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Abstract

Radiation is an important therapeutic strategy for hepatocellular (HCC). In this study, we

evaluated the role of the dual PI3K/mTOR inhibitor, PKI-587, on radiosensitization of HCC

and its possible mechanism. MTT, colony formation, flow cytometry, and immunofluores-

cence were used to analyze the proliferation, cell cycle, formation of residual γ-H2AX foci,

and apoptosis of HCC cells. A SK-Hep1 xenograft HCC model was used to assess the

effects of PKI-587 in combination with ionizing radiation in vivo. The activation levels of

PI3K/AKT/mTOR and DNA damage repair pathways and their downstream effector mole-

cules were detected with Western blot. It was found that PKI-587 sensitized HCC cells to

radiation by increasing DNA damage, enhancing G0/G1 cell-cycle arrest, and inducing apo-

ptosis. In vivo, the combination of radiation with PKI-587 significantly inhibited tumor growth.

These findings suggest the usefulness of PKI-587 on radiosensitization of HCC cells by

inhibiting the PI3K/AKT/mTOR and DNA damage repair pathways. The combination of ion-

izing radiation and PKI-587 may be a strategy to improve the efficacy of treating HCC.

Introduction

Hepatocellular carcinoma (HCC), with its high incidence and mortality, seriously threatens

human health [1, 2]. One of the main treatments for HCC is surgical resection; another is local

treatment, such as radiotherapy [3–5]. The toxicity and side effects of systemic treatment have

led to an increased role of local treatment for HCC [6–8]. Radiotherapy, as a non-invasive

treatment, plays a pivotal role in treatment of advanced HCC, which causes tumor-cell death

by inducing apoptosis, mitotic death, autophagy, necrosis, and aging [9–12]. With the develop-

ment of imaging technology, the precise dose and controllable range of radiation have a

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0258817 October 19, 2021 1 / 17

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Xie Y, Liu C, Zhang Y, Li A, Sun C, Li R, et

al. (2021) PKI-587 enhances radiosensitization of

hepatocellular carcinoma by inhibiting the PI3K/

AKT/mTOR pathways and DNA damage repair.

PLoS ONE 16(10): e0258817. https://doi.org/

10.1371/journal.pone.0258817

Editor: Yi-Hsien Hsieh, Chung Shan Medical

University, TAIWAN

Received: June 17, 2021

Accepted: October 5, 2021

Published: October 19, 2021

Copyright: © 2021 Xie et al. This is an open access

article distributed under the terms of the Creative

Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in

any medium, provided the original author and

source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

Information files.

Funding: The National Natural Science Fund of

China (grant nos. 82071862, 81872017 and

81572431), The University Natural Science

Research Project of Anhui Province (grant nos.

KJ2018ZD011 and KJ2019A0093), The Anhui

Provincial Science and Technology program (grant

nos. 202004j07020053 and 1604a0802094), The

Research Foundation of the Institute of

https://orcid.org/0000-0003-2000-5725
https://doi.org/10.1371/journal.pone.0258817
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0258817&domain=pdf&date_stamp=2021-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0258817&domain=pdf&date_stamp=2021-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0258817&domain=pdf&date_stamp=2021-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0258817&domain=pdf&date_stamp=2021-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0258817&domain=pdf&date_stamp=2021-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0258817&domain=pdf&date_stamp=2021-10-19
https://doi.org/10.1371/journal.pone.0258817
https://doi.org/10.1371/journal.pone.0258817
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


reasonable killing effect on tumor targets while minimizing the impact on surrounding normal

tissues [13–15]. However, after being exposed to radiation, tumor cells can counteract the

effects of radiation, thus decreasing the sensitivity of tumors to radiotherapy. Although several

radiosensitizers have been reported [16–18], their therapeutic effect remains unsatisfactory,

and there is an urgent need for more effective radiosensitizers.

