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 30 

Abstract 31 

Gastric cancer (GC) progression and drug resistance are strongly influenced by the tumor 32 

microenvironment, especially cancer-associated fibroblasts (CAFs). This study aimed to clarify 33 

the role of CAF-derived HSPA1A in GC growth and chemosensitivity and to explore the 34 

underlying mechanism.  35 

HSPA1A expression and clinical relevance were evaluated using the GEO dataset (GSE163558) 36 

and immunohistochemistry (IHC) on 168 cases of GC tissue microarray. Immunofluorescence 37 

(IF) with the CAF marker FAP were used to identify the cellular source of HSPA1A. Functional 38 

effects of HSPA1A were examined in CAF–GC cell co-culture systems, tumor sphere assays, 39 

patient-derived organoids, and a subcutaneous xenograft model. RNA-sequencing (RNA-seq), 40 

co-immunoprecipitation (co-IP), Western blotting, and Seahorse glycolysis assays were used to 41 

identify HSPA1A-interacting proteins and to assess glycolytic activity.  42 

Through the above experiments, we found that HSPA1A was upregulated in GC tissues and 43 

associated with advanced T stage and poor prognosis, and was predominantly expressed in 44 

CAFs. Silencing HSPA1A in CAFs reduced GC cell proliferation, migration, and sphere 45 

formation, inhibited organoid growth, and enhanced sensitivity to 5-fluorouracil(5-FU), with 46 

similar effect on paclitaxel (PTX). In vivo, HSPA1A blockade suppressed xenograft growth and 47 

potentiated chemotherapy. Mechanistically, SEMG1 was identified as a binding partner of 48 

HSPA1A.  49 

So we concluded that targeting the HSPA1A–SEMG1 axis decreased expression of glycolysis-50 

related enzymes, reduced glycolytic flux, and synergistically impaired GC cell growth. CAFs-51 

mailto:caohuishcn@hotmial.com


derived HSPA1A promotes GC progression and 5-FU resistance by interacting with SEMG1 52 

and enhancing glycolysis in tumor cells. The HSPA1A–SEMG1 axis represents a potential 53 

therapeutic target to inhibit GC growth and improve chemosensitivity. 54 

 55 

Keywords Gastric cancer(GC), cancer-associated fibroblast (CAF), HSPA1A, SEMG1, 56 

glycolysis 57 

 58 

 59 

Introduction 60 

As one of the most Prevalent malignant tumor of the digestive system[1], gastric cancer 61 

(GC) remains a major global health burden with high incidence and mortality[2][3], and most 62 

patients are diagnosed at advanced stages when therapeutic resistance is common[4][5][6]. 63 

Increasing evidence has demonstrated that the tumor microenvironment (TME) plays a critical 64 

role in GC progression and drug response[7][8][9]. Among stromal components, cancer-65 

associated fibroblasts (CAFs) are the predominant non-malignant population within GC tissues 66 

and actively support tumor growth, invasion, and immune evasion[9][11][12]. Targeting CAF-67 

mediated tumor–stromal interactions has therefore emerged as a promising strategy to improve 68 

treatment efficacy in GC[13][14]. 69 

 70 

Heat shock protein family members are frequently upregulated in malignancies and 71 

contribute to tumor survival under stress conditions[15][16][17]. HSPA1A, a major inducible 72 

isoform of the HSP70 family, acts as an ATP-dependent molecular chaperone that prevents 73 

protein misfolding, protects cells from apoptosis, and promotes metabolic 74 

adaptation[18][19][20]. Elevated HSPA1A expression has been linked to unfavorable prognosis 75 

and treatment resistance in multiple cancers[21]. However, current research has primarily 76 

focused on tumor-cell-intrinsic HSPA1A, whereas its role in CAFs and the way it regulates GC 77 

cells remains largely unexplored. 78 

 79 

Metabolic reprogramming, especially enhanced glycolysis, is a hallmark of GC 80 

progression and closely associated with chemoresistance, including resistance to 5-fluorouracil 81 



(5-FU)[22][23]. SEMG1, a cancer-testis antigen aberrantly expressed in several tumor types, 82 

has been implicated in promoting tumor cell proliferation and energy metabolism[24][25]. 83 

Nonetheless, whether SEMG1 function is controlled by signals originating from CAFs is 84 

unknown.  85 

 86 

Here, we identify HSPA1A as a CAF-derived factor highly upregulated in GC tissues and 87 

associated with aggressive clinicopathological features. We further show that CAF-derived 88 

HSPA1A directly interacts with SEMG1 in GC cells to activate glycolytic signaling, thereby 89 

promoting tumor growth and weakening the response to chemotherapy. These findings reveal 90 

the previously unrecognized CAF-HSPA1A–SEMG1 axis as a crucial regulator of GC 91 

metabolic adaptation and provide a potential therapeutic target to enhance chemosensitivity. 92 

 93 

Method 94 

Regent 95 

The primary antibodies used in the experiment include HSPA1A (Proteintech, 10995-1-AP, 96 

China), PDPN (Proteintech, 116291-1-AP, China), S100A4 (Proteintech, 16105-1-AP, China), 97 

GAPDH (Proteintech, 60004-1-Ig, China), FAP (Immunoway, PT0578R, China), SEMG1 98 

(Immunoway, YT-7170, China), LADH(Uping Biotech, YP-Ab-07877, China), PKM2 (Uping 99 

