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A B S T R A C T

Aims: This study investigates the mechanisms underlying acquired resistance to FGFR tyrosine kinase inhibitor 
(FGFR-TKI) in gastric cancer (GC), focusing on the interplay between ferroptosis and lipid metabolism of tumor 
cells.
Methods: We constructed FGFR-TKI-resistant cell lines from GC cells. RNA sequencing was performed to identify 
differentially expressed genes (DEGs) related to ferroptosis and assess lipid metabolism in resistant cells. GC 
microenvironment lipid profile was characterized by HPLC-MS/MS lipidomics. The effects of CHAC1 and 
cholesterol synthesis modulation on ferroptosis and FGFR-TKI resistance were assessed using in vitro and in vivo 
models.
Results: We found that FGFR-TKI can induce ferroptosis in FGFR-TKI-sensitive cells, while resistant cells exhibit 
decreased sensitivity to ferroptosis due to reduced CHAC1 expression, a key glutathione-specific degrading 
enzyme. Overexpression of CHAC1 enhances FGFR-TKI cytotoxicity. Additionally, cholesterol accumulation in 
resistant cells, associated with diminished stearic acid (SA) uptake, confers FGFR-TKI-induced ferroptosis 
resistance. In vivo studies show that CHAC1 overexpression or cholesterol synthesis inhibition can reverse FGFR- 
TKI resistance, which is dependent on ferroptosis.
Conclusions: Dysregulated lipid homeostasis downregulated CHAC1-mediated ferroptosis, leading to FGFR-TKI 
resistance in gastric cancer. Overexpression of CHAC1 or inhibiting cholesterol synthesis presents promising 
therapeutic strategies to overcome FGFR-TKI resistance in GC.
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1. Introduction

Gastric cancer (GC) is the fifth most prevalent malignancy and the 
fourth highest cause of cancer-related mortality globally, with an ex-
pected 62 % increase in disease burden by 2040 [1]. Despite advance-
ments in chemotherapy and targeted therapies, clinical outcomes 
remain suboptimal due to high molecular heterogeneity of GC, which 
restricts therapeutic options and drives drug resistance [2,3]. Fibroblast 
growth factor receptor tyrosine kinase inhibitor (FGFR-TKI) show 
promise for patients with gain-of-function FGFR alterations [4,5], yet 
resistance mechanisms remain elusive. Emerging evidence highlights 
enhanced antioxidant capacity as a key drug resistance driver of GC cells 
[6], while dysregulated lipid metabolism, a hallmark of GC progression, 
may synergistically interact with redox adaptations to promote resis-
tance. Elucidating this crosstalk is critical for developing strategies to 
overcome FGFR-TKI resistance.

Ferroptosis, a form of programmed cell death (PCD) characterized by 
lipid peroxidation and redox-active iron accumulation, is recognized as 
a promising strategy for eliminating cancer cells [7]. Studies have shown 
that cancer cells, including GC cells, exhibit increased susceptibility to 
ferroptosis, and chemical inducers have been demonstrated to effec-
tively suppress tumor growth [8,9]. Ferroptosis is also implicated in the 
response of cancer cells to a range of therapeutic agents, and its dysre-
gulation may lead to chemotherapy resistance and treatment failure [10,
11]. Nevertheless, the relationship between ferroptosis and FGFR-TKI 
resistance merits further exploration.

Lipid metabolism, particularly cholesterol homeostasis, is increas-
ingly recognized as a pivotal factor in cancer progression and response 
to therapy [12,13]. Disruptions in lipid homeostasis can reshape the 
tumor microenvironment (TME), potentially leading to therapeutic 
resistance [14,15]. Moreover, lipid metabolism directly regulates the 
onset and sensitivity of ferroptosis by controlling the types and levels of 
specific fatty acids (FAs) and the activity of related enzymes [16,17]. 
Therefore, lipidomics in GC, especially concerning FGFR-TKI resistance, 
is a burgeoning field with potential for the discovery of novel bio-
markers and therapeutic targets.

In this study, we aimed to investigate the mechanisms of acquired 
resistance to FGFR-TKI in GC, with a particular focus on the interplay 
between ferroptosis and lipid metabolism. We hypothesized that dis-
ruptions in lipid homeostasis, specifically cholesterol metabolism and 
fatty acid uptake, may contribute to the development of FGFR-TKI 
resistance in GC cells. Furthermore, we assessed the therapeutic poten-
tial of targeting CHAC1, a glutathione-specific degrading enzyme, and 

cholesterol synthesis as novel strategies to reverse FGFR-TKI resistance.