Ionizing radiation (IR) can stimulate the abnormal activation of multiple signaling path-

ways that regulate tumor progression. Abnormal activation of the PI3K/AKT/mTOR signaling

pathway is closely related to radiotherapy resistance by promoting proliferation, survival,

metabolism, invasion, and metastasis by inhibiting autophagy and apoptosis in malignant

tumors [19–23]. In addition, IR can trigger a series of DNA damage responses in tumor cells,

such as cell-cycle arrest and activation of DNA damage repair pathways [24, 25]. The two

main DNA double-strand break repair mechanisms are non-homologous end joining (NHEJ)

and homologous recombination [26]. Crosstalk between the PI3K/AKT/mTOR and DNA

damage repair pathways, mainly by interaction with damage response and repair (DDR) sen-

sors/transducers, DDR mediators, and DDR effector molecules, has been reported [27]. Simul-

taneous inhibition of PI3K/AKT/mTOR and DNA damage repair pathways can enhance the

chemotherapy sensitivity of HCC to platinum drugs (such as oxaliplatin), through a mecha-

nism like that of radiation [28]. Whether simultaneous inhibition of the PI3K/AKT/mTOR

and DNA damage repair pathways can enhance the radiotherapy sensitivity of HCC is

unknown.

Drugs targeting the PI3K/AKT/mTOR signaling pathway have had good anti-proliferative,

pro-apoptotic, and synergistic effects in tumor radiotherapy and chemotherapy [29–32]. PKI-

587, an inhibitor targeting both PI3K and mTOR, can reduce the level of p-AKT and inhibit

the proliferation and increase the radiosensitivity of tumor cells in vivo and in vitro [33–35].

In this study, we explored the effect of PKI-587 on the radiosensitivity and regulatory mecha-

nisms in the HCC cell line SK-Hep1 in vivo and in vitro. We found that PKI-587, combined

with radiation, enhanced the anti-tumor and radiosensitizing effects by inhibiting the PI3K/

AKT/mTOR and DNA damage repair pathways. The results suggest a role for PKI-587 as a

sensitizer in radiotherapy of HCC.

Materials and methods

Cell culture

Human HCC cell line SK-Hep1 was purchased from Blinded per Author Guidelines and cul-

tured in RPMI 1640 medium and maintained in a 5% CO2 incubator at 37˚C.

Radiation and reagents

Radiation treatment was performed with a 6 MV-X ray source (Varian Medical Systems, Cali-

fornia, USA), and the cells were irradiated at a dose rate of 0.2 Gy/min. PKI-587 (MeDeCm

Express, USA) was dissolved in dimethyl sulfoxide at 2 mM and stored at -20˚C. Antibodies to

Ki67, PI3Kp110α, PI3Kp110γ, Akt, phospho-Akt (Ser473), mTOR, phospho-mTOR

(Ser2448), Bad, phospho-Bad, Caspase-3, Cleaved Caspase-3, Caspase-9, Cleaved Caspase-9,

PARP, and Cleaved RARP were purchased from Cell Signaling Technology, USA. Antibodies

to phospho-Rb, Rb, Cyclin D1, phospho-DNAPKcs (Ser2056), DNAPKcs, phospho-ATM

(Ser1981), ATM, phospho-ATR (Ser428), and ATR were acquired from Abcam, USA. Anti-

bodies to p70S6K, phospho-S6K1 (T421 + S424), eIF4EBP1 and phospho-eIF4EBP1 were pur-

chased from Boster Biological Technology, China. γ-H2AX was obtained from Biolegend

Biological Technology, USA. β-actin was obtained from Biosharp Life Science, China. SP-9000

was obtained from Zhongshan Gold Bridge.
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Western blot analysis

Total protein was extracted after treating the cells in groups for 24 h, and protein concentra-

tion was determined with a BCA-200 Protein Assay Kit (Pierce, Rockford, IL, USA). Target

proteins were separated by SDS-PAGE and electrotransferred onto polyvinylidene difluoride

membranes (Millipore, USA). The membranes were blocked for 60 min with 5% skim milk in

TBST (pH 8.3) at room temperature and incubated with primary antibody at 4˚C for 12 h. The

membranes were washed in TBST and incubated with secondary antibody (1:4000) for 60 min

at room temperature followed by exposure to electrochemiluminescence.

MTT assay

The cells were inoculated into 96-well plates at a final density of 5 × 103 cells/well. After drug

treatment of each group, the cell cultures were incubated with MTT solution (5 mg/mL) for 4

h at 37˚C. The supernatant of each well was replaced by 150 μL dimethyl sulfoxide. A micro-

plate reader (ELx800, Bio-Tek, Winooski, VT, USA) was used to detect the absorbance at 492

nm, and cell viability was calculated with Graphpad Prism Version 5.0 software according to

absorbance.

