and observed using fluorescence microscope. Scale bar: 50 mm. The relative intensity
of mitoSOX in the samples was quantified (n = 200) as shown in (G); Columns, mean; bars, ± S.D. of 3 independent experiments (**P < 0.01;
***P < 0.001). (H) HepG2 cells were harvested and analyzed using indicated antibodies.
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changes in expression of p53 and phosphorylated p53. The

western blotting results showed that there was a dose-

dependent increase in p53 and phosphorylated p53 in

response to ATO alone, whereas combination with ATO and

PTL showed approximate two folds improvement in the protein

level of both compared with ATO alone (Figures 3C, D). In

further study, the expression of proteins involved in the G1 and

G2/M checkpoint was examined. After treatment with ATO and

PTL alone, or co-treatment with ATO and PTL, the expression

of Cdc25C, Cyclin B, Cyclin E, and p21 was measured by

western blotting (Figures 3E, F). The results showed that the
Frontiers in Oncology 07
expression of Cdc25C were significantly reduced and p21

protein levels were enhanced in the combination group. Cyclin

E, a checkpoint protein of G1 phase, was remarkably reduced

after treatment with PTL alone, but had no obvious differences

between PTL alone group and co-treatment group. However, the

checkpoint protein of G2/M phase, Cyclin B, was enhanced after

treatment with ATO alone or ATO and PTL. The probability

that upstream Cdc25C was dramatically down-regulated,

leading to the accumulation of Cyclin B. Taken together, these

results demonstrated that combination with ATO and PTL is

more effective to arrest cell cycle progression at G2/M phase.
B

C D

E F

A

FIGURE 3

PTL worsened blockage of the cell cycle induced by ATO. Exposure to indicated concentrations of ATO, PTL and ATO plus PTL for 24 h. (A) The
distribution of cell cycle in HepG2 was measured using Flow cytometry after PI staining. The percentage of G0G1, S and G2M were quantified as
in (B). (C) HepG2 cells were harvested and analyzed with indicated antibodies, and the expression of proteins were quantified as in (D);
Columns, mean; bars, ± S.D. of 3 independent experiments (**P < 0.01; n.s., no significance). (E) HepG2 cells were harvested and analyzed with
indicated antibodies, and the expression of proteins were quantified as in (F); Columns, mean; bars, ± S.D. of 3 independent experiments (**, P <
0.01; ***P < 0.001; ****P < 0.0001; n.s., no significance).
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PTL and ATO synergistically suppress
stemness and self-renewal ability of
HepG2 cells

PTL is known as the first natural compound that specially

eradicated cancer stem cells (30). And self-renewal is the ability

by which stem cells divide to make more stem cells. In next

experiment, clone formation assay was performed to test the

changes in self-renewal ability to assess the anti-tumor of PTL/

ATO combination in vitro. The CBB staining showed a

significant reduction in the number of clone in ATO/PTL

combined treatment group compared to ATO alone treatment

group. Using microscope, we also observed the distinct

shrinkage in the morphology of clone in combination group

compared to each reagent alone group (Figures 4A, B). CD133 is

one of the most well-characterized bio-markers used for the

isolation and identification of cancer stem cells. In further study,
Frontiers in Oncology 08
we assessed the changes of CD133 protein level to clarify the

effect of combined treatment on cancer stem cells. As we

expected, the combination of two reagents apparently lowered

the protein level of CD133 in contrast to each reagent

(Figures 4C, D). Altogether, these data indicated that self-

renewal ability is more effectively inhibited by ATO co-treated

with PTL in HCC cell lines, suggesting that PTL may eliminate

the cancer stem cells to exert the effect of ATO-mediated

anti-tumor.
USP7-HUWE1-p53 axis is involved in PTL
enhancing ATO-induced apoptosis of
HCC cell lines

The latest findings proved that PTL can directly interact with

USP7 and inhibit its protein activity. HUWE1, an E3 ligase, is
B C

D

A

FIGURE 4

Suppression of stemness and self-renewal ability of HepG2 cells by combination of ATO with PTL. (A) HepG2 cells were treated with ATO, PTL
and ATO plus PTL. After 12 days, cell clones were stained with coomassie brilliant blue. The number of colones was counted and the
morphology of single clone was observed under the microscope (>50 clones validated). (B) Graphic quantitation of clone was obtained from at
least three independent experiments. Columns, mean; bars, ± S.D. (***P < 0.001; ****P < 0.0001). (C, D) HepG2 cells and Huh7 cells were
treated as (A), and then subjected to western blotting analysis.
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one of the substrates of USP7, and is responsible for the

degradation of p53 (33, 45, 46). Therefore, we next explored

whether USP7-HUWE1-p53 axis is involved in ATO/PTL

-mediated apoptosis. The expression of USP7, HUWE1 and

p53 was first detect in these cells treated with ATO or PTL alone

at different concentrations using Western blot. The results

showed that ATO had no apparent effect on expression of
Frontiers in Oncology 09
HUWE1 and only increased the protein level of p53, whereas,

