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HS-173, a novel PI3K inhibitor enhances radiosensitivity of 
breast cancer cells 

INTRODUCTION 

Breast cancer, the most common malignancy in 
women, is currently the second leading cause of              
cancer-related death in women (1) Breast cancer cells 
have three important receptors: estrogen receptor 
(ER), progesterone receptor (PR), and human               
epidermal growth factor receptor 2 (HER2). In most 
cases, breast cancers which are treated depending on 
their receptor type show a better prognosis (2).             
Although significant progress has been made in 
breast cancer treatment, only a few targeted                  
therapies are available for patients with estrogen  
receptor (ER)-negative and triple-negative breast 
cancer (TNBC), with conventional surgery, radiation 
therapy, and chemotherapy being the primary               
treatment options (3). In particular, TNBC does not 
have any breast cancer-related receptor, resulting in 
metastasis and higher instances of death.                     
Additionally, it is commonly resistant to the typical 
anti-cancer agents used (4). With no targeted                   
treatments available currently, conventional cytotoxic 
chemotherapy followed by adjuvant radiation therapy 
is the standard of care for patients with TNBC.                  
Therefore, there is an urgent need to develop           

treatment strategies to improve these limited               
therapeutic options. 

For breast cancer, one of the therapeutic options is 
radiotherapy, in addition to surgery and                   
chemotherapy. It is a critical component in                  
multimodal management of breast cancer patients (5). 
Breast cancer patients who received radiation              
therapy achieved a complete cure with a significantly 
increased survivability period (6). However, a                    
substantial fraction of patients acquired                         
radioresistance, which significantly inhibited the          
effectiveness of this therapy. In the cases with TNBC, 
the patients who received standard adjuvant                
chemotherapy plus the radiation therapy had a                
decreased risk of locoregional recurrence compared 
to those treated with chemotherapy alone. However, 
many breast cancer patients fail to undergo                    
radiotherapy and chemotherapy for the tumor (7-10). 
Thus, improvement in radiosensitivity plays an               
important role in breast cancer therapy. The                 
development of novel radiosensitizing agents could 
provide substantial benefits for increasing the              
efficiency of radiosensitivity. 

To increase radiosensitivity by overcoming            
radioresistance, many potential molecular targets 
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ABSTRACT 

Background: The development of radiosensitizers that modulate activated signaling 
pathways has enhanced effective cancer treatment via radiation therapy. The 
phosphoinositide 3-kinases (PI3K)/protein kinase B (AKT) pathway induces cancer 
progression and radioresistance. Therefore, we investigated if HS-173, a novel PI3K 
inhibitor, could increase the radiosensitivity in breast cancer cells. Materials and 
Methods: Breast cancer cell lines (MCF-7, BT-474, and T47D, MDA-MB-231) were 
exposed to radiation (2–8 Gy). After irradiation, cell viability was assessed using the 
MTT assay. MDA-MB-231 cells were exposed to radiation (5 Gy) alone and/or in 
combination with HS-173 (1 μM). After treatment, the levels of PI3K/AKT signaling 
protein were measured using western blotting. The radiosensitivity of HS-173 was 
assessed using a clonogenic assay and flow cytometry. Results: We observed that HS-
173 decreased the radiation-induced phosphorylation of AKT in MDA-MB-231 cells 
and increased their radiosensitivity in the clonogenic assay. Upon investigation of the 
mechanism underlying the enhanced radiosensitivity by HS-173, we observed a 
significant increase in the IR-induced G2/M cell cycle arrest and apoptosis pathway 
components, including poly (ADP-ribose) polymerase (PARP-1) and cleaved caspase-3. 
It can be concluded that HS-173 significantly improved radiosensitivity by inducing 
apoptosis and G2/M arrest in radio-resistant breast cancer cells. Conclusion: HS-173 
may be applied as a radiosensitizer with promising potential in radio-resistant breast 
cancer treatment.  
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have been validated to date (11). The phosphoinositide 
3-kinase (PI3K) pathway is important for cell growth, 
proliferation, and survival, and has matured as a            
clinical therapeutic target for breast cancer (12). In 
addition, the PI3K/AKT pathway is known to activate 
resistance to radiotherapy (13, 14). Inhibition of the 
PI3K/AKT pathway has been linked to                            
radiosensitivity in various cancers including                    
non-small cell lung cancer, glioblastoma, head and 
neck squamous cell carcinoma, and colorectal cancer 
(15-18). In this regard, PI3K inhibitors exert synergistic 
effects in combination with radiation, resulting in 
improved radiosensitization (19, 20). 