Biotech, YP-Ab-02757, China). 100 

Clinical samples 101 

This study was approved by the Ethics Committee of Renji Hospital, School of Medicine, 102 

Shanghai Jiao Tong University, and informed consent was obtained from all participants. The 103 

tissue samples of GC patients were obtained from the Department of Gastrointestinal Surgery, 104 

Renji Hospital, School of Medicine, Shanghai Jiao Tong University. The tissue microarray 105 

included GC lesion tissues and adjacent normal gastric tissues, and a total of 168 cases of GC 106 

tissues from December 2017 to September 2022 were selected. Approval letter of Shanghai 107 

Jiaotong University School of Medicine, Renji Hospital Ethics Committee is KY2024-046-C. 108 

 109 

Immunohistochemistry staining (IHC) 110 



Perform routine hematoxylin and eosin (HE) staining[26]. Immunohistochemical staining 111 

was performed on tumor microarrays (TMAs) and paraffin sections. Briefly, tissues were fixed 112 

in formalin, embedded in paraffin, and then cut into 5-μm-thick sections. The sections were 113 

dewaxed in xylene and rehydrated in graded ethanol for histopathological evaluation. Antigen 114 

retrieval was performed by placing the sections in a high-temperature microwave oven for 5 115 

minutes, repeating 2 - 3 times. After treatment with 0.3% hydrogen peroxide/phosphate-116 

buffered saline for 30 minutes, the sections were blocked with 10% BSA at room temperature 117 

for 1 hour. Then, the sections were incubated overnight at 4 °C with primary antibodies against 118 

HSPA1A (1:2000, Proteintech, 10995-1-AP), SEMG1 (1:2000,  Immunoway , YT-7170)， 119 

FAP(1:2000, Immuoway, PT0578R) diluted to the optimal concentration. Then, the sections 120 

were incubated with HRP-conjugated mouse or rabbit secondary antibodies at room 121 

temperature for 1 hour. The sections were then incubated with DAB substrate solution (No. 122 

S210242, Thermo Scientific, USA) and counterstained with hematoxylin. All sections were 123 

observed and photographed using a Carl Zeiss microscope[27].  124 

 125 

Immunofluorescence (IF) 126 

Cells cultured in ibidi 8-well chambers were washed with PBS, fixed with 4% 127 

paraformaldehyde for 10 min at room temperature, washed three times with PBS (5 min each), 128 

and blocked with 5% BSA in PBS for 1 h. PDPN+FAP (no permeabilization). Cells were 129 

incubated overnight at 4 °C with Syrian hamster anti-mouse PDPN (clone 8.1.1, 1:400, Sigma-130 

Aldrich/Merck Millipore, MABT1512) and rabbit anti-FAP (1:400, Proteintech, 11779-1-AP) 131 

diluted in blocking buffer. After three PBS washes, cells were incubated for 1 h at room 132 

temperature in the dark with Alexa Fluor 594–conjugated goat anti–Syrian hamster IgG (H+L) 133 

(1:500, Jackson ImmunoResearch, 107-585-142) and Alexa Fluor 488–conjugated donkey anti-134 

rabbit IgG (H+L) (1:500, Jackson ImmunoResearch, 711-545-152). Cells were washed and 135 

counterstained with DAPI for 10 min. 136 

PDPN+S100A4 (sequential staining with permeabilization). To preserve membrane PDPN 137 

staining while enabling intracellular S100A4 detection, PDPN was stained prior to 138 

permeabilization. Cells were first incubated overnight at 4 °C with Syrian hamster anti-mouse 139 

PDPN (clone 8.1.1, 1:400, Sigma-Aldrich/Merck Millipore, MABT1512), washed, and 140 



incubated with Alexa Fluor 594–conjugated goat anti–Syrian hamster IgG (H+L) (1:500, 141 

Jackson ImmunoResearch, 107-585-142) for 1 h at room temperature in the dark. Cells were 142 

then post-fixed with 4% paraformaldehyde for 5 min, washed, permeabilized with 0.1% Triton 143 

X-100 in PBS for 10 min, and re-blocked with 5% BSA for 30 min. Subsequently, cells were 144 

incubated overnight at 4 °C with rabbit anti-S100A4 (1:400, Proteintech, 16105-1-AP), 145 

washed, and incubated with Alexa Fluor 488–conjugated donkey anti-rabbit IgG (H+L) (1:500, 146 

Jackson ImmunoResearch, 711-545-152) for 1 h at room temperature in the dark. After PBS 147 

washes, nuclei were counterstained with DAPI for 10 min, washed, and samples were imaged 148 

using a Leica SP8 confocal microscope . 149 

RNA Scope 150 

Tissue sections in 5-μm thickness were deparaffinized in xylene, followed by dehydration in an 151 

ethanol series. Tissue sections were then incubated in citrate buffer (10 nmol/L, pH 6) 152 

maintained at a boiling temperature (100°C to 103°C) using a hot plate for 15 minutes, rinsed 153 

in deionized water, and immediately treated with10 μg/mL protease (Sigma-Aldrich, St. Louis, 154 

MO) at 40°C for 30 minutes in a HybEZ hybridization oven (Advanced Cell Diagnostics, 155 

Hayward, CA). Hybridization with target probes, preamplifier, amplifier, and label probe and 156 

chromogenic detection were as described above for cultured cells. A wide range of assay 157 

conditions were explored to optimize for FFPE samples prepared and fixed according to 158 

