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Background: Radiotherapy and chemotherapy are the main clinical treatments for biliary 
tract cancers (BTCs). Patients with advanced disease have a very poor prognosis, yet no 
molecular targets have been proven effective for the adjuvant therapy of BTCs. In this study, 
we aimed to explore the effect of combination treatment with icotinib hydrochloride (IH) and 
fluzoparib (FZ) on radiosensitivity and clarify its underlying mechanism in the HCCC-9810 
and GBC-SD human BTC cell lines.
Methods: Cell proliferation was measured by Cell Counting Kit-8 (CCK-8) assay. The cell 
cycle distribution and apoptosis were analyzed by flow cytometry. The phosphorylation of 
EGFR and its downstream signaling molecules and the expression of RAD51 were measured 
by Western blot analysis. γ-H2AX foci in the cellular nuclei were visualized using immuno-
fluorescence staining. A colony formation assay was performed to demonstrate cell radio-
sensitivity with IH and FZ combination treatment.
Results: In the HCCC-9810 and GBC-SD human BTC cell lines, combined treatment with 
IH and FZ with synergetic radiation significantly inhibited cell proliferation, redistributed the 
cell cycle, enhanced apoptosis and delayed DNA damage repair by suppressing activation of 
the EGFR signaling pathway and attenuating expression of the homologous recombination 
(HR) protein RAD51.
Conclusion: This study demonstrates that combined treatment with IH and FZ may be an 
applicable therapy to enhance the radiosensitivity of BTCs and that RAD51 may serve as 
a biomarker for this combination treatment.
Keywords: icotinib hydrochloride, fluzoparib, biliary tract cancer, EGFR, PARP, 
radiotherapy

Introduction
Biliary tract cancers (BTCs) include gallbladder cancer and intrahepatic and extra-
hepatic cholangiocarcinoma. Complete resection with negative margins is the only 
potential curative therapy for patients with resectable disease, but most cases are 
inoperable. Patients with BTC commonly present with advanced disease and a very 
poor prognosis. Chemotherapy can improve the quality of life of patients with 
unresectable, recurrent or metastatic BTCs. Radiation therapy and fluoropyrimidine 
chemoradiation are options for patients with unresectable disease. Radiotherapy plays 
an important role in the treatment of BTCs and improves the local control rate. 
Ionizing radiation (IR) induces DNA damage mainly caused by double-stranded 
DNA breaks (DSBs), which can then be repaired by non-homologous end joining 
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(NHEJ) and homologous recombination (HR), the most 
important DSB repair pathway.1 RAD51 is an effective 
protein that plays a central role in catalyzing the homologous 
recombination process.2 The elevated expression of RAD51 
is associated with an increase in cell proliferation, radio-
therapy resistance and poor prognosis in multiple cancer 
types, including BTC.3,4 Inhibition of RAD51 expression 
was shown to correlate with increased radiosensitivity. In 
contrast to other solid tumors, no molecular target has been 
approved as effective for the chemotherapy of BTCs, but 
some, such as EGFR tyrosine kinase inhibitors (EGFR- 
TKIs)5 and PARP inhibitors (PARPis),6 have been demon-
strated to improve radiosensitivity. EGFR is a cell-surface 
tyrosine kinase receptor belonging to the ErbB family, and 
the activation of downstream EGFR signaling pathways 
enhances cellular survival, proliferation, angiogenesis and 
metastasis.7 PARP1 accounts for at least 85% activity of 
cellular PARP (Poly-ADP ribose polymerase), which is 
involved in double-strand DNA repair, transcriptional reg-
ulation, and also involved in single-stranded DNA break 
(SSB) repair.8 Inhibition of PARP activity prevents the 
repair of SSBs, which could then be converted to DSBs 
during subsequent DNA replication. Then, these breaks are 
normally repaired by RAD51-related HR using the sister 
chromatids as templates.9