Clonogenic survival assay

Clonogenic survival assays were performed as described [36]. Cells were treated with PKI-587

(0.1 μM) for 6 h, then exposed to IR (0, 2, 4, 6, and 8 Gy) and washed for 24 h.

Colony formation assay

SK-Hep1 cells were seeded into a six-well plate at a final density of 1000 cells/well. Cells were

treated according to these conditions: Control, untreated; IR, 2 Gy 6 MV-X ray alone; PKI-

587, 0.1μM PKI-587 alone; IR+PKI-587, combination IR + PKI-587. The cells were cultured

until macroscopic clusters appeared in the plate. The cells were washed gently with PBS twice

and fixed with 5% paraformaldehyde for 15 min, then stained with crystal violet for 20 min.

Cell colonies were counted, and the number cultured with drugs was compared with the num-

ber cultured with untreated control.

γ-H2AX assay

SK-Hep1 cells were seeded in 12-well plates with slides at a final density of 5000 cells per well.

When the degree of cell fusion reached about 80%, the cells were treated with 2 Gy IR or 2 Gy

IR+0.1 μM PKI-587 for 0, 12, 24, or 48 h. After rinsing with PBS for 3 min per time, the cells

were fixed with 4% paraformaldehyde for 15 min. The slides were incubated with 0.5% Triton-

100 for 30 min and blocked with 5% bovine serum albumin for 1 h. The γ-H2AX primary anti-

body (dilution, 1:100) was incubated at 37˚C for 60 min. After washing with PBS 3 times, Cy3

fluorescent secondary antibody (1:1000) was added and incubated at 37˚C for 60 min. The

cells were counterstained with DAPI for 10 min. A fluorescence microscope was used to

observe and photograph the cells.

Cell cycle analysis

The cells were collected after treating as follows: Control, untreated; IR, 2Gy 6MV-Xray alone;

PKI-587, 0.1 μM PKI-587 alone; IR+PKI-587, combination IR + PKI-587. The cells were disso-

ciated and fixed with cold 75% ethanol at -20˚C overnight. The ethanol was discarded after

centrifuging, and the cells were washed with PBS. One hundred microliters of RNAse (100 μg/

ml) and 400 μl propidium iodide (50 μg/ml) were added at room temperature in the dark for

PLOS ONE PKI-587 enhances radiosensitization of hepatocellular carcinoma

PLOS ONE | https://doi.org/10.1371/journal.pone.0258817 October 19, 2021 3 / 17

https://doi.org/10.1371/journal.pone.0258817


30 min. The precipitate was collected, and 500 μL PBS was added to resuspend the cells for

cell-cycle analysis by flow cytometry (BD FACSCalibur, USA).

Annexin V-FITC/PI/DAPI staining

The cells were inoculated into a six-well plate containing cell slides at a final density of 1 × 104

cells/well. After various treatments (Control, untreated; IR, 2 Gy 6 MV-Xray alone; PKI-587,

0.1uM PKI-587 alone; IR+PKI-587, combination IR + PKI-587), the slides were rinsed with

PBS and stained with 200 μL PBS containing 10 μL Annexin V FITC, 3 μL propidium iodide,

and 4 μL DAPI for 15 min in the dark. Fluorescence microscopy was used to detect the apopto-

tic rate.

Measurement of mitochondrial membrane potential (JC-1)

The cells were inoculated on a 24-well plate at a final density of 5 × 105 cells/mL. After various

treatments (control, untreated; IR, 2 Gy 6MV-X ray alone; PKI-587, 0.1 μM PKI-587 alone; IR

+PKI-587, combination IR + PKI-587), the cells were collected and incubated with 0.5 mL of

8 μg/mL JC-1 solution for 30 min. The cells were washed with PBS twice and re-suspended

with 500 μL buffer solution for analysis by flow cytometry (BD FACSCalibur, USA).

Acridine orange/ethidium bromide staining

The cells were inoculated on a 24-well plate with a density of 2 × 105 cells/mL. After various

treatments (control, untreated; IR, 2 Gy 6MV-Xray alone; PKI-587, 0.1 μM PKI-587 alone; IR

+PKI-587, combination IR + PKI-587), the cells were washed with PBS twice and stained with

500 μL PBS containing 10 μL of the prepared working solution (acridine orange/ethidium bro-

mide solution 1:1) for 5 min at 37˚C. The stained cells were imaged under a fluorescence

microscope.

