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INTRODUCTION 
 

Abnormal pancreatic gene mutations have been reported 

to cause uncontrolled growth and division of pancreatic 

cells and eventually pancreatic cancer (PC) [1]. 

Pancreatic adenocarcinoma (PAAD) accounts for more 

than 90% of all PC cases [2]. PAAD is characterized  

as a devastating disease because of its late diagnosis  

and extensive metastasis; its 5-year relative survival  

is only 9% [3, 4], posing a significant public health 

burden. Therefore, identifying accurate biomarkers and 

developing comprehensive treatment strategies is 

imperative for improving PAAD prognosis. 

 
Radiotherapy (RT) is a vital component of PAAD 

treatment. The current mainstay treatment for non-

metastatic but unresectable locally advanced PC  

is neoadjuvant therapy consisting of chemotherapy 

and/or RT [5]. Although X-ray irradiation is the most 

used irradiation modality and causes damage by 

producing reactive oxygen species, the highly hypoxic 

characteristic of PAAD can resist low linear energy 
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ABSTRACT 
 

This study explored the role of 14-3-3σ in carbon ion-irradiated pancreatic adenocarcinoma (PAAD) cells and 
xenografts and clarified the underlying mechanism. The clinical significance of 14-3-3σ in patients with PAAD was 
explored using publicly available databases. 14-3-3σ was silenced or overexpressed and combined with carbon ions 
to measure cell proliferation, cell cycle, and DNA damage repair. Immunoblotting and immunofluorescence (IF) 
assays were used to determine the underlying mechanisms of 14-3-3σ toward carbon ion radioresistance. We used 
the BALB/c mice to evaluate the biological behavior of 14-3-3σ in combination with carbon ions. Bioinformatic 
analysis revealed that PAAD expressed higher 14-3-3σ than normal pancreatic tissues; its overexpression was 
related to invasive clinicopathological features and a worse prognosis. Knockdown or overexpression of 14-3-3σ 
demonstrated that 14-3-3σ promoted the survival of PAAD cells after carbon ion irradiation. And 14-3-3σ was 
upregulated in PAAD cells during DNA damage (carbon ion irradiation, DNA damaging agent) and promotes cell 
recovery. We found that 14-3-3σ resulted in carbon ion radioresistance by promoting RPA2 and RAD51 
accumulation in the nucleus in PAAD cells, thereby increasing homologous recombination repair (HRR) efficiency. 
Blocking the HR pathway consistently reduced 14-3-3σ overexpression-induced carbon ion radioresistance in PAAD 
cells. The enhanced radiosensitivity of 14-3-3σ depletion on carbon ion irradiation was also demonstrated in vivo. 
Altogether, 14-3-3σ functions in tumor progression and can be a potential target for developing biomarkers and 
treatment strategies for PAAD along with incorporating carbon ion irradiation. 
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transfer (LET) irradiation [6]. Carbon ions, a kind of 

high LET, exert a strong killing effect on hypoxic cells 

and thus are effective for PAAD treatment [7]. High‐

LET exerts its killing effect by generating clustered 

DNA damage [8, 9]. DNA double-strand breaks (DSBs) 

are fatal injuries induced by ionizing irradiation, which 

are repaired largely by error-prone nonhomologous 

end-joining (NHEJ) and homologous recombination 

(HR) pathways [10]. NHEJ occurs early (within 30 

min after radiation), has high efficiency, and works 

throughout the cell cycle. In contrast, HR acts mainly 

in the S and G2 phases [11, 12], its repair takes longer, 

and its efficiency is only one-third of that of the NHEJ 

pathway [13].  

 
DNA end resection is an important procedure of the 

HR pathway [14–16]. In mammals, the cooperation of 

the MRE11-RAD50-NBS1 (MRN) complex and CTIP 

forms a 50 to 100 nucleotide 3’-OH single-stranded 

DNA (ssDNA), then exonuclease 1 (EXO1) and 

DNA2 process the early intermediate to generate 

extensive area of ssDNA, following which replication 

protein A (RPA) coats the 3’-OH ssDNA to remove 

the secondary structure. Afterward, RAD51 replaces 

RPA and facilitates the invasion of the DNA double-

stranded template to complete the repair process. 

Targeting DNA damage response (DDR)-associated 

proteins is significant in the radiosensitization of cancer 

therapy [17]. Evidence demonstrates that MRE11, 

CTIP, and Werner (WRN) proteins play major roles in 

the resection of late and persistent DSBs following 

irradiation [18]. The DNA damage caused by different 

LET irradiation activates different DNA repair 

pathways [19], and the clustered DNA damage caused 

by high-LET is mainly repaired by HR pathway [20–

22]. The characteristics and mechanisms of DNA 

damage and repair caused by carbon ions are unclear 

now. Elucidating the underlying molecular mechanism 

of the tumor reaction to carbon ions can help us 

understand the carbon ion-specific radiosensitization 

effect.  

 
The underlying prognostic biomarker and its biological 

functions in PAAD after carbon ion irradiation were 

researched in this study. 14-3-3σ (stratifin, SFN) is a 

member of 14-3-3 proteins family in humans that 

promote cancer progression. In addition, it is an 

intracellular chaperone in signal transduction in 

tumorigenesis. 14-3-3σ protects cancer cells from 

genotoxic agents by mediating proliferation and 

invasion in gastric cancer [23], anoikis resistance  

in hepatocellular carcinoma [24], and cell cycle 

progression in PAAD [25, 26]. In addition, it leads  

to poor prognosis by regulating breast cancer cells 

invasion [27]. However, the function 14-3-3σ in 

PAAD after carbon ion irradiation is still unclear. 

We found that 14-3-3σ is upregulated when PAAD 

cells are treated with carbon ions or other DNA 

damage. 14-3-3σ silencing enhanced the genomic 

instability and carbon ion radiosensitivity of PAAD 

cells in vitro and in vivo. Altogether, 14-3-3σ 

depletion potentiates carbon ion-induced DNA damage 

by hindering the recruitment of RAD51 and RPA2 to 

the DNA damage sites to repair DSBs. In summary, 

14-3-3σ downregulation increases the radiosensitivity 

of PAAD cells to carbon ions by promoting DNA 

damage in an HRR impediment manner. 

 

RESULTS 
 

14-3-3σ expression in PAAD and its predictive value 

for prognosis  

 

We first analyzed the prognostic importance of 14-3-

3σ to elucidate its specific function in PAAD. Patients 

with PAAD were divided into the low and high 14-3-

3σ expression groups through the median values of 14-

3-3σ mRNA expression in The Cancer Genome Atlas 

(TCGA) database. Most cancers express higher 14-3-

3σ, including PAAD, than normal tissues in the pan-

cancer analysis (Figure 1A). The principal component 

analysis (PCA) demonstrated acceptable intragroup 

and intergroup consistencies between the 14-3-3σ-

proficient and -deficient groups (Figure 1B). Patients 

with lower 14-3-3σ expression had more prolonged 

overall survival (OS) than those with higher expression 

(p = 0.03, hazard ratio [HR]: 1.58, 95% confidence 

interval [CI]: 1.04–2.39) (Figure 1C), disease-specific 

survival (DSS) (p = 0.03, HR: 1.65, 95% CI: 1.04–

2.63) (Figure 1D), and progression-free interval (PFS) 

(p = 0.04, HR: 1.51, 95% CI: 1.02–2.23) (Figure 1E), 

but not disease-free interval (DFS) (p = 0.08, HR: 

2.12, 95% CI: 0.90–5.01) (Supplementary Figure 1A). 

We explored whether the clinicopathologic parameters 

of patients with PAAD were affected by the 14-3-3σ 

mRNA levels, and discovered that the expression of 

14-3-3σ related to the T stage (Supplementary Figure 

1B), pTNM stage (Figure 1F), and grade (Figure 1G); 

however, its expression remained unaffected by the M 

stage, N stage, or sex (Supplementary Figure 1C–1E). 