Icotinib hydrochloride (IH) is a first-generation oral 
EGFR-TKI that was developed by Zhejiang Beta Pharma 
Co., Ltd. (Hangzhou, China) and approved as effective for 
advanced non-small cell lung cancer (NSCLC) patients in 
2011 by the State Food and Drug Administration (SFDA) 
of China. Fluzoparib (FZ) is an oral PARPi that was 
developed by Jiangsu Hengrui Medicine Co., Ltd. 
(Shanghai, China), and a new drug application for FZ 
was accepted by the National Medical Products 
Administration (NMPA) of China in 2019. Fluzoparib 
was studied in a Phase III clinical trial for the treatment 
of recurrent ovarian cancer (CTR20190294). In this study, 
we not only investigated the radiosensitization of BTC to 
icotinib hydrochloride (IH) combined with fluzoparib (FZ) 
in vitro but also clarified the potential mechanism by 
which EGFR signaling pathway is inhibited and RAD51 
expression is changed with this combination therapy.

Materials and Methods
Reagents
The EGFR-TKI icotinib hydrochloride (IH) was kindly pro-
vided by Zhejiang Beta Pharma Co., Ltd. The PARPi 

fluzoparib (FZ) was kindly provided by Jiangsu Hengrui 
Medicine Co., Ltd. The two inhibitors were dissolved in 
100% dimethyl sulfoxide (DMSO) (Solarbio) to 50 mM 
and stored at −20°C. Cell Counting Kit-8 (CCK-8) reagent 
was obtained from Dojindo Laboratories (Kumamoto, 
Japan). An Annexin V-APC/7-AAD apoptosis kit was 
obtained from Multi Sciences (Shanghai, China). A BCA 
protein assay kit was obtained from Beyotime. RNAiso 
Plus Reagent was obtained from Takara (Dalian, China). 
SYBR® qPCR Master Mix was obtained from Vazyme. Anti- 
phospho-EGFR (Y1068), anti-EGFR, anti-phospho-AKT 
(S473), anti-AKT, anti-phospho-MAPK (Y204), anti- 
MAPK, and anti-PARP1 antibodies were purchased from 
Cell Signaling Technology (Danvers, MA, USA). Anti- 
RAD51, anti-γ-H2AX, anti-β-tubulin, and anti-β-actin anti-
bodies were purchased from Abcam (Cambridge, 
MA, USA).

Cell Lines and Cell Culture
The human BTC cell lines HCCC-9810 and GBC-SD were 
purchased from the Shanghai Institute of Biochemistry and 
Cell Biology, Chinese Academy of Sciences (Shanghai, 
China). All cells were cultured in RPMI 1640 medium 
(Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (Thermo Fisher 
Scientific) and 100 mg/mL penicillin/streptomycin 
(Solarbio, Beijing, China) at 37°C in a humidified atmo-
sphere with 5% CO2.

Cell Counting Kit-8 (CCK-8) Assay
Cells were seeded at a density of 5×103 cells/well in 96- 
well cell culture plates and incubated overnight in 100 μL 
of RPMI 1640 medium. In the following days, DMSO, IH, 
FZ or IH+FZ at different concentrations were added 4 
hours before irradiation (0 Gy, 2 Gy, 4 Gy and 6 Gy) 
with 6 MV X-rays at a dose rate of 2 Gy/min generated 
by a linear accelerator (Siemens, Erlangen, Germany). To 
measure the cell viability at the indicated time point, 10 μL 
of CCK-8 reagent (Dojindo Laboratories, Kumamoto, 
Japan) was added to each well, and the cells were incu-
bated at 37°C for 2.5 hours. Optical density (OD) values at 
a wavelength of 450 nm were measured by a microplate 
reader (Thermo Fisher Scientific).

Flow Cytometry Analysis
For cell cycle analysis, DMSO, IH, FZ or IH+FZ at 
different concentrations were added to cells 4 hours before 
irradiation (6 Gy), and the cells were cultured for 24 hours, 
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harvested and washed twice with ice-cold PBS. After 
being fixed in 70% cold ethanol at 4°C overnight, the 
cells were stained with propidium iodide in the presence 
of RNase A at 37°C for 30 minutes. The stained cells were 
analyzed with a flow cytometer (BD Biosciences, San 
Jose, CA, USA), and the results of cell cycle distribution 
analysis were analyzed by ModFit LT software.

