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Increasing radiosensitivity by the combined inhibition 
of PARP1 and PI3K in BRCA1-mutated triple negative 

breast cancer 

INTRODUCTION 

Triple negative breast cancer (TNBC) is a  
special subtype of breast cancer with highly            
aggressive characteristics, which is associated 
with a higher rate of early locoregional and           
distant recurrence (1). Radiotherapy is an          
important part of local treatment in patients 
with breast cancer, including those with TNBC. 

However, studies by our group and others have 
found that the locoregional recurrence rates  
after postoperative radiotherapy were              
significantly higher in the TNBC subtype than 
non-TNBC subtypes (2-4), which suggested an  
underlying radioresistance of TNBC (5).                   

Locoregional recurrence after postoperative  
radiotherapy appears to be related to the         
intrinsic radiotherapy sensitivity of the tumor 

J. Zhou1, L.Y. Tang2, X.H. Zhang3, J. Wang4, L.C. Yang5*, S.G. Wu4* 
 

¹Department of Obstetrics and Gynecology, the First Affiliated Hospital of Xiamen University, Xiamen 361003, 
People’s Republic of China 

2Eye Institute of Xiamen University, Fujian Provincial Key Laboratory of Ophthalmology and Visual Science, 
Medical College, Xiamen University, Xiamen 361005, People’s Republic of China 

3Department of Pharmacy, Xiamen University Hospital, Xiamen 361005, People’s Republic of China 
4Department of Radiation Oncology, Xiamen Cancer Hospital, the First Affiliated Hospital of Xiamen University, 

Xiamen 361003, People’s Republic of China 
5Xiamen Key Laboratory of Chiral Drugs, Medical College, Xiamen University, Xiamen 361005, People’s Republic of 

China 

ABSTRACT 

Background: To evaluate the radiosensitizing effect of co-targeting of poly 
(ADP-ribose) polymerase-1 (PARP1) (AZD2461) and phosphoinositide-3-kinase 
(PI3K) (LY294002) in breast cancer 1, early onset gene (BRCA1)-mutated triple 
negative breast cancer (TNBC) treated in vitro. Materials and Methods: We 
established HCC1937-PARP1 cells by transfection. Cell proliferation, cell 
viability, cell cycle, and cell apoptosis were measured and analyzed. Western 
blotting and quantitative real-time polymerase chain reaction assays were 
performed. Results: The cell viability of HCC1937 and HCC1937-PARP1 cells 
was significantly decreased under 5 Gy of irradiation. Cell apoptosis was 
remarkably increased by irradiation, whereas overexpression of PARP1 
resulted in substantial resistance to the radiation-induced changes. Combined 
inhibition of PARP1 and PI3K enhanced radiation-induced apoptosis and 
significantly inhibited cell proliferation compared with single-agent treatment. 
The PI3K inhibitor induced changes in the cell cycle distribution, but the 
PARP1 inhibitor did not. The expression levels of LKB1, PHLPP and INPP4B 
increased after combined inhibition of PARP1 or PI3K compared with 
irradiation alone. Moreover, combined inhibition of PARP1 and PI3K resulted 
in increased expression of INPP4B when compared with that induced by single
-agent treatment. Conclusion: Combined inhibition of PARP1 and PI3K might 
be an effective therapeutic strategy to enhance radiosensitivity in BRCA1-
mutated TNBC. 
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cells, which might be caused by                           
abnormal activation and inactivation 
of oncogenes and tumor suppressor genes. The 
breast cancer 1, early onset gene (BRCA1) is a 
tumor suppressor gene that seems to be                 
associated with the TNBC subtype. Approximate 
30% of patient with TNBC are BRCA1 mutation 
carriers, while 90% of BRCA1-mutated patients 
have the TNBC subtype (6). 