Xenograft studies

All the animal experiments were carried out in strict accordance with the principles and proce-

dures approved by the Committee on the Ethics of Animal Experiments of Anhui University

of Science and Technology (Anhui, People’s Republic of China). To facilitate the injection of

experimental drugs, measurement of tumor volume, weighing the mice, and taking pictures of

the mice, we anesthetized them before the following experimental operations with sodium

pentobarbital, which is formulated into 1 to 3% physiological saline solution and administered

by 30 mg/kg body weight by intraperitoneal injection. Five-seven-7-week-old female BALB/c-

nu/nu nude mice were selected to xenograft studies. First, suspensions of 5 × 107/0.2 mL

SK-Hep1 cells were injected subcutaneously into the right hindlimbs. When tumor volumes

reached 200 mm3, one treated group received 25 mg/kg PKI-587 every four days via the tail

vein; one treated group received 2 Gy IR every other day for four treatments; one treated

groups received 25 mg/kg PKI-587 combined with IR every four days, and in combination

therapy, PKI-587 was administered 6 h before IR exposure. We used the formula

(length × width2)/2 to calculate tumor size every 2 days and recorded the body weights (g).

Immunohistochemistry assays

Five-micrometer tissue sections harvested from the SK-Hep1 xenografts were used for immu-

nohistochemical (IHC) staining. The sections were fixed with 4% formaldehyde for 24 h,

embedded with paraffin, incubated at 4˚C with anti-Ki67 antibodies (1:600 dilution) for 24 h,
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and incubated with secondary antibodies (SP-9000) for 60 min. The slides were counterstained

with hematoxylin and eosin and observed with a microscope.

Statistical analysis

All experiments were repeated three times independently, and two-tailed unpaired Student t

test was used to analyze data in in vitro experiment, and two-way ANOVA followed by multi-

ple comparison test was used to analyze data in in vivo experiment. P<0.05 was taken as statis-

tically significant.

Results

PKI-587 blocked PI3K/AKT/mTOR induced by radiation and inhibited

DNA damage repair pathway when combined with radiation

To explore the effect of radiation on PI3K/Akt/mTOR and DNA damage repair pathways

(NHEJ and HR), we first examined the activation levels of PI3Kp110α, PI3Kp110γ, Akt,

mTOR, DNAPKcs, ATM, and ATR in SK-Hep1 cells. Western blot revealed that PI3Kp110γ
and p-mTOR (Ser2448) were increased in SK-Hep1 cells after radiation treatment (Fig 1). This

indicated that the PI3K/AKT/mTOR signaling pathway in SK-Hep1 cells was further activated

after being stimulated by radiation, and PKI-587 inhibited PI3Kp110γ and p-mTOR induced

Fig 1. PKI-587 blocked PI3K/AKT/mTOR induced by radiation and inhibited the DNA damage repair pathway

when combined with radiation. (A and B) Western blot assay and semiquantitative analysis of the levels of

PI3Kp110α, PI3Kp110γ, p-Akt (Ser473), Akt, p-mTOR (Ser2448), and mTOR proteins involved in PI3K/AKT/mTOR

pathway in SK-Hep1 cells after radiation and PKI-587 alone or in combination treatment for 24 h. (C and D) Western

blot assay and semiquantitative analysis revealed the levels of related proteins in DNA damage repair pathway,

including p-DNAPKcs (Ser2056), DNAPKcs, p-ATR (Ser428), ATR, p-ATM (Ser1981), and ATM in SK-Hep1 cells

after radiation and PKI-587 alone or in combination treatment for 24 h. The data are mean ± SD, n = 3. �P<0.05,
��P<0.01, ���P<0.001; n.s: no significance. versus IR group. IR: ionizing radiation (6MV-X ray).

https://doi.org/10.1371/journal.pone.0258817.g001

PLOS ONE PKI-587 enhances radiosensitization of hepatocellular carcinoma

PLOS ONE | https://doi.org/10.1371/journal.pone.0258817 October 19, 2021 5 / 17

https://doi.org/10.1371/journal.pone.0258817.g001
https://doi.org/10.1371/journal.pone.0258817


by radiation, as well as PI3Kp110α, p-Akt. At the same time, we found that PKI587 combined

with radiation inhibited the DNA damage repair pathway, especially the activity of HR-related

kinase ATM and ATR (Fig 1). These results indicated that PKI-587 blocked the abnormal acti-

vation of PI3K/Akt/mTOR induced by radiation and inhibited the DNA damage repair path-

way when combined with radiation.