These results confirmed that the high expression of  

14-3-3σ caused poor prognosis in PAAD at the RNA 

but not at the protein level. Immunohistochemistry 

(IHC) outcomes demonstrated that patients with 

PAAD expressed higher 14-3-3σ protein levels than 

the normal tissues in the Human Protein Atlas (HPA) 

database (Figure 1H). Univariate logistic regression 

demonstrated that a higher expression of 14-3-3σ  

was prone to evolve to an advanced stage (Table  

1). In summary, 14-3-3σ expression is increased in 

PAAD patients, and its high expression can predict 

malignancy. 
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Knockdown of 14-3-3σ sensitizes PAAD cells 

 

We next checked the 14-3-3σ expression in four PAAD 

cell lines (AsPC-1, MiaPaCa-2, PANC-1, and SW1990) 

and human pancreatic ductal cells (HPNE) using both 

immunoblotting and quantitative reverse transcriptase-

polymerase chain reaction (qRT-PCR) (Figure 2A–

2C). The results depicted the PAAD cells abundantly 

expressed 14-3-3σ. To demonstrate the specific function 

of 14-3-3σ in PAAD cells in combination with carbon 

ion radiotherapy, we constructed 14-3-3σ knockdown 

(AsPC-1) and overexpression (MiaPaCa-2) cells 

according to their expression in tested PAAD cell lines. 

We used siRNAs targeting the 14-3-3σ gene (si14-3-

3σ group) or negative control (NC group) to generate 

14-3-3σ deficient AsPC-1 cells. Simultaneously,  

we constructed 14-3-3σ-overexpressing MiaPaCa-2 

cells (14-3-3σ group) and empty vector control  

cells (Vector group) and evaluated the efficiency  

of knockdown (Figure 2D–2F) and overexpression 

(Figure 3A–3C) by immunoblotting and qRT‒PCR. 

Consistent with the bioinformatic analysis results that 

14-3-3σ supports the proliferation of PAAD, its 

depletion reduced the colony numbers in AsPC-1 cells 

 

 
 

Figure 1. 14-3-3σ expression in PAAD and its predictive value for prognosis. (A) The expression levels of 14-3-3σ mRNA in pan-

cancer. (B) The principal component analysis (PCA) analysis assessed the grouping situation of patients with different levels of 14-3-3σ 
expression. The K-M survival curves are plotted to predict the overall survival (OS) (C), disease-specific survival (DSS) (D), and progression-free 
interval (PFS) (E) of the American Type Culture Collection (TCGA) patients. The expression of 14-3-3σ in PAAD tissues in patients with 
different Stages (F) and Grade (G). (H) Immunohistochemistry (IHC) results of the expression levels of 14-3-3σ between PAAD and para-
carcinoma tissues according to the Human Protein Atlas (HPA) database. 
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Table 1. Association between 14-3-4σ expression and clinicopathologic 
characteristics. 

Clinical characteristics Total (N) The Odds ratio (OR) in 14-3-4σ expression p-value 

Age 

   >65 vs. ≤65 

181  

1.24489 (1.0916-1.420) 

 

0.00109** 

Gender 

   Male vs. Female 

181  

1.25356 (1.1015,1.427) 

 

0.000614*** 

Stage 

   Ⅱ vs. Ⅰ 

   Ⅲ vs. Ⅰ 

   Ⅳ vs. Ⅰ 

178  

1.21241 (1.0502-1.400) 

1.6197 (1.04517-2.510) 

1.5861 (1.04179-2.415) 

 

0.00857** 

0.031* 

0.0315* 

T 

   T2 vs. T1 

   T3 vs. T1 

   T4 vs. T1 

179  

1.4668 (1.0504-2.048) 

1.14462 (0.9743-1.345) 

8.572 (0.22378-328.401) 

 

0.0245* 

0.100 

0.248 

N 

   N1 vs. N0 

175  

1.18000 (1.024-1.360) 

 

0.0221* 

M 

   M1 vs. M0 

85  

1.10489 (0.8767-1.393) 

 

0.398 

 

after carbon ion irradiation (Figure 2G, 2H  

and Supplementary Table 1). Notably, 14-3-3σ 

deficiency markedly increased the radiosensitivity  

by two-fold in comparison with the parent cells with  

2 Gy carbon ion radiation (SF 0.07 vs. 0.17). The  

cell count kit 8 (CCK8) assay demonstrated that 14- 

3-3σ deficiency significantly restrained AsPC-1 cell 

proliferation, with a pronounced inhibition observed 

following the addition of carbon ions (Figure 2I).  

We observed the semblable outcomes after the 5-

Ethynyl-2′-deoxyuridine (EdU) incorporation assay 

(Figure 2J, 2K). Afterward, we examined the effect  

of 14-3-3σ depletion on cell apoptosis and the cell 

cycle upon carbon ions. After 3 Gy carbon ion 

radiation, the 14-3-3σ depletion group conferred a 

significantly higher apoptotic rate (si14-3-3σ group: 

29.13%±2.26%; NC group: 14.34%±1.48%) (Figure 

2L, 2M). As 14-3-3σ is involved in the eukaryotic  

cell cycle progression [28, 29]. We next performed 

flow cytometry to evaluate the effect of 14-3-3σ 

knockdown on the cell cycle at 6 h, 12 h, and 24 h 

after carbon ions. The G2/M arrest reached the peak at 

12 h after carbon ions. Although unirradiated AsPC-1 

cells demonstrated a normal G2/M population upon 

deficiency of 14-3-3σ, the proportion of cells in the 

G2 phase was about 75% and 50% for the NC group 

and si14-3-3σ group at 12 h after 3 Gy of carbon ion 

radiation, respectively (Figure 2N, 2O), indicating 

that the 14-3-3σ depletion impaired the G2 phase 
arrest. Thus, the knockdown of 14-3-3σ impeded 

PAAD cell vitality synergistically with carbon ion 

irradiation. 

14-3-3σ overexpression confers carbon ion 

radioresistance of PAAD cells 

 

The above data proved that the knockdown of 14-3-3σ 

restrained PAAD cell vitality and increased carbon ion 

radiosensitivity. We next wanted to check if increasing 

the 14-3-3σ expression correspondingly enhanced the 

radioresistance of PAAD cells. Overexpressed 14-3-3σ 

significantly enhanced MiaPaCa-2 cells’ tolerance  

to carbon ion irradiation in the colony-forming  

assay (Figure 3D, 3E and Supplementary Table 2). 

Similarly, the overexpression of 14-3-3σ enhanced the 

proliferation of PAAD cells with or without carbon 

ions, as revealed by the CCK8 (Figure 3F) and EdU 

assays (Figure 3G, 3H). The apoptotic ratio in 14-3-

3σ-overexpressed MiaPaCa-2 cells (5.69%±0.49%) 

was significantly lower than that in parental cells 

(8.92%±1.02%), especially after carbon ion irradiation 

(15.68%±1.56% vs. 20.93%±2.37%) (Figure 3I, 3J).  

In 14-3-3σ-overexpression MiaPaCa-2 cells, G2/M 

arrest was higher than the control cells after carbon 

ions (Figure 3K, 3L). The above results demonstrated 

that 14-3-3σ was involved in G2 phase arrest. Since 

the G2/M phase is a radiosensitive cell cycle phase, 

the increased expression of 14-3-3σ contributes to the 

radioresistance of PAAD cells to carbon ions. 

