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INTRODUCTION 
 

Lung cancer is primary cancer and the leading cause of 

cancer-related death across the globe [1]. The incidence 

and mortality rates of lung cancer were still high, 

whether around the world or in China [2, 3]. 

Approximately 85% of lung cancers are non-small-cell 

lung cancer (NSCLC), and patients tend to be diagnosed 

as locally advanced and advanced [4]. As complete 

resection of the lesion cannot be achieved for surgery 
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ABSTRACT 
 

Radiotherapy plays an essential role in the treatment of non-small-cell lung cancer (NSCLC). However, 
cancer cells' resistance to ionizing radiation (IR) is the primary reason for radiotherapy failure leading to 
tumor relapse and metastasis. DNA double-strand breaks (DSB) repair after IR is the primary mechanism of 
radiotherapy resistance. In this study, we investigated the effects of autophagy-inducing agent, Rapamycin 
(RAPA), combined with the histone deacetylase inhibitor (HDACi), Suberoylanilide Hydroxamic Acid (SAHA), 
on the radiosensitivity of A549 and SK-MES-1 cells, and examined the combination effects on DNA damage 
repair, and determined the level of autophagy and acetylation in A549 cells. We also investigated the 
combination treatment effect on the growth of A549 xenografts after radiotherapy, and the level of DNA 
damage, autophagy, and acetylation. Our results showed that RAPA combined with SAHA significantly 
increased the inhibitory effect of radiotherapy compared with the single treatment group. The combined 
treatment increased the expression of DNA damage protein γ-H2AX and decreased DNA damage repair 
protein expression. RAPA combined with SAHA was induced mainly by regulating acetylation levels and 
autophagy. The effect of combined treatment to increase radiotherapy sensitivity will be weakened by 
inhibiting the level of autophagy. Besides, the combined treatment also showed a significantly inhibited 
tumor growth in the A549 xenograft model. In conclusion, these results identify a potential therapeutic 
strategy of RAPA combined with SAHA as a radiosensitizer to decreased DSB repair and enhanced DNA 
damage by inducing acetylation levels and autophagy for NSCLC. 
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treatment or the indications for surgery have been lost, 

radiotherapy has become one of the main essential 

methods for treatment [5]. Despite the tremendous 

advances and progress made in radiotherapy research 

for NSCLC, the effect of treatment was still not 

satisfactory as radiation resistance. Relapse and 

metastasis still occurred in a short time after 

radiotherapy leading to treatment failure. Therefore, 

discovering effective therapeutic strategies to increase 

radiation sensitivity are necessary to be developed for 

NSCLC patients.  

 

DNA double-strand breaks (DSB) are the most severe 

form of DNA damage response after radiation and are a 

primary mechanism to kill cancer cells for radiotherapy 

[6]. However, DSB repair will be efficiently activated 

and repaired after IR and limits the effectiveness of 

radiotherapy. Cells will stop dividing and turn into a 

brief moment cell cycle arrest to DSB repair. Two 

major DSB repair pathways, homologous recombination 

(HR) and non-homologous end-joining (NHEJ), 

participated in DNA damage repair after radiotherapy 

[7, 8]. Multiple DSB damage repair proteins, such as 

Rad51, DNA-PKcs, Ku70, and Ku80, are involved in 

the repair process [9–11]. It has been demonstrated that 

Rad51, the critical proteins in the HR pathway, and 

Ku70, Ku80, the critical proteins in the NHEJ pathway, 

played a critical role in DSB repair induced by 

radiotherapy [9, 10]. Increased DSB repair proteins 

result in radiation resistance and tumor therapies [12]. 

Dysregulation of the DSB repair pathway is associated 

with cancer development and is the new target for 

tumor treatment strategies. Targeting the DSB repair 

pathway by regulating the core components in the DSB 

repair pathway to counteract radiation resistance is a 

potential approach and promising strategy for NSCLC 

treatment [13]. 

 

Autophagy, a multi-step lysosomal degradation process 

of dysfunctional cellular elements and organelles that 

maintains cellular metabolic balance, has been reported 

that plays a vital role in regulating cancer progression 

by coping with environmental stresses [14]. Growing 

evidence has shown that tumor resistance to 

radiotherapy can be improved by regulating the level of 

autophagy in the cancer cell. Deville SS et al. reported 

that Keap1 inhibition enhanced head and neck 

squamous cell carcinoma (HNSCC) cells 

radiosensitivity by inducing autophagy to influence the 

process of DNA damage repair [15]. The level of 

autophagy in MCF7 breast cancer (BC) cells can be 

increased by mTOR inhibitor, rapamycin (RAPA), 

delayed the attendance of Rad51 and BRCA1 protein 

localization, and prolonged the expression of damage 

characteristic sensor γ-H2AX, resulted in the 

accumulation of DSB damage [16]. In contrast, Ning et 

al. demonstrated that suppression of autophagy 

increased the IR sensitivity of nasopharyngeal 

carcinoma (NPC) cells by reducing the expression of 

Rad51. That indicated autophagy has a dual role in the 

radiotherapy of tumors. Regulation of autophagy in 

different strategies for cancer cell death or survival is 

dependent on the cancer context. Our previous study 

showed that stimulating autophagy by RAPA can 

downregulation expression of Rad51 and Ku80, delayed 

DNA damage repair, and enhanced the degree of 

damage DSB in NSCLC A549 cells [17]. Reducing the 

protein expression of the DSB repair pathway by 

regulating autophagy can improve radiotherapy 

response. However, autophagy formed in the cytoplasm 

can only affect the DSB repair protein in the cytoplasm 

and fails to effectively degrade the proteins recruited for 

DSB repair in the nucleus. Higher levels of autophagy 

may be needed to induce autophagic death of tumor 

cells to achieve the purpose of radiosensitization. 

However, toxic and side effects, autophagic death, on 

normal cells will also increase as the dose of the drug 

increases to induce autophagy. Therefore, degrading 

DSB repair proteins in the nucleus is the key to enhance 

the radiosensitivity of NSCLC further. 

 

Increasing evidence in large numbers of studies has 

shown that histone deacetylases (HDACs) are highly 

expressed in many kinds of tumors, making the 

intracellular histones in a state of deacetylation [18]. 

Histone deacetylase inhibitor (HDACi) is a new 

generation of anticancer drugs based on epigenetics. 

These drugs target HDACs and exert anti-tumor effects 

by regulating the acetylation levels of histones and 

related non-histone proteins, such as critical related 

proteins for DNA damage recognition and repair  

[19–22]. Robert et al. explicitly stated that HDACi 

Valproic acid (VPA) affects the DSB repair process by 

degrading acetylated DSB repair recombination protein 

through autophagy in yeast cells [23]. When some 

specific proteins are hyperacetylated, they will shunt 

into the autophagic pathway [24]. It confirmed that 

HDACi can influence the process of the DSB repair 

pathway at low concentrations in tumor cells and has 

little effect on normal cells [25, 26]. HDACi can induce 

autophagy in tumor cells [27], but the ability to induce 

autophagy is not strong [23].  

 

Therefore, we hypothesized that the induction of 

autophagy combined with the acetylation effect of 

HDACi on the DSB repair pathway could enhance the 

radiosensitivity of NSCLC cells by degrading the 

recombination repair protein through autophagy. In 

the present study, we investigated the combined effect 

of suberoylanilide hydroxamic acid (SAHA) and 

RAPA on the radiosensitivity of NSCLC cells.  

We elucidated the role related to affect the process of 
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the DSB repair pathway by further degrading  

the expression of Rad51, Ku70, and Ku80 repair 

protein. 