2. Experimental section

2.1. Cell lines and culture Conditions

Two gastric adenocarcinoma FGFR-TKI-resistant cell lines BGC823-R 
and MGC803-R were generated from BGC-823 and MGC-803 cells, 
which were characterized by high FGFR1 expression and initial sensi-
tivity to FGFR-TKI. These resistant cell lines were established by treating 
with 1 μM AZD4547 (a representative FGFR-TKI) for 72–96 h, followed 
by continuous selection over 5–6 growth cycles. FGF2 (Peprotech, #100- 
18B) was added to the culture medium to activate FGFR1. In vitro ex-
periments involved treating the cells with the following compounds: 
AZD4547 (Selleck, #S2801), Erastin (Cayman Chemical, #17754), RSL3 
(Cayman Chemical, #19288), Ferrostatin-1 (Fer-1, Cayman Chemica, 
#17729), N-Acetylcysteine (NAC, MCE, #HY-B0215), L-Glutathione 
reduced (GSH, MCE, #HY-D0187), Cholesterol (MCE, #HY-N0322A), 
palmitoleic acid (PA, Cayman Chemical, #10009871), oleic acid (OA, 
Cayman Chemical, #90260), arachidonic acid (AA, Cayman Chemical, 
#90010), stearic acid (SA, Cayman Chemical, #10011298), Lovastatin 
(Selleck, #S2061). All the tumor cell lines were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM, Gibco, #C11995500BT) with 10 % 
fetal bovine serum (Newzerum, #FBS-CS500) and 1 % penicillin- 
streptomycin (Gibco, #15140-122) at 37 ◦C in the presence of 5 % CO2.

2.2. RNA sequencing and bioinformatic analysis

RNA sample preparation and RNA sequencing methodologies were 
previously described in our study [18]. Heat maps and volcano plots 
showed DEGs of FGFR-TKI-sensitive and resistant cells. Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) and Gene ontology (GO) analyses 
were used to identify the correlation between ferroptosis and DEGs. The 
list of ferroptosis-related genes (FRGs) is available through the FerrDb 
Database (http://www.zhounan.org/ferrdb).

2.3. Plasmids or siRNA transfection and lentivirus infection

All plasmids and lentivirus constructs were developed by Genechem 
(Shanghai, China). Cells were seeded in 6-well plates at 3-5 × 105 cells/ 
well and transfected with 3 μg CHAC1-overexpressing plasmid or 50 nM 
siRNA targeting human CHAC1 (sequences in Supplementary Table S1) 
using 5 μL Lipofectamine 3000 (Invitrogen, #L3000015) in 250 μL Opti- 

Abbreviations

FGFR-TKI Fibroblast growth factor receptor tyrosine kinase 
inhibitor

GC Gastric cancer
DEGs Differentially expressed genes
PCD Programmed cell death
TME Tumor microenvironment
FRGs Ferroptosis-related genes
TIF Tumor interstitial fluid
CHAC1 Gutathione-specific γ-glutamylcyclotransferase 1
ROS Lipid reactive oxygen species
TEM Transmission electron microscopy
As Fatty acids
PA Palmitoleic acid
OA Oleic acid
AA Arachidonic acid
SA Stearic acid
TG Triglyceride

FATPs Fatty acid transport proteins
FABPs Fatty acid-binding proteins
DAG Diacylglycerols
PE Phosphatidylethanolamine
PI Phosphatidylinositol
PS Phosphatidylserine
Cer Ceramides
SM Sphingomyelins
PC Phosphatidylcholine
lysoPC lysophosphatidylcholine
PG Phosphatidylglycerol
HFD High-fat diet
LDs Lipid droplets
7-DHC 7-Dehydrocholesterol
IHC Immunohistochemistry
HPLC-MS/MS Ultra-High-performance liquid 

chromatography–mass spectrometry
GSH Glutathione
NAC N-Acetylcysteine
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MEM (Gibco, #31985070). After 6-h incubation, the medium was 
replaced with fresh DMEM (Gibco, #C11995500BT). For lentiviral 
infection, MGC803-R and BGC823-R cells were treated with CHAC1- 
overexpressing lentivirus or control virus in the presence of 5 μg/mL 
Polybrene (Beyotime, #C0351) for 16 h. To select stably transduced 
cells, puromycin (MCE, #HY-K1057) was added at 2 μg/mL for 7 days. 
Surviving cells were expanded for subsequent experiments.