 

14-3-3σ is responsive to DNA damage in PAAD cells 

 
Because 14-3-3σ protects the cells from carbon  

ion-induced DNA damage, we evaluated 14-3-3σ 

expression after carbon ion irradiation and other forms 
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of genetic damage at various time points (1, 4, 8, and 

12 h) to explore the function 14-3-3σ in DDR in 

PAAD cells. For tested AsPC-1 and PANC-1 cells, 14-

3-3σ expression was significantly enhanced at 1 h and 

4 h following exposure to carbon ions and declined  

at 4 h and 12 h (Figure 4A–4E). The mRNA levels in 

AsPC-1 and PANC-1 were upregulated following 

carbon ion irradiation (Figure 4C, 4F). Etoposide 

(ETO) or olaparib can induce DNA damage and is 

usually clinically to treat PAAD [30, 31]. We found 

that AsPC-1 cells expressed a higher level of 14-3-3σ 

after treatment with these two agents (Figure 4G–4J), 

 

 
 

Figure 2. Knockdown of 14-3-3σ sensitizes PAAD cells. The level of 14-3-3σ expression in PAAD cell lines (AsPC-1, SW1990, PANC-1, 

MiaPaCa-2) was detected by immunoblotting (A, B) and qPCR (C). The protein and mRNA levels of 14-3-3σ in AsPC-1 cells with 14-3-3σ-
specific small interfering RNA (siRNA) were detected by immunoblotting (D, E) and qPCR (F). (G, H) Colony formation assays and survival 
fraction curves of AsPC-1 cells after exposure to the indicated carbon ion irradiation dose (1 Gy, 2 Gy, and 3 Gy). (I) Cell proliferation of AsPC-
1 cells in different groups after 3Gy carbon ion irradiation was determined by CCK-8 assay at 24 h, 48 h, and 72 h. (J, K) The proliferation of 
AsPC-1 cells was detected by EdU assay. Scale bar = 100 μm. (L, M) The apoptosis rate of AsPC-1 cells after 3 Gy carbon ion irradiation at 24 h 
in different groups. Scale bar = 10 μm. (N, O) The cell cycle distribution of AsPC-1 cells after 3 Gy carbon ion irradiation at 6 h, 12 h, and 24 h 
in different groups. β-Actin was used as a loading control. Data were presented as the mean ± standard deviation (SD) (n=3); *p <0.05, **p 
<0.01, ***p <0.001, ****p <0.0001, ns: not significant.  

9731



www.aging-us.com 6 AGING 

demonstrating that 14-3-3σ promoted the recovery of 

PAAD cells from genetic damage and thus ensured 

genetic stability.  

 

14-3-3σ is involved in the accumulation of DSBs 

 

We next examined the dynamic accumulation of phos-

histone (γH2AX) and p53-binding protein 1 (53BP1) 

following irradiation with carbon ions in these cells  

at various time points (1, 4, 8, 12, and 24 h) to 

determine whether the 14-3-3σ-mediated carbon ion 

radioresistance was due to its effect on DNA repair. 

γH2AX and 53BP1 are two nuclear proteins most 

associated with DSB induction. 53BP1 foci are 

colocalized with γH2AX foci generated in the DSB-

containing chromatin domains and therefore could 

serve as alternative markers for DSB induction and 

repair [32]. Confocal microscopy demonstrated that the 

 

 
 

Figure 3. 14-3-3σ overexpression confers carbon ion radioresistance of PAAD cells. The protein and mRNA levels of 14-3-3σ in 
AsPC-1 cells with 14-3-3σ overexpression plasmids in MiaPaCa-2 cells were detected by immunoblotting (A, B) and qPCR. (C). (D, E) Colony 
formation assays and survival fraction curves of MiaPaCa-2 cells after exposure to the indicated carbon ion irradiation dose (1 Gy, 2 Gy, and 3 
Gy). (F) Cell proliferation of MiaPaCa-2 in different groups after 3 Gy carbon ion irradiation was determined by CCK-8 assay at 24 h, 48 h, and 
72 h. (G, H) The proliferation of MiaPaCa-2 cells was detected by EdU assay. Scale bar = 100 μm. (I, J) The apoptosis rate of MiaPaCa-2 cells 
after 3 Gy carbon ion irradiation at 24 h in different groups. Scale bar = 10 μm. (K, L) The cell cycle distribution of MiaPaCa-2 cells after 3 Gy 
carbon ion irradiation at 6 h, 12 h, and 24 h in different groups. β-Actin was used as a loading control. Data were presented as the mean ± 
standard deviation (SD) (n=3); *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001, ns: not significant.  
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numbers of γH2AX and 53BP1 foci had no difference 

between the 14-3-3σ-depleted and parental AsPC-1 

cells before carbon ion irradiation. The si14-3-3σ 

group displayed more unresolved γH2AX and 53BP1 

foci than the NC group after carbon ion irradiation 

(Figure 5A–5C), consistent with lower γH2AX and 

53BP1 expression and lower DNA damage in 14-3-3σ-

overexpressed MiaPaCa-2 cells than in the Vector 

group (Figure 5D–5F). Moreover, the positive cell rate 

(five foci or more per nucleus) of γH2AX/53BP1 in 

the si14-3-3σ and NC groups peaked at 1 h and 4 h, 

respectively (si14-3-3σ group: γH2AX: 92.49%±6.04%, 

53BP1: 92.73%±5.63%; NC group: γH2AX: 84.46% 

±6.71%, 53BP1: 76.42%±11.48%). The percentage of 

positive γH2AX and 53BP1 foci cells in the 14-3-3σ 

knockdown group was retained up to 33.59% and 

43.57% of the peak rate at 24 h after carbon ion 

radiation, respectively, whereas the positive rate of 

γH2AX and 53BP1 declined to 22.93% and 35.79% in 

the NC group, respectively, suggesting that 14-3-3σ 

reduced carbon ion-induced damage with slow repair 

kinetics. In line with the above results, immunoblotting 

demonstrated that the depletion of 14-3-3σ caused 

markedly increased levels of γH2AX and 53BP1 

 

 
 

Figure 4. 14-3-3σ is responsive to DNA damage in PAAD cells. (A–C) The protein and mRNA levels of 14-3-3σ in AsPC-1 cells after 3 Gy 

carbon ion irradiation at 1 h, 4 h, 8 h, and 12 h. (D–F) The protein and mRNA levels of 14-3-3σ in PANC-1 cells after 3 Gy carbon ion irradiation 
at 1 h, 4 h, 8 h, and 12 h. (G–J) The protein levels of 14-3-3σ expression in AsPC-1 cells with chemotherapeutics at 1 h, 4 h, 8 h, and 12 h. β-
Actin was used as a loading control. Data were presented as the mean ± standard deviation (SD) (n=3); *p <0.05, **p <0.01, ***p <0.001, 
****p <0.0001, ns: not significant. 
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Figure 5. 14-3-3σ involves the accumulation of DSBs. (A) The representative images of the γH2AX and P53 binding protein 1 (53BP1) 

foci in AsPC-1 cells after 3 Gy carbon ion irradiation in different groups were analyzed by immunofluorescence (IF) staining. (B, C) Percentage 
of positive nuclei of γH2AX and 53BP1 in AsPC-1 cells in different groups (5 foci or more per nucleus being considered positive). (D) The 
representative images of the γH2AX and 53BP1 foci in MiaPaCa-2 cells after 3 Gy carbon ion irradiation in different groups were analyzed by 
IF staining. (E, F) Percentage of positive nuclei of γH2AX and 53BP1 in MiaPaCa-2 cells in different groups (5 foci or more per nucleus being 
considered positive). (G, H) Relative expression of 53BP1 and γH2AX in si14-3-3σ and NC AsPC-1 cells, 0 h, 1 h, 4 h, 8 h, and 12 h post-
irradiation. (I, J) Relative expression of 53BP1 and γH2AX in 14-3-3σ-overexpression and vector MiaPaCa-2 cells, 0 h, 1 h, 4 h, 8 h, and 12 h 
post-irradiation. For IF, at least 100 cells per condition were analyzed. β-Actin was used as a loading control. Data were presented as the 
mean ± standard deviation (SD); *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001, ns: not significant. Scale bar = 10 μm. 
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proteins and vice versa (Figure 5G–5J). The above data 

indicated that the depletion of 14-3-3σ impaired DSB 

repair capacity, thereby keeping DSBs at high levels.  

