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Abstract: 21 

Background: Radiotherapy is a common treatment modality for patients with 22 

locally advanced or metastatic pancreatic cancer, but the therapeutic efficacy is 23 

constrained by intrinsic radioresistance. The tumor microenvironment, particularly 24 

peritumoral adipose tissue, plays a critical yet poorly understood role in modulating 25 
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therapeutic responses. 26 

Methods: Peritumoral adipose tissue distribution in pancreatic cancer was 27 

assessed by H&E staining. The effects of adipocytes on cancer cell radiosensitivity 28 

were evaluated using a co-culture system combined with colony formation, alkaline 29 

comet, and flow cytometry assays. Energy metabolism, lipid accumulation, and fatty 30 

acid transporter levels in co-cultured cancer cells were examined by Seahorse analysis, 31 

BODIPY staining, real-time PCR, and immunofluorescence. The role of FABP4 in 32 

adipocyte-mediated radiosensitivity regulation was tested using FABP4-knockout 3T3-33 

L1 cells, exogenous FABP4 protein, and a FABP4 inhibitor. FABP4-overexpressing 34 

cancer cells and nude mouse xenografts were used to determine the effects of FABP4 35 

on radiosensitivity. Underlying mechanisms were explored and validated by Co-IP, LC-36 

MS/MS, RIP, and other approaches. 37 

Results: The results of the pathology showed that the pancreatic cancer was 38 

surrounded by peripancreatic adipose tissue. Co-culture with adipocytes significantly 39 

enhancing clonogenic survival of pancreatic cancer cells while attenuated radiation-40 

induced DNA damage, apoptosis, and G2/M arrest, an effect mediated by FABP4. 41 

Genetic ablation of FABP4 in adipocytes abolished this radioprotection, whereas 42 

exogenous FABP4 supplementation or its overexpression recapitulated radioresistance 43 

both in vitro and in vivo. Proteomic screening identified eIF3a as the predominant 44 

FABP4-interacting protein. Functional validation demonstrated that eIF3a knockdown 45 

abrogated the FABP4-enhanced radioresistance, confirming its essential role in this 46 

process. EIF3a knockdown increased KU80 and MRE11 expression and promoted 47 
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radioresistance, whereas FABP4 suppressed KU80 and MRE11 expression by 48 

enhancing eIF3a–mRNA binding. 49 

Conclusions: This study identify adipocyte‑derived FABP4 as a pivotal regulator 50 

of pancreatic cancer radiosensitivity and unveil the FABP4–eIF3a axis as a potential 51 

therapeutic target for radiosensitization. 52 

Keywords: Pancreatic cancer, radioresistance, adipocytes, fatty acid-binding 53 

protein 4 (FABP4), eukaryotic translation initiation factor 3 subunit a (eIF3a) 54 

 55 

Materials and Methods: 56 

Patient specimen collection 57 

Patient tissue sections and peritumoral adipose tissue were obtained from the First 58 

Affiliated Hospital of Soochow University (Ethics Committee approval no. 2022336). 59 

This study was approved by the Ethics Committee of the First Affiliated Hospital of 60 

Soochow University and was conducted in accordance with the Declaration of Helsinki. 61 

Written informed consent was obtained from each patient. 62 

Hematoxylin and eosin (H&E) staining 63 

The Pancreatic tissues were fixed in 10% neutral-buffered formalin and embedded in 64 

paraffin. Three-micrometer paraffin sections were deparaffinized and heat-treated using 65 

citrate buffer (pH 6.0) for 7 min following an epitope retrieval protocol. The sections 66 

were stained using H&E (ZSGB-Bio, Beijing, China). 67 

Cell culture and irradiation treatment 68 

Adipocytes from adipose tissues were isolated as previously described methodologies 69 
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[1]. Adipose deposits were digested for one hour at 37 °C using Dulbecco's Modified 70 

Eagle's Medium (DMEM) containing collagenase type I (1 mg/mL) and 0.1 % BSA. 71 

Mature adipocytes were collected from the upper phase following centrifugation at 72 

100×g for 3 minutes. Human pancreatic cancer cell lines PANC-1 and SW1990, human 73 

embryonic kidney 293T cells, and mouse 3T3-L1 preadipocytes were maintained at 74 

37 °C in a humidified incubator containing 5% CO₂. PANC-1 and SW1990 cells were 75 

cultured in RPMI-1640 medium; 293T and 3T3-L1 cells in DMEM, all supplemented 76 

with 10% FBS. For co-cultures, the transwell culture system (0.4-μm pore size, Corning, 77 

NY, USA) was used. A total of 1 × 10⁵ adipocytes were placed in the upper chamber, 78 

while 1 × 10⁵ PANC-1 or SW1990 cells were seeded in the bottom. PANC-1 or SW1990 79 

cells were grown in monocultures (in the absence of adipocytes) in the culture medium. 80 

The cells were irradiated using an X-ray linear accelerator (Rad Source, GA, USA) at 81 

a fixed dose rate of 1.15 Gy/min. 82 

Colonogenic Assay 83 

Cells were counted and plated in 6-well plates at 2×10², 4×10², 8×10², 1.6×10³, or 84 