PTL exhibited a significantly decrease in protein level of

HUWE1 going with enhancement of p53 (Figure 5A). These

data gave us a hint that the inhibition of USP7 by PTL may

improve the sensitivity of ATO. To confirm this hypothesis, we

tested the changes of HUWE1 and p53 after treatment with

ATO and PTL together. The results showed that compared with
B

C

A

FIGURE 5

USP7-HUWE1 is related to PTL enhancing ATO-induced apoptosis of HCC cell lines. (A) HepG2 cells and MHCC 97H cells were treated with
indicated concentrations of ATO or PTL for 24 h. The cells were collected and subjected to western blotting. (B) HepG2 cells, MHCC97H cells
and Huh7 cells were treated with ATO, PTL and ATO plus PTL for 24 h, followed by analysis with western blotting. (C) Designated plasmids were
transfected into HepG2 cells for 24 h, and then cells were treated with indicated concentrations of ATO or TL for 24 h. Harvested cells were
lysed with IP lysis buffer and subjected to IP using GFP-agrose and western blotting analysis with the indicated antibodies.
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reagent alone, the combined use of ATO and PTL made the

expression of HUWE1 decrease (Figure 5B), indicating ATO

combination with PTL promotes the apoptosis of liver cancer

cells through the USP7-HUWE1-p53 axis. At the same time, we

evaluated the interaction between USP7 and HUWE1 after the

combined action of drugs through the immunoprecipitation

experiment (Figure 5C). The results showed that the

interaction between USP7 and HUWE1 was significantly

weakened after the co-treated with PTL compared with ATO

alone. The above results prove that the effect of PTL on ATO-

induced apoptosis of HCC cells may be achieved by regulating

the USP7-HUWE1-p53 axis.
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PTL enhances ATO-triggered protective
autophagy by PI3K/Akt/mTOR pathway
in HCC cell lines

To identify whether the combination of ATO/PTL has an

impact on activity of autophagy, we first determined the best

time point of activation of autophagy via examining the

conversion of autophagy marker LC3. As shown by western

blot, the best time point of autophagy activation is at 24 h after

treatment with the combination ATO/PTL (Figure 6A). In

follow-up investigation, we observed that the combination

treatment had more higher conversion of LC3Ito LC3II
B

C D

E

F

A

FIGURE 6

PTL enhances ATO-triggered protective autophagy by PI3K/Akt/mTOR pathway in HCC cell lines. (A) HepG2 cells were treated with ATO, PTL
and ATO plus PTL for 6 h, 12 h and 24 h. Cells were harvested and subjected to western blotting analysis. (B) HepG2 cells, MHCC97H cells and
Huh7 cells were treated with ATO, PTL and ATO plus PTL for 24 h. Cells were harvested and subjected to western blotting analysis. (C) HepG2
cells were treated with ATO, PTL and ATO plus PTL for 24 h with or without 50 mM CQ. Cells were harvested and subjected to western blotting
analysis. (D) HepG2 cells and HepG2 ATG5 KO cells were treated with ATO, PTL and ATO plus PTL for 24 h. Cells were harvested and subjected
to western blotting analysis. (E) HepG2 cells and HepG2 ATG5 KO cells were treated with ATO, PTL and ATO plus PTL for 24 h. The changes of
cell morphology were observed under microscope. Scale bar: 20 mm. (F) HepG2 cells were treated with ATO, PTL and ATO plus PTL for 24 h.
Cells were harvested and subjected to western blotting analysis.
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compared with reagent alone in HCC cell lines (Figure 6B),