 

Silencing of 14-3-3σ causes the HRR defect after 

carbon ion radiation  

 

DSBs repair ability is critical for the killing effect of 

irradiation, and HR and NHEJ are the two key repair 

pathways [33]. We explored the relationship of 14-3-3σ 

with genes related to the HR and NHEJ pathways,  

and the results showed that 14-3-3σ was positively 

correlated with the critical HR genes, including ATR 

(ATM and Rad3-related), Chk1, Chk2, RAD51, and 

H2AX (all r>0.3, p-value<0.05) (Figure 6D). The gene 

set enrichment analysis (GSEA) was conducted then to 

investigate the specific molecular mechanism related to 

14-3-3σ in PAAD, which indicated that the abundant 

14-3-3σ was remarkably enriched in the HR pathway 

(Figure 6A–6C). Evidence has demonstrated that the 

NHEJ pathway is not essential for restoring clustered 

DSBs caused by high-LET radiation [34, 35], and 

carbon ion-induced DSB restoration is more dependent 

on the HR pathway than the repair following γ-ray or 

proton irradiation [36]. Thus, we hypothesized that 14-

3-3σ released the damage caused by carbon ions in 

PAAD cells by activating the HRR pathway. Based on 

this assumption, we conducted qRT-PCR to examine 

whether 14-3-3σ affected the expression of ATM 

(ataxia telangiectasia mutated) and ATR, which could 

perceive DNA damage and activate the HR pathway. 

Figure 6E–6H shows the attenuated expression of ATM 

and ATR by deleting 14-3-3σ at the mRNA level. 

Correspondingly, 14-3-3σ overexpression increased the 

expression of both ATM and ATR mRNAs. We next 

extracted the proteins from cells after 3 Gy of carbon 

ion radiation in each group and checked the influence of 

14-3-3σ on the mainstream proteins of the HR signaling 

pathway. Immunoblotting results demonstrated that  

the irradiation with carbon ions reduced the activation 

of phosphorylation of ATM and ATR in 14-3-3σ-

depleted AsPC-1 cells (Figure 6I, 6J); in contrast, 14-3-

3σ overexpressed MiaPaCa-2 cells displayed increased 

phosphorylation of ATM and ATR (Figure 6K, 6L). 

Chk2 and Chk1, downstream factors of ATM and  

ATR signaling pathways, respectively, were detected 

subsequently, as displayed in Figure 6K, 6L. We  

found that the phosphorylation of both Chk2 and Chk1 

was attenuated with the silencing of 14-3-3σ and carbon 

ion irradiation. Conversely, 14-3-3σ overexpression 

enhanced the phosphorylation of Chk1 and Chk2 with 

unaffected total proteins (Figure 6K, 6L). Chk2 plays a 

vital role in the cell cycle course when cells confer 
DNA damage; its upregulation induced by the over-

expression of 14-3-3σ could arrest cells at the G2-M 

phase and repair the damage induced by carbon ions.  

Afterward, we performed immunofluorescence (IF) to 

detect the effect of 14-3-3σ on the recruitment kinetics 

of RAD51 and RPA2 at the DSB damage site, the two 

key repair factors of the HRR pathway for restoring 

clustered DSBs. The depletion of 14-3-3σ strongly 

inhibited the recruitment of RPA2—a single-strand-

binding protein involved in the end excision of the HR 

process—to DNA damage sites, implying that 14-3-3σ 

contributes to the end excision step of HRR (Figure 7A, 

7B). Notably, the recruitment of RAD51, the main 

recombinase related to HRR, was mitigated in si14-3-3σ 

AsPC-1 cells. In contrast, these foci in the NC group 

remained high in number or decreased dramatically 

(Figure 7E, 7F). The synergistic effect of overexpressed 

14-3-3σ combined with carbon ions recruited more 

RAD51 and RPA2 foci than that by carbon ion 

irradiation alone, substantially enhancing the efficiency 

of the HR pathway (Figure 7C, 7D, 7G, 7H). RAD51, 

along with the phosphorylation of RPA, can reach DSB 

sites early in the HR pathway. Hyperphosphorylated 

RPA guarantees that RAD51 interacts with RPA with 

higher affinities than the unphosphorylated RPA [37]. 

Similarly, we found that RAD51 and phosphorylation of 

RPA2 after carbon ion irradiation were attenuated in the 

14-3-3σ depletion AsPC-1 cells and increased in the 14-

3-3σ proficient group, as evident from immunoblotting 

results (Figure 7I, 7J). We concluded that 14-3-3σ 

improves the accumulation of RPA2 and RAD51, thus 

guaranteeing the completion of carbon ion irradiation 

induced HRR.  

 
HRR pathway inhibitor abolishes 14-3-3σ-mediated 

carbon ion irradiation resistance 

 

The correlation between 14-3-3σ and the HR pathway 

was elucidated by investigating whether 14-3-3σ-

induced carbon ion radioresistance could abrogate the 

blocking of the HR signaling pathway. The ATR 

inhibitor VE-821 and ATM inhibitor KU-55933 were 

added to the 14-3-3σ overexpression group following 

carbon ion irradiation (VE-821 group, 14-3-3σ over-

expression + VE-821, KU-55933 group, 14-3-3σ 

overexpression + KU-55933, respectively). The other 

two groups in this experiment were the Vector group 

(empty vector + DMSO) and the 14-3-3σ group (14-3-

3σ overexpression + dimethyl sulfoxide [DMSO]). We 

first seeded 3000 cells/well to observe the colony 

formation ability in these four groups. As shown in 

Figure 8A, 8B, 14-3-3σ overexpression promoted the 2 

Gy carbon ion irradiation colony formation of PAAD 

cells, and as expected, ATR or ATM blocking almost 

eliminated this phenomenon. In addition, these two 

inhibitors exerted equal effects. We next performed the 

EdU assay; compared with the Vector group, 14-3-3σ 

overexpression significantly enhanced the proliferation 

ability (proliferation rate: Vector group versus 14-3-3σ 
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Figure 6. Silencing of 14-3-3σ causes the HRR defect after carbon ion radiation. (A–C) Gene Set Enrichment Analysis (GSEA) for the 
enriched gene sets in the 14-3-3σ high- and low-expression groups. (D) Bioinformatics analysis of the correlation between 14-3-3σ and genes 
related to homologous recombination (HR) and non-homologous end-joining (NHEJ) pathway. (E–H) The mRNA expression of ATM and ATR 
after the silencing or overexpressing of 14-3-3σ in AsPC-1 and MiaPaCa-2 cells. (I, J) Relative expression of pATM, ATM, pATR, ATR, pCHK2, 
CHK2, pCHK1, CHK1 in si14-3-3σ and NC AsPC-1 cells, 0 h, 1 h, 4 h, 8 h, and 12 h post-irradiation. (K, L) Relative expression of pATM, ATM, 
pATR, ATR, pCHK2, CHK2, pCHK1, CHK1 in 14-3-3σ-overexpression and vector MiaPaCa-2 cells, 0 h, 1 h, 4 h, 8 h, and 12 h post-irradiation. β-
Actin was used as a loading control. Data were presented as the mean ± standard deviation (SD) (n=3); *p <0.05, **p <0.01, ***p <0.001, 
****p <0.0001, ns: not significant. 
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group: 20.67%±1.57% versus 32.99%±0.94%). The 

proliferation ability decreased with the addition of ATR 

inhibitor or ATM to MiaPaCa-2 cells (proliferation  

rate: VE-821 group: 22.48%±3.71%, KU-55933 group: 

24.30%±2.86%), which exerted no statistical difference 

in comparison with the Vector group (Figure 8C, 8D). 