PKI-587 increased the radiosensitivity of HCC cells by inhibiting

proliferation

To explore whether PKI-587 inhibited the abnormal activation of the PI3K/Akt/mTOR signal-

ing pathway while enhancing the radiosensitivity of HCC cells, we evaluated the effect of PKI-

587 on proliferation of SK-Hep1 cells by MTT assay. As illustrated in Fig 2A, PKI-587 com-

bined with radiation inhibited the proliferation of SK-Hep1 cells more than did PKI-587 or

radiation alone, and it did so in a time-dependent manner. As expected, the combination of IR

with PKI-587 reduced the survival fraction post-IR in SK-Hep1 cells (Fig 2B) (P< 0.01).

The results of colony formation assay revealed that the number of clones was significantly less

with PKI-587 combined with radiation than with radiation treatment alone, (Fig 2C and 2F)

Fig 2. PKI-587 increased the radiosensitivity of HCC cells by inhibiting proliferation. (A) Cytotoxicity of SK-Hep1 cells treated with IR (2Gy) alone or

combined with PKI-587 (0.1 μM) at 0, 12, 24, 36, and 48 h. (B) Clonogenic survival assays of SK-Hep1 cells treated with PKI-587 (0.1μM) followed by

irradiation in a range of radiation doses. (C and F) Representative images of the colony formation revealing the proliferation of SK-Kep1 cells treated with

IR (2 Gy) alone or combined with PKI-587 (0.1 μM) for 24 h. The percentage of colony formation was calculated. (D and E) The level of p-S6K1 and

p70S6K proteins in SK-Hep1 cells after treatment with IR (2Gy) alone or combined with PKI-587 (0.1 μM) for 24 h determined by western blot assay. The

semiquantitative data were represented as p-S6K1/p70S6K. The data are mean ± SD, n = 3. ��P<0.01, ���P<0.001 versus IR group. IR, ionizing radiation (6

MV-X ray).

https://doi.org/10.1371/journal.pone.0258817.g002
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(P< 0.01). We also explored, through western blot experiments, whether the proliferation/sur-

vival downstream effector molecule p70S6K, eIF4EBP1 in mTOR was inhibited by PKI-587

treatment. As illustrated in Fig 2D and 2E, radiation treatment increased the level of phosphor-

ylated p70S6K (p-S6K1), whereas p-S6K1 was decreased by PKI-587 treatment, and it was fur-

ther decreased with combined PKI-587 and radiation treatment. Additionally, compared to

radiation alone, the combination of IR with PKI-587 reduced the level of phosphorylation of

eIF4EBP1 (S1 Fig). These results indicated that PKI-587 combined with radiation inhibited

the proliferation of HCC cells by suppressing the phosphorylation of p70S6K and eIF4EBP1,

the downstream effector molecule of the PI3K/Akt/mTOR signaling pathway.

Persistence of γ-H2AX foci suggested that PKI-587 increased

radiosensitization of HCC cells

To explore the effect of PKI-587 on radiation-induced DNA double-strand breaks, we first

assessed, by indirect immunofluorescence assay, changes in the number of γ-H2AX foci in the

nucleus after treatment with IR (2 Gy) alone or combined with PKI-587 (0.1 μM) for 0, 12, 24,

and 48 h. The results revealed that the number of γ-H2AX foci was maximum after treatment

with radiation alone for 12 h, then gradually decreased. PKI-587 combined with radiation sig-

nificantly increased the formation of γ-H2AX foci compared with that of radiation treatment

alone, especially at 24 h (Fig 3A and 3B). Correspondingly, Western blot analysis revealed that

the expression level of γ-H2AX protein reached a peak after radiation treatment for 12 h, then

gradually decreased; the expression level of γ-H2AX increased significantly also after treatment

with PKI-587 combined with radiation for 24 h (Fig 3C and 3D). These results indicated that

PKI-587 combined with radiation induces the persistent presence of DNA breakpoints and

high level of γ-H2AX in SK-Hep1 cells.