indicating much stronger ability of autophagic induction in

ATO/PTL combination group. LC3 immunostaining showed

the similar consequence (Figure S1A). Next, we investigated

the role of this increased autophagy in the process of drug

combination. Cells were treated with ATO and PTL in absence

or presence of CQ, and western blot results demonstrated that

suppression of autophagy showed a significant increase in the

level of cleaved caspase3, suggesting that activated autophagy

have a protective effect on tumor cells as well as drug alone

(Figure 6C). In addition, we further confirmed this conclusion in

the ATG5- KO HepG2 cells (Figure 6D). Subsequently, we

assessed the anti-tumor effect of drugs in vitro and observed

that knock out ATG5 had a remarked promotion of cell death in

whatever either drug group or combination of both drugs

(Figure 6E). Finally, to elucidate the underlying mechanism of

autophagy activation, we investigated the changes of some vital

proteins in PI3K/Akt/mTOR signal pathway, an important

pathway in the treatment of liver cancers and autophagy (47,

48). Our results showed that the combination of both drugs

produced an abrogation in the expression levels of PI3K, AKT,

mTOR, phosphorylated Akt and phosphorylated mTOR

compared with either reagent. Furthermore, phosphorylation

of S6K1 and 4EBP1, the downstream effectors in PI3K/AKT/

mTOR signal pathway, also decreased in the combined group

(Figure 6F). Taken together, these data indicated that the

combination of ATO/PTL endows the HCC cell lines with

much stronger autophagic activity than each reagent via

inhibiting the PI3K/Akt/mTOR pathway, which may weaken

the anti-tumor efficacy of the combination of PTL and ATO.
PTL synergizes ATO to inhibit the in vivo
growth of hepatoma H22 cells in mouse
HCC model

In the present study, we intended to evaluate the potential

therapeutic efficacy of combination treatment with ATO, PTL

and CQ in a xenograft Balb/c tumor model with subcutaneously

implanted H22 cells, a mouse HCC cell line. Before establishing

the animal model, we wondered whether PTL enhances the

susceptibility of H22 cells to ATO as well as human HCC cell

lines. As we expected, ATO or PTL significantly inhibited the

proliferation of H22 cells, and the inhibition of cell growth by

ATO was further enhanced after the addition of PTL

(Figure 7A). Thus, H22 cells is suitable for the establishment

of xenograft in this study. After the xenograft Balb/c tumor

model was subjected to 28-day-treatment of ATO or PTL alone,

the tumor growth was partially delayed compared with controls,

whereas ATO combined with different concentrations of PTL

strongly suppressed tumor growth (Figures 7B, C). Further, we

observed that application of CQ significantly accelerated the

decrease of the tumor growth caused by ATO and PTL
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(Figures 7D, E). Anyway, the observed data suggested that

PTL synergistically accelerated the in vivo anti-HCC efficacy of

ATO, and suppression of autophagic activity further promoted

the therapeutic effects of PTL and ATO.
Discussion

ATO, a Chinese traditional medicine, has shown

substantial efficacy in treating patients with APL. More

interestingly, our previous study revealed that multidrug

resistant leukemia cells have much more sensitivity to ATO

than the parallel sensitive cells, showing the unique feature of

ATO distinguished from other chemotherapeutics (1, 24). In

view of these, our attention is attached to the application of

ATO in solid tumors. HCC is a malignant tumor with poor

prognosis. The selection of chemotherapeutic agents is an

important part of therapy to patients with HCC. In this

study, ATO was introduced to assess the efficacy of anti-

HCC. During research, however, we found IC50 of ATO in

HCC is about ten times higher than that in leukemia cells,

suggesting high dose of ATO required for HCC have the risk of

toxicity and single-agent do not benefit patients with HCC.

This urges us to consider whether treatment benefit emerges

when ATO is combined with other agents. At this moment, we

face a critical problem: How to choose the drugs combined

with ATO? Ideally, this kind of drugs should have the features

of nontoxicity and antitumor activity. PTL, a natural

compound, has been reported to possess the powerful ability

of killing cancer cells and cancer stem cells, and have no

toxicity to normal cells. In published paper, we elaborated

that PTL can increase the sensitivity of drug resistant leukemia

cells to doxorubicin via impeding the expression of multi-drug

resistance proteins (34). Therefore, we selected the

combinat ion of PTL with ATO, and expected an

improvement in the anti-HCC effect of ATO. Unexpectedly,

we found that PTL significantly promotes the anti-HCC effect

of ATO in vivo and in vitro by further inhibiting the

proliferation and self-renewal ability of HCC, blocking cell

cycle, enhancing the production of ROS, and inducing

mitochondrial-dependent apoptosis. Furthermore, low dose

of PTL (10 mM) used does not dramatically affects the

human hepatocyte LO2 cells and HCC cell lines, instead,

enhances the efficacy of ATO, indicating that PTL may be a

more advantageous agent combined with ATO than other

chemotherapeutics in treatment of HCC.