This study aims to screen radiation-resistant 
breast cancer cell lines and investigate if HS-173, a 
novel PI3K inhibitor, enhances radiosensitization by 
inhibiting the PI3K/AKT pathway.  

 
 

MATERIALS AND METHODS 
 
Cell lines & materials 

MCF-7, BT-474, T47D, and MDA-MB-231 cells 
were obtained from the Korean Cell Line Bank (KCLB, 
Seoul, South Korea) and cultured in an RPMI media 
supplemented with 10% FBS and 1% penicillin/
streptomycin. The cell culture media, FBS, penicillin/
streptomycin, and all the other agents used in the cell 
culture studies were purchased from GIBCO                   
(Grand Island, NY, USA). The cells were incubated               
in a CO2 incubator at 37°C in a controlled                      
humidified atmosphere composed of 95% air and  
5% CO2. The imidazopyridine derivative, ethyl                    
6-(5-(phenylsulfonamido) pyridin-3-yl) imidazo         
[1,2-a] pyridine-3-carboxylate (HS-173), a new PI3Ka 
inhibitor, was synthesized as described in our               
previous studies (21-26). For all in-vitro studies, HS-173 
was dissolved in dimethylsulfoxide (DMSO) at a            
concentration of 10 mM before use. 

 

Irradiation  
The cells were treated with g-rays from 137Cs irra-

diation source (Model 68; JL Shepherd & Associates, 
Glenwood, CA, USA). The 137Cs irradiation source 
emitted 3-4 Gy/min. 

 

Cell viability and Clonogenic assay 
Breast cancer cells were treated with HS-173, with 

or without radiation. To investigate if the inhibition of 
PI3K/AKT pathway by HS-173 is radiosensitive, we 
assessed the survival fraction in MDA-MB-231 cells 
upon treatment with HS-173 (1 μM or 10 μM) and 
radiation. MDA-MB-231 cells were pre-treated with 
HS-173 for 2 h followed by irradiation. After 14 days, 
we performed a clonogenic assay to determine the 
cell survival. The colonies were observed and then 
fixed in PFA (4%) and crystal violet (0.5%). After 
counting the colonies, the data were processed to 
calculate the plating efficiencies compared with non-

348 

irradiated cells. 
 

Western blotting 
The PI3K/AKT signaling pathway is upregulated 

by irradiation in many types of cancer, which is               
correlated with resistance to radiotherapy (22, 27). To 
confirm whether irradiation induces the PI3K/AKT 
signaling pathway in breast cancer cells, we assessed 
the activation of the PI3K/AKT signaling pathway 
after irradiation in a time-dependent manner. 

The protein was prepared from the breast cancer 
cells using the RIPA buffer adding the protease             
inhibitor and phosphatase inhibitor (GenDEPOT, 
Barker, TX, USA) for 10 min. Total protein in the 
whole cells was quantified using a BCA solution 
(Sigma-Aldrich, Ohio). Briefly, 30 μg of protein was 
loaded on 8% and 15% Bis-Tris polyacrylamide gels, 
at 100 V using SDS-PAGE. It was then transferred to 
the nitrocellulose membranes. After blocking with 
5% skim milk, the membranes were incubated with 
the primary antibodies for 24 h: p-AKT, AKT, p-mTOR, 
mTOR, PARP-1, cleaved caspase-3, Bcl-2, and                    
a-tubulin (Cell Signaling Technology, MA, USA). After 
incubation with primary antibodies, the membranes 
were washed three times and then attached with 
horseradish peroxidase (HRP)-conjugated secondary 
antibodies (Santa Cruz Biotechnology, Dallas, TX, 
USA) for 1 h. Antibody binding was detected using 
enhanced chemiluminescence (ECL) reagents                
(Bio-Rad, Hercules, CA, USA).  