Finally, we studied the accumulation of γH2AX 1 h 

after 3 Gy carbon ion radiation. 14-3-3σ overexpression 

 

 
 

Figure 7. 14-3-3σ enhances the HR pathway activation. (A) The representative images of the RPA2 foci in AsPC-1 cells after 3 Gy 
carbon ion irradiation in different groups were analyzed by immunofluorescence (IF) staining. (B) Percentage of positive nuclei of RPA2 in 
AsPC-1 cells in different groups (5 foci or more per nucleus being considered positive). (C) The representative images of the RPA2 foci in 
MiaPaCa-2 cells after 3 Gy carbon ion irradiation in different groups were analyzed by IF staining. (D) Percentage of positive nuclei of RPA2 in 
MiaPaCa-2 cells in different groups (5 foci or more per nucleus being considered positive). (E) The representative images of the RAD51 foci in 
AsPC-1 cells after 3 Gy carbon ion irradiation in different groups were analyzed by IF staining. (F) Percentage of positive nuclei of RAD51 in 
AsPC-1 cells in different groups (5 foci or more per nucleus being considered positive). (G) The representative images of the RAD51 foci in 
MiaPaCa-2 cells after 3 Gy carbon ion irradiation in different groups were analyzed by IF staining. (H) Percentage of positive nuclei of RAD51 
in MiaPaCa-2 cells in different groups (5 foci or more per nucleus being considered positive). (I) Relative protein expression of RAD51, pRPA2, 
RPA2 in si14-3-3σ and NC AsPC-1 cells, 0 h, 1 h, 4 h, 8 h, and 12 h post-irradiation. (J) Relative protein expression of RAD51, pRPA2, RPA2 in 
14-3-3σ-overexpression and vector MiaPaCa-2 cells, 0 h, 1 h, 4 h, 8 h, and 12 h post-irradiation. For IF, at least 100 cells per condition were 
analyzed. Data were presented as the mean ± standard deviation (SD). *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001, ns: not significant. 
Scale bar = 10 μm. 
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Figure 8. Pharmacological inhibition of the HR pathway abolishes 14-3-3σ-mediated carbon ion irradiation resistance. Colony 

formation assay (A, B), EdU assay (C, D), and immunofluorescence (IF) staining of γH2AX 1 h (E, F) in MiaPaCa-2 cells after 2 Gy carbon ion 
irradiation in different groups: vector group (empty vector), 14-3-3σ group (14-3-3σ overexpression), KU-55933 group (14-3-3σ 
overexpression + KU-55933 [inhibitor of ATM, 10μM, dissolved in DMSO]), and VE-821 group (14-3-3σ overexpression + VE-821 [inhibitor of 
ATR, 10μM, dissolved in DMSO]). Colony formation assay (G, H), EdU assay (I, J), and IF staining of γH2AX 1 h (K, L) in AsPC-1 cells after 2 Gy 
carbon ion irradiation in different groups: NC group (negative control), si14-3-3σ group (14-3-3σ knockdown), KU-55933 group (NC + KU-
55933 [inhibitor of ATM, 10μM, dissolved in DMSO]), and VE-821 group (NC + VE-821 [inhibitor of ATR, 10μM, dissolved in DMSO]). For IF, at 
least 100 cells per condition were analyzed. Data were presented as the mean ± standard deviation (SD) (n=3); *p <0.05, **p <0.01, ***p 
<0.001, ****p <0.0001, ns: not significant. For EdU, scale bar = 100 μm; For IF, scale bar = 10 μm. 
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significantly decreased the formation of γH2AX signals; 

the γH2AX foci increased with the activation of ATR or 

ATM. Furthermore, the ATR pathway blocking exerted 

a more significant effect on 14-3-3σ-induced γH2AX 

accumulation than the ATM pathway blocking (Figure 

8E, 8F). These data demonstrated that blocking the HR 

pathway, either ATR or ATM pathway, eliminated 14-

3-3σ overexpression-mediated carbon ion irradiation 

resistance. To thoroughly verify the hypothesis that 14-

3-3σ induced carbon ion radioresistance through the HR 

pathway, we detected the influence of 14-3-3σ depletion 

and ATR or ATM activation inhibition on carbon ion 

irradiation resistance. We created the following four 

groups for the subsequent studies: NC group (NC + 

DMSO), si14-3-3σ group (si14-3-3σ + DMSO), VE-821 

group (NC + VE-821), and KU-55933 group (NC + 

KU-55933). The colony forming (Figure 8G, 8H) and 

EdU assays (Figure 8I, 8J) revealed that either the 

depletion of 14-3-3σ or the blocking of either ATR  

or ATM reduced the proliferation ability along with  

the radiation of carbon ion radiation. The accumulation 

γH2AX 1 h after 3 Gy carbon ions significantly 

increased in the si14-3-3σ group, VE-821 group, and 

KU-55933 group in comparison with the NC group 

(Figure 8K, 8L). Above data indicated that the 14-3-3σ 

could be the upstream member of the HR pathway, and 

both 14-3-3σ depletion and ATR/ATM inhibition could 

be used as therapeutic targets for PAAD carbon ion 

radiotherapy. 

 

14-3-3σ promotes carbon ion irradiation resistance 

of pancreatic cancer in vivo 

 

The above results demonstrated that 14-3-3σ promoted 

carbon ion radioresistance by hindering the HRR 

pathway. We constructed the stably 14-3-3σ-deficient 

cells using lentivirus containing 14-3-3σ short hairpin 

RNA (shRNA) (Supplementary Figure 2A–2C) to study 

the effect of 14-3-3σ on carbon ion irradiation in vivo. 

We generated subcutaneous PAAD xenograft models 

using AsPC-1 cells (Figure 9A). As depicted in Figure 

9B–9D, the sh14-3-3σ group inhibited xenografts in 

 

 
 

Figure 9. 14-3-3σ promotes the carbon ion radiosensitivity of PAAD cells in vivo. (A) The overall design of the in vivo experiments. 

(B–D) Macro images, tumor volume, and tumor weight of the excised tumors for each group (4 mice/group). (E, F) Representative 40× images 
of TUNEL immunofluorescence (IF) staining and immunohistochemical (IHC) staining of Ki67 of tumor tissue in sections in different groups at 
24 h after 5 Gy carbon ion irradiation. (G, H) Respective percentage of TUNEL-positive cells in the excised tumor by quantitative analysis. (H) 
Respective percentage of Ki67-positive area in the excised tumor by quantitative analysis. (I, J) Representative 40× images of IHC staining of 
γH2AX, and RPA2 of tumor tissue in sections in different groups at 24 h after 5 Gy carbon ion irradiation. (K, L) Respective percentage of 
γH2AX-, RPA2-positive area in the excised tumor by quantitative analysis. Data were presented as the mean ± standard deviation (SD); *p 
<0.05, **p <0.01, ***p <0.001, ****p <0.0001, ns: not significant. Scale bar = 50 μm. 

9739



www.aging-us.com 14 AGING 

terms of size, weight, and volume, and the inhibition 

was more significant than that following carbon ion 

irradiation. This was in line with the in vitro outcomes. 

The Ki67 IHC and terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL) IF 

staining were performed to detect the proliferation  

and apoptosis rate of tumor cells. Tumors derived  

from sh14-3-3σ group displayed fewer proliferating 

cells (NC group: 24.00%±3.02%, sh14-3-3σ group: 

22.58%±1.99%, carbon ion group: 11.83%±1.15%, 

combination group: 7.40%±1.33%) (Figure 9E, 9G), 

and more cell apoptosis (NC group: 4.40%±1.99%, 

sh14-3-3σ group: 8.95%±1.05%, carbon ion group: 

21.97%±1.30%, combination group: 27.62%±2.47%)  

(Figure 9F, 9H). In addition, the combination group 

owned more γH2AX-positive cells, a marker of 

unrepaired DNA damage, than the carbon ion 

irradiation one (Figure 9I, 9K). Finally, we detected 

RPA2-positive cells and found that sh14-3-3σ reduced 

the carbon-induced number of RPA2-positive cells 

(Figure 9J, 9L). The above outcomes indicated that  

14-3-3σ depletion suppressed RPA2 expression, thus 

inhibiting cell proliferation to facilitate carbon ion 

radiosensitivity of PAAD cells in vivo. 

 

DISCUSSION 
 

PAAD is a highly common and lethal cancer, whose 

increasing incidence and mortality have resulted in  

a substantial economic burden worldwide [2, 38]. At 

present, radiotherapy is the mainstay treatment of 

tumors. However, the extreme hypoxic environment 

of PAAD cells limits the clinical benefits of 

radiotherapy. In this regard, carbon ion radiotherapy 

(CIRT) can cause more direct DNA damage and 

create DSBs theoretically due to its high relative 

biological effectiveness (RBE). Its feature of oxygen 

independence improves its effect against hypoxia-

resistant and radioresistant tumors such as PAAD 

[39]. Our study confirmed that 14-3-3σ was highly 

expressed in PAAD tissues and predicted its poor 

survival. 14-3-3σ enhanced the radioresistance of 

carbon ion-irradiated PAAD cells by boosting the 

recruitment of RAD51 and RPA2 and subsequently 

hindering the HRR pathway.  