2.4. Cell proliferation and death assay

Cell proliferation was assessed using CCK8 (Sigma-Aldrich, #96992) 
assay or flow cytometry with Propidium Iodide (PI, Beyotime, #ST512) 
staining. For the CCK8 assay, 5 × 103 tumor cells were seeded in 96-well 
plates with 200 μL culture medium and allowed to adhere overnight. 
Then cells were treated with gradient concentrations of AZD4547, RSL3, 
erastin or indicated lipids (50 μM SA, AA, OA or PA) at the indicated 
concentrations for 36 or 72 h. Following treatment, cells were incubated 
with CCK8 in a serum-containing medium for 1 h before measuring 
absorbance at OD450 nm using a plate reader (Biotek Synergy). For cell 
death analysis, 2 × 105 tumor cells were seeded in 6-well plates with 2 
mL culture medium and allowed to adhere overnight. After treatment, 
cells were stained with 2 μg/mL PI (final concentration) from a 1 mg/mL 
stock and incubated with cells for 15 min at 37 ◦C in the dark prior to 
flow cytometry analysis (BD, FACSCalibur). Data were analyzed using 
FlowJo V10.6. software.

2.5. Colony formation, migration and invasion assay

For the colony formation assay, 1.5 × 103 siRNA or plasmid- 
transfected cells were treated with 1 μM AZD4547 or DMSO for 
10–14 d after adherence, then fixed, stained with crystal violet, and 
colonies >50 cells were counted using ImageJ software. For migration, 
wound healing assays involved scratching confluent monolayers treated 
with 1 μM AZD4547 or DMSO, capturing images at 0 and 24 h, and 
analyzing the distance migrated. For transwell invasion assays, 5 × 104 

cells were seeded in the upper chamber of matrigel-coated transwell 
plates, with 10 % FBS in the lower chamber to attract the cells. After 24 
h, cells that invaded through the Matrigel were fixed, stained with 
crystal violet, and counted under a microscope. The data shown were 
representatives of 3 independent experiments.

2.6. Lipid peroxidation and glutathione assay

To assess lipid peroxidation, 3-5 × 103 cells were seeded in 96-well 
plates and treated with or without AZD4547 (1 μM or 2.5 μM) or RSL3 
(2 μM) or erastin (2.5 μM or 5 μM) for 48h, and then subsequently 
incubated with either 5 μM BODIPY-581/591 C11 (Invitrogen, #D3861) 
or 10 μM DCFH-DA (Beyotime, #S0033S). For fluorescence imaging, the 
above cells were counterstained with Hoechst 33342; and then visual-
ized under a fluorescence microscope to calculate the relative lipid ROS 
index (relative lipid ROS index = oxidized C11/non-oxidized C11). Flow 
cytometry measured fluorescence intensity after staining with BODIPY- 
581/591 C11 or DCFH-DA using a flow cytometer (BD, FACSCalibur). 
For glutathione measurement, a Glutathione Assay Kit (Sigma-Aldrich, 
#CS0260) was used following the manufacturer’s instructions. In brief, 
2 × 105 cells were seeded in 6-well plates and treated with or without 1 
μM AZD4547 treatment for 48h, and then lysed and centrifuged. The 
supernatant was assayed in a microplate reader for kinetic monitoring at 
ΔA412/min. Total glutathione content was calculated based on the 
standard curve and sample weight.

2.7. Transmission electron microscopy

Adherent GC cells treated with DMSO, AZD4547 (2.5 μM) or RSL3 (2 
μM) for 48h were harvested using cell scrapers, centrifuged at 1500 rpm 
for 10 min, and fixed with 2.5 % glutaraldehyde. Ultrathin sections (80 

nm) were prepared and examined using a transmission Electron Mi-
croscope (JEOL, JEM-1400Flash).

2.8. RNA Isolation and qRT-PCR analysis

Gastric cancer cells treated with AZD4547, fatty acids (SA, PA, OA, 
AA) or lovastatin were rinsed with prechilled PBS (Gibco, 
#C10010500BT) and lysed in Trizol reagent (Ambion, #15596018). 
Total RNA was extracted using Cell/Tissue Total RNA Isolation Kits 
(Vazyme Biotech, RC112-01) and quantified with a NanoDrop Spec-
trophotometer (Onedrop). gDNA removal and cDNA synthesis (Vazyme 
Biotech, #R323) and qRT-PCR (Vazyme, #Q511-02/03) were per-
formed using Applied Biosystems SimpliAmp Thermal Cycler (Thermo 
Fisher Scientific) and ABI StepOnePlus (Life technologies) respectively. 
Relative gene expression was normalized to β-actin expression and 
calculated using the 2− ΔΔCt method. Primer sequences are listed in 
Supplementary Table S2.