 

TUNEL assay  
A TUNEL assay was performed using an                     

APO-BrdUTM TUNEL assay kit as per the                          
manufacturer’s instructions (Invitrogen, Carlsbad, CA, 
USA). Briefly, paraformaldehyde (1%) was added to 
single-cell suspension of MDA-MB-231 cells for 1 h at 
4°C. Apoptotic cells were labeled using the APO-BrdU 
TUNEL assay kit and then analyzed using FACS              
cytometry (BD Biosciences, San Jose, CA, USA). The 
data were analyzed using FlowJo software (Tree Star, 
Inc., San Carlos, CA, USA). 

  

Flow cytometry 
To investigate the mechanism through which the 

HS-173 induced radiosensitization in MDA-MB-231 
cells, we analyzed the cell cycle distribution after the 
combined treatment. Based on our previous study 
(22), we hypothesized that HS-173 would lead to the 
accumulation of the G2/M phase in irradiated-MDA-
MB-231 cells. For fixation of cells, cold ethanol (70%) 
was added to a single- cell suspension of MDA-MB-
231 cells at -25°C for 24 h. After incubation for 24 h, 
the cells were treated with a mixture of propidium 
iodide (PI, 50 mg/mL) and RNase A (100 mg/mL) at 
37°C for 30 min in the dark. Cells were labeled using 
PI solution and then analyzed using a FACS cytometer 
(BD Biosciences, San Jose, CA, USA). The data were 
analyzed using FlowJo software (Tree Star. Ashland, 
OR, USA). 
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Statistical analysis  
Statistical calculations were performed using the 

SPSS software for Windows (version 10.0; SPSS,             
Chicago, IL, USA). Data are presented as mean (±SD) 
and were subjected to either unpaired Student’s                 
t-test or analysis of variance (ANOVA). Statistical  
significance was set at P-value ≤ 0.05. The results 
were compared using the Student’s t-test. 

 
 

RESULTS 
 

Radio-resistant breast cancer cell lines  
To determine if the breast cancer cell lines                

acquired resistance to radiation, several breast cancer 
cells including the MCF-7, BT-474, T47D, and                 
MDA-MB-231 were irradiated with 2-8 Gy for 72 h. 
Irradiation-induced cell death was observed at 8 Gy 
in these cells. However, in the case of TNBC MDA-MB-
231 cells, irradiation with 8 Gy failed to induce cell 
death compared to other breast cancer cell lines 
(figure 1), indicating that MDA-MB-231 cells are             
resistant to irradiation. These results imply that             
radiation-resistant breast cancer cells require                
radiosensitizing agents to overcome this resistance. 

 

Activation of AKT/mTOR pathway through                 
irradiation in radio-resistant breast cancer cells 

Irradiation significantly increased the expression 
of p-AKT and p-mTOR, indicating that irradiation  
activates the critical components of the PI3K/AKT 
signaling pathway in human MDA-MB-231 radio-
resistant breast cancer cells (figure 2A). Our previous 
studies showed that HS-173 inhibited the PI3K/AKT 
signaling pathway in various cancer cell types (22, 24- 26, 

28). Accordingly, we investigated if HS-173 inhibited 
radiation-induced activation of the PI3K/AKT               

signaling pathway in MDA-MB-231 cells. It was found 
that HS-173 effectively inhibited the radiation-
induced phosphorylation of AKT in these cells (figure 
2B). These results suggest that HS-173 enhances          
radiosensitivity in radioresistant breast cancer cells. 