PTL is an inhibitor of NF-kB pathway and USP7 (33, 49),

but ATO activates or inhibits NF-kB activity, depending on a cell

type and the drug dose used (33, 50–52). Thus, we first focused

on USP7-HUWE1-p53 axis to explore the mechanisms of

combination therapy. Our results elucidated that single-agent

ATO has no effect on the expression of USP7 and HUWE1, and

the accumulation of p53 by ATO is evoked at transcript, but,
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PTL leads to the accumulation of p53 via weakening the

interaction between USP7 and HUWE1, not at transcript

(Figure 5, S2A). This conclusion revealed that combination of

PTL and ATO can synergistically facilitate accumulation of p53

though two different pathways. Additionally, we found that PTL
Frontiers in Oncology 12
can not lead to the accumulation of p53 in combination with

ATO in LO2 cells, and the detailed mechanism need to be

further investigated (Figure S2B). On the other hand, the

specific killing effect of PTL on cancer stem cells also

contributes to the improvement of ATO in treatment of HCC.
B C

D E

A

FIGURE 7

Effects of the combination of ATO with PTL on hepatoma growth. (A) MTT assay showing the viability of H22 cells after exposure to increasing
concentrations of ATO or PTL for 24 h and 48 h (P < 0.0001 vs. Control). After exposure to indicated concentrations of ATO, PTL and ATO plus
PTL for 24 h, the cell viability was tested by MTT assay. Columns, mean; bars, ± S.D. (***P < 0.001; ****P < 0.0001). (B, D) Photographs of
harvested xenograft tumors prior to processing. (C, E) The weight of xenograft tumors in mice are shown. Columns, mean; bars, ± S.D.(n=3)
(**P < 0.01; ***P < 0.001).
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In this part, we just preliminarily explore the mechanism of

combination therapy, and not further verify the conclusion in

USP7-deficient cells or USP7+HUWE1 - deficient cells.

It is an effective strategy to eliminate the effect of

antagonistic factors to antitumor drugs to improve clinical

chemotherapy. Autophagy protects cancer cells from the

application of chemotherapeutics, usually resulting in

failure of therapy (38). Here, we first elucidated that

combination of PTL and ATO can more obviously trigger

autophagy in contrast with single agent, and weakening the

autophagy further activates apoptosis induced by combined

treatment. In addition, the conversion of LC3I to LC3II is not

so obvious in MHCC 97H cell line, which was due to less

sensitivity to drugs than other two cell lines (Figures 1A-D,

2A, B). To verify the explanation, we increased the

concentration of ATO in MHCC 97H cell line, and the

results showed that combination of PTL and ATO

observably increase the conversion of LC3I to LC3II (Figure

S1B). CQ, a traditional antimalarial drug, is widely used as

inhibitor of autophagy to treat various solid tumors in clinic.

In animal experiment, application of CQ helps PTL and ATO

further shrink the size of tumor, meaning that PTL and CQ

combined with nontoxic dosage of ATO may benefit patients

with HCC. Moreover, we confirmed that ATO combined

with PTL has more significant ability of inhibiting cell

growth than ATO combined with CQ (Figure S2C).

PI3K/AKT/mTOR pathway, a critical pathway of treatment

in HCC, is similarly involved in the activation of autophagy

caused by combination of ATO/PTL, which provides

possible directions for exploring the drugs aiming at this

pathway, thereby enhancing the efficacy of ATO/PTL

combination therapy.

In future work, we will further go on exploring the

relationship between autophagy and apoptosis, and optimizing

the combination of autophagy inhibitors and ATO/PTL to

achieve the transformation from basic research to

clinical application.
Conclusions

All in all, our study demonstrated that PTL is the best

candidate for optimizing the anti-tumor efficacy of ATO in

application of hepatocellular carcinomas in vitro and in vivo. In

addition, we also found USP7, a target protein of PTL, participates

in the effect of PTL enhancing ATO-induced apoptosis to HCC

cell lines via USP7-HUWE1-p53 axis. Meanwhile, our findings

showed that the treatment of drug combination can more

significantly enhance the activity of autophagy than that of each

reagent, and the inhibition of autophagy using genetic or

pharmacological methods can further improve the anti-tumor

efficacy of a combination of ATO with PTL.
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