For apoptosis analysis, cells were treated with drugs at 
different concentrations 4 hours before IR, cultured for 72 
hours, and then analyzed using the Annexin V-APC/ 
7-AAD apoptosis kit (Multi Sciences, Shanghai, China) 
according to the manufacturer’s protocol. The stained cells 
were detected with a flow cytometer (BD Biosciences, San 
Jose, CA, USA), and the results were analyzed with 
FlowJo vX 0.7 software.

Colony Formation Assay
A colony formation assay was performed to determine 
radiosensitivity. Cells were seeded in 6-well cell culture 
plates, allowed to adhere overnight, and then treated with 
agents for 4 hours, followed by exposure to irradiation (0 
Gy, 1 Gy, 2 Gy, 4 Gy, 6 Gy). The cells were further 
incubated for 10–14 days, fixed in 75% ethanol for 15 
minutes, and then stained with 0.5% crystal violet. 
Colonies (a population of >50 cells) were counted using 
microscopy. The survival curves were plotted by linear 
regression analysis, and the radiosensitivity parameter 
was calculated using GraphPad Prism v6 software. The 
D0 and sensitizing enhancement ratio (SER) were calcu-
lated as previously described.10

Western Blotting
Cells were treated with agents at different concentrations 
for 4 hours, followed by exposure to IR (6 Gy) and further 
culture for 24 hours. The cells were then harvested and 
lysed in RIPA buffer (Beyotime) containing 1% phospha-
tase inhibitor for total protein extraction. After quantifica-
tion using the Pierce BCA protein assay kit (Thermo 
Fisher Scientific) and boiling for 10 minutes at 95°C in 
loading buffer containing SDS, samples containing equal 
amounts of protein were separated via SDS-PAGE and 
transferred to polyvinylidene difluoride membranes. The 
membranes were incubated with the respective primary 
antibodies at 4°C overnight and then exposed to HRP- 
conjugated secondary antibodies for 1 hour at room tem-
perature. Primary antibodies against the following were 
used: EGFR/p-EGFR, AKT/p-AKT, MAPK/p-MAPK, 
PARP1, RAD51, γ-H2AX, β-tubulin, β-actin.

Immunofluorescence Staining
Cells were seeded on coverslips and treated with agents at 
different concentrations for 4 hours, followed by exposure to 
IR (6 Gy). At the indicated time points (0, 0.5, 1, 2, 4, 8, 12, 
24, 48 hours), the cells were fixed with 4% paraformaldehyde 
for 20 minutes and then permeabilized with a 0.3% Triton 
solution for 20 minutes on ice. After blocking with 5% BSA, 
the coverslips were stained with anti-γ-H2AX (Ser139) over-
night at 4°C and then incubated with Alexa Fluor® dye- 
conjugated secondary antibody (Abcam) for 2 hours at 
room temperature. Cell nuclei were counterstained with 
DAPI for 1 minute and visualized using an Axiovert 200M 
inverted microscope (Zeiss, Oberkochen, Germany).

RNA Isolation and Quantitative Reverse 
Transcription Polymerase Chain Reaction 
(qRT-PCR)
Total RNA was extracted from the cell lines using RNAiso 
Plus reagent (Takara, Dalian, China) and reverse transcribed 
using the HiScript® QRT SuperMix for qPCR kit (Vazyme). 
Then, qRT-PCR was performed using the SYBR® qPCR 
Master Mix kit (Vazyme). The primer sequences used for 
specific gene amplification were as follows:

EGFR primer:
Forward – CGGGCTCTGGAGGAAAAGAA
Reverse – TGCGTGAGCTTGTTACTCGT
PARP primer:
Forward – CCCCACGACTTTGGGATGAA
Reverse – AGACTGTAGGCCACCTCGAT.

Statistical Analysis
Statistical analysis was performed with SPSS software. All 
results are expressed as the mean ± SD, and P<0.05 
indicates significance.