 

RESULTS 
 

RAPA or/and SAHA induced cytotoxicity in NSCLC 

cells 
 

The viability of cultured A549 and SK-MES-1 cells was 

measured by CCK8 assay after 24 hours of exposure to 

RAPA or SAHA at different concentrations. RAPA and 

SAHA suppressed NSCLC cell proliferation in 

concentration-dependent manners (Figure 1A, 1B). The 

viability of NSCLC cells exposure to 100nM of RAPA 

or 2.5μM of SAHA alone or in combination was 

observed at various time points. RAPA and SAHA 

reduced the viability of NSCLC cells in time-dependent 

manners. The combined treatment of RAPA and SAHA 

compared with single-drug treatment alone were 

significantly enhanced toxicity in A549 and SK-MES-1 

cells for 24, 48, and 72 hours (Figure 1C, 1D). 

Combination treatment of RAPA and SAHA 

enhances the radiosensitivity in NSCLC cells 

 

In our preview study, we showed that RAPA treatment 

sensitized A549 cells to radiation [17]. To investigate 

whether SAHA may coordinate with RAPA on 

radiosensitivity in NSCLC cells, clonogenic assays 

were performed to evaluate the combined effect of 

RAPA and SAHA in A549 and SK-MES-1 cells on IR. 

As 100nM of RAPA and 2.5μM of SAHA had modest 

effects on viability in the two NSCLC cell lines for 24 

hours (Figure 1), NSCLC cells were treated with RAPA 

(100nM) and SAHA (2.5μM) for 24 hours and 

subsequently irradiated cells with different dose of γ-

irradiation. Combination treatment of RAPA and SAHA 

resulted in higher IR induced cytotoxic effects in A549 

and SK-MES-1 cells and significantly reduced the 

survival fraction in a dose-dependent manner than those 

of IR treatment alone or in combination RAPA or 

SAHA (Figure 2A, 2B). Compared with IR alone or in 

combination with RAPA or SAHA, combination 

treatment of RAPA and SAHA significantly increased

 

 
 

Figure 1. Cytotoxic effects of combination treatment with RAPA or/and SAHA in NSCLC cells. Cell viabilities were assessed by the 
cell counting kit-8 (CCK-8). (A, B) Concentration-dependent effects of RAPA (A) and SAHA (B) on the viability of two NSCLC cells (A549, SK-
MES-1) for 24h. *p<0.05, RAPA or SAHA versus control. (C, D) Time-dependent effects of RAPA (100nmol/L) or/and SAHA (2.5μmol/L) on the 
viability of A549 (C) and SK-MES-1 (D) cells. *p<0.05, combined treatment versus single treatment, #p<0.05, 48h or 72h versus 24h. 
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IR-induced clonogenic cell death in both A549 and SK-

MES-1 cells with 4Gy of γ-irradiation (Figure 2C). 

 

Our data showed that IR induced G2/M phase arrest in 

A549 and SK-MES-1 cells. G0/G1 phase arrest were 

induced by pre-treatment with RAPA before IR, and S 

phase arrest were induced by pre-treatment with SAHA. 

Combination treatment of RAPA and SAHA led to cell 

cycle arrest in the G0/G1 phase (Figure 2D). 

Effect of RAPA and SAHA combination treatment 

on DNA damage and DNA repair in NSCLC cells 

with IR treatment.  
 

Variant H2AX was immediately phosphorylated (γ-

H2AX) and accumulated at DSB sites after IR. The 

expression of γ-H2AX could be an indicator of the 

degree of DNA damage. Our results showed that γ-

H2AX significantly increased at 1 hour after IR

 

 
 

Figure 2. Cytotoxic effects of combination treatment with RAPA or/and SAHA in irradiated NSCLC cells. Survival fractions were 
assessed by the colony formation assay. (A, B) The radiation dose-response survival curves after 24h of treatment with RAPA (100nmol/L) 
or/and SAHA (2.5μmol/L) in two NSCLC cells A549 (A), SK-MES-1 (B). (C, D) Colony formation assay (C) and flow cytometry analysis of the cell 
cycle (D) in two NSCLC cells (A549, SK-MES-1) resulting from IR (4Gy) after treatment with RAPA (100nmol/L) or/and SAHA (2.5μmol/L)  
for 24h. 
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compared to controls in both A549 and SK-MES-1 cells 

(Figure 3A, 3B), regardless of RAPA or SAHA 

treatment alone or in combination treatment. IR induced 

γ-H2AX gradually decreased after 24 hours, almost 

back to the original expression level. However, the 

combination treatment of RAPA and SAHA 

significantly enhanced the level of γ-H2AX compared 

with IR alone or in combination with RAPA or SAHA 

at 24 hours after treatment (Figure 3A, 3B).   

 

Cancer cells could repair DSB through HR and NHEJ 

repair pathways. DNA repair-related proteins, such as

 

 
 

Figure 3. Effects of combination treatment with RAPA and SAHA on DNA damage and repair after IR in NSCLC cells. (A, B) the 
protein level of γ-H2AX was determined by western blot analysis. Two NSCLC cells (A549, SK-MES-1) were treated with RAPA (100nmol/L) 
or/and SAHA (2.5μmol/L) for 24h and were subsequently exposed to IR (4Gy), the γ-H2AX protein was tested at 1h and 24h after IR. *p<0.05, 
1h after IR versus control; 

#
p<0.05, 24h versus 1h after IR; 

+
p<0.05, combined treatment versus single treatment 24h after IR. (C–F) the 

protein (C) and mRNA level of Rad51 (D), Ku80 (E), Ku70 (F) were determined by western blot and RT-qPCR analysis. Two NSCLC cells (A549, 
SK-MES-1) were treated with RAPA (100nmol/L) or/and SAHA (2.5μmol/L) for 24h and were subsequently exposed to IR (4Gy) and were 
tested after 4h. *p<0.05, compared with control, #p<0.05, compared with IR. 
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Rad51, Ku80, and Ku70, are essential players in the two 

pathways. Results showed that compared with the IR 

group, the combination treatment of RAPA and SAHA 

had been found obviously to downregulate DNA repair-

related proteins, such as Rad51, Ku80, Ku70 in A549 

cells, and Rad51, Ku70 in SK-MES-1 cells. Treatment 

with RAPA alone, Rad51 and Ku80 were decreased in 

both A549 and SK-MES-1 cells; or treatment with SAHA 

alone, Ku80 were decreased in A549 cell, and Rad51 

were decreased in SK-MES-1 cells. (Figure 3C–3F). 

 

Our results showed that IR increased the mRNA 

expression level of DNA repair-related proteins, Rad51, 

Ku80, and Ku70, detected by RT-qPCR. Treatment with 

SAHA alone or combination treatment of RAPA and 

SAHA, mRNA of Rad51, Ku80, and Ku70 decreased in 

NSCLC cells compared with IR. However, mRNA 

expression of all DNA repair-related proteins was 

unchanged in RAPA compared to IR.  

 

Effect of RAPA or SAHA alone or in combination on 

autophagy and acetylation in NSCLC cells with IR 

treatment 
 

Our previous studies have demonstrated that RAPA 

induces autophagy sensitizes A549 cells to IR. To 

determine whether combined treatment can be induced 

autophagy and acetylation in A549 cells. Electron 

microscopy shows that IR, RAPA, SAHA, and combined 

treatment could induce the formation of autophagosomes 

in the cytoplasm of A549 cells (Figure 4A). Compared 

with other groups, combined treatment primarily 

increased the number of autophagosomes. We applied 

confocal immunofluorescence microscopy to detect the 

dots of LC3, which is widely used as a marker of 

autophagy in per A549 cells. By quantitative analysis, 

dots of LC3 were significantly increased in the cytoplasm 

of A549 cells after combined treatment compared with 

each of the different treatments (Figure 4B). LC3-II, Atg5, 

and p62 proteins are the most common autophagic-related 

markers. Our results revealed that combined treatment 

remarkably increased the expression of LC3-II and Atg5 

proteins and marked decreased the expression of p62 

proteins compared with RAPA, SAHA, or IR treatment 

alone (Figure 4C). The result indicated that both RAPA, 

SAHA, and IR could induce autophagy. The effect of 

RAPA is most significant.  