In light of the significant prevalence of BRCA1 
mutations in patients with TNBC, there is a 
growing interest in the interplay between the 
loss of the DNA repair function caused by BRCA1 
mutations and that caused by the                               
pharmacological inhibition of poly(ADP-ribose) 
polymerase (PARP), a key enzyme that is                
activated when a DNA strand breaks and is            
involved in DNA single-strand break (SSB)            
repair after radiation (RT) (7-9). PARP1 is the 
most abundant member of the PARP                         
enzyme family and is involved in base-excision 
repair (BER) (10). BRCA1 plays an important role 
in the homologous recombination (HR) repair of 
DNA double strands (11). In addition, PARP1 has 
emerged as a promising therapeutic target for 
cancers with BRCA1 mutations via                              
synthetic lethality (9,12). Therefore, targeting  
PARP1 in BRCA1-mutated cells inhibits the BER 
machinery that contributes to DNA repair,  
thereby inducing apoptosis in these cells (13-15). 
Previous studies have demonstrated that BRCA1
-mutated cells are hypersensitive to PARP                
inhibitors and consequently, apoptosis occurs 
because of increased genomic instability.               
Preclinical studies have shown that PARP1            
inhibition improves the radiosensitivity of 
BRCA1-mutated breast cancer cells (13-16).  

The phosphoinositide-3-kinase/AKT (PI3K/
AKT) pathway is one of the most commonly               
deregulated cancer-associated signaling                 
pathways. PI3K/AKT promotes the proliferation 
and survival of tumor cells, but also regulates 
steady-state levels of HR (17-19). Several studies 
have shown that activation of the PI3K/AKT              
signaling pathway in breast cancer will lead to 
abnormal functions of genes and may increase 
the resistance of tumor cells to chemotherapy 
and RT (20). Phosphorylation of AKT may also be             
activated in BRCA1-deficient TNBC cells              
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compared with non-BRCA1 TNBC cells, and             
inhibiting the PI3K/AKT signaling pathway 
might increase the anti-tumor effect of                 
BRCA1-mutated TNBC cells (21,22). Furthermore, 
co-targeting PI3K might sensitize                         
BRCA1-mutated TNBC to PARP inhibition (23). 

PARP1 inhibition has been confirmed to             
decrease the risk of disease progression or death 
among patients with metastatic breast cancer 
who are also BRCA mutation carriers (24). In              
addition, AKT inhibitors might also increase the 
progression-free survival of metastatic TNBC (25). 
However, few studies have assessed the                   
radiotherapy effect on co-targeting of PARP1 
and PI3K/AKT in BRCA1-mutated TNBC (26).             

Despite the effects of multimodality therapy for 
patients with breast cancer, sustained                       
locoregional control remains an important issue 
for certain patients, especially those with TNBC. 
Based on the abovementioned findings, we              
postulated that the combined inhibition of             
PARP1 and PI3K/AKT would sensitize                 
BRCA1-mutated TNBC to RT. To further support 
the potential for the clinical translation of this 
work, we investigated the potential                      
radiosensitizing effect of combined inhibition of 
PAPR1 and PI3K/AKT in BRCA1-mutated TNBC 
cells treated in vitro. 
 
 

MATERIALS AND METHODS 
 

Materials 
The following antibodies were used in this 

study: Rabbit anti-Ki67+ ((Active Motif Corp,  
California, USA).); Rabbit anti-Inositol                
polyphosphate-4-phosphatase (INPP4B), anti-
PH domain and Leucine rich repeat Protein 
Phosphatases (PHLPP), anti-γH2aX, anti-LKB1, 
anti-phosphorylated LKB1, anti-phosphorylated 
AKT, and HRP-conjugated mouse anti-rabbit           
β-tubulin (Cell Signaling Technology Group, Inc., 
Boston, USA); HRP-conjugated rabbit anti-goat 
IgG (Wuhan Boster Biological Technology Group, 
Wuhan, China); and Rabbit anti-AKT 
(Proteintech Corp, Wuhan, China.). Other           
materials used were a Dulbecco’s modified            
Eagle’s medium (DMEM, Invitrogen, Carlsbad, 
CA, USA ); fetal bovine serum (FBS, Invitrogen; a 
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Annexin V-PE/7-AAD Apoptosis Detection Kit 
(YEASEN,  Shanghai, China);. a Cell Counting          
Kit-8 was obtained from BBI Life Sciences;. a 
propidium iodide (PI) staining kit (Sangon       
Biotech, Shanghai, China). The inhibitors used 
were a poly (ADP-ribose) polymerase-1 (PARP1) 
inhibitor AZD2461 (Selleckchem, Houston, USA); 
a phosphoinositide-3-kinase (PI3K) inhibitor 
LY294002 (Selleckchem). 