American Society of Clinical Oncology/College of American Pathologists (ASCO/CAP) 159 

guidelines14 (10% neutral buffered formalin for 6 to 72 hours at room temperature), including 160 

pretreatment conditions such as citrate buffer temperature, pH, incubation time, and protease 161 

concentrations[28].  162 

 163 

Cell culture 164 

Human GC cell lines AGS, HGC27, MKN28, MKN45, and KATO III were purchased from the 165 

American Type Culture Collection. Primary gastric fibroblasts (HUM - iCell - d006) were 166 

purchased from Shanghai Lan rong Biotechnology Co., Ltd. GC cell lines KATO III, SNU - 16 167 

and gastric epithelial cell line GES - 1 were purchased from the Center for Excellence in 168 

Molecular Cell Science, Chinese Academy of Sciences. The GC cells were cultured in RPMI - 169 

1640 medium (Gibco, New York, USA) supplemented with 10% fetal bovine serum (Gibco, 170 



New York, USA) and 1% antibiotics (streptomycin and penicillin, Sigma - Aldrich, St. Louis, 171 

USA) in a humidified incubator at 37 °C with 5% CO2. The gastric fibroblasts were cultured 172 

in Special culture medium for human primary gastric fibroblasts (Shanghai Lan rong Biotech, 173 

China) supplemented with primary fibroblast culture additives, 10% fetal bovine serum (Gibco, 174 

New York, USA) and 1% antibiotics (streptomycin and penicillin, Sigma - Aldrich, St. Louis, 175 

USA) in a humidified incubator at 37 °C with 5% CO2. 176 

 177 

Cell co-culture 178 

Co-culture experiments were performed in Tissue Culture Transwell Plates (0.4 μm pore size, 179 

Corning, China). GC cell lines (2*10^4/well) were cultured in the bottom chamber, CAF were 180 

placed in the upper chamber[30]. 181 

 182 

Quantitative Real-time PCR 183 

Total RNA was extracted using Trizol (9109, Takara, Japan) and reverse transcribed using the 184 

Prime Script RT-PCR Kit (Takara, #RR600A) according to the manufacturer's instructions. 185 

Quantitative real-time PCR assays were performed using SYBR Premix 2x Taq (Takara, Japan) 186 

on VIIA ™ 7 (Applied Biosystems ™, USA) under the recommended thermal cycling settings: 187 

an initial cycle at 95 °C for 15 minutes, followed by 40 cycles of 15 seconds at 95 °C and 30 188 

seconds at 60 °C. Relative mRNA expression was calculated according to the 2(-ΔΔCt) method.  189 

HSPA1A-Forward Primer: AGCTGGAGCAGGTGTGTAAC 

HSPA1A-Reverse Primer: CAGCAATCTTGGAAAGGCCC 

GAPDH-Forward Primer: AATGGGCAGCCGTTAGGAAA 

GAPDH-Reverse Primer: GCCCAATACGACCAAATCAGAG 

SEMG1-Forward Primer: TGGATCTCATGGGGGATTGG 

SEMG1-Reverse Primer: TGAAGGCGCTTCAGGTTAGG 

PKM2-Forward Primer: GTGGCTCGTGGTGATCTAGG 

PKM2-Reverse Primer: AGCCTCACGAGCTATCAGGT 

LDHA-Forward Primer: CCGACGTGCATTCCCGATT 

LDHA-Reverse Primer: AGGTCAAGATATCCACTTTGCCA 



 190 

Lentivirus production and cell transduction 191 

According to the standard protocol, virus packaging was performed in 293T cells after co-192 

transfection of the pEZ-lv105 vector (Gene Coplant, Shanghai, China) using Lipofectamine 193 

2000 (Invitrogen, Carlsbad, CA). Lentiviruses were harvested 48 and 72 hours after transfection. 194 

Cells were infected with 1 × 10^6 recombinant lentiviral transduction units in the presence of 195 

5 μg/ml polybrene (Sigma, #H9268, #P7130). After 48 hours of infection, the cells were 196 

incubated with puromycin (Gibco, #A1113802) at a dose of 1.0 μg/ml for more than 7 days 197 

until no more obvious cell death was observed. Puromycin-resistant cells were obtained, and 198 

the knockdown or overexpression efficiency was verified by Western blotting. 199 

 200 

Western Blotting 201 

Collect the lysates of protein samples in RIPA lysis buffer (YOCHE., YSD 0100) on ice for at 202 

least 20 min, and centrifuge at 12 000 × g for 20 min at 4 °C. Dilute with 5 × loading buffer 203 

and boil for 10 min. Separate the proteins by SDS-PAGE and transfer them to a nitrocellulose 204 

membrane. Subsequently, wash the membrane with TBST and block it with a 5% non-fat milk 205 

solution diluted in TBST at room temperature for 1 hour. Then incubate the membrane with the 206 

primary antibody overnight at 4 °C. Then incubate them with the HRP-conjugated secondary 207 

antibody at room temperature for 1 hour. Finally, visualize the bands with ECL reagent 208 

(ShareBio, SB-WB001). 209 

 210 

Cell Counting Kit-8 (CCK-8) viability assay 211 

To measure cell proliferation, the specified cells were seeded in triplicate in 96-well plates at a 212 

medium density (10⁴ cells/ml). Next, 100ul CAF supernatant or 100ul si-HSPA1A CAF 213 

supernatant culture medium containing 10% Cell Counting Kit-8 (CCK-8) reagent (Dojindo, 214 