 

Radiosensitization of HS-173 in MDA-MB-231 cells  
The survival fraction of MDA-MB-231 cells was 

slightly reduced by irradiation in a dose-dependent 
manner (figure 3). Conversely, HS-173 significantly 
enhanced the radiosensitivity of MDA-MB-231 cells 
under irradiation, indicating that inhibition of the 
PI3K/AKT pathway by HS-173 may be related to an 
increase in radiosensitivity (figure 3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Induction of G2/M arrest by HS-173 in irradiated 
MDA-MB-231 cells  

When we analyzed the cell cycle distribution after 
the combined treatment, it was observed that the 
radiation increased the G2/M phase of the population 
for 24 h in MDA-MB-231 cells. However, when HS-173 
was combined with radiation, a higher degree of G2/
M arrest (56%) was observed compared to that with 
radiation-treatment alone (42%, figure 4). 

 

Induction of apoptotic cell death through HS-173 
and radiation combination treatment  

Our previous studies showed that HS-173 induces 
apoptotic cell death in various cancer cell types (25, 28). 
As the combined treatment with HS-173 and                  
radiation significantly reduces the cell proliferation, 
we investigated the apoptotic effects of this                      
combination in MDA-MB-231 cells. MDA-MB-231 
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Figure 1. Selection of radio-resistant breast cancer cell lines. 
Human breast cancer cells MCF-7, BT-474, T47D, and MDA-MB

-231, were irradiated with the indicated doses (0-8 Gy). Cell 
death was measured using the MTT assay. Data are expressed 

as means (±SD) from three independent experiments 
(**P<0.01). 

Figure 2. Radiation induced the PI3K pathway in breast           
cancer cells. A. MDA-MB-231 cells were irradiated with 5 Gy 

for the indicated duration (0–180 min). Under radiation          
conditions, high levels of expression of p-AKT and p-mTOR 
were observed in MDA-MB-231, as seen in the results of  
western blotting. B. MDA-MB-231 cells were exposed to            

radiation (5 Gy) and/or HS-173 (1 μM). After 3 h, p‑AKT levels 
were assessed using western blotting. 

A 
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cells were pretreated with HS-173 and then                  
irradiated. Notably, combination treatment with              
HS-173 and radiation resulted in an increase in              
apoptotic cell death compared to that in the radiation 
only treatment (figure 5A). These results were                 
confirmed by assessing the apoptosis-related              
proteins, which revealed that the combined treat-
ment with HS-173 and radiation increased the levels 
of cleaved caspase-3 and cleaved PARP. However, it              
decreased the expression levels of anti-apoptotic           
Bcl-2 compared to their levels in the radiation only 
treatment. These results demonstrate that HS-173-
induced radiosensitivity enhanced the apoptosis in 
MDA-MB-231 cells (figure 5B). 

 

 

DISCUSSION 

 
Breast cancer continues to be a major cancer in 

women (29). Surgical removal of the tumor mass           
considerably reduces the quality of life (30).                     
Chemotherapy and radiotherapy are used to intensify 
the therapeutic effects. Although radiotherapy is the 
common treatment of choice for breast cancer,               
acquired radiation resistance is considered a major 
obstacle as it limits effective treatment (31). The aim of 
this study was to evaluate the radiosensitizing effect 
of HS-173 and to investigate the underlying                    
functioning mechanisms of agent functions. This 
study revealed that HS-173 is capable of inhibiting the 
proliferation of radiation-resistant triple-negative 
breast cancer MDA-MB-231 cells and induces G2/M 
arrest, in addition to apoptosis by inhibiting the 
PI3K/AKT pathway, particularly in combination with 
radiation treatment. 

The PI3K/AKT pathway is associated with                  
radiation resistance mechanisms such as a decrease 
in intrinsic radiosensitivity and cancer cell                 
proliferation. In signaling pathways, PI3K/AKT         

350 Int. J. Radiat. Res., Vol. 20 No. 2, April 2022 

Figure 3. Clonogenic survival assay with radiosensitization by 
HS-173 in MDA-MB-231 cells. (A) MDA-MB-231 were treated 

with various concentrations of HS-173 (1 μM or 10 μM) for 2 h 
and then irradiated with the indicated doses (0–8 Gy). After 2 
h, the media were changed, and the cells were processed for 
clonogenic survival assays at the end of the experiments (14 

days). Colonies were counted using a cut-off value of 50 viable 
cells per colony. 