3.2×10³ cells/well, then irradiated 24 h later with 0, 2, 4, 6, or 8 Gy. After 2 weeks, 85 

visible colonies were fixed with 4% paraformaldehyde (30 min), stained with crystal 86 

violet (30 min, RT; Beyotime), and colonies containing ≥50 cells were counted. Plating 87 

efficiency (PE) = (colonies/inoculated cells) × 100%; Survival fraction (SF) was 88 

calculated from treated colonies and corrected by PE. 89 

Immunofluorescence microscopy 90 

The cells were seeded onto glass coverslips in 24-well plates and cultured overnight. 91 
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At various time points after 6 Gy irradiation, cells were fixed with 4% 92 

paraformaldehyde for 30 min at room temperature, permeabilized with 0.5% Triton X-93 

100 for 10 min on ice, and blocked with 5% BSA for 60 min. The cells were then 94 

incubated with primary antibodies, followed by incubation with secondary antibodies. 95 

The slides were washed and counterstained with DAPI. Images were acquired using 96 

confocal microscopy (Olympus, Tokyo, Japan). 97 

Flow cytometry assay 98 

Flow cytometry was used to evaluate apoptosis and cell cycle distribution in PANC-1 99 

and SW1990 cells. For apoptosis analysis, cells were harvested 72 h after 6 Gy X-ray 100 

irradiation, trypsinized, washed, and resuspended in annexin-binding buffer. After 101 

staining with Annexin V-FITC and PI (BD Biosciences, NJ, USA) for 20 min in the 102 

dark, samples were analyzed on a BD FACS Calibur flow cytometer (BD Biosciences, 103 

NJ, USA). For cell cycle analysis, cells were seeded in six-well plates and transiently 104 

transfected, followed by 6 Gy X-ray irradiation and culture for 24 h. Cells were then 105 

fixed in 70% ethanol at 4°C overnight and stained using the Cell Cycle and Apoptosis 106 

Analysis Kit (Beyotime, Nanjing, China) according to the manufacturer’s instructions; 107 

cell cycle distribution was determined by flow cytometry. 108 

Animal study 109 

BALB/c nude mice (male, 16-18 g and 5 weeks old) were purchased from Shanghai 110 

SLAC laboratory Animal Co., Ltd. All animal experiments were approved by the Ethics 111 

Committee of Soochow University (Approval No. SUDA20221024A02) and were 112 

conducted in accordance with the Guide for the Care and Use of Laboratory Animals. 113 
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All male BALB/c nude mice were randomly assigned to 4 groups (n = 4 per group): ad-114 

NC, ad-FABP4, IR + ad-NC or IR + ad-FABP4. The subcutaneous xenograft model was 115 

established. Tumor size was measured every other day, and the tumor volume was 116 

calculated with the equation V (in mm3) = 1/2× L× W2 (L: length; W: width). A 160 117 

KeV X-ray linear accelerator (Rad Source Technologies, GA, USA) with a dose rate of 118 

1.214 Gy/min (10 Gy) was used for animal irradiation. 119 

Immunohistochemistry (IHC) staining  120 

IHC staining was performed using the Vectastain ABC kit (Vector Laboratories, 121 

Newark, CA) according to the manufacturer’s instructions. Sections of paraffin-122 

embedded xenograft tumors were stained with antibodies against FABP4, Ki67, and 123 

caspase-3. Nonspecific IgG was used as a negative control. The staining of the tissues 124 

was quantitatively scored according to the percentage of positive cells and the staining 125 

intensity. 126 

Reagents 127 

Antibodies: Anti-FABP4 (Abcam, ab92501), Anti-γH2AX (Abcam, ab81299), Anti-128 

eIF3a (CST, 2538), Anti-Mre11 (CST, 4895), Anti-Ku80 (CST, 2753), Anti-Rad50 129 

(CST, 3427), and anti-GAPDH (Beyotime, AB0037) antibodies were used. Secondary 130 

antibodies, Cy3-labeled Goat Anti-Rabbit IgG (H+L) antibody (Beyotime, A0516) and 131 

FITC-labeled Goat Anti-Rabbit IgG (H+L) antibody (Beyotime, A0562), were 132 

employed. Adenovirus vectors encoding Flag-tagged FABP4 and corresponding control 133 

vectors were generated by WeiZhen Biosciences (Shandong, China). Human eIF3a 134 

siRNA (HSS112707) and Silencer Negative Control siRNA were purchased from 135 
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Invitrogen (MA, USA). 136 

Cell BODIPY staining analysis 137 

For BODIPY staining, cells were treated with 4% paraformaldehyde (Sigma-Aldrich, 138 

MO, USA) for 15 min and then treated with BODIPY reagent (Beyotime, Nanjing, 139 

China) for 20 min. All images were captured using confocal microscopy (Olympus, 140 

Tokyo, Japan) 141 

Co-immunoprecipitation (Co-IP) 142 

A Co-immunoprecipitation assay was performed using the Pierce Co-143 

Immunoprecipitation Kit (Thermo Scientific, 26149) in accordance with the 144 

manufacturer's instructions. In brief, antibodies were immobilized on AminoLink Plus 145 

Coupling Resin by rotating at room temperature for two hours. Cells were lysed on ice 146 

using ice-cold IP Lysis/Wash Buffer and then centrifuged at 13,000 g for ten minutes. 147 