Results
Icotinib Hydrochloride (IH) and Fluzoparib 
(FZ) Enhanced Radiation-Induced 
Proliferation Inhibition in BTC Cells
To detect the inhibitory effect of icotinib hydrochloride (IH) 
and fluzoparib (FZ) on the proliferation of BTC cells, the 
HCCC-9810 and GBC-SD cell lines were applied, and the 
20% inhibitory concentrations (IC20 values) of IH and FZ 
used for the study were selected by CCK-8 assay (Figure S1A 
and B), and the applied concentration was further adjusted for 
appropriate applications in combination with radiotherapy and 
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also the culturing time was considered. Both cell lines were 
divided into the following eight groups: Ctrl (DMSO), IH, FZ, 
IH+FZ, IR, IH+IR, FZ+IR and IH+FZ+IR. HCCC-9810 cells 
were incubated with 1 μM IH, 10 μM FZ, and 1 μM IH + 10 
μM FZ. GBC-SD cells were incubated with 3 μM IH, 30 μM 
FZ, and 3 μM IH + 30 μM FZ. Four hours later, the groups 
subjected to IR treatment received 6 Gy radiotherapy. Cell 
viability at 0, 24, 48 and 72 hours after irradiation was eval-
uated by CCK-8 assay for cell proliferation analysis. First, 
combination treatment with IH and FZ significantly sup-
pressed cell proliferation in both the HCCC-9810 and GBC- 
SD cells compared to proliferation upon treatment with either 
IH or FZ (Figure 1A and B). Second, the cell proliferation rate 
of the IR-treated HCCC-9810 and GBC-SD cells was 
decreased by combination treatment compared to that with 
treatment with IH or FZ. Furthermore, under irradiation, com-
pared to IR monotherapy, the dual combination of the drugs IH 
and FZ significantly suppressed cell proliferation in both 
HCCC-9810 and GBC-SD cells (p<0.001). These results sug-
gest that both IH and FZ inhibited cell proliferation in either 
IR-treated or untreated cells and that the dual combination 
drug treatment had a significant antiproliferative effect.

Effects of IH and FZ on 
Irradiation-Induced Cell Cycle Arrest
The effects of IH and FZ on the cell cycle distribution in vitro 
were detected by flow cytometry, and HCCC-9810/GBC-SD 
cells were again divided into the following eight groups for 
treatment: Ctrl, IH, FZ, IH+FZ, IR, IH+IR, FZ+IR and IH+FZ 

+IR. All groups were starved in serum-free medium for 24 
hours before the treatments. HCCC-9810 cells were incubated 
with 10 μM IH, 20 μM FZ, and 10 μM IH + 20 μM FZ before 
6 Gy irradiation. GBC-SD cells were incubated with 15 μM 
IH, 5 μM FZ, and 15 μM IH + 5 μM FZ before 4 Gy 
irradiation. Among HCCC-9810 cells, the population of cells 
at G1 phase was increased by IH treatment compared with that 
among the control cells (p<0.01), while FZ treatment had the 
opposite effect and induced G2 and S phase blockade (Figure 
2A and C). In GBC-SD cells, the changes in the cell cycle with 
IH were not significant, while treatment with FZ alone 
increased the population of cells at G2 phase (Figure 2B and 
D). Blockade of G2 phase induced by IR treatment was 
detected in both HCCC-9810 and GBC-SD cells. In irradiated 
HCCC-9810 cells, under IH, FZ or IH+FZ combined pretreat-
ment, S phase arrest was prolonged compared to that under 
treatment with IR alone (2.02%±0.5% vs 4.07%±0.58%, 
10.17%±8.12%, 15.06%±13.08%, respectively). In irradiated 
GBC-SD cells, the S phase was also prolonged by IH, FZ and 
IH+FZ combined treatment compared to that with IR alone 
(13.03% vs 15.14%, 16.42%, 21.97%, respectively). 
Collectively, these results indicate that combined IH and FZ 
treatment with radiotherapy could induce cell cycle redistribu-
tion, especially S phase arrest, and inhibit cell proliferation.

Effects of IH and FZ on Cell Apoptosis 
Following Irradiation Treatment
Flow cytometry was further applied to evaluate whether 
IH and FZ could increase radiotherapy-induced apoptosis. 