Figure 4. HS-173 triggered IR-induced cell cycle arrest at G2/M 
phase. MDA-MB-231 cells were treated with HS-173 (1 μM), 
irradiated with 5 Gy for 24 h, stained with PI, and analyzed 

through flow cytometry. Quantitative PI staining data is          
presented as a percentage of cell cycle distribution. 

A 

B 
Figure 5. HS-173 sensitized MDA-MB-231 cells to irradiation. 
A. MDA-MB-231 cells were treated with HS-173 (1 μM) and 

irradiated with 5 Gy for 24 h. DNA fragmentation in MDA-MB-
231 cells was evaluated through flow cytometry and TUNEL 

staining. B. Western blot analysis for apoptosis-related protein 
(PARP, cleaved caspase-3, and Bcl-2). 
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signaling is a key modulator in cancer cell growth and 
proliferation (32). Additionally, several treatment          
modalities, including radiotherapy, can stimulate the 
survival pathway in breast cancer (33). Regulation of 
this signal transduction pathway may have important 
implications in the management of breast cancer. 
Strong and independent relationships were observed 
between the activated AKT and treatment results in 
clinical trials (34, 35). Direct targeting and inhibition of 
this pathway could increase radiosensitivity by              
inhibiting radiation-induced cellular defense                 
mechanisms, particularly in cancers that have                   
activated PI3K/AKT signaling. PI3K inhibitors have 
been shown to enhance the radiation sensitivity of 
human tumor cells (36, 37). In addition, Guo et al.               
reported that LY294002, a PI3K inhibitor inhibited 
triple-negative breast cancer MDA-MB-231 cell                 
proliferation by blocking the PI3K/AKT pathway. It 
shows that the inhibitor of the PI3K/AKT pathway 
plays an important role in blocking breast cancer  
development (38). Until now, PI3K inhibitors have not 
achieved their expected therapeutic efficacy in               
clinical trials, however, several studies have                  
demonstrated that combined treatment using the 
novel PI3K inhibitors is a promising combination 
strategy to maximize the therapeutic effect                       
substantially (39). Our previous studies have                
demonstrated that HS-173 inhibits cell proliferation/
cell growth in various cancer cells, including the             
pancreatic cancer cells, where it specifically enhances 
radiosensitization (22, 24, 28). Accordingly, we expected 
that HS-173 could increase radiosensitivity in                
MDA-MB-231 breast cancer cells, which were                 
identified as radiation-resistant cells amongst other 
breast cancer cell lines, such as MCF-7, BT-474, and 
T48D. HS-173 augmented the radiation effect in MDA
-MB-231 cells by conferring radiation resistance and 
inhibiting PI3K/AKT signaling, which was                      
significantly activated by radiation. 

Many reports suggest that a combination of PI3K 
inhibitors and radiation leads to cell cycle arrest (27, 40, 

41). The G2/M phase plays a key role in DNA synthesis 
and repair. Therefore, G2/M arrest could enhance cell 
damage and increase radiosensitization. In our study, 
because the combination of HS-173 and radiation 
synergistically increased the therapeutic efficacy by 
blocking cell proliferation compared to that with            
radiation treatment alone, we hypothesized that              
HS-173 could enhance G2/M phase accumulation 
during the cell cycle. As expected, HS-173 showed a 
radiosensitization effect as an increase in the G2/M 
phase accumulation was observed. In addition,                
HS-173 enhanced the radiation-induced apoptosis, as 
evidenced by increased levels of PARP-1 and                
caspase-3, as well as TUNEL-positive cells, compared 
to that in the cells treated with HS-173 or radiation 
alone. The radiosensitizing effect of HS-173 may be 
mediated by numerous molecular pathways. The  
results of this study indicate that cell cycle arrest and 

apoptosis are the primary effects of HS-173 treat-
ment. 