 

Ac-H3 was chosen as a marker to monitor the effect of 

HDAC inhibition. As shown in Figure 4D, the 

expression of Ac-H3 protein was increased after 

exposure to SAHA alone or RAPA combined with 

SAHA. But no difference between the two treatments. 

These results indicated that only SAHA, not RAPA, has 

the effect of acetylation of histone and non-histone 

proteins. 

Inhibition of autophagy decreases the sensitivity of 

NSCLC cells to IR  

 

To confirm the function of autophagy in combined 

treatment-induced cytotoxicity after IR, A549 cells 

were transfected with Atg5 shRNA to induce Atg5 gene 

silencing then treated with RAPA and SAHA. Atg5 

protein and mRNA expression were markedly decreased 

in A549 cells by transfected with Atg5-shRNA1 or 

Atg5-shRNA2 construct virus (Figure 5A, 5B). Besides, 

we found that the LC3 dots were remarkably decreased 

by transfected with Atg5-shRNA compared with the 

control shRNA (Figure 5C). This means that the effect 

of inducing autophagy by combined treatment of 

RAPA, SAHA, and IR will be attenuated by down-

regulation of Atg5. Furthermore, inhibition of 

autophagy by transfected with Atg5-shRNA reduced the 

death of A549 cells after IR was treated with the 

combined treatment (Figure 5D). We have found that 

the combination treatment significantly enhanced the 

level of γ-H2AX after 24 hours of IR. The expression of 

γ-H2AX after 24 hours IR was markedly decreased by 

transfected with Atg5-shRNA (Figure 5E). We also 

used autophagy inhibitor 3-MA to inhibit the level of 

autophagy from testing the role of autophagy in 

radiotherapy. Our results showed that combined with 3-

MA significantly reduces the efficacy of combined 

treatment of RAPA and SAHA for radiosensitization by 

clonogenic assays (Figure 5F). The results indicated that 

down-regulate autophagy conducive to DNA damage 

repair after IR, which led to reduce DNA damage and 

radiosensitization in cancer cells.  

 

Effects of combination treatment with RAPA and 

SAHA enhances the anti-tumor effects of IR in an 

NSCLC model 
 

We next examined the anti-tumor effect of RAPA and 

SAHA either alone or in combination treatment in the 

A549 xenografts model after receiving IR in vivo. The 

body weight and tumor volume of the mice were 

measured every four days. Our results showed that the 

bodyweight of each group slightly decreased in the 

short term of treatment, then bodyweight gradually 

increased (Figure 6A). It indicated that each of the 

interventions does not produce toxic side effects based 

on the weight of mice. By measuring the tumor weight 

of each group after 28 days of intervention, we found 

that combined treatment of RAPA and SAHA 

dramatically inhibits the growth of the tumor compared 

with IR or other treatments (Figure 6B, 6C). We further 

measured the change of tumor volume every four days, 

the tumor volume in each group was gradually 

increased in a time-dependent manner, the inhibition 

effect of combined treatment on tumor volume was 

marked compared with other groups. Finally, we 



 

www.aging-us.com 18229 AGING 

examined the expression of γ-H2AX, LC3, and Ac-H3 

in the A549 tumor. The expression of γ-H2AX and LC3 

were increased after IR compared with the control 

group. Tumor tissues from the combined treatment of 

RAPA and SAHA showed higher c-H2AX and LC3 

than the tumor tissues from IR with RAPA or SAHA or 

IR alone. The expression of Ac-H3 in tumor tissues was 

increased in IR with SAHA and combined treatment. 

Results indicated that combined treatment of RAPA and 

SAHA significantly up-regulated autophagy and 

acetylation increased the DNA damage in A549 

xenograft models. 

 

 
 

Figure 4. Effects of combination treatment with RAPA and SAHA on autophagy and acetylation in NSCLC cells. (A–C) RAPA, 
SAHA, and IR induce cellular autophagy. A549 cells were treated with RAPA (100nmol/L) or/and SAHA (2.5μmol/L) for 24h or were exposed to 
IR (4Gy) and were tested after 4h. (A) The ultrastructures of autophagosomes in A549 cells were observed under a transmission electron 
microscope (TEM). Black arrows and rectangles indicate intracellular autophagosomes. (B) The distribution of LC3 dots in A549 cells was 
observed by using an immunofluorescence confocal microscope. Quantitative data were calculating the number of LC3 dots per cell. *p<0.05, 
compared with control, #p<0.05, compared with combined treatment. (C) The level of autophagy-related protein (LC3 I/II, p62, Atg5) was 
determined by western blot analysis. (D) SAHA induces acetylation of A549 cells. A549 cells were treated with SAHA (2.5μmol/L) and/or RAPA 
(100nmol/L) for 24h. The level of acetylation of histone H3 was determined by western blot analysis. 
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DISCUSSION 
 

Radiotherapy has become one of the common strategies 

for advanced lung cancer (III and IV). However, 

radiotherapy technology's tremendous improvement and 

progress, such as intensity-modulated radiotherapy 

(IMRT) and three-dimensional conformal radiation 

therapy (3D-CRT), resistance to IR of tumor cells leads 

to poor radiotherapy treatment outcomes NSCLC. 

Intracellular signaling pathways promote radiotherapy 

resistance and tumor cell survival by activating the 

classic DSBs repair pathways, HR and NHEJ. New 

strategies of treatment to overcome tumor 

radioresistance are urgently needed to be ameliorated.

 

 
 

Figure 5. Effects of combination treatment with RAPA and SAHA on IR after down-regulate the level of autophagy in NSCLC 
cells. A549 cells were infected by a lentivirus delivered Atg5 shRNA for 24h. (A, B) The relative protein and mRNA expression levels of Atg5 
were determined by western blot and RT-qPCR analysis. (C) Quantitative data were calculating the number of LC3 dots per A549 cell by using 
an immunofluorescence confocal microscope. (D) Survival fractions of A459 cells were assessed by the colony formation assay. (E) γ-H2AX 
protein was determined by western blot analysis. A549 cells were treated with RAPA (100nmol/L) and SAHA (2.5μmol/L) for 24h and were 
subsequently exposed to IR (4Gy) for 1h and 24h after transfected with or without Atg5 shRNA for 24h. (F) Colony formation assay in A549 
cells resulting from IR after treatment with different concentrations of 3-MA or without 3-MA. A549 cells were pretreated with 3-MA for 1h 
before RAPA and SAHA treatment. 
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Our previous study showed that RAPA sensitized A549 

cells to radiation by inducing autophagy [17], but 

excessively regulating the autophagy level will damage 

normal cells, autophagic death will be followed [28]. 