Japan) was added to each well, and the samples were incubated at 37 °C for 1 hour, continuously 215 

for 4 days. Then, the absorbance was measured at a wavelength of 450 nm using a multi-216 

functional microplate reader.  217 

 218 

Organoid culture 219 



The clinically obtained tumor samples were frozen and transferred to the laboratory. Briefly, 220 

the dissected tumors were minced and transferred to a 50 ml centrifuge tube containing a 221 

digestion mixture composed of Ad-DMEM/F-12 medium (Gibco, USA) and 1 mg/ml 222 

collagenase IV (Sigma, USA), and incubated at 37°C for 40 minutes. The isolated organoids 223 

were mixed with 5 μL of Matrigel (Costar, USA) and seeded in a 96-well plate (Costar, USA). 224 

The medium contained Ad-DMEM/F-12 and B27 supplement (1×), nicotinamide (10 mM), N-225 

acetyl-l-cysteine (1.25 mM), EGF (5 ng/ml), A83-01 (500 nM), SB202190 (10 μM), Y-27632 226 

(10 μM), Noggin (100 ng/mL), R-Spondin 3 (250 ng/ml), FGF2 (5 ng/ml), FGF 10 (10 ng/ml), 227 

penicillin/streptomycin (1×), and glutamine (1×). Supplemented medium (100 μL) was added 228 

to each well, and the organoids were maintained in a humidified atmosphere of 5% CO2 at 229 

37°C[31]. 230 

 231 

Construction of subcutaneous tumor model in mice 232 

For the subcutaneous xenograft model of AGS cells, nude mice at 4 weeks of age were used. 233 

Briefly, 2 × 10⁶ AGS cells were suspended in a total of 100 μL of PBS and Matrigel, and 234 

subcutaneously implanted into the inguinal region of the mice. When the tumor volume reached 235 

approximately 50 mm³, the mice were randomly divided into two groups. 50 ul PBS and 50ul 236 

HSPA1A Antibody - BSA Free (1:200, NBP1-77456; Novus Bio, Littleton, CO, USA) were 237 

injected respectively once every other day. One week later each group were randomly divided 238 

into 4 groups (n = 3), and 100 μL of 5 - FU and 100 μL of PTX were injected peritumorally 239 

once every other day.  240 

 241 

Co-immunoprecipitation assay 242 

Co-immunoprecipitation (Co-IP) experiment was performed using a universal toolkit (KTD104, 243 

Abbkine, China) containing protein A/G magnetic beads. Firstly, cell protein was extracted 244 

from the nondenaturing lysis buffer and then quantified using the bicinchoninic acid (BCA) 245 

assay kit (KTD3001, Abbkine, China). Next, cell lysates and magnetic beads were precleared 246 

to remove nonspecific binding, and the supernatant was obtained from magnetic separation 247 

rack. Then, 1 μg HSPA1A antibody or SEMG1 antiboday was mixed with 20 μL magnetic 248 

beads and rabbit IgG negative control was set at the same time. Finally, 200 μg supernatant was 249 



added to the above two groups and incubated at 4°C overnight. The next day, this immune 250 

complex was eluted by denatured methods for sodium dodecyl sulfate-polyacrylamide gel 251 

electrophoresis (SDS-PAGE) and western blotting analysis[32]. 252 

Wound-healing assay 253 

Cells were seeded in a six-well plate and grown to 80% confluence. A wound was carefully 254 

scrapped with a sterilized pipette tip in the middle of the cell monolayer. Photomicrographs 255 

were taken every 12 h during incubation. The wound width in the microscopic pictures were 256 

measured by ImageJ software version 1.37 (National Institutes of Health) at different time 257 

points. The percentage of wound healing was calculated from the initial wound width at 0 h. 258 

 259 

Measurement of glycolytic rate 260 

The glycolytic rate was determined using the Seahorse XF Glycolysis Rate Assay Kit 261 

(Alicelligent, China, ALS22023) following the manufacturer’s instructions. Briefly, XFe 96-262 

well cell culture microplates were pre-coated with Cell-Tak (Corning, China). On the day of 263 

the assay, cells were resuspended in assay medium supplemented with 1 mM pyruvate, 2 mM 264 

glutamine, and 10 mM glucose, and then seeded into the pre-coated plates. Cells were sequentially 265 

treated with 0.5 μM rotenone/antimycin A (Rot/AA) and 50 mM 2-DG. The assay was conducted 266 

using the Agilent Seahorse XFe 24 Analyzer, and data were acquired and analyzed using Wave 267 

Desktop software. The glycolytic rate was calculated based on extracellular acidification rate 268 

(ECAR) measurements, and the results were graphically represented for comparative analysis. 269 

 270 

Tumor sphere formation assay 271 

The effect of the HSPA1A - SEMG1 axis on the proliferation of GC was verified through the tumor 272 

sphere formation assay. 5000 digested cells were seeded into the Transwell chambers of a 12 - well 273 

plate containing 1640 medium with Matrigel and 10% FBS. The lower layer was DMEM medium 274 

containing 10% FBS. Each well was examined under an optical microscope every 3 days. After 7 275 

days, the number of tumor spheres larger than 100 μm was counted. Images of the tumor spheres 276 

were taken with a microscope, and the size of the tumors was measured using ImageJ software. 277 

 278 

Statistical analysis 279 



If there are no special instructions, data were presented as the means ± standard errors of the mean 280 

(SEMs). The statistical analyses of the characteristics of GC were done using SPSS 27.0 for 281 