 

CONCLUSION 

 
This study demonstrates that HS-173 affects the 

proliferation of MDA-MB 231 cells through radiation 
resistance, which is associated with changes in cell 
cycle distribution. Additionally, HS-173 induces apop-
tosis in radio-resistant breast cancer cells, indicating 
that HS-173 could be a potential radiosensitizer for 
radio-resistant breast cancer in combination with 
radiotherapy. 

 
Funding:  This work was supported by a grant 
from the Inha University, South Korea. 
Ethical consideration: The authors declare no         
conflict of interest. 
Author contributions: Experiments were performed 
by Lee H, Park JH, and Jung KH and were designed by 
Lim JH and Hong SS.  

 
 

REFERENCES 
 
1. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D (2011) 

Global cancer statistics. CA Cancer J Clin, 61: 69-90. 
2. Sotiriou C, Pusztai L (2009) Gene-expression signatures in breast 

cancer. N Engl J Med, 360: 790-800. 
3. Foulkes WD, Smith IE, Reis-Filho JS (2010) Triple-negative breast 

cancer. N Engl J Med, 363: 1938-1948. 
4. Gluz O, Liedtke C, Gottschalk N, Pusztai L, Nitz U, Harbeck N 

(2009) Triple-negative breast cancer--current status and future 
directions. Ann Oncol, 20: 1913-27.  

5. Moreno AC, Shaitelman SF, Buchholz TA (2017) A clinical perspec-
tive on regional nodal irradiation for breast cancer. Breast, 34(S1): 
S85-S90. 

6. Tinoco G, Warsch S, Glück S, Avancha K, Montero AJ (2013) 
Treating breast cancer in the 21st century: emerging biological 
therapies. J Cancer, 4: 117-132. 

7. Abdulkarim BS, Cuartero J, Hanson J, Deschênes J, Lesniak D, Sabri 
S (2011) Increased risk of locoregional recurrence for women with 
T1-2N0 triple-negative breast cancer treated with modified radi-
cal mastectomy without adjuvant radiation therapy compared 
with breast-conserving therapy. J Clin Oncol, 29: 2852-2858. 

8. Wang J, Shi M, Ling R, Xia Y, Luo S, Fu X, Xiao F, Li J, Long X, Wang 
J, et al. (2011) Adjuvant chemotherapy and radiotherapy in triple-
negative breast carcinoma: a prospective randomized controlled 
multi-center trial. Radiother Oncol, 100: 200-204. 

9. Steward LT, Gao F, Taylor MA, Margenthaler JA (2013) Impact of 
radiation therapy on survival in patients with triple-negative 
breast cancer. Oncol Lett, 7: 548-552.  

10. Carey L, Winer E, Viale G, Cameron D, Gianni L (2010) Triple-
negative breast cancer: disease entity or title of convenience? Nat 
Rev Clin Oncol, 7: 683-692. 

11. Xia F and Powell SN (2002) The molecular basis of radiosensitivity 
and chemosensitivity in the treatment of breast cancer. Semin 
Radiat Oncol, 12: 296-304.  

12. Nur Husna SM, Tan HT, Mohamud R, Dyhl-Polk A, Wong KK (2018) 
Inhibitors targeting CDK4/6, PARP and PI3K in breast cancer: a 
review. Ther Adv Med Oncol, DOI:10: 1758835918808509. 

13. Yang L, Yang G, Ding Y, Dai Y, Xu S, Guo Q, Xie A, Hu G (2018) 
Inhibition of PI3K/AKT signaling pathway radiosensitizes pancre-
atic cancer cells with ARID1A deficiency in vitro. J Cancer, 9: 890-
900.  

14. Xu S, Li Y, Lu Y, Huang J, Ren J, Zhang S, Yin Z, Huang K, Wu G, 
Yang K (2018) LZTS2 inhibits PI3K/AKT activation and radiore-
sistance in nasopharyngeal carcinoma by interacting with p85. 
Cancer Lett; 420: 38-48. 