2.9. Protein extraction and Western blotting

Protein was extracted from cells using RIPA Lysis Buffer (Beyotime, 
#P0013C) and Protease Inhibitor Cocktail (Cell Signaling Technologies, 
#7012L). After the BCA protein concentrations assay (Beyotime, 
#P0010), samples were separated by electrophoresis using precast gels 
(GenScript, #M00657, #M00653) and transferred onto PVDF mem-
branes (BIO-RAD, #1620177). After blocking with skim milk, mem-
branes were incubated within primary antibodies at 4 ◦C overnight. The 
secondary antibody of anti-rabbit IgG or anti-mouse IgG were used at RT 
for 1 h. Detailed information on all antibodies, including sources, 
product codes, and dilution ratios, is provided in Supplementary 
Table S3. Blots were visualized using High-Performance Fluorescence 
System (Syngene) with an ECL Substrate (Tanon, #180–501).

2.10. Immunohistochemistry (IHC)

Gastric adenocarcinoma tissues and matched adjacent tissues were 
obtained from The First Affiliated Hospital of Nanjing Medical Univer-
sity with ethical approval (2018-SRFA-074). Tissues were fixed with 4 % 
paraformaldehyde, paraffin-embedded and sectioned. The sections were 
incubated with anti-CHAC1(Sigma-Aldrich, #AV42623, dilution 1:100) 
followed by HRP-linked anti-rabbit IgG, with hematoxylin counter-
staining. Images were captured using digital microscope cameras 
(Olympus BX53) and CellSens software. Staining intensity was analyzed 
using ImageJ 2.0 software, following the methodology described pre-
viously [19].

2.11. Collection of serum and TIF from GC patients

Collection approach of serum and tumor interstitial fluid (TIF) from 
19 GC patients referred to previous studies [20–22]. Peripheral blood 
was collected into vacuum tubes without anticoagulant, allowed to clot 
at RT, and then centrifuged at 3000 rpm for 5 min and 12000 rpm for 20 
min at 4 ◦C to obtain serum. Tumor tissues, collected within 30–45 min 
post-surgery, were rinsed in prechilled PBS, minced (0.1–0.3 g), and 
eluted in PBS at 37 ◦C with 5 % CO2 for 1 h. After centrifugation at 200g 
for 5 min and 4000 g for 20 min at 4 ◦C, TIF was collected from the 
supernatant. Both serum and TIF were snap-frozen in liquid nitrogen and 
stored at − 80 ◦C for further analysis.

2.12. Lipidomics analysis

Lipidomics analysis of TIF and serum samples was conducted using 
Ultra-High-performance liquid chromatography-mass spectrometry 
(HPLC-MS/MS) by Novogene Co., Ltd. (Beijing, China). The Vanquish 
UHPLC system (ThermoFisher) coupled with an Orbitrap Q ExactiveTM 
HF mass spectrometer (ThermoFisher) was utilized for lipid metabolite 
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extraction and identification with Lipidmaps and Lipidblast databases. 
Data analysis included principal components analysis (PCA) and partial 
least squares discriminant analysis (PLS-DA) via metaX software. Me-
tabolites with VIP >1 and P value < 0.05 and fold change≥ 2 or FC ≤ 0.5 
were defined to be differential lipid metabolites. Volcano plots and heat 
maps were generated in R using ggplot2 and Pheatmap, with data 
normalized to z-scores.

2.13. Cholesterol content and neutral lipid content assay

Cellular cholesterol content and neutral lipid content were assessed 
in FGFR-TKI-sensitive or resistant cells. 3-5 × 103 cells were seeded into 

96-well plates and treated with AZD4547 (1 μM or 2.5 μM) or DMSO for 
48 h after adherence. For cholesterol assay, these cells were fixed and 
stained with Filipin III solution (Cayman Chemical, #10009779) at a 
final concentration of 50 μg/mL for 30 min shielded from light and then 
washed with wash buffer. Images were captured and analyzed by an 
inverted fluorescence microscope (OLYMPUS, IX73)to determine 
cellular cholesterol accumulation. For neutral lipid assay, these cells 
were permeabilized, fixed, and stained with BODIPY 493/503 (Ther-
moFisher, #D3922) at a final concentration of 250 ng/mL. After stain-
ing, cells were resuspended in the buffer for flow cytometry analysis.