PKI-587 combined with IR promoted cell-cycle arrest in HCC cells

It has been reported that DNA damage causes changes in the phase distribution of the cell

cycle [28, 37]. We monitored, by flow cytometry and propidium iodide staining, the cell cycle

of SK-Hep1 cells after treatment with IR (2Gy) alone or combined with PKI-587 (0.1 μM) for

24 h. As illustrated in Fig 4A and 4B, the proportion of S-phase cells in IR-treated cells was

42.1% more than in control cells. Upon treatment with IR (2Gy) combined with PKI-587

(0.1 μM), the proportion of S-phase cells was decreased to 21.8%, and more cells were present

in the G0/G1 phase (76.9%), a result that implied that PKI-587 combined with IR blocked cell-

cycle progression in the SK-Hep1 cells. We also measured, with western blot assay, p-Rb and

CyclinD1 of cells transforming from G0/G1 phase to S phase [28, 38]. Values of p-Rb and

CyclinD1 in cells treated with IR (2 Gy) combined with PKI-587 (0.1 μM) were significantly

less than in cells treated with IR alone (Fig 4C and 4D). These results are evidence that IR com-

bined with PKI-587 converted the IR-induced SK-Hep1 cells residing in S phase into G0/G1

phase, resulting in increased sensitivity of the cells to IR.

PKI-587 combined with IR induced apoptosis of HCC cells

Activation of the PI3K/AKT/mTOR and DNA damage repair pathways (NHEJ and HR) can

inhibit apoptosis of HCC cells [19–23]. Our research has confirmed that PKI-587, when com-

bined with radiation, can block the abnormal activation of PI3K/AKT/mTOR induced by radi-

ation and inhibit the DNA damage repair pathway. We here investigated the effect of PKI-587

combined with radiation on cell apoptosis, as determined with annexin V FITC/PI/DAPI

staining. As illustrated in Fig 5A and 5B, compared with IR alone, radiation combined with

PKI-587 had a more pro-apoptotic effect on SK-Hep1 cells (P< 0.001). Similarly, JC-1
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staining for mitochondrial membrane potential revealed a higher rate (21.4%) of apoptosis

with PKI-587 combined with radiation treatment than with IR alone (7.91%) (Fig 5C and 5D).

AO/EB staining (Fig 5E and 5F) also revealed that PKI-587 combined with radiation exerted a

stronger pro-apoptotic effect than did radiation alone. We also evaluated the expression levels

of the apoptotic protein molecules p-Bad / Bad, c-Caspase3 / Caspase3 and c-PARP / PARP in

western blot experiments. Fig 5G and 5H illustrate that the expression level of pro-apoptotic

factor Bad, as well as c-Caspase3 and c-PARP, in PKI-587 combined with radiation was signifi-

cantly up-regulated, whereas the anti-apoptotic factor p-Bad was suppressed, which indicated

that PKI-587 enhanced the pro-apoptotic effect of radiation.

PKI-587 combined with radiotherapy can inhibit tumor growth in vivo. To determine

whether PKI-587 combined with radiotherapy can inhibit tumor growth in vivo, we used the

SK-Hep1 xenograft model. As illustrated in Fig 6A–6C, either PKI-587 or IR alone had antitu-

mor activity, but PKI-587 combined with radiotherapy had a stronger effect, as illustrated by

greater reduction in volume of the xenograft (P< 0.001). Hematoxylin-eosin staining revealed

no significant morphologic abnormalities in any treatment group. The results also showed that

Fig 3. PKI-587 induced the persistence of γ-H2AX foci. (A and B) Representative immunofluorescence micrographs (400x) of γ-H2AX foci formation

with IR (2 Gy) alone or combined with PKI-587 (0.1 μM) at 0, 12, 24, and 48 h. ���P<0.001 versus 24 h or 48 h group. (C and D) Western blotting analysis

of γ-H2AX level in SK-Hep1 cells treated with IR (2 Gy) alone or combined with PKI-587 (0.1 μM) at 0, 12, 24, and 48 h. The data are mean ± SD, n = 3.
���P<0.001 versus 48 h group. IR, ionizing radiation (6 MV-X ray).

https://doi.org/10.1371/journal.pone.0258817.g003
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significantly fewer Ki67-positive cells were present in the tumors of animals treated with com-

bined IR and PKI-587 than in tumors of animals treated with IR or PKI-587 alone (Fig 6D and

6E). It was well known that Ki67-positive cells represent proliferating cells. The above results

indicate that treatment with either IR or PKI-587 slightly inhibited tumor growth, but the

combination was more effective. Additionally, we also found that PKI-587 can block PI3K/

AKT/mTOR induced by radiation and inhibit DNA damage repair pathway when combined

with radiation in vivo (S2 Fig). The results are consistent with in vitro experiments.