 

Cell Culture 
HCC1937-PARP1 cells were established by 

transfecting with human HCC1937 cells by a 
plasmid, which overexpressed human PARP1, 
were cultured in six-well plates with Roswell 
Park Memorial Institute (RPMI) 1640 medium 
containing 10% FBS in an incubator at 37 °C 
with 95% humidity and 5% CO2. Cells were               
cultured for 12 hours before treatment with         
X-ray irradiation (radiation dose = 5 Gy). After 
irradiation, the cells were treated with 200 μM 
AZD2461 (PARP1 inhibitor), or 200 μM 
LY294002 (PI3K inhibitor), or 200 μM AZD2461 
plus LY294002, respectively. After treatment for 
96 hours, the cells were used for subsequent  
experiments. 

 

Western Blotting Assay  
Total cellular proteins were extracted from of 

HCC1937-PARP1 cells using cold                        
Radioimmunoprecipitation assay (RIPA) buffer 
containing a proteinase inhibitor cocktail 
(Beyotime Institute of Biotechnology, China) and 
quantified using a BCA Protein Assay Kit 
(ThermoFisher Scientific). The standard western 
blotting protocol was applied. The following  
antibodies were used: anti-INPP4B (CST, catalog 
no. 14543, 1:1000), anti-PHLPP (CST, catalog no. 
2947s, 1:1000), anti-γH2aX (CST, catalog no. 
9718s, 1:1000), anti-Ki67+ (Active. Motif, catalog 
no. 39799, 1:500); anti-AKT (Proteintech,             
catalog no. 10176-2-AP, 1:1000);                               
anti-phosphorylated AKT (CST, catalog no. 9271, 
1:1000); anti-LKB1 (CST, catalog no. 3050, 
1:1000); anti-phosphorylated LKB1 (CST,          
catalog no. 3055, 1:1000); anti-β-tubulin (CST, 
catalog no. 2128, 1:5000). After incubation with 
the appropriate secondary antibodies, the           
immunoreactive protein bands were visualized 
using an enhanced chemiluminescence reagent 

(Thermo, catalog no. NCI5079) and the images 
were recorded using a transilluminator 
(ChemiDoc XRS System; BioRad, Philadelphia, 
PA, USA). 

 

RNA Isolation and Quantitative Real-Time PCR  
We performed quantitative real-time RT-PCR 

(qRT-PCR) as previously described. Total RNA 
was extracted from HCC1937-PARP1 cells using 
the TRIzol® reagent (Invitrogen) according to 
the manufacturer’s instructions. cDNA was              
synthesized using a Transcriptor First-Strand 
cDNA synthesis kit (Fermentas, catalog no. 
#K1622) Quantitative real-time PCR was                
performed using the StepOne Real-Time PCR 
System with a SYBR Premix Ex TaqKit 
(Fermentas, catalog no. #K0242). The primer 
sequences are shown in table 1. The                   
amplification program included an initial           
denaturation step at 95 °C for 10 minutes;         
followed by 40 cycles of denaturation at 95 °C 
for 10 seconds and annealing and extension at 
60 °C for 30 seconds; after which a melt curve 
analysis was conducted to check the                        
amplification specificity. The results of the          
qRT-PCR were analyzed by the comparative 
threshold cycle (Ct) method and were                  
normalized to the expression of GAPDH. 

 

Cell Apoptosis  
Cell apoptosis was determined using an           

Annexin V-PE/7-AAD apoptosis detection Kit 
(YEASEN, catalog no. 40310) following the            
manufacturer’s protocol. HCC1937-PARP1 cells 
were cultured on 6-well plates for 12 hours          
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Table 1. Human Primer Sequences Used for Quantitative  
Real-Time PCR. 

Gene Sense Primer Antisense Primer 

INPP4b 
CCAGAAGACT 

CCAAATGAACCG 
ACGGGGTGGA        
TTACGGAGA 

PHLPP 
ATCCTATGTGG             
GACCTGCCT 

AGTTCATTAAG 
CCCCCTGGC 

LKB1 
GACCTGCTGAA         
AGGG ATGCT 

TGTCCATTGT 
GACTGGCCTC 

+Ki 67 
ACGCCTGGTTAC        

TATCAAAAGG 
CAGACCCATTTA          
CTTGTGTTGGA 

γH2aX 
AGAAGACGCG 
AATCATCCCC 

GGCGCTGGTCTTCTTGG 

GAPDH 
CTGGGCTACAC           

TGAGCACC 
AAGTGGTCGTTG         

AGGGCAATG 
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before treatment with X-ray irradiation 
(radiation dose = 5 Gy). The medium was         
replaced by conditioned medium containing 
with the same concentration of AZD2461 or 
LY294002 or AZD2461 plus LY294002               
respectively. After treatment for 96 hours, the 
cells were collected after trypsin digestion,             
followed by incubation for 30 minutes at 37 °C 
in the dark. Cell apoptosis was then detected 
using flow cytometry. 