Fig. 1. FGFR-TKI resistance is associated with ferroptosis in gastric cancer. a Scheme for the construction of FGFR-TKI-resistant GC cell lines from BGC-823 and 
MGC-803 through prolonged selection. b, c Resistant (R) and sensitive (S) cells were treated with AZD4547 (0–30 μM) for 72 h, and cell viability was measured by 
CCK-8 assay (n = 3 independent experiments). Statistical significance was determined by two-way ANOVA. d, e KEGG and GO pathway enrichment analysis of DEGs 
associated with FGFR-TKI resistance. f Over-representation for ferroptosis-related gene set enrichment analysis among DEGs using the FerrDb database. g Volcano 
plot depicting DEGs in BGC823-R vs. BGC823-S, with up-regulated genes in sensitive cells (blue), resistant cells (red), and those linked to ferroptosis (yellow). h, i, j 
GSEA of ferroptosis-related pathways for DEGs in BGC823-S vs. BGC823-R.
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2.14. Animal studies

Six-week-old Balb/c-nude mice were obtained from the Animal Core 
Facility of Nanjing Medical University and Jiangsu Laboratory Animal 
Center. Tumor cells (5 × 106 cells in 100 μL PBS) were implanted by 
subcutaneous injection into the right axilla of the mice. Tumor pro-
gression was monitored every 3 days using calipers, with volumes 
calculated using the formula: volume(cm3) = 0.5 × length (cm) × width 

(cm) × width (cm). Once tumors reached 100 mm3, mice were treated as 
follows: AZD4547 (Selleck, #S2801) was administered via oral gavage 
at 12.5 mg/kg once daily; Ferrostatin-1 (Cayman Chemical, #17729) 
was injected intraperitoneally at 2.5 μmol/kg once daily; and Lovastatin 
(Selleck, #S2061) was delivered intratumorally at 0.44 mg/kg 12 h 
prior to AZD4547 administration. Treatment continued until tumors 
reached 1500 mm3 or after a 15-day period, at which point mice were 
euthanized under anesthesia, and tumors were harvested. The study was 

Fig. 2. Ferroptosis sensitivity is reduced in FGFR-TKI-resistant cells. a FGFR-TKI-resistant and -sensitive BGC-823 and MGC-803 cells were treated with 
AZD4547 (2.5 μM), RSL3 (2 μM) and erastin (5 μM) ± ferrostatin-1 (1 μM) for 48 h; cell death was assayed by PI uptake. b-e Cell growth in resistant and sensitive 
cells treated with RSL3 or Erastin for 72 h was assessed by CCK-8 assay. f Representative fluorescence images of oxidized lipid ROS (green), reduced lipid ROS (red) 
and nucleus (blue) in BGC823-S and BGC823-R treated with DMSO, AZD4547, RSL3 and erastin for 48 h (scale bars, 50 μm). g Flow cytometry analysis of lipid ROS 
+ BGC823-S or BGC823-R cells treated with DMSO, AZD4547 (2.5 μM), ferrostatin-1 (1 μM) or RSL3 (2 μM) for 48 h h, i Quantitative analysis of lipid ROS from 
fluorescence microscopy (h) and FACS (i), presented as mean ± SEM. j Representative TEM images of BGC823-S and BGC823-R treated with DMSO, AZD4547 (2.5 
μM) or RSL3 (2 μM) for 48 h showing mitochondrial alterations (red arrows). P values were determined by two-sided unpaired t-test (a), two-way ANOVA (b–e) and 
one-way ANOVA (h, i) (n = 3 independent experiments, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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conducted in compliance with the guidelines and regulations approved 
by the Institutional Animal Care and Use Committee of Nanjing Medical 
University (IACUC-1706007).