Windows (IBM). Other statistical analyses were performed using GraphPad Prism 10 for Windows. 282 

One-way ANOVA or two-tailed Student’s t test was used for comparisons between groups. Values 283 

of P < 0.05 were considered statistically significant. 284 

  285 

Result 286 

CAF-derived HSPA1A is upregulated in GC and correlates with poor prognosis 287 

Analysis of the single-cell RNA-sequencing dataset GSE163558 revealed that HSPA1A 288 

was markedly upregulated in CAFs compared with other stromal and immune cell types in GC 289 

tissues (Fig. 1A-B). Differential expression analysis further confirmed elevated HSPA1A levels 290 

in CAFs from GC tissues compared with paracancerous (PC) tissues or metastatic lymph nodes 291 

(Fig. 1C–D). 292 

 293 

To validate these findings in clinical samples, immunohistochemistry on a tissue 294 

microarray containing 168 paired GC and adjacent tissues demonstrated that HSPA1A 295 

expression was significantly higher in tumor tissues, both in epithelial regions and surrounding 296 

stroma (Fig. 1E–F). Increased stromal HSPA1A expression was positively associated with 297 

advanced T stage (T3/T4), indicating a link to local tumor aggressiveness (Fig. 1F). 298 

 299 

Survival analysis using the KM-Plot database showed that patients with high HSPA1A 300 

expression had significantly worse overall survival than those with low expression, suggesting 301 

that HSPA1A may serve as a negative prognostic biomarker (Fig. 1G)[29]. 302 

 303 

To determine the cellular origin of HSPA1A, immunofluorescence co-staining revealed 304 

strong spatial colocalization between HSPA1A and the CAF marker FAP in the tumor stroma 305 

(Fig. 1H). RNA scope analysis further confirmed that HSPA1A transcripts were predominantly 306 

restricted to fibroblast-rich regions, rather than tumor epithelial compartments. An apparent 307 

increase in HSPA1A signals was observed across representative specimens from carcinoma in 308 



situ to early - stage GC and then to advanced - stage GC. (Fig. 1I). 309 

 310 

 311 

Figure 1. HSPA1A is significantly up-related in GC associated fibroblasts and closely 312 

related with prognosis. 313 

A. UMAP plot of the single-cell dataset GSE163558 for GC; 314 

B. Distribution proportions of sub - populations such as B cells, endothelial cells, epithelial 315 

cells, and fibroblasts in the dataset among the PC tissues, GC tissues, and lymph node (LN) 316 



tissues of GC; 317 

C. Genes upregulated in CAFs in GC and PC tissues, GC and LN tissues, and PC and LN tissues, 318 

including HSPA1A; 319 

D. Analysis of IHC staining results of the parenchyma and stroma in GC and PC tissues; 320 

E. Statistical analysis of HSPA1A in GC and PC tissues in 168 patients; 321 

F. Statistical analysis of HSPA1A in advanced T stage (Ⅰ+Ⅱ-T1/T2, Ⅲ+Ⅳ-T3/T4) of GC 322 

tissues in 168 patients; 323 

G. Kaplan–Meier analysis of overall survival stratified by HSPA1A expression; 324 

H. IF Staining of HSPA1A and FAP in GC patients; 325 

I. RNA scope validation of HSPA1A transcripts in clinical samples. 326 

*P<0.05; ****P<0.0001. 327 

 328 

Together, these data indicate that HSPA1A is mainly derived from CAFs in GC tissues and 329 

that CAF-associated HSPA1A expression correlates with tumor progression and poor patient 330 

prognosis. 331 

 332 

Knocking down CAF-derived HSPA1A impairs GC cell growth and motility in 333 

vitro 334 

To investigate the functional role of CAF-derived HSPA1A, normal gastric fibroblasts 335 

(FRCs) were induced into CAF-like cells through co-culture with GC cell lines. These induced 336 

CAFs showed strong expression of CAF markers FAP and S100A4 (Fig. 2A). Silencing 337 

HSPA1A in CAFs using siRNA markedly reduced HSPA1A levels in both cell lysates and 338 

secreted supernatants, as confirmed by Western blotting and qPCR (Fig. 2B–C). 339 

Functionally, CAFs significantly promoted the proliferation of AGS and HGC27 cells, 340 

whereas HSPA1A-deficient CAFs failed to support tumor cell proliferation, resulting in 341 

significantly reduced cell viability in CCK-8 assays (Fig. 2D). Likewise, wound-healing assays 342 

showed that CAF-derived HSPA1A enhances GC cell migration, and loss of HSPA1A in CAFs 343 

markedly impaired the wound-closure ability of AGS and HGC27 cells (Fig. 2E–F). 344 



 345 

Figure 2. Knockdown of HSPA1A in CAFs suppresses GC cell growth and migration.  346 

A. IF detection of CAF - related markers. PDPN: red, FAP: green, S - 100A4: green, DAPI: 347 

blue; 348 

B and C. Western blotting and qPCR verification of the expression difference of HSPA1A in 349 

normal gastric fibroblasts and CAFs; 350 

D. CCK8 assay to determine the growth ability of AGS and HGC27 after knocking down 351 



HSPA1A in CAFs; 352 

E and F. Cell scratch assay to measure the migration ability of AGS cells and HGC27 cells in 353 

the co - culture system; 354 

G and H. Measurement of the sphere-forming ability and sphere diameter of AGS and HGC27 355 

in the co-culture system. 356 

*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. 357 

 358 

Additionally, CAFs increased tumor-sphere numbers and diameters, while HSPA1A 359 

knockdown substantially decreased sphere-forming capacity in co-culture conditions (Fig. 2G-360 