 

Cell Viability Assay 
Cell viability was examined using a Cell 

Counting Kit-8 (BBI Life Sciences, catalog no. 
E606335-0500) according to the manufacturer’s 
instructions. HCC1937-PARP1 cells were          
cultured on 96-well plates for 12 hours, and 
then separately treated with X-ray irradiation 
(radiation dose = 5 Gy) for 48 hours. The             
medium was replaced by CCK-8 constituted in 
culture media, followed by incubation for 2 
hours at 37 °C in the dark. The absorbance of the 
solution at 450 nm was then determined            
directly using a Bio Tek ELX800 microplate 
reader (Bio Tek Instruments, Winooski, VT, 
USA). 

 

Cell Cycle Assay 
The proportions of cells at the various stages 

of the cell cycle were determined using a PI 
Staining Kit (Sangon Biotech, catalog no. 
E607306) following the manufacturer’s                    
protocol. HCC1937-PARP1 cells were cultured 
on 6-well plates for 12 hours before treatment 
with X-ray irradiation (radiation dose = 5 Gy). 
The medium was replaced by conditioned                
medium containing with the same concentration 
of AZD2461, LY294002 or their combination, 

respectively. After treatment for 96 hours, the 
cells were collected after trypsin digestion, and 
fixed in 75% ethanol overnight. After removing 
the alcohol, the suspended cells were added with 
2.5 μL of RNAse, followed by incubation for 30 
minutes at 37 °C, after which 50 μL PI                
solution was added. The proportions of cells at 
the various stages of the cell cycle were detected 
using flow cytometry. 

 

Statistical Analysis 
The experiments described above were             

repeated three times. One-way analysis of               
variance test (ANOVA) with Tukey’s post hoc test 
was conducted to analyze the data among three 
or more groups. Student’s t-test was conducted 
to analyze the data when comparing two groups. 
Differences were considered significant at 
p<0.05.  

 
 

RESULTS 
 

Comparison of Cellular Responses to X-ray  
irradiation and PARP1 

We first applied X-ray irradiation to cultured 
HCC1937 and HCC1937-PARP1 cells, and              
measured the cell viability and apoptosis using 
CCK-8 and Annexin V-PE/7-AAD assays,            
respectively. The viability of HCC1937 and 
HCC1937-PARP1 cells greatly decreased under 5 
Gy irradiation; however, overexpression of              
PARP1 restored cell viability to control levels 
(figure 1A). Cell apoptosis increased markedly 
after irradiation and overexpression of PARP1 
could substantially resistance this increase in 
apoptosis (figure 1B). 
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Figure 1. Comparison of responses to X-ray irradiation 
and PARP1. Cell viability of HCC1937 and HCC1937-PARP1 
cells (*p < 0.05). (B) Cell apoptosis was measured using an 

Annexin V-PE/7-AAD apoptosis detection Kit. Cell               
apoptosis of HCC1937 and HCC1937-PARP1 cells (**p < 
0.01). The results are representative examples of three 

independent experiments. 
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AZD2461 and LY294002 promoted HCC1937-
PARP1 cell apoptosis 

To evaluate the effect of PARP1 inhibitor 
AZD2461 and PI3K inhibitor LY294002 on cell 
apoptosis of HCC1937-PARP1 cell, we detected 
apoptosis in HCC1937-PARP1 cells treated with 
AZD2461 and LY294002 after irradiation, either 
alone or in combination, for 96 hours. Compared 
with that in the RT group, the level of apoptosis 
increased in the AZD+RT, LY+RT, and 
AZD+LY+RT groups. Furthermore, the combined 
use of the PARP1 and PI3K inhibitors enhanced 
radiation-induced apoptosis compared with that 
induced by each agent separately (figure 2A). 
The results indicated that a combination of          
PARP1 and / or PI3K inhibition and RT in-
creased apoptosis compared with RT alone. 