A B

Figure 1 Icotinib hydrochloride (IH) and fluzoparib (FZ) enhanced the radiation-induced inhibition of BTC cell proliferation. (A) Cell proliferation of HCCC-9810 cells in 
the 72 hours after treatment with 1 μM IH, 10 μM FZ, and 1 μM IH+10 μM FZ at 4 hours before 6 Gy irradiation. (B) Cell proliferation of GBC-SD cells in the 72 hours 
after treatment with 3 μM IH, 30 μM FZ, and 3 μM IH+30 μM FZ at 4 hours before 6 Gy irradiation. Error bars, SD. *P<0.05, ***P<0.001 by two-tailed Student’s t-test; n=3 
independent experiments. 
Abbreviations: Ctrl, control; IH, icotinib hydrochloride; FZ, fluzoparib; IR, ionizing radiation; CCK-8, Cell Counting Kit-8; h, hour; BTC, biliary tract cancer.
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A

B

C D

Figure 2 Effects of icotinib hydrochloride (IH) and fluzoparib (FZ) on irradiation-induced cell cycle arrest. (A and B) The cell cycle distribution in the following groups was 
detected by flow cytometry: HCCC-9810 cells pretreated with 10 μM IH, 20 μM FZ, or 10 μM IH+20 μM FZ at 4 hours before 6 Gy irradiation; GBC-SD cells pretreated 
with 15 μM IH, 5 μM FZ, or 15 μM IH+5 μM FZ at 4 hours before 4 Gy irradiation. (C and D) The proportion of HCCC-9810 and GBC-SD cells at the G1, S and G2 phases 
of the cell cycle. Data are representative of at least duplicate experiments.
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HCCC-9810 cells were incubated with 10 μM IH, 20 μM 
FZ, and 10 μM IH + 20 μM FZ before 6 Gy irradiation. 
GBC-SD cells were incubated with 15 μM IH, 5 μM FZ, 
and 15 μM IH + 5 μM FZ before 6 Gy irradiation and 
harvested 72 hours later. Among HCCC-9810 cells, the 
proportion of apoptotic cells in the Ctrl group (3.43% 
±1.44%) was lower than that in the IR group (6.93% 
±2.03%), and the proportion of apoptotic cells was signif-
icantly increased in the IH+FZ+IR group (37.8%±3.07%, 
p<0.01) (Figure 3A and C). In GBC-SD cells, IH+FZ+IR 
combination treatment (11.5%±2.45%) augmented the pro-
portion of apoptotic cells compared to that in the IR group 
(9.2%±2.17%) and control group (6.57%±1.22%) (Figure 
3B and D). To further explore the effect on apoptosis, 
PARP1 and its cleavage were evaluated via WB. In 
HCCC-9810 cells, the relative protein expression of 
cleaved PARP1 was significantly increased in the IH+FZ 
+IR group compared to the IR group (Figure 6E), but this 
difference was not significant in GBC-SD cells. Therefore, 
pretreatment with IH plus FZ significantly increased cell 
apoptosis induced by radiotherapy, which contributed to 
the enhanced radiotherapy efficacy.

Dual IH and FZ Combination Drug 
Treatment Increases Radiosensitivity by 
Delaying DNA Damage Repair
To further explore the influence of IH and FZ combination 
treatment on the radiosensitivity of BTC cell lines, colony 
formation assays were performed. The results confirmed 
the sensitizing effect of IH+FZ combined with radiation in 
HCCC-9810 and GBC-SD cells, which grew fewer and 
smaller clones than those grown in the radiation mono-
therapy group (Figure 4A). We clearly concluded from the 
survival curves that combination IH and FZ treatment 
significantly increased the radiosensitivity of HCCC-9810 
and GBC-SD cells (Figure 4B). The SER (sensitivity 
enhancement ratio) was calculated to be 1.27 for HCCC- 
9810 cells and 1.50 for GBC-SD cells (Table 1).

The DNA damage repair efficiency after irradiation expo-
sure was measured by γ-H2AX focus formation assays. The 
γ-H2AX focus number reflected DNA damage initiation and 
resolution in radiation-treated cells. We found that the γ- 
H2AX focus number was significantly increased in the IH 
plus FZ combined radiotherapy group and that the disappear-
ance of foci was retarded compared with that in the radiation 
group (Figure 5A and B). We further tested the γ-H2AX 
protein level by Western blot assays, and the level of γ- 

H2AX at 2 hours after irradiation was significantly increased 
in the IH+FZ pretreatment group compared with the radia-
tion group for both the HCCC-9810 and GBC-SD cell lines 
(Figure 6C). In summary, these results show that IH and FZ 
pretreatment following radiotherapy could significantly 
increase DNA damage and delay the repair of DNA damage, 
suggesting that combination therapy could improve radio-
sensitivity by retarding DNA damage repair.