H), indicating that CAF-derived HSPA1A supports stem-like features of GC cells. 361 

 362 

CAF-derived HSPA1A promotes the expansion of GC organoids 363 

To further validate the tumor-promoting function of CAF-derived HSPA1A in a more 364 

physiologically relevant 3D model, we established a co-culture system using patient-derived 365 

GC organoids and CAFs (Fig. 3A). Compared with organoids cultured alone, co-culture with 366 

CAFs markedly enhanced organoid growth, reflected by increased organoid diameter and 367 

structural complexity (Fig. 3B–C). 368 

Importantly, siRNA-mediated knockdown of HSPA1A in CAFs significantly attenuated 369 

this CAF-induced organoid expansion, leading to smaller organoids (Fig. 3B–C). Likewise, 370 

treatment with a neutralizing HSPA1A-blocking antibody in CAFs produced a similar reduction 371 

in organoid growth (Fig. 3B–C), confirming that secreted HSPA1A from CAFs is required for 372 

stromal support of tumor growth. 373 

Notably, silencing or antibody blockade of HSPA1A in organoids alone did not 374 

significantly affect organoid size (Fig. 3C), suggesting that HSPA1A primarily functions as a 375 

stromal-derived rather than tumor-intrinsic factor in this context. 376 



 377 

Figure 3. HSPA1A of CAFs promotes the proliferation of GC organoids. 378 

A. Establishment of the co - culture system of GC organoids and CAFs; 379 

B. Representative images of organoids after knocking down HSPA1A in CAFs and adding 380 

HSPA1A bAt. Scale bar: 200um 381 

C. Comparison of the diameters of GC organoids in different groups. 382 

*P<0.05; **P<0.01. 383 

 384 

Collectively, these observations demonstrate that CAF-derived HSPA1A is essential for 385 

driving 3D tumor expansion, extending our in vitro findings and reinforcing its role as a key 386 

stromal regulator in GC progression. 387 

While CAF-derived HSPA1A markedly enhances GC growth, aggressive tumors are also 388 

characterized by poor therapeutic response. We therefore investigated whether this stromal 389 

factor contributes not only to tumor expansion but also to reduced treatment efficacy in GC. 390 

CAF-derived HSPA1A selectively enhances the sensitivity of GC organoids to 5-391 

FU and PTX 392 

To assess the clinical relevance of CAF-derived HSPA1A, we tested two commonly used 393 



chemotherapeutic agents for GC, 5-FU and PTX, in the organoid co-culture model. Co-culture 394 

with CAFs markedly reduced the growth-inhibitory effect of 5-FU on GC organoids, whereas 395 

HSPA1A knockdown in CAFs restored drug sensitivity, resulting in significantly smaller 396 

organoid size under 5-FU treatment (Fig. 4A,C). Consistently, blockade of extracellular 397 

HSPA1A with a neutralizing antibody produced similar effects (Fig. 4A,C). 398 

In similar, CAF-derived HSPA1A did significantly alter the antitumor efficacy of PTX, 399 

and inhibiting HSPA1A in CAFs reduced the sensitivity of GC organoids to PTX. (Fig. 4B,D). 400 

 401 

Figure4. Knockdown of HSPA1A in CAFs enhances the sensitivity of GC organoids to 402 

chemotherapeutic drugs. 403 

A and C. Under the condition of 5 – FU, graphs and statistical analysis of the diameter 404 

changes of organoids in different groups, including organoid, organoid + CAF, organoid + si - 405 

HSPA1A, organoid + CAF + si - HSPA1A, organoid + Blocking antibody of HSPA1A , and 406 

organoid + CAF + Blocking antibody of HSPA1A; 407 

B and D. Under the condition of PTX, graphs and statistical analysis of the diameter changes 408 

of organoids in different groups, including organoid, organoid + CAF, organoid + si - 409 

HSPA1A, organoid + CAF + si - HSPA1A, organoid + Blocking antibody of HSPA1A , and 410 



organoid + CAF + Blocking antibody of HSPA1A. 411 

*P<0.05; **P<0.01. 412 

 413 

These data indicate that CAF-derived HSPA1A selectively reduces the responsiveness of 414 

GC organoids to 5-FU, but has limited influence on PTX-mediated growth inhibition. 415 

 416 

Knockdown of CAF-derived HSPA1A suppresses GC growth in vivo 417 

We then asked whether CAF-derived HSPA1A similarly regulates tumor growth and 418 

chemosensitivity in vivo and therefore tested its function in a xenograft model. To validate it, a 419 

subcutaneous xenograft model was established by injecting AGS cells into nude mice (Fig. 5A). 420 

When tumors reached ~50 mm³, mice were randomized to receive intratumoral administration 421 

of either control IgG or HSPA1A-blocking antibody, with or without chemotherapy. 422 

Blockade of HSPA1A alone significantly suppressed tumor growth, resulting in decreased 423 

tumor volume and weight compared with IgG-treated controls (Fig. 5B –D). Moreover, 424 

HSPA1A inhibition further enhanced the antitumor effect of 5-FU and PTX, leading to the 425 

smallest tumors across all treatment groups (Fig. 5B–D), indicating that CAF-derived HSPA1A 426 

contributes to reduced chemotherapy efficacy in vivo. 427 

Immunohistochemical staining of harvested tumors showed reduced expression of Ki-67 428 

and PCNA following HSPA1A blockade, both under baseline conditions and in combination 429 

with chemotherapy, confirming decreased tumor cell proliferation (Fig. 5E–F). 430 