The supernatants were then incubated with the bait-prey protein mixture at 4°C 148 

overnight, followed by elution steps. A 5× Lanes Marker Sample Buffer was added to 149 

the samples buffer, and the samples were heated at 95–100°C for 5 min before being 150 

applied to the gel. 151 

liquid chromatography‑tandem mass spectrometry (LC‑MS/MS) 152 

Protein samples were separated into two fractions by SDS-PAGE. The corresponding 153 

gel bands were excised and subjected to in-gel digestion to generate peptides. The 154 

resulting peptides were separated by online liquid chromatography and analyzed using 155 

a SCIEX TripleTOF 5600 mass spectrometer (AB SCIEX, CA, USA). Each fraction 156 

was analyzed twice by mass spectrometry. Protein identification was performed using 157 
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ProteinPilot software (version 4.5; AB SCIEX, CA, USA) against the human Swiss-158 

Prot protein database. 159 

RNA-binding protein immunoprecipitation (RIP) 160 

The RIP assay was conducted in accordance with the instructions provided in the EZ-161 

Magna RNA Immunoprecipitation (RIP) Kit (Millipore). For this experiment, 293T 162 

cells were harvested and lysed in ice-cold lysis buffer containing RNase and protease 163 

inhibitor for 20 minutes. Subsequently, the cell lysates were centrifuged, and the 164 

supernatant was incubated with anti-rabbit IgG or anti-rabbit eIF3a antibodies with 165 

rotation at 4°C overnight. Subsequently, the immunoprecipitated RNA was isolated and 166 

the expression of Rad50, Ku80, and Mre11 mRNA was quantified using a reverse 167 

transcription polymerase chain reaction (RT-PCR) assay. 168 

Statistical analysis 169 

All experiments involving cell lines were conducted in triplicate. The results are 170 

presented as the mean ± standard error of the mean (SEM). The data were subjected to 171 

statistical analysis using GraphPad Prism (version 10.1.2). A two-tailed Student’s t-test 172 

was employed for the comparison of two groups prior to journal submission, while a 173 

one-way ANOVA with Tukey post hoc analysis was utilized for the comparison of 174 

multiple groups. *p < 0.05, **p < 0.01, ***p < 0.001 were considered statistically 175 

significant. 176 

 177 

Introduction 178 

Pancreatic cancer (PC) is among the most lethal malignancies worldwide, with a 179 
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5-year survival rate of approximately 13% [2]. Although radiotherapy techniques, 180 

including stereotactic body radiotherapy (SBRT) and proton therapy, have advanced, 181 

the clinical benefit of radiotherapy for PC patients remains limited by the inherent and 182 

acquired radioresistance of pancreatic cancer cells [3, 4]. 183 

The tumor microenvironment (TME) has emerged as a critical determinant of 184 

therapeutic response [5]. Among its stromal components, peritumoral adipose tissue is 185 

increasingly recognized as an active participant in cancer progression. The incidence of 186 

PC is closely associated with obesity, and PC cells are frequently surrounded by 187 

abundant peripancreatic fat. Adipocytes constitute a prominent component of this 188 

adipose-enriched TME. Peritumoral adipocytes promote cancer progression through 189 

the secretion of adipokines, free fatty acids, and cytokines [6–11]. However, whether 190 

adipocytes influence the response of PC cells to ionizing radiation (IR) remains largely 191 

unexplored. 192 

Fatty acid-binding proteins (FABPs) are cytoplasmic lipid chaperones that regulate 193 

intracellular fatty acid trafficking and metabolic homeostasis [12]. Tumor 194 

microenvironmental signals, including adipocyte-derived lipids and obesity-associated 195 

fatty acids, can regulate FABP expression [13]. Increasing evidence identifies FABPs 196 

as key drivers of tumor metabolic reprogramming. FABP4, a member of the FABP 197 

family, plays crucial roles not only in cell signaling and metabolic regulation but also 198 

in the pathogenesis of metabolic disorders, inflammation, and cancer [14, 15]. Elevated 199 

FABP4 expression in PC tissues is associated with lymph node metastasis, advanced 200 

disease stage, and poor prognosis [16]. Consistent with this, FABP4 inhibition 201 
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suppresses PC progression and metastasis [17]. Furthermore, our previous study 202 

demonstrated that adipocytes promote cholangiocarcinoma metastasis via FABP4 [18]. 203 

Moreover, FABP4 has been shown to mediate chemoresistance in ovarian and breast 204 

cancers, suggesting a broader role for FABP4 in therapy resistance [16, 17, 19–21]. In 205 

addition, adipocyte-derived FABP4 can attenuate radiation-induced oxidative damage 206 

in dermal tissue [1, 22]. Although these studies implicate FABP4 in adipocyte-induced 207 

radioresistance in PC, direct evidence is still lacking. 208 

In this study, the role of adipocyte-derived FABP4 in pancreatic cancer 209 

radioresistance was investigated using co-culture models, genetic loss-of-function 210 

approaches, proteomic screening, and in vivo xenograft assays. We identified a novel 211 