 

AZD2461 and LY294002 inhibited HCC1937-
PARP1 cell proliferation 

To evaluate the effect of the PARP1 inhibitor 

AZD2461 and PI3K inhibitor LY294002 on cell 
proliferation of HCC1937-PARP1 cell, we             
detected the clone formation ability of the cells 
and the expression of Ki67+, a marker of                  
proliferation. The results showed that the clone 
formation ability of the cells greatly decreased 
after receiving irradiation compared with the 
untreated control group (figure 3A). Compare 
with that in the RT group, cell proliferation was 
markedly reduced in the AZD+RT, LY+RT, or 
combination treatment. The combined use of 
PARP1 and PI3K inhibition greatly inhibited cell 
proliferation compared with that induced by 
each agent alone. The mRNA (figure 3B) and    
protein (figure 3C-D) levels of Ki67+ were         
markedly decreased in the AZD+RT and LY+RT 
group compared with those in the RT alone 
group. Moreover, the combined use of PARP1 
and PI3K inhibition reduced Ki67+ expression to 
a greater extent compared with that induced by 
each agent alone. 

Figure 2. AZD2461 and LY294002 promoted 
HCC1937-PARP1 cell apoptosis. 

Cell apoptosis was measured in the groups 
comprising the control, irradiation only, and 

irradiation plus treatment with AZD2461 
alone, LY294002 alone, and AZD2461 plus 
LY294002 (***p < 0.001). The results are 

representative examples of three                  
independent experiments. 

Figure 3. AZD2461 and LY294002 inhibited HCC1937-PARP1 cell proliferation. 
(A) The number of colonies was measured in the groups comprising the            

control, irradiation only, and irradiation plus treatment with AZD2461 alone, 
LY294002 alone, and AZD2461 plus LY294002 (n = 5 for each group) (*p < 

0.05, ***p < 0.001). (C) Representative western blotting images of Ki67+. (D) 
The statistical analysis of the western blotting results for Ki67+ (***p < 
0.001). The results are representative examples of three independent            

experiments. 
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The PI3K inhibitor, but not the PARP1                     
inhibitor, induced changes in the cell cycle  
distribution  

To evaluate the effect of AZD2461 and 
LY294002 on the cell cycle in HCC1937-PARP1 
cell, PI staining followed by flow cytometry was 
used. Cells in the G2 phase of the cell cycle are 
radiosensitive. We found that the number of 
cells in the G2 phase was greatly increased in RT 
group compared with that in the control cells, 
while it was reduced in the AZD+RT group and 
increased in the LY+RT group compared with 
that in the RT group (figure 4A). The combined 
inhibitor treatment could greatly reduced the 
number of cells in all phases of the cell cycle. 
This indicated that the PI3K/AKT signal           
pathway might be associated with impaired HR. 

The formation of γH2aX (the phosphorylated 
from of H2A histone family member X) is a 
marker of DNA double-strand breaks (DSBs) 
induced by RT. We found that the mRNA (figure 
4B) expression levels of H2aX were remarkable 
increased in the LY+RT and combination               
treatment groups compared with that in the RT 
alone group. However, there was no effect on 
the protein levels of γH2aX in cells treated with 
a combination of PARP1 and/or PI3K inhibition 
and RT compared with that in the RT alone 
group (figure 4C-D). This result indicated that 
there was no significant correlation between 
treatment-induced changes in the cell cycle            
distribution and PARP1-mediated                      
radiosensitivity in BRCA1-mutated TNBC cells. 

 

Figure 4. The PI3K inhibitor, but not the PARP1 inhibitor, induced changes in cell cycle distribution. (A) The cell cycle distribution 
was measured in the comprising the control, irradiation only, and irradiation plus treatment with AZD2461 alone, LY294002 alone, 
and AZD2461 plus LY294002. (B) qRT-PCR of H2aX expression was measured in the groups mentioned in (A) (*p < 0.05, **p < 0.01). 
(C) Representative western blotting images of γH2aX. (D) The statistical analysis of the western blotting results for γH2aX (***p < 

0.001). The results are representative examples of three independent experiments. 