 431 



 432 

 433 

Figure 5. Knockdown of HSPA1A inhibits the growth of GC in vivo. 434 

A. Construction of a subcutaneous tumor model in mice; 435 

B. Photos of tumor masses in the HSPA1A bAt group and the control group under normal 436 



conditions and after the addition of 5 - FU and PTX; 437 

C. Statistical analysis of tumor volumes in the HSPA1A bAt group and the control group 438 

under normal conditions and after the addition of 5 - FU and PTX; 439 

D. Statistical analysis of tumor weights in the HSPA1A bAt group and the control group 440 

under normal conditions and after the addition of 5 - FU and PTX; 441 

E. IHC staining of HSPA1A, Ki - 67, and PCNA in tumor masses of the HSPA1A bAt group 442 

and the control group under normal conditions and after the addition of 5 - FU and PTX; 443 

F. Statistical analysis of HSPA1A, Ki - 67, and PCNA positive areas in tumor masses of 444 

different groups. 445 

*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. 446 

 447 

These findings demonstrate that CAF-derived HSPA1A is required for robust in vivo 448 

tumor growth and dampens the response to chemotherapy. 449 

 450 

CAF-derived HSPA1A interacts with SEMG1 to regulate glycolysis in GC cells 451 

To explore the molecular mechanism by which CAF-derived HSPA1A promotes tumor 452 

progression, RNA-seq analysis was performed on AGS organoids co-cultured with CAFs 453 

versus HSPA1A-silenced CAFs. SEMG1 was significantly downregulated following HSPA1A 454 

inhibition in CAFs (Fig. 6A), and pathway enrichment analysis revealed suppression of 455 

glycolysis-associated signaling (Fig. 6B). 456 

 457 

Consistent with the transcriptomic data, immunoblotting confirmed that SEMG1 protein 458 

levels in AGS cells were reduced when co-cultured with HSPA1A-silenced CAFs, whereas 459 

control CAFs maintained higher SEMG1 expression (Fig. 6C). 460 

 461 

To investigate whether HSPA1A directly interacts with SEMG1, protein–protein docking 462 

analysis was performed. Structural modeling predicted a stable HSPA1A–SEMG1 complex 463 

with a defined interaction interface (Fig. 6D). Detailed analysis of the docking model identified 464 

multiple hydrogen bonds between specific residues of HSPA1A and SEMG1, with interaction 465 

distances ranging from approximately 2.5 to 3.4 Å, supporting a direct and specific molecular 466 

interaction (Fig. 6E). This interaction was further validated experimentally by co-467 

immunoprecipitation assays, which demonstrated reciprocal pulldown of HSPA1A and SEMG1 468 

in GC cells (Fig. 6F). 469 



 470 

Finally, immunofluorescence staining of GC tissues revealed spatial association between 471 

HSPA1A-positive stromal regions and SEMG1-positive tumor cells, supporting the 472 

physiological relevance of the HSPA1A–SEMG1 axis in vivo (Fig. 6G). 473 

 474 

Figure 6. CAFs derived HSPA1A affects the glycolysis of GC cells by interacting with 475 

SEMG1. 476 

A. A volcano plot presents upregulated and downregulated genes from RNA-seq analysis 477 

comparing CAFs plus AGS and si-HSPA1A CAFs plus AGS; 478 

B. Pathway analysis of differentially expressed genes enriched in CAFs and AGS compared to 479 

si-HSPA1A CAFs and AGS; 480 

C. Changes of SEMG1 in CAFs co-cultured with AGS AND si-HSPA1A CAFs co-cultured 481 

with AGS; 482 



D. The direct interaction between HSPA1A and SMEG1 was analyzed by HDOCK ; 483 

E. Predicted hydrogen bond distances between interacting residues of HSPA1A and SEMG1 484 

based on docking analysis; 485 

F. Co-IP verification of the interaction between HSPA1A and SEMG1; 486 

IF staining of the co-localization of SEMG1 in tumor cells and HSPA1A in CAFs (control 487 

group). Scale Bar: 100 μm; 488 

These results indicate that CAF-derived HSPA1A binds to tumor-cell SEMG1 and 489 

enhances glycolysis-related signaling, providing a mechanistic explanation for its malignant 490 

effects in GC. 491 

 492 

Targeting the CAF-HSPA1A–SEMG1 axis suppresses glycolytic flux in GC cells 493 

Given the identification of SEMG1 as a downstream effector of CAF-derived HSPA1A, we 494 

next examined whether this axis functionally regulates glycolysis in GC cells. Immunoblot 495 

analysis showed that knockdown of SEMG1 in AGS cells led to a marked reduction in the 496 

expression of key glycolytic enzymes, including PKM2 and LDHA, whereas the level of G-6-497 