Discussion

We undertook this study to better understand the radioresistance of HCC and ways by which

the resistance might be overcome. The major findings were that ionizing radiation induced

radiotherapy tolerance in HCC cells by activating the PI3K/AKT/mTOR pathway. The

dual inhibitor, PKI-587 inhibited the abnormal activation of this pathway and its downstream

effector molecule as well as the DNA damage repair pathway (Fig 7). In in vivo experiments,

PKI-587 increased the inhibition of ionizing radiation on tumors in the SK-Hep1 xenograft

model.

Radiation mainly induces DNA double-strand breaks, leading to tumor cell damage [39].

After DNA damage occurs, cells initiate DNA damage response to repair the damage. The

major repair pathways for DNA double-strand breaks are homologous recombination (HR)

and non-homologous end joining (NHEJ) [40]. In this work, we did not find that the DNA

Fig 4. PKI-587 combined with IR promoted G0/G1 phase cell arrest in SK-Hep1 cells. (A and B) Cell-cycle distribution in SK-Hep1 cells as determined

with flow cytometry after IR (2 Gy) alone or combined with PKI-587 (0.1 μM) treatment for 24 h. (C and D) Expression of Cyclin D1, Rb and p-Rb in

SK-Hep1 cells as determined with western blot analysis. The data are mean ± SD, n = 3. ���P<0.001 versus IR group. IR: ionizing radiation (6MV-X ray).

https://doi.org/10.1371/journal.pone.0258817.g004
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damage repair pathway of HCC cells was significantly activated after radiation. However, PKI-

587 alone or in combination with radiation reduced the phosphorylation of DNAPKcs in non-

homologous NHEJ repair, and PKI-587 significantly suppressed the activation of the

Fig 5. PKI-587 combined with IR effectively induced apoptosis of SK-Hep1 cells. (A and B) Annexin V-FITC/PI/DAPI staining after IR (2Gy) alone or

combined with PKI-587 (0.1 μM) treatment for 24 h. Representative images were taken at × 400 magnification. (C and D) Flow cytometry with JC-1 staining

after IR (2 Gy) alone or combined with PKI-587 (0.1 μM) treatment for 24 h. (E and F) AO/EB staining after IR (2 Gy) alone or combined with PKI-587

(0.1 μM) treatment for 24 h. Representative images were taken at × 400 magnification. (G and H) Western blot analysis of apoptotic protein after IR (2 Gy)

alone or combined with PKI-587 (0.1 μM) treatment for 24 h. The data are mean ± SD, n = 3. n.s, no significance, ��P<0.01, ���P<0.001 versus IR group.

IR, ionizing radiation (6 MV-X ray).

https://doi.org/10.1371/journal.pone.0258817.g005
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homologous recombination repair kinase ATM and ATR when combined with radiation. Cor-

respondingly, the expression levels of γ-H2AX, P-Rb, Rb and CyclinD1 were reduced, result-

ing in pro-apoptosis and anti-proliferation of cells.

Fig 6. PKI-587 combined with radiotherapy can inhibit tumor growth in vivo. (A and B) Antitumor efficacy of PKI-587, IR, and the combination of IR

and PKI-587 in SK-Hep1 tumor xenografts by according to xenograft volumes. The data are mean ± SE, n = 4. ���P< 0.001. (C) Mouse body weight of each

group during the in vivo experiment. (D and E) Expression of Ki67 assay in the harvested tumors. Representative images were taken at × 400 magnification.