Overexpression of INPP4B inhibited the PI3K/
AKT signaling pathway 

To investigate whether the increased           
radiosensitization in BRCA1-mutated TNBC cells 
was associated with suppression of the PI3K/
AKT signaling pathway, levels of the AKT protein 

and its phosphorylated (active) form were             
compared in among the groups. To further         
substantiate the association between                
suppression of PI3K/AKT signaling pathway and 
increased radiosensitization in BRCA1-mutated 
TNBC cells, we determined if the expressions 
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levels of PHLPP, LKB1, and INPP4B were altered, 
as they are important negative regulators of 
PI3K/AKT signaling pathway in cell proliferation 
and malignant transformation. The mRNA and 
protein expression levels of PHLPP, LKB1, and 
INPP4B were increased after the combined           
inhibition of PARP1 and PI3K compared with 
those induced by RT alone (figure 5A [a-c], 5B [a
-d]). Moreover, the combined inhibition of             
PARP1 and PI3K resulted in an increasing       
expression of INPP4B when compared with that 
induced by each agent alone. The level of the 

phosphorylated AKT protein was greatly          
reduced following treatment with AZD+RT, 
LY+RT, or the combination treatment compared 
with that in the RT alone group (figure 5B[e]). 
These data support the contention that TNBC is 
associated with loss of heterozygosity in 
INPP4B, resulting in increased levels of           
phosphorylated AKT and activation of the PI3K/
AKT signaling pathway, which leads to cell        
proliferation, and thereby inhibiting malignant 
transformation of cells. 

Figure 5. Overexpression of INPP4B inhibited the PI3K/AKT signaling pathway. (A)  qRT-PCR for PHLPP (a), LKB1 (b) and INPP4B ©         
expression was measured in the groups comprising the control, irradiation only, and irradiation plus treatment with AZD2461 

alone, LY294002 alone, and AZD2461 plus LY294002 (**p < 0.01, ***p < 0.001). (B) (a) Representative western blotting results for 
PHLPP, LKB1, and INPP4B. (b-e) The statistical analysis of the western blotting results for PHLPP, LKB1, and INPP4B (*p < 0.05, **p 

<0.01, ***p < 0.001). The results are representative examples of three independent experiments. 

DISCUSSION 

The current study investigated the potential 
radiosensitizing effect of the combined                   
inhibition of PARP1 and PI3K/AKT in                  
BRCA1-mutated TNBC cells treated in vitro. Our 
results demonstrated that co-targeting PARP1 
and PI3K/AKT increased the radiosensitization 
in BRCA1-mutated TNBC cells. Our findings             
provide evidence that PARP1 and PI3K/AKT  
inhibition could serve as a viable means of               
radiosensitizing BRCA1-mutated TNBC cellsAKT. 

PARP proteins have been studied for             
decades and are known to play important roles 
in a variety of cellular functions (27). Targeting 
synthetic lethality by PARP inhibition might be 

very effective as a single agent therapy in                  
patients whose cancers have either somatic 
or germline defects in DNA damage and repair 
genes, or defects in genes involved in PTEN              
signaling. Specific defects in DNA repair                  
pathways also appear to increase the                    
radiosensitizing effects of PARP inhibition (9). 

Our results indicated that a combination of  
PARP1 inhibition and RT reduced clonogenic 
survival and increased apoptosis compared with 
RT alone, which were similar to previous studies 
in lung, pancreatic, and head and neck cancer (28-

30). PARP1 inhibition has been confirmed to            
decrease the risk of disease progression or 
death among patients with metastatic breast 
cancer with a germline BRCA mutation (24).  
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However, to the best of our knowledge, there are 
no clinical results that assess the                            
radiosensitizing effects of PARP1 inhibition in 
breast cancer with locoregional or distant            
recurrence. In TNBC, there is a higher incidence 
of locoregional recurrence and distant                     
metastasis, such as in the brain or lung,           
compared with other subtypes. In addition, 
there is a lack of specific treatment targets, such 
as endocrine therapy and anti-human epidermal 
growth factor receptor 2 treatment. To decrease 
locoregional recurrence and to treat distant           
metastasis, such as brain metastasis or other 
oligometastasis, PARP1 represents an                
interesting target to enhance the effect of RT on 
BRCA1-mutated TNBC. 