PD was minimally affected (Fig. 7A). Similarly, silencing HSPA1A in CAFs reduced PKM2 498 

and LDHA expression in co-cultured AGS cells, and combined inhibition of HSPA1A in CAFs 499 

and SEMG1 in tumor cells produced a more pronounced suppression of glycolysis-related 500 

proteins (Fig. 7A). 501 

 502 

Consistently, qRT–PCR analysis revealed coordinated downregulation in the mRNA levels 503 

of HSPA1A/SEMG1 and glycolysis-associated genes (PKM2, LDHA, and G6PD) in the 504 

corresponding co-culture settings (Fig. 7B), supporting transcriptional-level regulation within 505 

this axis. 506 

 507 

To directly assess glycolytic activity, Seahorse extracellular acidification rate (ECAR) assays 508 

were performed. SEMG1 knockdown in AGS cells significantly decreased both basal and 509 

compensatory glycolysis compared with control cells (Fig. 7C–D). Consistent with these 510 

findings, co-culture with control CAFs enhanced glycolytic flux in AGS cells, whereas co-511 

culture with HSPA1A-silenced CAFs markedly attenuated ECAR responses (Fig. 7E–F). 512 



 513 

Collectively, these results demonstrate that CAF-derived HSPA1A promotes glycolytic 514 

reprogramming in GC cells through SEMG1, and that disruption of this stromal – tumor 515 

metabolic axis effectively suppresses glycolytic flux (Fig. 7G). 516 

 517 



Figure 7. Effect of targeting the HSPA1A-SEMG1 axis on the glycolytic pathway in GC 518 

A. Immunoblot analysis of glycolysis-related enzymes (G-6-PD, PKM2, and LDHA) in AGS 519 

cells with SEMG1 knockdown and/or co-cultured with HSPA1A-silenced CAFs; 520 

B. qRT–PCR analysis of HSPA1A, SEMG1, PKM2, LDHA, and G6PD mRNA levels in AGS 521 

cells co-cultured with control CAFs or HSPA1A-silenced CAFs (CAF-si-HSPA1A).  (n = 5 522 

biological replicates), mean ± SEM. 523 

C and D. Seahorse analysis of basal and compensatory glycolysis in SEMG1-knockdown AGS 524 

cells. (n = 8 biological replicates), mean ± SEM. 525 

E and F. Seahorse analysis of glycolytic flux in AGS cells co-cultured with control or HSPA1A-526 

silenced CAFs. (n = 8 biological replicates), mean ± SEM. 527 

 528 

These results demonstrate that CAF-derived HSPA1A promotes glycolysis in GC cells 529 

through SEMG1. 530 

 531 

Discussion 532 

In this study, we identify CAF-derived HSPA1A as a previously unrecognized stromal 533 

regulator that promotes GC progression and weakens chemotherapy response. HSPA1A was 534 

predominantly expressed in CAFs within tumor tissues and was associated with advanced 535 

disease stages and worse prognosis[34][35]. Functionally, CAF-secreted HSPA1A enhanced 536 

GC cell proliferation, migration, organoid expansion and tumor growth, demonstrating its 537 

essential role in tumor–stroma interactions. More importantly, HSPA1A inhibition sensitized 538 

GC cells to 5-FU both in vitro and in vivo, highlighting its therapeutic relevance.  539 

 540 

Mechanistically, we demonstrate that CAF-derived HSPA1A exerts its protumorigenic 541 

effects through direct interaction with SEMG1 on tumor cells, thereby upregulating glycolytic 542 

enzymes (PKM2, LDHA) and sustaining glycolytic flux[24][36]. Silencing either HSPA1A in 543 

CAFs or SEMG1 in tumor cells reduced glycolysis, whereas dual inhibition achieved a stronger 544 

suppression. These findings support a model in which the HSPA1A–SEMG1 axis enables GC 545 

cells to maintain metabolic adaptation in the nutrient-limited tumor microenvironment, 546 

ultimately driving aggressive tumor behavior. 547 



 548 

Interestingly, HSPA1A inhibition increased sensitivity to 5-FU and PTX, but it seems that 549 

the inflence to 5-FU is more obvious. This difference may reflect the distinct cytotoxic 550 

mechanisms of these agents: 5-FU targets nucleotide synthesis and preferentially affects highly 551 

proliferating and metabolically active cells[37], whereas PTX primarily disrupts microtubule 552 

dynamics[38], a process that may be less dependent on glycolytic reprogramming. Therefore, 553 

metabolic stress induced by targeting CAF-derived HSPA1A may selectively enhance the 554 

efficacy of nucleotide-targeting chemotherapy. 555 

 556 

Our findings extend previous studies on HSP70 family proteins in cancer by uncovering a 557 

non-cell-autonomous and secretory role for HSPA1A in tumor progression. While tumor-cell-558 

intrinsic HSPA1A has been associated with treatment resistance in several malignancies, our 559 

data reveal that stromal HSPA1A is a more pivotal contributor in GC, acting as a paracrine 560 

metabolic driver rather than solely a chaperone-mediated survival factor within tumor cells. 561 

 562 

There are still limitations to this study. First, although CAF-derived HSPA1A appears to 563 

act extracellularly, the specific receptor-like function of SEMG1 and the downstream signaling 564 

cascades require further elucidation. Second, only 5-FU andPTX were evaluated; whether 565 

CAF-HSPA1A influences responses to targeted therapies or immunotherapy warrants 566 

exploration. Finally, our study focused on subcutaneous xenografts, and future work should 567 

employ orthotopic or metastatic models to better replicate the gastric tumor microenvironment. 568 

 569 

In summary, our work establishes CAF-secreted HSPA1A as a crucial stromal factor that 570 

promotes GC progression and improves chemotherapy efficacy by activating SEMG1-571 

dependent glycolysis. Targeting this stromal–tumor metabolic axis may serve as a promising 572 

therapeutic strategy to inhibit tumor growth and overcome chemoresistance in GC. 573 
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