 

Jung et al. [23] reported that multiple tumors express 

abnormal 14-3-3σ; for example, 14-3-3σ mediates 

tumor progression and metastasis in gastric cancer. 

The knockdown of 14-3-3σ inhibited the growth and 

metastasis of hepatocellular carcinoma in BALB/c 

nude mice [24]. Our experiments indicated that the 

knockdown of 14-3-3σ impeded the proliferation and 

enhanced the percentage of apoptosis of PAAD cells 

by in vitro and in vivo experiments, which were in 

accordance with previous studies [25, 26].  

The arrest of the cell cycle is indispensable to DDR and 

maintaining genome stability. 14-3-3σ is critical for 

continuous G2/M arrest following DNA damage. The 

GSEA analysis indicated that the high expression of  

14-3-3σ was associated with the activation of the  

cell cycle in PAAD (Figure 6A). Flow cytometry 

revealed that 14-3-3σ arrested PAAD cells in the G2/M 

phase, during which homologous sister chromatids are 

formed, and the HR-associated proteins are increased 

[22, 40], ensuring that the cells accurately repair  

DNA damage and survive in DNA damage treatment, 

thereby contributing to carbon ion irradiation resistance. 

Similarly, 14-3-3σ can sequestrate the CDK1/cyclin  

B complex, thus maintaining cells in the G2 phase, 

which can induce G2/M checkpoint activation [41]. 

Evidence indicated that 14-3-3σ interacts with RNF126 

to promote the G2 arrest in a p53-independent manner 

[42]. On the other hand, there is also a study that 14-3-

3σ promotes radioresistance by blocking PAAD cells in 

the G2/M phase after IR and thus enhances the NHEJ 

repair efficiency of X-ray-induced DSBs [25].  

 

Carbon ions have been reported to induce rather 

complex or clustered DSBs than those by X-rays, 

which are generally unrepairable [43–46]. 53BP1 

colocalizes with γH2AX at all damaged sites and is 

essential in NHEJ in most cell lines. It is reported that 

53BP1 is located at the DNA damage site to initiate 

HR through RAD51 [47]. We found a radiosensitizing 

effect following 14-3-3σ depletion, verified by 

restrained activity of the HR pathway and abundance 

of unpaired DNA damage, demonstrated by measuring 

γH2AX and 53BP1 levels. RAD51 is a vital member 

of the HR pathway, facilitating high-precision DNA 

damage repair by locating the homology in sister 

chromatids and enabling DNA strand invasion into 

sister chromatids [48]. Furthermore, the decreased 

expression of RPA2 in 14-3-3σ depletion cells after 

carbon ions were confirmed in vivo, which further 

confirmed our conclusion.  

 
DSB resection is a vital step in the overall DDR [15]. 

Once DSB induces, MRN/Sae2-CTIP and Exo1/Dna2-

dependent DSB end resection form the ssDNA regions, 

14-3-3 protein can directly bind to the central domain of 

Exo1 and limit its association with DDR and the DNA 

resection process [15, 49, 50]. Human Exo1 coactions 

with at least six of the seven 14-3-3 human paralogs, 

including 14-3-3σ [49]. The deletion of 14-3-3-

mediated regulation of Exo1 can induce the excessive 

DNA resection at the damage site, which attenuates the 

HR and DSB repair, leading to chromosomal instability 

[51]. Thus, we supposed that 14-3-3σ depletion 

expanded the process of the DNA-end resection by 

enhancing the activation of Exo1, therefore altered the 

recruitment of both RPA2 and RAD51, and eventually 
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decreasing the repair of HR-mediated clustered DSBs in 

14-3-3σ-depletion cells irradiated with carbon ions.  

 

Multiple signal transduction processes orchestrate 

DDRs, prominent of which are ATR–Chk1 and ATM–

Chk2 pathways. Our study demonstrated that the use  

of ATR/ATM inhibitor could remove the carbon ion 

resistance induced by 14-3-3σ overexpression. These 

two pathways are usually activated simultaneously 

following the exposure of cells to different genotoxic 

damage, such as irradiation and cytotoxic chemotherapy 

[12]. The ATR–Chk1 pathway can sense ssDNA 

produced during DSB processing [52, 53]. ATM can 

phosphorylate and activate Chk2, which subsequently 

separates from damaged sites and disperses as a 

monomer throughout the nucleus to function on multiple 

processes, including cell cycle progression, apoptosis, 

and gene transcription [54]. Numerous studies have 

demonstrated that RAD51 replacing RPA in resected 

ssDNA is critically dependent on Chk1-mediated 

phosphorylation of BRCA2 and RAD51 [18, 55]. 

Reduced levels of phosphorylated Chk1 are a typical 

 

 
 

Figure 10. Schematic diagram of the possible mechanism 
that the depletion of 14-3-3σ enhances the sensitivity of 
carbon ion irradiation. (By Figdraw). 

marker of impaired HR efficiency [17]. Our study found 

that the ATM and ATR mRNA were reduced after  

the 14-3-3σ depletion. Meanwhile, the phosphorylation 

of both Chk1 and Chk2 decreased after carbon ion 

irradiation in the 14-3-3σ-deficient AsPC-1 cells. 

Similar results were reported that the phosphorylation 

of Chk1 after irradiation is related to Chk1 binding to 

14-3-3σ [56]. Together, we speculated that 14-3-3σ 

perhaps functions on multiple sites in the process of 

DSB resections for generating ssDNA for HR.  

 

As far as we know, our study firstly delineated the role 

of 14-3-3σ in carbon ion-induced DNA damage and 

radiosensitivity of PAAD by regulating HR-mediated 

DNA damage repair. However, our research is confined 

to in vitro and in vivo experiments, and clinical samples 

are warranted. It is essential to elucidate the repair 

pathways and accurate carbon ion irradiation repair 

products. As 14-3-3σ is an adaptor molecule [57], 

which may interact with other molecules to regulate  

the process of HRR pathway, nevertheless, the current 

experimental results cannot distinguish the direct  

target of 14-3-3σ following DNA damage repair and 

signaling, and further experimental evidence is required. 

 

CONCLUSIONS 
 

14-3-3σ depletion affects the cellular behaviors of 

PAAD cells following carbon ion irradiation, including 

proliferation inhibition, cell cycle arrest reduction,  

and DNA damage induction. The xenograft model 

implicated 14-3-3σ in a carbon ion resistance role in 

PAAD cells. 14-3-3σ reduced the effect of carbon ion 

irradiation by promoting HRR of DNA damage by 

negatively regulating DNA end resection (Figure 10). 

Therefore, 14-3-3σ is a candidate target to strengthen 

the radiosensitivity of PAAD to carbon ions. 

 

MATERIALS AND METHODS 
 

Bioinformatic analysis 

 

The “stats” R package was used to conduct the PCA. 

We used the SangerBox3.0 [58] to download the pan-

cancer gene expression data via TCGA dataset and 

evaluated the pan-cancer expression of 14-3-3σ. The 

Kaplan‒Meier curves of OS, DSS, PFS, and DFS were 

plotted using the Sangbox3.0 tool “prognostic analysis” 

module to assess the underlying prognostic value of the 

14-3-3σ gene in PAAD. We used the “clinical stages 

and gene expression analysis” module to identify the 

relationship between the 14-3-3σ mRNA expression and 

the grade/stage of PAAD. We obtained the PAAD data 
from the TCGA GDC website [59] and assessed the 

relevance between 14-3-3σ and clinical features using 

the univariate logistic regression analysis. The GSEA 
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was carried out to investigate the 14-3-3σ- 

relative biological signaling pathway in PAAD. 

Finally, we examined the protein expression of 14-3-

3σ in PAAD and normal tissues using the HPA 

(http://www.proteinatlas.org/) database. 

 

Cell culture and irradiation treatment 

 

AsPC-1, hTERT-HPNE, MiaPaCa-2, PANC-1, and 

SW1990 cells were acquired from the American Type 

Culture Collection (ATCC) (Manassas, NY, USA), and 

maintained in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% fetal bovine serum 

(FBS) in humidified incubators of 5% CO2 at 37° C. 