More and more evidence revealed that with double 

synergistic effects, anti-tumor drugs, HDACi, affected 

radiosensitivity of multiple types of tumors [29–31]. A 

study reported that many kinds of HDACi, FK228, 

TSA, VPA, and SAHA, could enhance radiation 

sensitivity by inducing G1 phase arrest in melanoma 

cells [32]. In the present study, we found that the 

treatment of RAPA combined with SAHA can increase

 

 
 

Figure 6. Effects of combination treatment with RAPA and SAHA on A549 xenografts model after receiving IR. (A) Bodyweight 
in A549 cell xenografts measured every 4 days. (B, C) Specimens and tumor weight of A549 cell xenograft after different treatments for 28 
days. (D) Tumor volume of A549 cell xenograft in nude mice measured every 4 days. (E) Immunohistochemical staining of γ-H2AX, LC3 and 
Ac-H3 in A549 cell xenografts (×200). 
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the radiation sensitivity of NSCLC both in vitro and in 
vivo (Figures 2, 6). With the increasing dosage of drugs, 

both RAPA, SAHA, or combined treatment, and the 

extension of intervention time, it has a specific 

inhibitory effect on the growth of NSCLC cells (Figure 

1). It has been confirmed that HDACi with lower toxic-

side effects on normal cells at low concentrations and a 

broad anti-cancer spectrum [26, 33]. 

 

Moreover, the bodyweight of RAPA and SAHA treated 

A549 cancer cells xenografts model were no apparent 

changes (Figure 6A). That indicated that no 

conspicuous observable toxicity was detected in vivo. 

Therefore, SAHA combined with RAPA is a potential 

security and effective treatment strategy to enhances 

radiosensitivity in NSCLC. 

 

The cell cycle process will be changed by the 

mechanism of monitoring points when the DNA is 

damaged by radiation. Cells in different phases of the 

cell cycle affect radiosensitivity. Cells in G2/M phases 

are most radiosensitive, less sensitive in the G1 phase, 

and most radioresistant in the S phase [34]. However, 

not as our expectation, we found that combination 

treatment of RAPA and SAHA led to cell cycle arrest in 

G0/G1 phase arrest, not in the most radiosensitive, 

G2/M (Figure 2D). Therefore, the mechanism to 

increase radiosensitivity did not entirely involve cell 

cycle arrest.  

 

By increasing the DNA damage of malignant cells after 

IR, especially DSB, which is considered as the most 

critical type of DNA damage [35], and affecting the 

DSB repair pathway, HR and NHEJ, after the damage is 

the primary mechanism for hypersensitivity to radiation 

in series of publications [8, 31, 36]. We detected the 

protein expression level of γ-H2AX in NSCLC cells. 

The level of γ-H2AX was significantly increased in all 

groups at 1 hour after IR and was gradually decreased at 

24 hours after exposure to IR. However, a higher 

expression level of γ-H2AX was detected 24 hours after 

IR in RAPA and SAHA combined treatment compared 

with other groups (Figure 3A, 3B). The expression level 

of γ-H2AX was also significantly enhanced in the 

combination of RAPA and SAHA group after IR in vivo 

by the A549 xenografts model. Results indicated that 

RAPA combined with SAHA prolonged the damage of 

NSCLC cells after IR. Rad51 protein has been 

demonstrated to be a critical molecule in the HR repair 

pathway and Ku80 and Ku70 in the NHEJ repair 

pathway. It was reported that SAHA and cisplatin 

treatment in combination with IR suppressed the 

expression level of rad51 protein in NSCLC cells and 

Ku80 in H460 cells [37]. SAHA attenuated the 

expression of Rad51 and DNA-PK repair proteins in BC 

4T1 cells [38]. Our study found that suppression of HR 

and NHEJ repair-associated proteins (Rad51, Ku80, and 

Ku70) in RAPA and SAHA combined treatment after 

IR. Results indicated that combined treatment increased 

DSB after radiation by reducing the protein expression 

in both the HR and NHEJ repair pathways.  

 

A series of literature has been reported that autophagy, 

the process of lysosomal-mediated cellular self-

digestion, plays a critical role in tumor therapy. The 

effects of autophagy in the development of radiotherapy 

have been widely researched [39, 40]. Numerous 

previous research has shown that the pro-death role of 

autophagy. Daido et al. indicated that glioblastoma 

multiforme cells could be radiosensitizers by inducing 

autophagy [41]. However, autophagy can usually be 

detected after radiotherapy and related to 

radioresistance, and it can increase radiosensitivity by 

inhibiting autophagy [41]. Therefore, whether 

autophagy in radiotherapy was a cytoprotective or 

disadvantageous factor for cancer cells remains 

controversial [39]. Our results, consistent with previous 

reports [40, 42–44], demonstrated that both IR, SAHA, 

and RAPA induced autophagy of NSCLC cells. We also 

showed that RAPA enhanced a remarkable level of 

autophagy compared with IR and SAHA (Figure 4A–

4C). A previous study explicated that some specific 

hyperacetylated proteins were inclined to enter the 

autophagic pathway [24]. We demonstrated that RAPA 

and SAHA treated NSCLC cells showed a lower DSB 

repair protein expression and durable DNA damage 

protein, γ-H2AX, expressed after IR and 

hypersensitivity to IR (Figures 3A–3C, 2B). So we 

tested the acetylation level of cancer cells after treated 

with RAPA and SAHA. Our findings showed that 

SAHA, not RAPA, upregulated acetylation of A549 

cells (Figure 4D). Induction of autophagy and 

acetylation could also be further tested in vivo by the 

A549 cells xenografts model (Figure 6E). We further 

strengthened the role of autophagy in radiotherapy by 

transfected with the target Atg5 shRNA (Figure 5A, 5B) 

or pre-treated with 3-MA and then exposed to RAPA, 

SAHA, and IR. Results indicated that inhibition of 

autophagy by Atg5 shRNA resulted in weakening the 

effect of RAPA combined with SAHA on radiotherapy 

(Figure 5D) and reduced the expression of γ-H2AX 

(Figure 5E). Clonogenic assays demonstrated that 

pretreated with 3-MA on different concentrations 

reduced the toxicity of IR increased by RAPA and 

SAHA as the level of autophagy decreased (Figure 5F). 

Therefore, results indicated that RAPA and SAHA 

treatment could further enhance NSCLC cell death by 

inducing autophagy to affect the repair process of DSB 

and increase DNA damage after IR. However, the exact 

mechanisms of autophagy affecting DNA damage repair 

proteins are unclear. Further researches are needed to be 

elucidated in the future. 
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In summary, our data demonstrate that the combination 

of RAPA with SAHA exhibited more potent 

cytotoxicity and enhanced the radiosensitivity of 

NSCLC in vitro and vivo by affected DSB repair 

pathway and prolonged the DNA damage induced by 

IR. It was suggested that a higher acetylation level 

induced by SAHA might promote the degradation of 

repair proteins and that autophagy induced by RAPA 

may be involved in the process of degradation may be 

one of the underlying mechanisms. Therefore, more 

detailed studies are required to explicate the relationship 

between autophagy and the DSB repair pathway. 

 

MATERIALS AND METHODS 
 

Cell culture and irradiation treatment 

 

The human NSCLC cell lines A549 and SK-MES-1 

cells, purchased from the Type Culture Collection of the 

Chinese Academy of Sciences, Shanghai, China, were 

both grown in high glucose DMEM medium (BI, Israel) 

supplemented with 10% fetal bovine serum (Gibco, 

Grand Island, USA), penicillin (100 U/ml), and 

streptomycin (100 μg/ml). The cells were incubated in a 

humidified atmosphere containing 5% CO
2
 at 37° C. IR 

was operated with 6 MV X-rays using a linear 

accelerator (Digital Precise Accelerator, Elekta Infinity, 

Sweden) at a 4 Gy/min dose rate.   