IH and FZ Inhibit Radiation-Induced 
Activation of the EGFR Signaling Pathway 
and Attenuate RAD51 Upregulation
To investigate the mechanism of enhanced radiosensitiv-
ity by IH and FZ treatment in BTC cells, we evaluated 
the expression levels of EGFR and PARP1 in HCCC- 
9810 and GBC-SD cells. The expression of EGFR and 
PARP1 was higher in GBC-SD cells than in HCCC-9810 
cells at both the protein and mRNA levels (Figure 
6A and B). Then, we examined the phosphorylation 
level of EGFR and its downstream signaling molecules 
AKT and MAPK after pretreatment with IH and FZ 
followed by irradiation (Figure 6C and D). Total-cell 
lysates were harvested at 2 hours and 24 hours after 
exposure to radiation (6 Gy). The data showed that radio-
therapy significantly induced the strong phosphorylation 
of EGFR at 2 hours and phosphorylation of the down-
stream molecules AKT and MAPK at 24 hours after 
radiotherapy, while IH pretreatment not only inhibited 
the radiotherapy-enhanced phosphorylation of EGFR at 
2 hours but also strongly diminished the phosphorylation 
of AKT and MAPK at 24 hours after radiotherapy. Under 
IH plus FZ pretreatment, the levels of AKT and MAPK 
phosphorylation due to radiotherapy were significantly 
diminished and further decreased compared to those in 
the IH+FZ group. These results indicated that IH plus FZ 
could inhibit the EGFR signaling pathway, which was 
induced by radiotherapy.

RAD51 is a key protein involved in DSB repair 
through the HR pathway, a DNA damage repair pathway 
that results in more stable genomic DNA than that repaired 
by the NHEJ pathway. Therefore, we analyzed the effects 
of IH and FZ on RAD51 protein expression. The results 
showed that radiation increased the expression of RAD51, 
and IH and FZ pretreatment followed by radiation signifi-
cantly diminished the upregulation of RAD51 expression 
(Figure 6D). These results demonstrate that IH combined 
with FZ could suppress RAD51 expression, which may 
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A

B

C D

Figure 3 Effects of icotinib hydrochloride (IH) and fluzoparib (FZ) on irradiation-induced apoptosis. (A and B) Cell apoptosis was determined by flow cytometry in the 
following groups of cells: HCCC-9810 cells pretreated with 10 μM IH, 20 μM FZ, or 10 μM IH+20 μM FZ at 4 hours before 6 Gy irradiation; GBC-SD cells pretreated with 
15 μM IH, 5 μM FZ, or 15 μM IH+5 μM FZ at 4 hours before 6 Gy irradiation. (C and D) The percentage of Annexin V-APC-positive cells among those shown in (A and B) 
is summarized as the apoptotic ratio and presented as the value in the Y-axis. Error bars, SD. *P<0.05, **P<0.01 by two-tailed Student’s t-test; n=3 independent experiments.
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contribute to inhibiting radiotherapy-induced DNA repair 
through the HR pathway.

Discussion
The prognosis of BTC patients remains dismal, and treat-
ments are limited, as there is currently no effective targeted 

therapy for BTC. Radiotherapy is a key strategy for many 
epithelial tumor types. Previous in vitro studies have shown 
that EGFR-TKIs and PARPis have certain radiosensitizing 
effects when applied in BTCs.5,6,8 However, no study has 
shown a two-drug combination with radiotherapy for BTC 
treatment. Therefore, we designed this study with the 

A

B

Figure 4 The combination of icotinib hydrochloride (IH) and fluzoparib (FZ) enhanced cellular radiosensitivity. (A) A colony formation assay was performed to determine 
radiosensitivity in the HCCC-9810 and GBC-SD cell lines. Cells that received 0 Gy, 1 Gy, 2 Gy, 4 Gy and 6 Gy radiation were treated with DMSO or IH+FZ, respectively. 
(B) Clones after IR were counted and quantified to draw survival curves.
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assumption that the combination of two drugs could 
enhance the radiosensitivity of BTC and selected IH, an 
oral EGFR-TKI, and FZ, a PARPi, for study.