15. Fumarola C, Bonelli MA, Petronini PG, Alfieri RR (2014) Targeting 

Lee et al. / HS-173 as a radiosensitizer 351 

 [
 D

O
I:

 1
0.

52
54

7/
ijr

r.
20

.2
.1

4 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 m

ai
l.i

jr
r.

co
m

 o
n 

20
25

-1
0-

19
 ]

 

                               5 / 6

http://dx.doi.org/10.52547/ijrr.20.2.14
https://mail.ijrr.com/article-1-4265-en.html


PI3K/AKT/mTOR pathway in non-small cell lung cancer. Biochem 
Pharmacol, 90: 197-207.  

16. McDowell KA, Riggins GJ, Gallia GL (2011) Targeting the AKT path-
way in glioblastoma. Curr Pharm Des, 17: 2411-2420.  

17. Simpson DR, Mell LK, Cohen EE (2015) Targeting the PI3K/AKT/
mTOR pathway in squamous cell carcinoma of the head and neck. 
Oral Oncol, 51: 291-298.  

18. Pandurangan AK (2013) Potential targets for prevention of colo-
rectal cancer: a focus on PI3K/Akt/mTOR and Wnt pathways. 
Asian Pac J Cancer Prev, 14: 2201-2205.  

19. Kim KW, Myers CJ, Jung DK, Lu B (2014) NVP-BEZ-235 enhances 
radiosensitization via blockade of the PI3K/mTOR pathway in 
cisplatin-resistant non-small cell lung carcinoma. Genes Cancer, 5: 
293-302.  

20. Potiron, VA, Abderrahmani R, Giang E, Chiavassa S, Di Tomaso E, 
Maira SM, Paris F, Supiot S (2013) Radiosensitization of prostate 
cancer cells by the dual PI3K/mTOR inhibitor BEZ235 under 
normoxic and hypoxic conditions. Radiother Oncol, 106: 138-146.  

21. Park JH, Jung KH, Kim SJ, Yoon YC, Yan HH, Fang Z, Lee JE, Lim JH, 
Mah S, Hong S. et al. (2019) HS-173 as a novel inducer of RIP3-
dependent necroptosis in lung cancer. Cancer Lett, 444: 94-104.  

22. Park JH, Jung KH, Kim SJ, Fang Z, Yan HH, Son MK, Kim J, Kang YW, 
Lee JE, Han B, et al. (2017) Radiosensitization of the PI3K inhibitor 
HS-173 through reduction of DNA damage repair in pancreatic 
cancer. Oncotarget, 8: 112893-112906. 

23. Kim SJ, Jung KH, Son MK, Park JH, Yan HH, Fang Z, Kang YW, Han 
B, Lim JH, Hong SS (2017) Tumor vessel normalization by the PI3K 
inhibitor HS-173 enhances drug delivery. Cancer Lett, 403: 339-
353. 

24. Rumman, M, Jung KH, Fang Z, Yan HH, Son MK, Kim SJ, Kim J, Park 
JH, Lim JH, Hong S, Hong SS (2016) HS-173, a novel PI3K inhibitor 
suppresses EMT and metastasis in pancreatic cancer. Oncotarget, 
7: 78029-78047.  

25. Yun SM, Jung K.H, Lee H, Son MK, Seo JH, Yan HH, Park BH, Hong 
S, Hong SS (2013) Synergistic anticancer activity of HS-173, a 
novel PI3K inhibitor in combination with Sorafenib against pan-
creatic cancer cells. Cancer Lett, 331: 250-261.  

26. Lee H, Jung KH, Jeong Y, Hong S, Hong SS (2013) HS-173, a novel 
phosphatidylinositol 3-kinase (PI3K) inhibitor, has anti-tumor 
activity through promoting apoptosis and inhibiting angiogenesis. 
Cancer Lett, 328: 152-159. 

27. Chang L, Graham PH, Hao J, Ni J, Bucci J, Cozzi PJ, Kearsley JH, Li Y 
(2014) PI3K/Akt/mTOR pathway inhibitors enhance radiosensitivi-
ty in radioresistant prostate cancer cells through inducing apopto-
sis, reducing autophagy, suppressing NHEJ and HR repair path-
ways. Cell Death Dis, 5: e1437. 