 

Cell viability assay 
 

Cells were seeded in 96-well plates at a density of 

5×10
3
 cells/well and adhered to the wall for 24h at  

37° C. Cells were then treated with RAPA (100nM) 

or/and SAHA (2.5μM). Subsequently, cell counting kit-

8 (CCK-8) agentia (Abmole Bioscience, USA) 10μL 

was added to each well, and plates were hatched for 2-

4h at 37° C, abide by the CCK-8 kit protocol. Optical 

density (OD) values were measured at 450nm using a 

plate reader (Wyatt Technology Corporation, USA). 

The average cell proliferation inhibition rate was 

calculated as (OD of the control group – OD of the 

experimental group)/(OD of the control group – OD of 

the blank group)×100%. 

 

Clonogenic survival assay 
 

The NSCLC cells were seeded into wells of a six-well 

plate with a concentration of 1000 cells per well. After 

overnight incubation, cells were treated with 

RAPA(100nM) or/and SAHA (2.5μM) for 24h in the 

presence or absence of radiation administered. The 

culture medium was renovated every three days. Let all 

cells grow for another 14 days to form colonies, then 

were stained with 0.1% crystal purple. Colonies with 

more than 50 cells were counted. The clone formation 

rate (PE) and survival rate (SF) were calculated. PE (%) 

= number of clones / number of inoculated cells × 

100%. SF=PE combined group / PE simple irradiation 

group × 100%. The average will be obtained by using 

the Sigmaplot software, according to the multi-target 

single. The cell survival curve was fitted by hitting the 

model Y=1-(1-exp(-x/D0))
N
, and the cell survival curve 

was calculated.  

 

Cell cycle analysis by flow cytometry  
 

According to the instructions, cell-cycle arrest profiles 

were analyzed by the Cell cycle staining commercial 

Kit (MultiSciences Biotech Co, Ltd., Hangzhou, China). 

The NSCLC cells were harvested and then washed once 

with PBS. Then incubated in 1 ml DNA staining 

solution and 10 μl permeabilization solution for 30 min 

at room temperature in the dark. Finally, the cell cycle 

was analyzed by flow cytometer. 

 

Western blot analysis 
 

The protein lysates were isolated in 10% sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis. 

Proteins were transferred onto a polyvinylidene fluoride 

membrane (PVDF, Merck Millipore, Darmstadt, 

Germany), blocked with 5% buttermilk for one hour at 

room temperature, and cultivated with a primary 

antibody overnight at 4° C. Primary antibodies used 

included anti-LC3, anti-Atg5 (1:5000, 1:2000, and 

1:2000 dilution, Sigma-Aldrich, St. Louis, Missouri, 

USA), anti-p62, anti-Rad51, anti-Ku70/80, anti-β actin 

(1:2000, 1:1000, 1:500, and 1:1000 dilutions, singly; 

Abcam, ab91526, ab133534, ab53126, ab8227, 

Cambridge, UK), γ-H2AX (1:1000 dilution, Cell 

Signaling Technologies, Danvers, MA, USA), and 

Acetylation of histone H3 (Ac-H3) (1:2000 dilution, 

sc56616, Santa Cruz Biotechnology, USA). The 

membranes were incubated with horseradish 

peroxidase-conjugated secondary antibody at a dilution 

of 1:2000 for one hour at room temperature. Protein 

bands were visualized using ECL Western Blotting 

Detection Reagents (Thermo Fisher Scientific, 

RJ238937, Waltham, USA) and exposed to an ECL Plus 

film (GE Healthcare, Piscataway, NJ, USA), and were 

quantified using the ImageJ software (NIH). 

 

Real-time polymerase chain reaction  

 

Total RNA was separated using Trizol (Invitrogen, 

Carlsbad, California, USA), according to the 

manufacturer’s specification. Then, we used the 

Superscript III First-Strand Synthesis System (Invitrogen, 

Carlsbad, California, USA) to compound the first-strand 

cDNA at a final volume of 20μL. Quantitative real-time 

polymerase chain reaction (RT-qPCR) analyses were 
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processed using an SYBR Green mix in the Real-Time 

PCR System (TAKARA, Dalian, China). The following 

steps were finished according to the instructions. Human 

GAPDH was utilized as an internal housekeeping 

reference. Primers used for RT-qPCR were Rad51, Ku70, 

Ku80, Atg5, and GAPDH. All primers sequences were as 

follows: Rad51(forward primer): 5′-ATGCCAACG 

ATGTGAAGAAA-3′; (reverse primer): 5′-CAGC 

TTTGGCTTCACTAATTCC-3′. Ku70(forward primer): 

5′-AAAAGACTGGGCTCCTTGGT-3′; (reverse primer): 

5′-TGTGGGTCTTCAGCTCCTCT-3′. Ku80(forward 

primer): 5′-CGACAGGTGTTTGCTGAGAA-3′; (reverse 

primer): 5′-GAATCACATCCATGCTCACG-3′ Atg5 

(forward primer): 5′-TCACAAGCAACTCTGGATGG-

3′; (reverse primer): 5′- TGTGTGCAACTGTCCATCTG-

3′ and GAPDH(forward primer): 5′-CTGGGCTACA 

CTGAGCACC-3′; (reverse primer): 5′-AAGTGGTCGT 

TGAGGGCAATG-3′. 

 

Transmission electron microscope (TEM) 

 

Cells were fixed in 4% paraformaldehyde at pH 7.4. 

Cells were embedded in Epon, stained with uranyl 

acetate, and processed as previously described. 

Subsequently, we observed the specimens make use of a 

transmission electron microscope (JEM-1400/1011, 

Jeol, Japan) at the core facility of Nanchang University. 

 

Transient transfection 
 

We planted A549 cells into coverslip and incubated in 

CO2
 

incubator overnight, then were transiently 

transfected with ptfLC3 expressing plasmid using 

Lip2000 (Invitrogen 11668-027, USA) transfection 

system according to the manufacturer's instruction. 

After 24 hours, cells were managed with RAPA 

(100nM) or/and SAHA (2.5μM) for 24 hours in the 

presence or absence of radiation administered 4h. After 

that, cells were fixed with 4% paraformaldehyde for 15 

minutes and then washed three times with PBS. 

Dripping medium containing DAPI to the coverslip and 

placing to a glass slide upside down. The localization of 

LC3 dots was seen and captured by a confocal 

microscope (×200, Leica, Wetzlar, Germany). 

 

Transfection of shRNA/RNA interference 
 

Using short hairpin RNA (shRNA) (MiaolingBio, 

Wuhan, Hubei Province, China) to achieve Atg5 gene 

knockdown. The following shRNAs for Atg5 

(MiaolingBio) were cloned into lentiviral vectors: 5′-

GCTACTCTGGATGGGATTG-3′ for Atg5-shRNA 1; 

5′-TCGTTCAGTTATCTCATCC-3′ for Atg5-shRNA 2. 

Lip2000 (Life Technologies) transfection reagent was 

used, based on the manufacturer’s instructions. In short, 

shRNA for Atg5, or control, scrambled shRNA was 

diluted into each well of a 6-well plate containing 

transfection medium (Sigma) and incubated for 5 

minutes. Simultaneously, lipofectamine was diluted in 

transfection medium (Sigma) at a scale of 5µL lip2000 

in 245µL transfection culture medium. The thinning 

lipofectamine reagent and shRNA were mixed and 

incubated at room temperature for 20 minutes. Cells 

were incubated for 24 hours after transfection. Cells 

were then gathered to confirm knockdown efficiency 

via immunoblotting and for further experiments. 