EGFR is an important growth factor that binds its 
ligands, phosphorylates the tyrosine kinase receptor and 
stimulates its downstream signaling pathways and there-
fore participates in the regulation of a number of physio-
logical and pathological processes, including cell 
proliferation.11 PARPis were initially shown to be cyto-
toxic for cells lacking a component of the homologous 
recombination pathway.12 The absence of PARP-1 and 
PARP-2 in the presence of PARPi, activated by DNA 
damage resulted in hypersensitivity to ionizing radiation.

In this study, cell proliferation was inhibited under 
treatment with IH and FZ alone, and this inhibitory effect 
was much more pronounced under combined IH and FZ 
treatment, which indicated that these two drugs have 
a synergistic effect. When the two drugs were combined 
with radiotherapy, the inhibitory effect was more pro-
nounced compared to that with radiotherapy alone. In the 
colony formation assay, the combination treatment groups 
of HCCC-9810 and GBC-SD cells showed radiosensitiza-
tion. Therefore, this finding confirmed that IH combined 
with FZ enhanced radiation-induced proliferation inhibi-
tion in BTC cells.

IR, a common way by which DSBs are induced, 
causes highly toxic lesions and fatal injury in cells. 
When DNA damage occurs, the DDR system is activated, 
which can either delay the cell cycle to detect and repair 
the damage or induce apoptosis to eliminate cells in 
which a large amount of damage has accumulated.13 

Flow cytometry was used in this study to investigate 
the impact of IH and FZ combined with IR on cell 
cycle distribution and apoptosis. Radiotherapy alone 
induced G2/M phase arrest, but this was not observed 
in the control group. Under IH and FZ pretreatment, 

S phase blockade was significantly increased compared 
with that upon exposure to radiation alone. Similar results 
were obtained in HCCC-9810 and GBC-SD cells, as the 
combination group showed a higher apoptotic ratio than 
the irradiation alone group. In summary, the results of 
this study suggest that the combination of IH+FZ and IR 
led to redistribution of the cell cycle, the inhibition of 
cell proliferation, augmentation of cell apoptosis and 
enhancement of radiotherapy efficacy.

γ-H2AX is phosphorylated at serine 139 by ataxia 
telangiectasia mutated (ATM) in response to DNA damage 
and aggregates at the DSB.14 Visualization and quantifica-
tion of γ-H2AX foci using immunofluorescence staining 
are associated with the occurrence of DSBs, and γ-H2AX 
foci serve as a DNA damage indicator to allow the evalua-
tion of DNA damage repair efficiency. IH+FZ pretreat-
ment significantly increased intracellular γ-H2AX focus 
formation compared with that upon radiation alone, and 
the disappearance of the foci was significantly delayed, 
especially in the GBC-SD cell line. The γ-H2AX protein 
level was significantly increased in the IH+FZ pretreat-
ment group compared with the group given radiation alone 
at 2 hours after IR, as shown by Western blotting (Figure 
6C). These results suggest that IH combined with FZ could 
enhance radiotherapy sensitivity by increasing DSBs and 
blocking DNA repair progression in BTC cells.

Ionizing radiation activates the autophosphorylation of 
EGFR; induces the activation of downstream pathways, 
including the PI3K-AKT and Ras-MAPK signaling cas-
cades; and modulate DDR to escape cell death.15 

Activation of the AKT and MAPK signaling pathways can 
induce radioresistance, while their suppression is expected 
to enhance radiosensitivity. PARP plays a wide role in DNA 
damage repair, replication fork restart, chromatin remodel-
ing and gene transcription. PARP-1 is the most prevalent 
member of the PARP family. Inhibition of PARP in DNA 
repair-defective tumors led to genomic instability and cell 
death caused by synthetic lethality.16 PARP inhibition and 
the consequent inhibition of PARP-facilitated DNA repair 
enhanced the antitumor activity of radiotherapy.17 The radio-
sensitization of PARP inhibitors (PARPis) has been shown 
affect cells in S phase of the cell cycle due to the collision of 
persistent single-strand breaks with replication forks and the 
formation of lethal DNA double-strand breaks.18 