The formation of γH2aX is the marker of DNA 
DSBs induced by RT. PARP1 is a multi-functional 
protein that can regulate a variety of cellular 
pathways, including DNA SSB repair, HR,                
non-homologous end joining (NHEJ), and               
transcriptional regulation (31-33), while the 
BRCA1 gene plays a key role in DNA HR. Our study 
found that there was no effect on the protein 
level of γH2aX in the AZD+RT, LY+RT, or                  
combination treatment groups, while increased 
H2aX gene expression was observed in the LY+ RT 
and combination treatment groups compared 
with that induced by RT alone. In addition, we 
found that the number of cells in the G2 phase 
(the radiosensitive phase of the cell cycle) was 
significantly increased in the LY+RT group, 
while there was no effect on the cell cycle                  
distribution in AZD+RT cells, which suggested 
that the radiosensitizing effect of the PARP1            
inhibitor was not related to cell cycle changes. 
Our results were similar to those reported by 
Feng et al. (16), in which the expression of γH2aX 
was not associated with radiosensitivity in 
AZD+RT cells, and there was also 
no significant correlation between                             
treatment-induced changes in cell cycle                 
distribution and PARP1-mediated                            
radiosensitivity in BRCA1-mutated TNBC cells. 
Given the diversity of cellular pathways              
affected by PARP1, it is unlikely that                   
the molecular mechanism of the                                                      
radiosensitization effects of PARP inhibitors is 
reflects a singular function of PARP1 and is more 

likely to be multifaceted. 
PI3K suppression has been shown to impair 

HR in the cellular DNA damage response                 
pathway (18, 19). Therefore, we further explored 
the effect of combined inhibition of PARP1 and 
PI3K on radiosensitivity. HR is an error-prone 
process that can only occur during the S and G2 
phases, and requires sister chromatids as              
templates to repair the damaged DNA (9, 34). Our 
study further confirmed that the PI3K inhibitor 
could significantly increase the number of cells 
in the G2 phase after RT, suggesting a role of the 
PI3K/AKT signal pathway in impaired HR. In 
addition, the combined use of PARP1 and PI3K 
inhibition enhanced radiation-induced apoptosis 
and inhibited cell proliferation compared with 
those induced by each agent alone. A previous 
study by Jang et al. (26) also found that                          
co-targeting the PI3K pathway (using a                     
pyridinylfuranopyrimidine inhibitor) and                
PARP1 enhanced RT-induced cell death in 
BRCA1-mutated TNBC cells and xenografts. 
Therefore, based on the abovementioned                
findings, we suggest that additional PI3K                  
inhibition combined with PARP inhibition in 
BRCA1-mutated TNBC cells may enhance the 
response to RT. 

INPP4B, PHLPP, and LKB1 are important  
negative regulators of the PI3K/AKT signaling 
pathway in cell proliferation and malignant 
transformation (35-39). Therefore, in the present 
study, we analyzed the expression of three 
above genes in each treatment group. The                   
results showed a significant effect on the                 
expression of INPP0B, PHLPP, and LKB1 after 
treatment with RT and the two inhibitors, alone 
or in combination, compared with RT alone. 
Combined inhibition of PARP1 and PI3K                
resulted in increased INPP0B, PHLPP, and LKB1 
gene expression compared with that induced by 
each agent alone. 

INPP4B is a tumor suppressor that maintains 
the phospholipid balance by inhibiting the               
activation of PI3K/AKT signaling pathway, 
thereby inhibiting malignant transformation of 
cells (36). TNBC is associated with loss of a             
heterozygosity in INPP0B, resulting in increased 
mRNA levels of phosphorylated AKT and                    
activation of the PI3K/AKT signaling pathway, 
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which leads to cell proliferation, migration, and 
angiogenesis (37). Ding et al. (40) found that the 
combination of a PARP inhibitor and INPP0B 
gene transfection had a synergistic therapeutic 
effect on castration therapy-resistant prostate 
cancer cells. Sun et al. (41) also found that                
overexpression of INPP0B enhanced PARP1              
inhibitor-induced proliferation inhibition in 
TNBC cells. Therefore, based on the                           
abovementioned findings and the results of the 
present study, the suppression of PI3K/AKT  
signaling pathway caused by INPP0B                        
overexpression might contribute to the increase 
radiosensitivity induced by combined therapy 
with the PARP1 inhibitor. 

The limitation of our study is that the effects 
were shown only in vitro studies, which limited 
our results extend to clinical significance. Since 
the microenvironment is important for                       
radiosensitivity, more in vivo studies are need to 
confirm our results. 

Our results suggest that combinations of               
targeted agents such as PAPR1 and PI3K                   
inhibitors might be an effective therapeutic 
strategy to enhance radiosensitivity in                    
BRCA1-mutated TNBC. The development of              
co-targeting PARP1 and PI3K signaling with RT 
as a strategy to treat BRCA1-mutated TNBC will 
require careful preclinical studies. 
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