 

Subcutaneous xenograft models 

 

The 3~4-week-old BALB/c nude mice, purchased from 

Changsha Tianqin Biotechnology Co., Ltd. (Changsha, 

Hunan Province, China), were maintained under a 

controlled temperature (22~26° C), humidity (40~70%), 

and 12h light/12h dark cycle. The study was approved 

by the Ethics Committee of the First Affiliated Hospital 

of Nanchang University. The A549 cells (2×10
6
 

cells/200μl) were respectively injected subcutaneously 

into the left armpit of nude mice to establish the 

subcutaneous xenograft model. The subcutaneous 

xenograft was classified into five groups (control, IR, 

IR+RAPA, IR+SAHA, IR+RAPA+SAHA, 5 

mice/group). We observed the growth and diet of nude 

mice, and the volume of subcutaneous tumors, and the 

weight of nude mice were measured every four days. 

About 4 weeks later, all the nude mice were sacrificed. 

The tumors were weighed and fixed in 10% formalin. 

 

Statistical analysis 
 

Data were expressed as means±SD and analyzed by 

analysis of variance (ANOVA).  Statistical significance 

was determined using Student’s t-test for comparison 

between the means or one-way analysis of variance with 

post-hoc Dunnett’s test. Differences were considered 

significant at p<0.05. All analyses were performed using 

GraphPad Prism 8.3.0 software (San Diego, CA, USA). 

 

AUTHOR CONTRIBUTIONS 
 

YL designed the study. YW and CF contributed to the 

data analyses. YW drew up the manuscript. LX and BF 

accomplished statistical analysis for the data. ZX and 

WP conducted molecular experiments. JQ performed 

the experimentation on animals. LC processed figures 

and tables. FL and YL undertook support for the 

project. All authors have browsed and agreed with the 

final manuscript. 

 

CONFLICTS OF INTEREST 
 

The authors declare that they have no conflicts of 

interest. 



 

www.aging-us.com 18235 AGING 

FUNDING 
 

This study was supported by the grants from the 

National Natural Science Foundation of China 

(No.81560379, 81460292, 81660315), the Surface 

project of the Natural Science Foundation of Jiangxi 

Province (No.20181BAB205046, No.20202BA 

B216031), Technology Supporting Program of Jiangxi 

Province (No.2015BBG70236), The Key Project of 

Education Department of Jiangxi Province 

(No.GJJ170012), Guiding Science and Technology 

Project of Ganzhou (No. GZ2018ZSF306). 

 

REFERENCES 
 

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, 
Jemal A. Global cancer statistics 2018: GLOBOCAN 
estimates of incidence and mortality worldwide for 36 
cancers in 185 countries. CA Cancer J Clin. 2018; 
68:394–424. 

 https://doi.org/10.3322/caac.21492 PMID:30207593 

2. Siegel RL, Miller KD, Jemal A. Cancer statistics. CA 
Cancer J Clin. 2020; 70:7–30. 

 https://doi.org/10.3322/caac.21590 PMID:31912902 

3. Chen W, Zheng R, Baade PD, Zhang S, Zeng H, Bray F, 
Jemal A, Yu XQ, He J. Cancer statistics in China, 2015. 
CA Cancer J Clin. 2016; 66:115–32. 

 https://doi.org/10.3322/caac.21338 PMID:26808342 

4. Siegel RL, Miller KD, Jemal A. Cancer statistics. CA 
Cancer J Clin. 2019; 69:7–34. 

 https://doi.org/10.3322/caac.21551 PMID:30620402 

5. Ahmad SS, Duke S, Jena R, Williams MV, Burnet NG. 
Advances in radiotherapy. BMJ. 2012; 345:e7765. 

 https://doi.org/10.1136/bmj.e7765  
PMID:23212681 

6. Srinivas US, Tan BW, Vellayappan BA, Jeyasekharan AD. 
ROS and the DNA damage response in cancer. Redox 
Biol. 2019; 25:101084. 

 https://doi.org/10.1016/j.redox.2018.101084 
PMID:30612957 

7. Jackson SP. Sensing and repairing DNA double-strand 
breaks. Carcinogenesis. 2002; 23:687–96. 

 https://doi.org/10.1093/carcin/23.5.687 
PMID:12016139 

8. Iliakis G, Wang H, Perrault AR, Boecker W, Rosidi B, 
Windhofer F, Wu W, Guan J, Terzoudi G, Pantelias G. 
Mechanisms of DNA double strand break repair and 
chromosome aberration formation. Cytogenet 
Genome Res. 2004; 104:14–20. 

 https://doi.org/10.1159/000077461 PMID:15162010 

9. Mladenov E, Magin S, Soni A, Iliakis G. DNA double-
strand break repair as determinant of cellular 

radiosensitivity to killing and target in radiation 
therapy. Front Oncol. 2013; 3:113. 

 https://doi.org/10.3389/fonc.2013.00113 
PMID:23675572 

10. Gachechiladze M, Škarda J, Soltermann A, Joerger M. 
RAD51 as a potential surrogate marker for DNA repair 
capacity in solid malignancies. Int J Cancer. 2017; 
141:1286–94. 

 https://doi.org/10.1002/ijc.30764 PMID:28477336 

11. Sørensen CS, Hansen LT, Dziegielewski J, Syljuåsen RG, 
Lundin C, Bartek J, Helleday T. The cell-cycle 
checkpoint kinase Chk1 is required for mammalian 
homologous recombination repair. Nat Cell Biol. 2005; 
7:195–201. 

 https://doi.org/10.1038/ncb1212 PMID:15665856 

12. Srivastava M, Raghavan SC. DNA double-strand break 
repair inhibitors as cancer therapeutics. Chem Biol. 
2015; 22:17–29. 

 https://doi.org/10.1016/j.chembiol.2014.11.013 
PMID:25579208 

13. Curtin NJ. DNA repair dysregulation from cancer driver 
to therapeutic target. Nat Rev Cancer. 2012; 12: 
801–17. 

 https://doi.org/10.1038/nrc3399 PMID:23175119 

14. Amaravadi RK, Kimmelman AC, Debnath J. Targeting 
Autophagy in Cancer: Recent Advances and Future 
Directions. Cancer Discov. 2019; 9:1167–81. 

 https://doi.org/10.1158/2159-8290.CD-19-0292 
PMID:31434711 

15. Deville SS, Luft S, Kaufmann M, Cordes N. Keap1 
inhibition sensitizes head and neck squamous cell 
carcinoma cells to ionizing radiation via impaired non-
homologous end joining and induced autophagy. Cell 
Death Dis. 2020; 11:887. 

 https://doi.org/10.1038/s41419-020-03100-w 
PMID:33087706 

16. Chen H, Ma Z, Vanderwaal RP, Feng Z, Gonzalez-Suarez 
I, Wang S, Zhang J, Roti Roti JL, Gonzalo S, Zhang J. The 
mTOR inhibitor rapamycin suppresses DNA double-
strand break repair. Radiat Res. 2011; 175:214–24. 

 https://doi.org/10.1667/rr2323.1  
PMID:21268715 

17. Li Y, Liu F, Wang Y, Li D, Guo F, Xu L, Zeng Z, Zhong X, 
Qian K. Rapamycin-induced autophagy sensitizes A549 
cells to radiation associated with DNA damage repair 
inhibition. Thorac Cancer. 2016; 7:379–86. 

 https://doi.org/10.1111/1759-7714.12332 
PMID:27385978 

18. Mahlknecht U, Hoelzer D. Histone acetylation 
modifiers in the pathogenesis of malignant disease. 
Mol Med. 2000; 6:623–44. 