FABP4–eIF3a signaling axis that promotes radioresistance by mediating adipocyte–212 

cancer cell crosstalk that mitigates radiation-induced damage. Collectively, these 213 

findings establish the FABP4–eIF3a pathway as a promising therapeutic target for 214 

radiosensitization in PC. Further elucidation of the role of FABP4 in regulating PC 215 

radiosensitivity and of the underlying molecular mechanisms may reveal additional 216 

radiosensitization targets. 217 

 218 

Results:  219 

Adipocytes promote radioresistance of pancreatic cancer cells 220 

The pancreas, surrounded by adipose tissue, interacts with neighbouring adipose 221 

tissue as cancer progresses (Fig. 1A). We studied how adipocytes affect cancer cell 222 

radiosensitivity. Using clonogenic assays, the gold standard in radiobiology, we showed 223 
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that culturing cancer cells with adipocytes reduced the radiosensitivity of a particular 224 

type of cancer cell (Fig. 1B). This was marked by a higher D0 value in the co‑cultured 225 

group than that in the control one (2.297 vs 1.041). The SER of the co-cultured cells 226 

was 0.453, indicative of higher radioresistance. To detect DNA damage, an alkaline 227 

comet assay was used; at 1 h after irradiation, less DNA damage was seen in the co-228 

cultured cells (Fig. 1C&D). An immunofluorescence assay was then used to visualize 229 

the γ‑H2AX foci. As shown in Fig. 1E and F, a significant decrease in the number of 230 

γ‑H2AX foci per nucleus was determined in the co-cultured cells, indicating reduced 231 

nuclear DNA damage in pancreatic cancer cells after irradiation. 232 

Subsequently, cell cycle distribution and apoptosis were analyzed using flow 233 

cytometry after X-ray exposure (Fig. 1G–J). As shown in Fig. 1G and H, irradiation-234 

induced G2/M phase arrest was more pronounced in the control group than in the co-235 

culture group. Additionally, adipocyte co-culture did not affect basal apoptosis but 236 

reduced radiation-induced apoptosis in both cell lines (from 18.91% to 11.65% in 237 

PANC-1 cells; from 17.22% to 12.23% in SW1990 cells) (Fig. 1I&J). Collectively, 238 

these findings suggest that adipocyte co-culture promotes radioresistance in pancreatic 239 

cancer cells, potentially by reducing nuclear DNA damage, suppressing apoptosis, and 240 

alleviating G2/M phase arrest. 241 

FABP4 mediates the adipocyte-triggered radioresistance of pancreatic cancer cells. 242 

Adipocytes supply tumour cells with fatty acids, thereby affecting their energy 243 

metabolism and promoting tumour growth [23]. In this study, co-culture with 244 

adipocytes caused lipid droplet accumulation in the PANC-1 cells (Fig. 2A) and 245 
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elevated glycolytic activity after irradiation (Fig. S1). Free fatty acids from adipose 246 

tissue require FABPs for transport. Real-time PCR analysis revealed that FABP4 was 247 

the only FABP that increased in the pancreatic cancer cells following co-culture (Fig. 248 

2B&D). 249 

Stable FABP4-knockout 3T3-L1 cells were established to investigate the role of 250 

FABP4 in radiosensitivity and the effects of adipocytes on radiation-induced apoptosis 251 

and G2/M arrest in pancreatic cancer cells (Fig. S2). The protective effect of the 3T3-252 

L1 cells was reduced when FABP4 was deleted (Fig. 2E–H), and addition of the FABP4 253 

inhibitor BMS309403 reversed alterations in γ-H2AX foci formation, mitochondrial 254 

membrane potential and cell cycle progression in the pancreatic cancer cells (Fig. 2I–255 

K). Furthermore, exogenous FABP4 (eFABP4) altered radiosensitivity (Fig. S3) and 256 

modulated endogenous FABP4 expression in PANC-1 cells (Fig. S4). In conclusion, 257 

adipocyte-derived FABP4 increases radioresistance in pancreatic cancer cells by 258 

reducing DNA damage, suppressing cell death and alleviating G2/M arrest. 259 

FABP4 regulates the radiosensitivity of pancreatic cancer both in vitro and in vivo 260 

To examine the role of FABP4 in PC radiosensitivity, FABP4‑overexpressing cells 261 

were used (Fig. S4C). Cells overexpressing FABP4 showed significant radioresistance 262 

in clonogenic assays (Fig. 3A). For example, the surviving fractions after 4 Gy 263 

irradiation (SF4) were 24.6% and 42.95% for the control and FABP4-overexpressing 264 

PANC-1 cells, with an SER of 0.775. The comet assay revealed significantly reduced 265 

DNA damage in FABP4-overexpressing pancreatic cells (Fig. 3B). 266 

Immunofluorescence showed FABP4 overexpression decreased radiation-induced γ-267 
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H2AX foci formation (Fig. 3C&D). Flow cytometry confirmed reduced apoptosis and 268 

G2/M arrest (Fig. 3E–H). Moreover, FABP4 overexpression reversed radiation-induced 269 

changes in mitochondrial membrane potential (Fig. 3I). 270 

In nude mice, irradiation reduced subcutaneous tumor size, but tumors 271 

overexpressing FABP4 had larger volumes after irradiation (Fig. 3J). This indicates that 272 

FABP4 overexpression promotes radioresistance in vivo. Irradiation downregulated 273 