Histogram shows percentage of SK-Hep1 cells positive for Ki67. The data are mean ± SD, n = 3. ��P< 0.01.

https://doi.org/10.1371/journal.pone.0258817.g006
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The desensitization of HCC to radiotherapy is due to the radiation-induced abnormal acti-

vation of the PI3K/AKT/mTOR signaling pathway [22, 41]. The interaction of AKT1, AKT3,

and DNA-PKcs promote tumor-cell proliferation and survival after irradiation [42]. AKT1

regulates HR repair of DNA broken double-strands in a Rad51-dependent manner, and inhi-

bition of AKT kinase activity reduces the Rad51 protein and Rad51 foci formation and inhibits

homologous recombination repair [43, 44]. These observations indicate that there may be

cross talk between PI3K/AKT/mTOR and DNA damage repair pathways. Previous studies

have found that drugs can activate the PI3K/AKT/mTOR and DNA damage repair pathways,

and the combined application of PKI-587 can inhibit the activation of these two pathways,

thereby enhancing the sensitivity of tumor cells to drugs [28]. This study found that radiation

only activates the PI3K/AKT/mTOR pathway, but the combined application of PKI-587 can

simultaneously inhibit PI3K/AKT/mTOR and DNA damage repair pathways, thereby enhanc-

ing the sensitivity of tumor cells to radiation, which may involve complex signaling pathway

networks. In this study, the radiation failure to directly activate DNA damage repair pathway

may be related to the negative regulation of AKT. Due to the impact of the COVID-19, we

have not been able to conduct in-depth research on this issue, which is a new discovery that

deserves further evaluation.

The PI3K/AKT/mTOR signaling pathway in tumor cells is further activated by radiation,

resulting in tumorigenesis, progression, angiogenesis, invasion, metastasis, and anti-apoptosis

[45, 46]. The mTOR downstream effector molecule, S6 protein kinase 1 (S6K1), especially reg-

ulates cellular protein translation. Phosphorylated S6K1 activates the corresponding ribosomal

S6k protein, which promotes the translation of mRNA and synthesis of ribosomal protein [47,

48]. Our results demonstrated that PKI-587 combined with radiation can reduce the phos-

phorylation level of S6K1 induced by radiation, thereby inhibiting the proliferation of HCC

cells and enhancing radiotherapy efficacy.

Radiation induces the cascade activation of PI3K/AKT/mTOR signaling pathway and

downstream molecule S6K to regulate the mitochondrial apoptosis pathway by down-regulat-

ing Bad expression. Bad is induced by calmodulin to dephosphorylate and undergo a confor-

mational change, translocating to the outer mitochondrial membrane and replacing

mitochondrial anti-apoptosis. Bax on the outer mitochondrial membrane is bound by the

Fig 7. Schematic diagram of IR (6 MV-X ray) inducing resistance of HCC cells and PKI-587 enhancing the

radiosensitivity of HCC cells.

https://doi.org/10.1371/journal.pone.0258817.g007
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protein Bcl-xL and dissociated to change the membrane permeability, leading to release of

cytochrome C outside the mitochondria. The cytochrome C cascade activates caspase-9, cas-

pase-3, caspase-7, and PARP and induces apoptosis [49, 50]. Our research established that

radiation combined with PKI-587 inhibited the PI3K/AKT/mTOR signaling pathway, down-

regulated phosphorylated Bad, and increased mitochondrial apoptosis in HCC cells. The

detailed mechanism will be examined in our future research.

Our in vitro experiments documented convincingly that PKI-587 down-regulates the activi-

ties of the PI3K/AKT/mTOR and DNA damage repair pathways in HCC cells, weakening the

radiation resistance and increasing the radiosensitization of cells. In vivo experiments

extended those results by disclosing that the addition of PKI-587 to IR increased the anti-

tumor effect of IR in the xenograft HCC model. However, because of the complexity of the

tumor microenvironment, we cannot be certain whether PKI-587 acted through down-regula-

tion of these two pathways or by other mechanisms. More in vivo experiments will be needed

to clarify the molecular events in the effects of PKI-587 combined with radiation on HCC.

Conclusion

PKI-587 inhibited proliferation, promoted apoptosis, and enhanced radiosensitization of

hepatocellular carcinoma cells by blocking abnormal, radiation-induced activation of the

PI3K/AKT/mTOR and DNA damage repair pathways and their downstream effector mole-

cules. The addition of PKI-587 to IR increased the anti-tumor effect of radiation in the xeno-

graft HCC model. These findings support the possibility that the combination of radiation and

PKI-587 can be an effective strategy for treatment of hepatocellular carcinoma.
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