 PMID:11055583 

https://doi.org/10.3322/caac.21492
https://pubmed.ncbi.nlm.nih.gov/30207593
https://doi.org/10.3322/caac.21590
https://pubmed.ncbi.nlm.nih.gov/31912902
https://doi.org/10.3322/caac.21338
https://pubmed.ncbi.nlm.nih.gov/26808342
https://doi.org/10.3322/caac.21551
https://pubmed.ncbi.nlm.nih.gov/30620402
https://doi.org/10.1136/bmj.e7765
https://pubmed.ncbi.nlm.nih.gov/23212681
https://doi.org/10.1016/j.redox.2018.101084
https://pubmed.ncbi.nlm.nih.gov/30612957
https://doi.org/10.1093/carcin/23.5.687
https://pubmed.ncbi.nlm.nih.gov/12016139
https://doi.org/10.1159/000077461
https://pubmed.ncbi.nlm.nih.gov/15162010
https://doi.org/10.3389/fonc.2013.00113
https://pubmed.ncbi.nlm.nih.gov/23675572
https://doi.org/10.1002/ijc.30764
https://pubmed.ncbi.nlm.nih.gov/28477336
https://doi.org/10.1038/ncb1212
https://pubmed.ncbi.nlm.nih.gov/15665856
https://doi.org/10.1016/j.chembiol.2014.11.013
https://pubmed.ncbi.nlm.nih.gov/25579208
https://doi.org/10.1038/nrc3399
https://pubmed.ncbi.nlm.nih.gov/23175119
https://doi.org/10.1158/2159-8290.CD-19-0292
https://pubmed.ncbi.nlm.nih.gov/31434711
https://doi.org/10.1038/s41419-020-03100-w
https://pubmed.ncbi.nlm.nih.gov/33087706
https://doi.org/10.1667/rr2323.1
https://pubmed.ncbi.nlm.nih.gov/21268715
https://doi.org/10.1111/1759-7714.12332
https://pubmed.ncbi.nlm.nih.gov/27385978
https://pubmed.ncbi.nlm.nih.gov/11055583


 

www.aging-us.com 18236 AGING 

19. Platta CS, Greenblatt DY, Kunnimalaiyaan M, Chen H. 
The HDAC inhibitor trichostatin A inhibits growth of 
small cell lung cancer cells. J Surg Res. 2007;  
142:219–26. 

 https://doi.org/10.1016/j.jss.2006.12.555 
PMID:17612559 

20. Park JH, Ahn MY, Kim TH, Yoon S, Kang KW, Lee J, 
Moon HR, Jung JH, Chung HY, Kim HS. A new synthetic 
HDAC inhibitor, MHY218, induces apoptosis or 
autophagy-related cell death in tamoxifen-resistant 
MCF-7 breast cancer cells. Invest New Drugs. 2012; 
30:1887–98. 

 https://doi.org/10.1007/s10637-011-9752-z 
PMID:21983700 

21. Brazelle W, Kreahling JM, Gemmer J, Ma Y, Cress WD, 
Haura E, Altiok S. Histone deacetylase inhibitors 
downregulate checkpoint kinase 1 expression to 
induce cell death in non-small cell lung cancer cells. 
PLoS One. 2010; 5:e14335. 

 https://doi.org/10.1371/journal.pone.0014335 
PMID:21179472 

22. Gandesiri M, Chakilam S, Ivanovska J, Benderska N, 
Ocker M, Di Fazio P, Feoktistova M, Gali-Muhtasib H, 
Rave-Fränk M, Prante O, Christiansen H, Leverkus M, 
Hartmann A, Schneider-Stock R. DAPK plays an 
important role in panobinostat-induced autophagy and 
commits cells to apoptosis under autophagy deficient 
conditions. Apoptosis. 2012; 17:1300–15. 

 https://doi.org/10.1007/s10495-012-0757-7 
PMID:23011180 

23. Robert T, Vanoli F, Chiolo I, Shubassi G, Bernstein KA, 
Rothstein R, Botrugno OA, Parazzoli D, Oldani A, 
Minucci S, Foiani M. HDACs link the DNA damage 
response, processing of double-strand breaks and 
autophagy. Nature. 2011; 471:74–79. 

 https://doi.org/10.1038/nature09803  
PMID:21368826 

24. Jeong H, Then F, Melia TJ Jr, Mazzulli JR, Cui L, Savas 
JN, Voisine C, Paganetti P, Tanese N, Hart AC, 
Yamamoto A, Krainc D. Acetylation targets mutant 
huntingtin to autophagosomes for degradation. Cell. 
2009; 137:60–72. 

 https://doi.org/10.1016/j.cell.2009.03.018 
PMID:19345187 

25. Blattmann C, Oertel S, Thiemann M, Weber KJ, 
Schmezer P, Zelezny O, Lopez Perez R, Kulozik AE, 
Debus J, Ehemann V. Suberoylanilide hydroxamic acid 
affects γH2AX expression in osteosarcoma, atypical 
teratoid rhabdoid tumor and normal tissue cell lines 
after irradiation. Strahlenther Onkol. 2012;  
188:168–76. 

 https://doi.org/10.1007/s00066-011-0028-5 
PMID:22249335 

26. Chauhan D, Tian Z, Zhou B, Kuhn D, Orlowski R, Raje N, 
Richardson P, Anderson KC. In vitro and in vivo 
selective antitumor activity of a novel orally 
bioavailable proteasome inhibitor MLN9708 against 
multiple myeloma cells. Clin Cancer Res. 2011; 
17:5311–21. 

 https://doi.org/10.1158/1078-0432.CCR-11-0476 
PMID:21724551 

27. Dong LH, Cheng S, Zheng Z, Wang L, Shen Y, Shen ZX, 
Chen SJ, Zhao WL. Histone deacetylase inhibitor 
potentiated the ability of MTOR inhibitor to induce 
autophagic cell death in Burkitt leukemia/lymphoma. J 
Hematol Oncol. 2013; 6:53. 

 https://doi.org/10.1186/1756-8722-6-53 
PMID:23866964 

28. Bursch W, Ellinger A, Gerner C, Fröhwein U, Schulte-
Hermann R. Programmed cell death (PCD). Apoptosis, 
autophagic PCD, or others? Ann N Y Acad Sci. 2000; 
926:1–12. 

 https://doi.org/10.1111/j.1749-6632.2000.tb05594.x 
PMID:11193023 

29. Oronsky B, Scicinski J, Kim MM, Cabrales P, Salacz ME, 
Carter CA, Oronsky N, Lybeck H, Lybeck M, Larson C, 
Reid TR, Oronsky A. Turning on the Radio: Epigenetic 
Inhibitors as Potential Radiopriming Agents. 
Biomolecules. 2016; 6:32. 

 https://doi.org/10.3390/biom6030032 
PMID:27384589 

30. Camphausen K, Tofilon PJ. Inhibition of histone 
deacetylation: a strategy for tumor radiosensitization. J 
Clin Oncol. 2007; 25:4051–56. 

 https://doi.org/10.1200/JCO.2007.11.6202 
PMID:17827453 

31. Feng J, Zhang S, Wu K, Wang B, Wong JY, Jiang H, Xu R, 
Ying L, Huang H, Zheng X, Chen X, Ma S. Combined 
Effects of Suberoylanilide Hydroxamic Acid and 
Cisplatin on Radiation Sensitivity and Cancer Cell 
Invasion in Non-Small Cell Lung Cancer. Mol Cancer 
Ther. 2016; 15:842–53. 