28. Lee H, Kim SJ, Jung KH, Son MK, Yan HH, Hong S, Hong SS (2013) A 
novel imidazopyridine PI3K inhibitor with anticancer activity in 
non-small cell lung cancer cells. Oncol Rep, 30: 863-869.  

29. Anastasiadi Z, Lianos GD, Ignatiadou E, Harissis HV, Mitsis M 
(2017) Breast cancer in young women: an overview. Updates 
Surg, 69: 313-317. 

30. Paraskevi T (2012) Quality of life outcomes in patients with breast 
cancer. Oncol Rev, 6: e2.  

31. Pavlopoulou A, Oktay Y, Vougas K, Louka M, Vorgias CE, Georgaki-
las AG (2016) Determinants of resistance to chemotherapy and 
ionizing radiation in breast cancer stem cells. Cancer Lett, 380: 
485-93.  

32. Cantley LC (2002) The phosphoinositide 3-kinase pathway. Sci-
ence, 296: 1655-1657.  

33. Paplomata E, O'Regan R (2014) The PI3K/AKT/mTOR pathway in 
breast cancer: targets, trials and biomarkers. Ther Adv Med On-
col, 6: 154-166. 

34. Pérez-Tenorio G and Stål O (2002) Activation of AKT/PKB in breast 
cancer predicts a worse outcome among endocrine treated pa-
tients. Br J Cancer, 86: 540-545. 

35. Tokunaga E, Kataoka A, Kimura Y, Oki E, Mashino K, Nishida K, 
Koga T, Morita M, Kakeji Y, Baba H, et al. (2006) The association 
between Akt activation and resistance to hormone therapy in 
metastatic breast cancer. Eur J Cancer, 42: 629-635. 

36. Toulany M, Dittmann K, Krüger M, Baumann M, Rodemann HP 
(2005) Radioresistance of K-Ras mutated human tumor cells is 
mediated through EGFR-dependent activation of PI3K-AKT path-
way. Radiother Oncol, 76: 143-150. 

37. Lammering G, Valerie K, Lin PS, Hewit TH, Schmidt-Ullrich RK 
(2004) Radiation-induced activation of a common variant of EGFR 
confers enhanced radioresistance. Radiother Oncol, 72: 267-273. 

38. Guo Y and Pei X (2019) Tetrandrine-induced autophagy in MDA-
MB-231 triple-negative breast cancer cell through the inhibition 
of PI3K/AKT/mTOR signaling. Evid Based Complement Alternat 
Med, 2019: 7517431.  

39. Qin H, Liu L, Sun S, Zhang D, Sheng J, Li B, Yang W (2018) The 
impact of PI3K inhibitors on breast cancer cell and its tumor mi-
croenvironment. Peer J, 6: e5092. 

40. Wang L, Wu J, Lu J, Ma R, Sun D, Tang J (2015) Regulation of the 
cell cycle and PI3K/Akt/mTOR signaling pathway by tanshinone I 
in human breast cancer cell lines. Mol Med Rep, 11: 931-939. 

41. Lazo JS, Sharlow ER, Epperly MW, Lira A, Leimgruber S, Skoda EM, 
Wipf P, Greenberger JS (2013) Pharmacologic profiling of phos-
phoinositide 3-kinase inhibitors as mitigators of ionizing radiation-
induced cell death. J Pharmacol Exp Ther, 347: 669-680.  

352 Int. J. Radiat. Res., Vol. 20 No. 2, April 2022 

 [
 D

O
I:

 1
0.

52
54

7/
ijr

r.
20

.2
.1

4 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 m

ai
l.i

jr
r.

co
m

 o
n 

20
25

-1
0-

19
 ]

 

Powered by TCPDF (www.tcpdf.org)

                               6 / 6

http://dx.doi.org/10.52547/ijrr.20.2.14
https://mail.ijrr.com/article-1-4265-en.html
http://www.tcpdf.org