The Heavy Ion Medical Machine (HIMM) at Lanzhou 

Heavy Ion Hospital provided the heavy ion beam with 

an energy value of 120 MeV/u and linear energy 

transfer of 80 keV/μm at the center of the spread-out 

Bragg peak. The dose rate was 2 Gy/min. 

 

Knockdown and overexpression of 14-3-3σ in PAAD 

cells 

 

Specifically, targeted small interfering RNA (siRNA) 

and overexpression plasmids were designed and 

synthesized by GenePharma (Suzhou, China) to knock 

down and overexpress 14-3-3σ, respectively. The 

siRNAs and plasmids were transfected into AsPC-1 and 

MiaPaCa-2 cells using GP-transfect-Mate (GenePharma; 

Suzhou, China) and Lipo8000™ (Beyotime; Shanghai, 

China), respectively. The experiments were conducted  

at 48 h post-transfection. Lentiviruses containing 14-3-

3σ shRNA were acquired from Suzhou GenePharma 

Co., Ltd. The targeting siRNAs, shRNA, and plasmid 

sequences are listed in Supplementary Table 3.  

 
Protein isolation and immunoblotting 

 

The total proteins were obtained at anticipated time points 

from PAAD cells using radio immunoprecipitation assay 

(RIPA) buffer (Solarbio, Beijing, China) supplemented 

with phenylmethylsulfonyl fluoride (PMSF) and 

phosphatase inhibitors. We used the bicinchoninic acid 

(BCA) kit (Solarbio, Beijing, China) to quantify the 

proteins. The proteins were separated by sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis (SDS‒PAGE) 

and transferred to polyvinylidene fluoride membranes 

(Immobilon-P, Ireland). After blocking in 5% skim  

milk for 2 h (room temperature), the membranes were 

immunoblotted with primary antibodies (Supplementary 

Table 4) at 4° C overnight and subsequently incubated 

with secondary antibodies at room temperature for 1 h  

and examined using a chemiluminescence imaging  

system (QuickChemi5200; Monad, China). The ImageJ 

software was adopted to quantify the relative protein 

expression.  

RNA isolation and qRT-PCR 

 

The total RNA was obtained from PAAD cells  

by the usage of the TRIzol (Invitrogen, Waltham,  

MA, USA) reagent. The RNA samples were used  

for complementary DNA synthesis using the Hifair® 

III 1st Strand cDNA Synthesis Supermix reverse 

transcription kit for qPCR (gDNA digester plus) 

(Yeasen, Shanghai, China). Next, the qRT‒PCR was 

completed using the Hieff® qPCR SYBR® Green 

Master Mix kit (Yeasen, Shanghai, China) according 

to the manufacturer’s instructions. The results were 

analyzed using the 2-∆∆Ct method with β-actin as the 

housekeeping gene. The primer sequences are listed  

in Supplementary Table 5. 

 
Colony forming assay and cell proliferation assay 

 
Single cells (400–5000 cells per well) were inoculated 

into 6-well plates and cultivated overnight, after carbon 

ion irradiation (0–3 Gy), the cells were placed in the 

incubator for 10 to 14 days to form colonies. We fixed 

and stained the plates using methanol for 20 min and 

crystal violet for 15 min. Afterward, we counted the 

number of colonies (at least 50 cells) under a light 

microscope (Olympus, Japan). The survival curve was 

plotted using the linear–quadratic equation: surviving 

fraction 
2( ( )( )  − += D DSF e . 

 
We used the EdU assay kit (RiBoBio, Guangdong, 

China) to measure the proliferation rate of cells and 

acquired images under a fluorescence microscope 

(Olympus, Tokyo, Japan). We utilized the CCK8 assay 

to check the proliferation of PAAD cells. Cells (2 ×103 

cells/well) were inoculated into 96-well plates after 

carbon ion irradiation. After 24, 48, and 72 h of 

incubation, 20 μL of the CCK8 solution (Yeasen, 

Shanghai, China) was added to each well, followed by  

a 2 h incubation at 37° C. The absorbance at 450 nm 

was obtained using a microplate reader (Tecan Infinite 

200 M; Männedorf, Switzerland). 

 
Apoptosis assays 

 
Apoptotic cell death was assessed using a TUNEL 

apoptosis assay kit (Beyotime, Shanghai, China). 

Firstly, the cells were inoculated in the 12-well after 48 

h transfection, after 24 h of 3Gy carbon ion irradiation, 

we immobilized the cells using 4% paraformaldehyde. 

Then the phosphate-buffered saline (PBS) containing 

0.3% Triton X-100 was used to incubate cells for  

5 min at room temperature. Finally, 50 μL of TUNEL 
staining solution was added to every well and incubated 

at 37° C in the dark for 1 h. Cells with red fluorescence 

were defined as apoptotic cells using a fluorescence 
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microscope (Leica, Wetzlar, Germany). We used the 

Image J software to count the positive cells. 

 

Flow cytometry for cell cycle 

 

The cell cycle was studied by first fixing the harvested 

cells with 75% ethanol overnight at −20° C. At the time 

of testing (6 h, 12 h, and 24 h after irradiation), the 

fixed cells were rehydrated with PBS for 15 min and 

centrifuged, and subsequently treated with 500 μL of 

the DNA staining solution (away from light, at room 

temperature for 30 min) (Yeasen, Shanghai, China)  

and tested on the IDEAS Application v6.0 software at 

−20° C overnight. The data were calculated using the 

FlowJo-V10.8.1 software. We collected 15,000 cells for 

the cell cycle for each sample. 

 

Immunofluorescence (IF) microscopy 

 

The cells were inoculated onto Φ20 mm glass bottom 

cell culture dishes and cultivated overnight. Next, the 

cells were irradiated with carbon ions (3 Gy) and 

immobilized using 4% paraformaldehyde for 20 min  

at the indicated times (0, 1, 4, 8, 12, and 24 h after 

irradiation). Afterward, the cells were permeabilized 

with PBS containing 0.5% Triton X-100 (Solarbio; 

Beijing, China) on ice for 15 min, and blocked with 

10% goat normal serum in PBS for another 1 h. 

Afterward, the cells were probed with antibodies against 

γH2AX, 53BP1, RAD51, and RPA2 (Supplementary 

Table 4) at 4° C overnight and incubated with 

secondary goat anti-mouse IgG (H&L) antibody–Alexa 

Fluor 594 or goat anti-rabbit IgG (H&L) antibody–

Alexa Fluor 488 (Immunoway; Jiangsu, China) at 

1:200 dilution at room temperature for 1 h in the  

dark. The nuclei were stained with 4’, 6-diamidino-2-

phenylindole (DAPI; Solarbio, Beijing, China). The 

images were acquired using a confocal microscope 

(Carl Zeiss; Jena, Germany). We analyzed no less than 

100 cells per condition to quantify IF experiments.  

 

Drug treatment 

 

VE-821 (HY-14731), an ATR inhibitor, and KU-55933 

(HY-12016), an ATM inhibitor, were purchased from 

MedChemExpress (Monmouth Junction, NJ, USA). 

Exponentially growing cells were preincubated with 

VE-821 (10 μM, dissolved in dimethyl sulfoxide 

[DMSO]) or KU-55933 (10 μM, dissolved in DMSO) 

for 2 h before conducting the experiments.  

 

Animal studies 

 
Male BALB/c nude mice (4–5 weeks old) were 

purchased from SPF (Beijing) Biotechnology Co., 

Ltd., and maintained in a specific pathogen-free 

environment (24±2° C, relative humidity of 55±5%, 

and a 12 h light/dark cycle) with free access to 

standard laboratory chow and water at the Gansu 

University of Chinese Medicine. We divided the mice 

into four groups (8 mice/group): control group, 14-3-

3σ-shRNA group, carbon ion group, and carbon ion + 

14-3-3σ-shRNA group (combination group). AsPC-1 

cells or 14-3-3σ-shRNA AsPC-1 cells (5 × 106  

cells in 100 μL of PBS/mouse) were subcutaneously 

inoculated into the right flank regions of mice. Once 

tumors reached a volume of ~100 mm3, mice in the 

carbon ion group and combination group were 

vertically irradiated with 5 Gy carbon ions, the beams 

were provided by the HIMM. Four mice in each group 

were randomly selected and sacrificed 24 h after 

irradiation, and we measured the tumor volume of the 

remaining mice weekly until 28 days after irradiation, 

and subsequently sacrificed. Tumor weight, tumor 

volume, and body weight were determined. The 

formula of (length × width2)/2 was used to calculate 

the tumor volumes. 