 https://doi.org/10.1158/1535-7163.MCT-15-0445 
PMID:26839308 

32. Saito K, Funayama T, Yokota Y, Murakami T, Kobayashi 
Y. Histone Deacetylase Inhibitors Sensitize Murine 
B16F10 Melanoma Cells to Carbon Ion Irradiation by 
Inducing G1 Phase Arrest. Biol Pharm Bull. 2017; 
40:844–51. 

 https://doi.org/10.1248/bpb.b16-01025 
PMID:28566628 

33. Marks PA. The clinical development of histone 
deacetylase inhibitors as targeted anticancer drugs. 
Expert Opin Investig Drugs. 2010; 19:1049–66. 

 https://doi.org/10.1517/13543784.2010.510514 
PMID:20687783 

https://doi.org/10.1016/j.jss.2006.12.555
https://pubmed.ncbi.nlm.nih.gov/17612559
https://doi.org/10.1007/s10637-011-9752-z
https://pubmed.ncbi.nlm.nih.gov/21983700
https://doi.org/10.1371/journal.pone.0014335
https://pubmed.ncbi.nlm.nih.gov/21179472
https://doi.org/10.1007/s10495-012-0757-7
https://pubmed.ncbi.nlm.nih.gov/23011180
https://doi.org/10.1038/nature09803
https://pubmed.ncbi.nlm.nih.gov/21368826
https://doi.org/10.1016/j.cell.2009.03.018
https://pubmed.ncbi.nlm.nih.gov/19345187
https://doi.org/10.1007/s00066-011-0028-5
https://pubmed.ncbi.nlm.nih.gov/22249335
https://doi.org/10.1158/1078-0432.CCR-11-0476
https://pubmed.ncbi.nlm.nih.gov/21724551
https://doi.org/10.1186/1756-8722-6-53
https://pubmed.ncbi.nlm.nih.gov/23866964
https://doi.org/10.1111/j.1749-6632.2000.tb05594.x
https://pubmed.ncbi.nlm.nih.gov/11193023
https://doi.org/10.3390/biom6030032
https://pubmed.ncbi.nlm.nih.gov/27384589
https://doi.org/10.1200/JCO.2007.11.6202
https://pubmed.ncbi.nlm.nih.gov/17827453
https://doi.org/10.1158/1535-7163.MCT-15-0445
https://pubmed.ncbi.nlm.nih.gov/26839308
https://doi.org/10.1248/bpb.b16-01025
https://pubmed.ncbi.nlm.nih.gov/28566628
https://doi.org/10.1517/13543784.2010.510514
https://pubmed.ncbi.nlm.nih.gov/20687783


 

www.aging-us.com 18237 AGING 

34. Pawlik TM, Keyomarsi K. Role of cell cycle in mediating 
sensitivity to radiotherapy. Int J Radiat Oncol Biol Phys. 
2004; 59:928–42. 

 https://doi.org/10.1016/j.ijrobp.2004.03.005 
PMID:15234026 

35. Williams RS, Williams JS, Tainer JA. Mre11-Rad50-Nbs1 
is a keystone complex connecting DNA repair 
machinery, double-strand break signaling, and the 
chromatin template. Biochem Cell Biol. 2007;  
85:509–20. 

 https://doi.org/10.1139/O07-069  
PMID:17713585 

36. Zhao Y, Chen S. Targeting DNA Double-Strand Break 
(DSB) Repair to Counteract Tumor Radio-resistance. 
Curr Drug Targets. 2019; 20:891–902. 

 https://doi.org/10.2174/138945012066619022218185
7 PMID:30806313 

37. Chiu HW, Yeh YL, Wang YC, Huang WJ, Chen YA, Chiou 
YS, Ho SY, Lin P, Wang YJ. Suberoylanilide hydroxamic 
acid, an inhibitor of histone deacetylase, enhances 
radiosensitivity and suppresses lung metastasis in 
breast cancer in vitro and in vivo. PLoS One. 2013; 
8:e76340. 

 https://doi.org/10.1371/journal.pone.0076340 
PMID:24130769 

38. Li L, Liu WL, Su L, Lu ZC, He XS. The Role of Autophagy 
in Cancer Radiotherapy. Curr Mol Pharmacol. 2020; 
13:31–40. 

 https://doi.org/10.2174/1874467212666190809154518 
PMID:31400274 

39. Gao L, Zheng H, Cai Q, Wei L. Autophagy and 
Tumour Radiotherapy. Adv Exp Med Biol. 2020; 
1207:375–87. 

 https://doi.org/10.1007/978-981-15-4272-5_25 
PMID:32671760 

40. Daido S, Yamamoto A, Fujiwara K, Sawaya R, Kondo S, 
Kondo Y. Inhibition of the DNA-dependent protein 
kinase catalytic subunit radiosensitizes malignant 
glioma cells by inducing autophagy. Cancer Res. 2005; 
65:4368–75. 

 https://doi.org/10.1158/0008-5472.CAN-04-4202 
PMID:15899829 

41. Chaachouay H, Ohneseit P, Toulany M, Kehlbach R, 
Multhoff G, Rodemann HP. Autophagy contributes to 
resistance of tumor cells to ionizing radiation. 
Radiother Oncol. 2011; 99:287–92. 

 https://doi.org/10.1016/j.radonc.2011.06.002 
PMID:21722986 

42. Liang N, Jia L, Liu Y, Liang B, Kong D, Yan M, Ma S, Liu X. 
ATM pathway is essential for ionizing radiation-
induced autophagy. Cell Signal. 2013; 25:2530–39. 

 https://doi.org/10.1016/j.cellsig.2013.08.010 
PMID:23993957 

43. Feng XL, Deng HB, Wang ZG, Wu Y, Ke JJ, Feng XB. 
Suberoylanilide Hydroxamic Acid Triggers Autophagy 
by Influencing the mTOR Pathway in the Spinal Dorsal 
Horn in a Rat Neuropathic Pain Model. Neurochem 
Res. 2019; 44:450–64. 

 https://doi.org/10.1007/s11064-018-2698-1 
PMID:30560396 

44. Tekirdag KA, Korkmaz G, Ozturk DG, Agami R, Gozuacik 
D. MIR181A regulates starvation- and rapamycin-
induced autophagy through targeting of ATG5. 
Autophagy. 2013; 9:374–85. 
https://doi.org/10.4161/auto.23117  
PMID:23322078

 

https://doi.org/10.1016/j.ijrobp.2004.03.005
https://pubmed.ncbi.nlm.nih.gov/15234026
https://doi.org/10.1139/O07-069
https://pubmed.ncbi.nlm.nih.gov/17713585
https://doi.org/10.2174/1389450120666190222181857
https://doi.org/10.2174/1389450120666190222181857
https://pubmed.ncbi.nlm.nih.gov/30806313
https://doi.org/10.1371/journal.pone.0076340
https://pubmed.ncbi.nlm.nih.gov/24130769
https://doi.org/10.2174/1874467212666190809154518
https://pubmed.ncbi.nlm.nih.gov/31400274
https://doi.org/10.1007/978-981-15-4272-5_25
https://pubmed.ncbi.nlm.nih.gov/32671760
https://doi.org/10.1158/0008-5472.CAN-04-4202
https://pubmed.ncbi.nlm.nih.gov/15899829
https://doi.org/10.1016/j.radonc.2011.06.002
https://pubmed.ncbi.nlm.nih.gov/21722986
https://doi.org/10.1016/j.cellsig.2013.08.010
https://pubmed.ncbi.nlm.nih.gov/23993957
https://doi.org/10.1007/s11064-018-2698-1
https://pubmed.ncbi.nlm.nih.gov/30560396
https://doi.org/10.4161/auto.23117
https://pubmed.ncbi.nlm.nih.gov/23322078