Ki67 and upregulated cleaved caspase-3 in the tumors, and these changes were reversed 274 

by FABP4 overexpression (Fig. 3K). Collectively, these results indicate that FABP4 275 

promotes radioresistance both in vitro and in vivo. 276 

eIF3a mediates FABP4‑induced radioresistance in pancreatic cancer cells 277 

To elucidate the mechanism by which FABP4 enhances radioresistance in cancer 278 

cells, liquid chromatography‑tandem mass spectrometry (LC‑MS/MS) was performed. 279 

This proteomic screen initially identified 142 proteins that potentially interact with 280 

FABP4 and may be involved in regulating radiosensitivity (Fig. S5A). Among these 281 

candidates, eIF3a was identified as the top-ranked interacting partner (Fig. 4A&B, 282 

Table 1). The physical interaction between FABP4 and eIF3a was subsequently 283 

validated in PANC-1 cells via co‑immunoprecipitation (Co‑IP). As shown in Fig. 4C, 284 

FABP4 co-immunoprecipitated with endogenous eIF3a. 285 

To determine whether eIF3a mediates the radioprotective effect conferred by 286 

FABP4 overexpression, eIF3a was knocked down in FABP4-overexpressing pancreatic 287 

cancer cells (Fig. S5B). Alkaline comet assay revealed that eIF3a knockdown abolished 288 

the protective effect of FABP4 overexpression against radiation-induced DNA damage, 289 
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with comet tail lengths comparable to those in controls (Fig. 4D). Immunofluorescence 290 

staining demonstrated that eIF3a knockdown eliminated the FABP4-mediated 291 

reduction in γ-H2AX foci formation, with no significant difference from the controls 292 

(Fig. 4E&F). Furthermore, flow cytometric analysis showed that eIF3a knockdown 293 

reversed the suppressive effects of FABP4 on radiation-induced G2/M arrest and 294 

apoptosis, restoring both parameters to control levels (Fig. 4G&H). Collectively, these 295 

findings identify eIF3a as a key mediator of FABP4-induced radioresistance in 296 

pancreatic cancer cells. 297 

eIF3a mediates FABP4-induced radioresistance in pancreatic cancer cells 298 

independently of NHEJ signaling 299 

To elucidate the mechanism by which eIF3a mediates FABP4-induced 300 

radioresistance, eIF3a was knocked down using eIF3a siRNA. Knockdown efficiency 301 

was confirmed at the protein and mRNA levels (Fig. S6A&B). Clonogenic survival 302 

assays showed that IR significantly inhibited the colony-forming ability of control cells, 303 

whereas eIF3a-silenced cells exhibited greater radiation resistance (Fig. 5A). 304 

Furthermore, eIF3a downregulation reduced irradiation-induced γ-H2AX foci 305 

formation in PANC-1 cells (Fig. 5B&C). It was also shown that eIF3a knockdown 306 

reduced radiation-induced apoptosis in pancreatic cancer cells (Fig. 5D&E). 307 

EIF3a has been shown to regulate cellular sensitivity to DNA-damaging agents by 308 

controlling the synthesis of DNA repair proteins [24]. In the present study, knockdown 309 

of eIF3a increased KU80 and MRE11 protein levels, consistent with previous reports 310 

(Fig. 5F). RNA-binding protein immunoprecipitation (RIP) was then performed, and 311 
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the results showed that FABP4 enhanced the binding of eIF3a to the mRNAs encoding 312 

the DNA repair proteins KU80 and MRE11 following IR (Fig 5F). In addition, FABP4 313 

overexpression was found to reduce KU80 and MRE11 protein levels (Fig. 5G). These 314 

findings suggest that eIF3a knockdown promotes radioresistance, while FABP4 315 

suppresses KU80 and MRE11 expression by enhancing eIF3a–mRNA binding. 316 

 317 

Discussion: 318 

Pancreatic cancer develops in a lipid-rich niche where adipocytes are a major 319 

stromal component. Adipocytes have emerged as critical mediators of the obesity–320 

cancer axis in the tumor microenvironment, particularly in malignancies arising in or 321 

near adipose depots. As the principal cellular components of adipose tissue, adipocytes 322 

play a pivotal role in metabolic homeostasis and, concurrently, in the promotion of 323 

disease progression by releasing lipids, mitogens, and pro-inflammatory cytokines [25]. 324 

In this study, an adipocyte–pancreatic cancer cell co-culture model was used. Co-325 

culture with adipocytes significantly reduced radiation-induced DNA single-strand 326 

breaks and γ-H2AX foci formation, as well as G2/M arrest and apoptosis, while 327 

enhancing clonogenic survival. These findings are consistent with recent studies 328 

showing that the tumor microenvironment (TME), particularly adipose tissue, actively 329 

participates in modulating therapeutic responses in cancer [18, 26, 27]. Given that the 330 

pancreas is surrounded by abundant adipose depots and that pancreatic cancer cells 331 

frequently infiltrate these depots, these results carry important clinical implications. 332 

The interaction between adipocytes and cancer cells mainly involves adipokines 333 
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and fatty acids. In several cancer types, adipocyte-derived fatty acids protect cancer 334 

cells from apoptosis and promote treatment resistance by serving as metabolic fuels 335 