Homologous recombination (HR) is an error-free pathway 
of DSB repair that promotes cellular recovery from replica-
tion-blocking lesions or collapsed replication forks. RAD51, 
the central protein in this pathway, catalyzes DNA repair via 

Table 1 The Parameters of a Multitarget Model Based on 
a Clonogenic Survival Assay

Cell Line n D0 Dq SF2 SER

HCCC-9810 IR 1.85 0.93 0.57 0.20

HCCC-9810 IH+FZ+IR 1.63 0.73 0.36 0.10 1.27

GBC-SD IR 1.60 3.71 1.73 0.79
GBC-SD IH+FZ+IR 1.73 2.46 1.35 0.71 1.50

Abbreviations: n, extrapolation number, which measures the width of the 
shoulder of the survival curve; D0, the dose that reduced cell survival to 37%; 
Dq, the intercept of the extrapolated high dose; SF2, surviving fraction at 2 Gy; SER, 
sensitivity enhancement ratio; IH, icotinib hydrochloride; FZ, fluzoparib; IR, ionizing 
radiation.
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HR, which can ensure genomic stability.19 Because of these 
repair activities, EGFR-TKIs and PARP inhibitors inhibit 
DSB repair. The results of this study show that IH pretreat-
ment significantly decreased the phosphorylation of MAPK 
and AKT, which were highly phosphorylated by radiation. 
Furthermore, IH plus FZ pretreatment decreased the phos-
phorylation of MAPK and AKT compared to that upon 
treatment with IH+FZ without radiation, and the difference 

in p-MAPK was more pronounced than that in p-AKT. To 
further explain this finding, the effects of IH and FZ on 
RAD51 protein expression were analyzed. The results 
showed that the expression of RAD51 was significantly 
decreased by pretreatment with IH and FZ compared to 
that in the radiation group of BTC cells, which suggests 
reduced HR and enhanced genomic instability, promoting 
radiosensitivity.

A

B

Figure 5 The combination of icotinib hydrochloride (IH) and fluzoparib (FZ) increased IR-induced γ-H2AX focus formation and prolonged focus retention. (A) Cells were 
treated with IH and FZ for 4 hours, received 0 Gy or 6 Gy radiation, and were harvested at the indicated time points before immunofluorescence. γ-H2AX foci were 
observed under microscopy. (B) The mean number of γ-H2AX nuclear foci per nucleus was determined and is expressed in arbitrary units. Red curves were drawn based on 
the number of foci among HCCC-9810 cells, and blue curves were drawn based on the number of foci among GBC-SD cells. The means from 3 independent experiments 
are shown.
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A B

C

D

E

Figure 6 The combination of icotinib hydrochloride (IH) and fluzoparib (FZ) inhibited the EGFR signaling pathway and attenuated the radiation-induced upregulation of the 
HR protein RAD51. (A and B) Western blotting and qRT-PCR were used to detect the expression levels of EGFR and PARP1 in the HCCC-9810 and GBC-SD cell lines. 
(C and D) Total EGFR, p-EGFR, total AKT, p-AKT, total MAPK, p-MAPK, γ-H2AX and RAD51 were detected using Western blot assays at 2 hours (C) and 24 hours (D) 
after radiation. (E) Total PARP1 and cleaved PARP1 were detected using Western blot assays at 72 hours after radiation. Data are representative of at least duplicate 
experiments.
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Conclusion
This study demonstrated that IH plus FZ efficiently inhibited 
the signaling pathway downstream of EGFR, delayed DNA 
damage repair and suppressed the upregulation of RAD51, 
thereby enhancing the sensitivity of HCCC-9810 and GBC- 
SD cells to radiotherapy. Our work suggests IH and FZ 
combined with radiotherapy as a potent clinical therapeutic 
option for BTCs and that RAD51 can be used as a candidate 
biomarker to identify patients who might benefit from this 
combination therapy, but this idea needs further confirma-
tion in preclinical mouse studies and clinical trials.
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