 

IHC and TUNEL staining 

 

The tumors were fixed in 4% paraformaldehyde and 

then embedded in paraffin, 3 μm sections were sliced 

after the tissues were dewaxed, rehydrated, and 

incubated for antigen retrieval. For the IHC assay, 

after blocking with goat serum, the sections were 

incubated with primary antibody (Supplementary 

Table 4), followed by PBS rinses. After incubation 

with the corresponding secondary antibody, the 

sections were incubated with diaminobenzidine 

(DAB). The proportion of positive area was analyzed 

using ImageJ software. For TUNEL staining, the one-

step TUNEL kit (Elabscience; Wuhan, China) was 

used as per the manufacturer’s instructions. The 

number of green fluorescent cells indicated positive 

cells. Four sections were selected in each group, and 

four fields were randomly counted per section using  

a fluorescence microscope (3DHISTECH, Budapest, 

Hungary).  

 

Statistical analyses 

 

We used the SPSS software (Chicago, IL, USA) for 

statistical analysis and GraphPad Prism 9 (GraphPad 

Software, Inc., San Diego, CA, USA) for constructing 

the graphs. Quantitative results are represented as 

means ± standard deviations (SD). Student’s t-test was 

used for a single comparison; a one-way analysis of 

variance followed by the Newman‒Keuls multiple 

comparison test was used to compare more than  
two groups. All results originated from at least three 

independent experiments. P < 0.05 was considered 

significant. 
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SUPPLEMENTARY MATERIALS 

 

Supplementary Figures 

 

 

 

 
 

Supplementary Figure 1. (A) The K-M survival curves are plotted to predict the DFS of TCGA patients. (B–E) The expression of 14-3-3σ in 

PAAD tissues in patients with different T (B), N (C), M (D) stages, and sex (E). 

 

 
 

Supplementary Figure 2. (A) The protein and mRNA levels of 14-3-3σ in AsPC-1 cells with 14-3-3σ-shRNA were detected by 
immunoblotting (A, B) and qPCR (C).  
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Supplementary Tables 
 

Supplementary Table 1. The original data of surviving 
fraction of AsPC-1 cells. 

Dose 
Carbon ions si14-3-3σ + Carbon ions 

Mean SD Mean SD 

0 Gy 1.000 0.120 1.000 0.134 

1 Gy 0.546 0.068 0.363 0.086 

2 Gy 0.170 0.031 0.072 0.019 

3 Gy 0.028 0.003 0.010 0.004 

Abbreviation: SD, Standard Deviation. 

 

Supplementary Table 2. The original data of surviving 
fraction of MiaPaCa-2 cells. 

Dose 
Carbon ions 14-3-3σ + Carbon ions 

Mean SD Mean SD 

0 Gy 1.000 0.053 1.000 0.065 

1 Gy 0.201 0.027 0.350 0.035 

2 Gy 0.039 0.007 0.100 0.016 

3 Gy 0.008 0.001 0.021 0.004 

Abbreviation: SD, Standard Deviation. 
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Supplementary Table 3. Sequence information used in this study. 

ID Sequences or target sequence (5’→3’) 

14-3-3σ si 1 GUCCAGUAUUGAGCAGAAATTUUUCUGCUCAAUACUGGACTT 

14-3-3σ si 2 GGGUCUUCUACCUGAAGAUTTAUCUUCAGGUAGAAGACCCTT 

14-3-3σ si 3 CCAUGGACACAUCAGCAAGAATTUUCUUGCUGAUGUCCAUGGTT 

Negative control siRNA UUCUCCGAACGUGUCACGUTTACGUGACACGUUCGGAGAATT 

14-3-3σ shRNA ACGACAAGAAGCGCATCATTG 

Lentivirus NC TTCTCCGAACGTGTCACGT 

14-3-3σ OE sequence ATGGAGAGAGCCAGTCTGATCCAGAAGGCCAAGCTGGCAGAGCAGGCC

GAACGCTATGAGGACATGGCAGCCTTCATGAAAGGCGCCGTGGAGAAG

GGCGAGGAGCTCTCCTGCGAAGAGCGAAACCTGCTCTCAGTAGCCTATA

AGAACGTGGTGGGCGGCCAGAGGGCTGCCTGGAGGGTGCTGTCCAGTA

TTGAGCAGAAAAGCAACGAGGAGGGCTCGGAGGAGAAGGGGCCCGAG

GTGCGTGAGTACCGGGAGAAGGTGGAGACTGAGCTCCAGGGCGTGTGC

GACACCGTGCTGGGCCTGCTGGACAGCCACCTCATCAAGGAGGCCGGG

GACGCCGAGAGCCGGGTCTTCTACCTGAAGATGAAGGGTGACTACTAC

CGCTACCTGGCCGAGGTGGCCACCGGTGACGACAAGAAGCGCATCATT

GACTCAGCCCGGTCAGCCTACCAGGAGGCCATGGACATCAGCAAGAAG

GAGATGCCGCCCACCAACCCCATCCGCCTGGGCCTGGCCCTGAACTTTT

CCGTCTTCCACTACGAGATCGCCAACAGCCCCGAGGAGGCCATCTCTCT

GGCCAAGACCACTTTCGACGAGGCCATGGCTGATCTGCACACCCTCAGC

GAGGACTCCTACAAAGACAGCACCCTCATCATGCAGCTGCTGCGAGAC

AACCTGACACTGTGGACGGCCGACAACGCCGGGGAAGAGGGGGGCGA

GGCTCCCCAGGAGCCCCAGAGCTGA 

 

Supplementary Table 4. Antibodies used in this study. 

Antibodies Application Company Catalog numbers 

14-3-3σ 1:5000 for WB Proteintech 66251-1-Ig 

p-CHK1 1:2000 for WB Immunoway YP0063 

CHK1 1:2000 for WB Immunoway YT0902 

RPA2 1:2000 for WB Immunoway YT4170 

RPA2 1:200 for IHC Immunoway YT4170 

RPA2 1:2000 for IF Proteintech 67999-1-Ig 

p-RPA2 1:2000 for WB Immunoway YP0476 

p-CHK2 1:2000 for WB Immunoway YP0065 

CHK2 1:2000 for WB Immunoway YT0908 

p-ATM 1:2000 for WB Immunoway YP1206 

ATM 1:2000 for WB Immunoway YT0397 

p-ATR 1:2000 for WB Immunoway YP1269 

ATR 1:2000 for WB Immunoway YT0416 

γ H2AX 1:2000 for WB Cell Signaling Technology 9718 

γ H2AX 1:200 for IF Cell Signaling Technology 9718 

γ H2AX 1:200 for IHC Cell Signaling Technology 9718 

RAD51 1:3000 for WB GeneTex GTX100469 

RAD51 1:200 for IF GeneTex GTX100469 

53BP1 1:3000 for WB GeneTex GTX102595 

53BP1 1:200 for IF GeneTex GTX102595 

Ki67 1:400 for IHC Proteintech 28074-1-AP 

β-Actin 1:2000 for WB Proteintech 66009-1-Ig 
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Supplementary Table 5. Primer sequences used for 
amplification 

Gene Sequences or target sequence (5’→3’) 

14-3-3σ Fp GGATCCCACTCTTCTTGCAG 

14-3-3σ Rp CTGTCCAGTTCTCAGCCACA 

β-actin Fp CGGAACCGCTCATTGCC 

β-actin Rp ACCCACACTGTGCCCATCTA 

ATM Fp TGCACTTCCGTCAGCAAAGA 

ATM Rp GCGCTTACACATCTCTTCCAC 

ATR Fp CGTGATCAGCGAGAGCCTTT 

ATR Rp ACATGGGTCTTGGCCTTTTCA 
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