[23]. Co-culture with adipocytes has been shown to increase the number of lipid 336 

droplets in breast cancer cells [28]. In the present study, co-culture with adipocytes 337 

induced lipid droplet accumulation and increased glycolytic activity in PANC-1 cells. 338 

FABPs are intracellular carriers that bind and transport long-chain fatty acids. They 339 

participate in the interaction between adipocytes and cancer cells. Therefore, FABPs 340 

represent promising targets for reducing adipose tissue-mediated cancer promotion. A 341 

study proposed that fatty acids might activate PPARγ to induce the expression of fatty 342 

acid transporters (e.g., FABP4) and anti-apoptotic proteins [29]. In this study, real-time 343 

PCR analysis and immunofluorescence staining identified FABP4 as the only FABP 344 

upregulated following co-culture. These findings suggest that FABP4 may serve as a 345 

key mediator of adipocyte-induced metabolic reprogramming in pancreatic cancer cells, 346 

which warrants further investigation into its functional role in radioresistance. 347 

Consistent with this notion, FABP4 was identified as a critical regulator of lipid 348 

responses in ovarian cancer cells co-cultured with adipocytes [30]. A previous study 349 

demonstrated that adipocytes promote cholangiocarcinoma metastasis through FABP4 350 

[18]. Although FABP4 has been suggested to play a role in adipocyte-regulated tumor 351 

progression and in radiation injury to skin tissue, the functional and mechanistic roles 352 

of adipocyte-derived FABP4 in tumor radiosensitivity remain unknown. In this study, 353 

co-culture with FABP4-knockout 3T3-L1 adipocytes completely abrogated the 354 

radioprotective effect, whereas treatment with recombinant FABP4 protein or 355 
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overexpression of endogenous FABP4 recapitulated the radioresistant phenotype both 356 

in vitro and in vivo. Notably, exogenous FABP4 was demonstrated to be internalized 357 

by pancreatic cancer cells and to upregulate endogenous FABP4 expression, suggesting 358 

a positive feedback loop that may amplify the radioprotective effect. The in vivo finding 359 

that FABP4-overexpressing tumors were larger than controls after irradiation 360 

underscores the clinical relevance of this pathway. These data provide further evidence 361 

that FABP4 plays a critical role in adipocyte-mediated regulation of radiation resistance 362 

in pancreatic cancer cells. 363 

To dissect the downstream mechanisms, LC-MS/MS was performed. This 364 

approach identified eIF3a as the predominant FABP4-interacting protein. We further 365 

validated this interaction by showing that eIF3a knockdown in FABP4-overexpressing 366 

cells abrogated FABP4-enhanced radioresistance, highlighting the critical role of eIF3a 367 

in FABP4-mediated regulation of pancreatic cancer radiosensitivity. 368 

As the largest subunit of the eIF3 complex, eIF3a plays a key role in translation 369 

and has been implicated in tumorigenesis, cell differentiation, DNA synthesis and repair, 370 

and fibrosis [31–35]. eIF3a has previously been implicated in modulating DNA repair 371 

and chemosensitivity, primarily through regulation of the non-homologous end joining 372 

(NHEJ) pathway, the principal mechanism for repairing radiation-induced DSBs [36]. 373 

In the present study, eIF3a knockdown alone, in the absence of FABP4 overexpression, 374 

increased radioresistance, as evidenced by enhanced clonogenic survival, reduced γ-375 

H2AX foci, and decreased apoptosis. Consistent with its established role in suppressing 376 

NHEJ repair [24], eIF3a knockdown increased KU80 and MRE11 protein levels. 377 
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Notably, FABP4 overexpression enhanced the binding of eIF3a to mRNAs encoding 378 

the NHEJ repair proteins KU80 and MRE11 while reducing reduced KU80 and MRE11 379 

protein levels, whereas eIF3a knockdown increased them. Nevertheless, both 380 

manipulations converged on enhanced radioresistance. Specifically, whereas eIF3a 381 

knockdown relieves suppression of canonical NHEJ, increasing repair proteins and 382 

conferring modest resistance, FABP4 binding redirects eIF3a toward a distinct program 383 

that independently promotes survival. This apparent paradox suggests that the FABP4–384 

eIF3a axis regulates radiosensitivity independently of canonical NHEJ; the mechanisms 385 

underlying this regulation warrant further investigation. 386 

In conclusion, this study establishes that adipocyte-derived FABP4 drives 387 

radioresistance in pancreatic cancer through a previously unrecognized FABP4–eIF3a 388 

regulatory axis. These findings not only advance our understanding of tumor–adipose 389 

crosstalk but also identify FABP4 and eIF3a as promising therapeutic targets for 390 

overcoming radiation resistance in this refractory malignancy. 391 

While these findings hold significant promise, several limitations remain in the 392 

current study. First, it remains unknown precisely how FABP4 enhances eIF3a binding 393 

to KU80 and MRE11 mRNAs and how this interaction alters eIF3a’s function. It is 394 

possible that FABP4 directly binds eIF3a and induces a conformational change that 395 

relieves autoinhibition or alters mRNA selectivity. Alternatively, FABP4 may serve as 396 

a bridging factor between eIF3a and specific RNA sequences. Second, while we 397 

focused on KU80 and MRE11, we cannot exclude the possibility that other NHEJ repair 398 

proteins, or even alternative DNA repair pathways, are also regulated by the 399 
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FABP4‑eIF3a axis. Moreover, the present data do not establish whether eIF3a mediates 400 

radioresistance through KU80/MRE11 or through a broader eIF3a-dependent 401 

translational program. Further experiments are required to answer these questions. 402 

Finally, because all evidence is derived from cultured pancreatic cancer cells and 403 

subcutaneous xenografts, the clinical relevance of FABP4–eIF3a-axis activity as a 404 

determinant of radioresponse remains untested in patient-derived tissue or radiotherapy 405 

cohorts. 406 
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Figure and table legends 572 

573 

Figure 1. Adipocytes promote radioresistance of pancreatic cancer cells. 574 

(A) Representative H&E staining images of tissue sections from pancreatic cancer 575 

patients. (B–J) PANC-1 or SW1990 cells were co-cultured with or without adipocytes 576 

and then exposed to radiation, unless otherwise indicated. (B) Colony formation assay 577 

of PANC-1 cells co-cultured with or without adipocytes. Colony numbers were 578 

quantified from three independent experiments and statistically analyzed. (C) Alkaline 579 

comet assay showing single-strand breaks (SSBs) in the DNA of PANC-1 cells. (D) 580 

Quantification of comet tail lengths; data are presented as mean ± standard deviation 581 
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(SD). (E) Immunofluorescence detection of γ-H2AX-positive foci. (F) Number of γ-582 

H2AX-positive foci per nucleus counted using ImageJ software; results are mean ± SD. 583 

(G–J) PANC-1 and SW1990 cells co-cultured with adipocytes were irradiated and, after 584 

24 hours, subjected to flow cytometry. Three independent experiments were performed. 585 

(G, H) Cell cycle distribution analysis. (I, J) Apoptosis analysis of pancreatic cancer 586 

cells. Statistical data from three independent experiments are presented. 587 
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 588 

Figure2. FABP4 mediates adipocyte-triggered radioresistance in pancreatic 589 

cancer cells.  590 

(A) Representative confocal microscopy images of lipid droplets in PANC-1 cells 591 

stained with BODIPY 493/503. (B, C) The expression of FABPs family mRNAs in 592 

human pancreatic cancer cells co‑cultured with human adipose tissue was examined by 593 
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quantitative real‑time PCR. PANC‑1 cells are shown in (B) and SW1990 cells in (C). 594 

Data are presented as mean ± SD from three independent experiments. (D) 595 

Representative images of FABP4 staining in PANC-1 cells. (E, F) PANC-1 (E) and 596 

SW1990 (F) cells were co‑cultured with 3T3‑L1 adipocytes with or without FABP4 597 

knockdown, followed by radiation exposure. Cell cycle distribution was analyzed by 598 

flow cytometry. Three independent experiments were performed, and the statistical data 599 

are presented. (G, H) Apoptosis of pancreatic cancer cells was assessed by flow 600 

cytometry under the same experimental conditions. Three independent experiments 601 

were conducted, and the resulting statistical data are shown. (I–K) The effects of FABP4 602 

inhibitor treatment on pancreatic cancer cells co‑cultured with adipocytes were 603 

examined. γ‑H2AX foci formation (I), Mitochondrial membrane potential (J), and cell 604 

cycle distribution (K) were analyzed. Three independent experiments were performed, 605 

and the statistical data are presented. 606 
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 607 

Figure 3. FABP4 regulates the radiosensitivity of pancreatic cancer both in vitro 608 

and in vivo. 609 

(A) Clonogenic survival assay of PANC‑1 cells overexpressing endogenous FABP4 610 
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(ad‑FABP4) or negative control (ad‑NC). Cells were exposed to increasing doses of 611 

radiation, and surviving fractions were calculated. Data are shown as mean ± SD from 612 

three independent experiments. (B) Alkaline comet assay showing single-strand breaks 613 

(SSBs) in the DNA of PANC-1 cells. Quantification of comet tail lengths; data are 614 

presented as mean ± standard deviation (SD). (C) Representative immunofluorescence 615 

images of γ‑H2AX foci in irradiated SW1990 cells with or without FABP4 616 

overexpression. (D) Quantification of foci per nucleus is shown. Three independent 617 

experiments were performed. (E–H) Flow cytometry analysis of cell cycle (E, F) and 618 

apoptosis (G, H) in PANC‑1 and SW1990 cells following endogenous FABP4 619 

upregulation and irradiation. Three independent experiments were performed, and the 620 

statistical results are shown. (I) The mitochondrial membrane potential was 621 

subsequently evaluated using a JC-1 fluorescent probe. All data are presented as mean 622 

± SD from at least three independent biological replicates. (J) In vivo tumor growth 623 

assay. Nude mice bearing subcutaneous PANC‑1 tumors (Ad-NC or Ad-FABP4) were 624 

exposed to IR (6 Gy). Tumor volumes were measured at indicated time points (n = 4 625 

mice per group). (K) Immunohistochemical analysis of FABP4, Ki67, and cleaved 626 

caspase-3 expression changes in subcutaneous xenograft tumors of nude mice. 627 
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 628 

Figure 4. eIF3a mediates FABP4‑induced radioresistance in pancreatic cancer 629 

cells. 630 

(A, B) LC-MS/MS tandem mass spectrum for the peptide sequence similar to eIF3a. 631 

(A) A detail of the 1061.0 Da peptide MS/MS spectrum, matched to the sequence 632 

DIDIEDLEELDPDFIMAK of eIF3a. (B) A detail of the 500.7 Da peptide MS/MS 633 

spectrum, matched to the sequence FLWESYR of eIF3a. (C) FABP4 interacts with 634 

eIF3a in human pancreatic cancer PANC-1 cells. (D) Alkaline comet assay showing 635 
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single-strand breaks (SSBs) in the DNA of PANC-1 cells. Quantification of comet tail 636 

lengths; data are presented as mean ± standard deviation (SD). (E, F) γ‑H2AX foci 637 

formation in irradiated PANC‑1 cells was examined by immunofluorescence staining. 638 

(G) Flow cytometry analysis of cell cycle in PANC‑1 following Ad-FABP4 and 639 

irradiation. Three independent experiments were performed, and the statistical results 640 

are shown. (H) Apoptosis of pancreatic cancer cells was analyzed by flow cytometry, 641 

and the corresponding statistical results are presented. 642 
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 643 

Figure 5. eIF3a mediates FABP4-induced radioresistance in pancreatic cancer 644 

cells independently of NHEJ signaling 645 

(A) Colony formation assays showed that the proliferation of siRNA‑eIF3a‑transfected 646 

PANC‑1 cells was suppressed by radiotherapy in a dose‑dependent manner. (B, C) 647 

γ‑H2AX foci formation in irradiated PANC‑1 cells was examined by 648 

immunofluorescence staining. (D) Apoptosis of pancreatic cancer cells was analyzed 649 
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by flow cytometry, and the corresponding statistical results are presented. (E) KU80, 650 

RAD50, and MRE11 protein levels in PANC‑1 cells after eIF3a knockdown. (F) 651 

Increased binding of eIF3a protein to MRE11 and KU80 mRNA was observed in the 652 

FABP4‑overexpressing group following IR. (G) KU80, RAD50, and MRE11 protein 653 

levels in PANC‑1 cells after FABP4 overexpression. 654 

 655 

Table 1 Top 30 proteins identified as FABP4‑binding partners by LC‑MS/MS 656 

No. 
Gene  

Names 
Description Category 

Peptides 

(95%) 

1 EIF3A Eukaryotic Translation Initiation Factor 3 Subunit A Protein Coding 55 

2 EIF3B Eukaryotic Translation Initiation Factor 3 Subunit B Protein Coding 43 

3 GAPVD1 GTPase Activating Protein And VPS9 Domains 1 Protein Coding 28 

8 Krt2 Keratin 2 Protein Coding 20 

4 EIF3C Eukaryotic Translation Initiation Factor 3 Subunit C Protein Coding 18 

6 EIF3I Eukaryotic Translation Initiation Factor 3 Subunit I Protein Coding 14 

7 ABCD3 ATP Binding Cassette Subfamily D Member 3 Protein Coding 14 

5 EIF3G Eukaryotic Translation Initiation Factor 3 Subunit G Protein Coding 12 

9 EIF3E Eukaryotic Translation Initiation Factor 3 Subunit E Protein Coding 7 

10 VIM Vimentin Protein Coding 7 

18 HBD Hemoglobin Subunit Delta Protein Coding 7 

11 HSPA1A Heat Shock Protein Family A (Hsp70) Member 1A Protein Coding 7 

14 IGHG3 
Immunoglobulin Heavy Constant Gamma 3 (G3m 

Marker) 
Protein Coding 6 

12 EIF3L Eukaryotic Translation Initiation Factor 3 Subunit L Protein Coding 4 

13 EIF4A1 Eukaryotic Translation Initiation Factor 4A1 Protein Coding 4 

15 RPS3 Ribosomal Protein S3 Protein Coding 4 

19 RPL13a Ribosomal Protein L13a Protein Coding 4 

16 EIF3D Eukaryotic Translation Initiation Factor 3 Subunit D Protein Coding 3 

17 HSPB1 Heat Shock Protein Family B (Small) Member 1 Protein Coding 3 

20 RPL13AP3 Ribosomal Protein L13a Pseudogene 3 Pseudogene 4 

21 SCAI Suppressor Of Cancer Cell Invasion Protein Coding 3 

22 EEF1G Eukaryotic Translation Elongation Factor 1 Gamma Protein Coding 3 

23 RAN RAN, Member RAS Oncogene Family Protein Coding 2 

24 SLC25A5 Solute Carrier Family 25 Member 5 Protein Coding 2 
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25 RPS25 Ribosomal Protein S25 Protein Coding 2 

26 EIF3M Eukaryotic Translation Initiation Factor 3 Subunit M Protein Coding 2 

27 ALDOA Aldolase, Fructose-Bisphosphate A Protein Coding 2 

28 RBMXL3 RBMX Like 3 Protein Coding 1 

29 RBMXL2 RBMX Like 2 Protein Coding 1 

30 ATP5B ATP Synthase F1 Subunit Beta Protein Coding 1 

 657 
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