2.15. Statistical analysis

Statistical analyses were conducted using SPSS 22.0 and GraphPad 
Prism 8.0. Quantitative data were evaluated with two-sided Student’s t- 
test or one-way ANOVA test and presented as means ± SEM. Qualitative 
variables were assessed using chi-squared tests. Spearman’s correlation 
analysis determined correlation coefficients. Cox regression, 
Kaplan–Meier and log-rank tests were utilized for survival and prog-
nostic factor analysis. P values < 0.05 were regarded as statistically 
significant. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

3. Results

3.1. FGFR-TKI resistance is associated with ferroptosis in gastric cancer

To investigate the mechanisms of acquired resistance to FGFR-TKI in 
GC, we constructed resistant cells from BGC823 and MGC803, initially 
sensitive due to high FGFR1 expression [18], through chronic exposure 
to AZD4547 (an FGFR-TKI) and prolonged selection (Fig. 1a–c). Sub-
sequently, RNA sequencing was performed on BGC823-resistant 
(BGC823-R) and -sensitive (BGC823-S) cells. Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses 
of differentially expressed genes (DEGs) between resistant and sensitive 
cells highlighted an enrichment in ferroptosis pathways (Fig. 1d–e). 
Further analysis of ferroptosis-related genes (FRGs) within these DEGs 
revealed an enrichment of genes involved in the regulation, promotion, 
and suppression of ferroptosis in FGFR-TKI-resistant cells (Fig. 1f–j). 
Additionally, FRGs were significantly enriched in resistant cells 
following FGFR-TKI treatment compared to the control group treated 
with DMSO (Figure S1a-b, S1d-e), while FGFR1 knockdown diminished 
this enrichment (Fig. S1c and S1f). Collectively, these findings suggest a 
potential link between acquired resistance to FGFR-TKIs in GC and 
ferroptosis.

3.2. Ferroptosis sensitivity is reduced in FGFR-TKI-resistant cells

Further investigation into the relationship between FGFR-TKI resis-
tance and ferroptosis was conducted through in vitro experiments. 
Ferrostatin-1, a ferroptosis inhibitor, attenuated the cytotoxicity of 
FGFR-TKIs on sensitive cells (Fig. 2a). In contrast, resistant cells 
exhibited reduced sensitivity to ferroptosis induced by RSL3 (a GPX4 
inhibitor) and erastin (a system Xc− antagonist) [23,24], two canonical 
ferroptosis inducers (Fig. 2b–e). Lipid reactive oxygen species (ROS) 
levels assessed with BODIPY-581/591 C11 revealed that 
FGFR-TKI-sensitive cells were susceptible to lipid peroxidation, as 
confirmed by both fluorescence imaging and flow cytometry, whereas 
resistant cells were unresponsive to FGFR-TKIs or ferroptosis inducers 
(Fig. 2f–i, S2a-d). Similar results were observed with the DCFH-DA 
probe, which measures total ROS levels, showing that ferrostatin-1 
diminished AZD4547-induced ROS production (Fig. S2e). Addition-
ally, transmission electron microscopy (TEM) identified ultrastructural 
changes in mitochondria of AZD4547-treated sensitive cells, including 
membrane wrinkling, rupture, and increased density, whereas resistant 
cells exhibited less mitochondrial damage with preserved morphology 
(Fig. 2j–S2f). These data collectively suggest that FGFR-TKI can induce 
ferroptosis in FGFR-TKI-sensitive cells, whereas FGFR-TKI-resistant cells 
have a decreased sensitivity to ferroptosis.

3.3. Reduction of ferroptosis regulator CHAC1 expression in FGFR-TKI- 
resistant cells

To investigate the mechanisms underlying the reduced sensitivity to 

ferroptosis in FGFR-TKI resistant cells, we analyzed the top 20 DEGs 
between resistant and sensitive cells without AZD4547 treatment, 
identifying six genes (CHAC1, NUPR1, ASNS, SESN2, TRIB3, LCN2) 
involved in the regulation of ferroptosis (Fig. 3a). Validation revealed 
reduced mRNA and protein expression levels of CHAC1, a glutathione 
(GSH)-specific degrading enzyme, in FGFR-TKI-resistant cells (Fig. 3b–c, 
S3a), with a positive correlation to FGFR1 expression levels (Fig. 3c). 
Enhanced iron uptake and GSH degradation following AZD4547 treat-
ment were observed in sensitive cells, contrasting with subtle changes in 
resistant cells, indicative of FGFR-TKI-induced ferroptosis resistance 
(Fig. 3d–f).

Given that FGFR-TKI can upregulate CHAC1 to promote ferroptosis 
in sensitive cells, we subsequently explored the prognostic relevance of 
CHAC1 expression. Despite heterogeneity in CHAC1 expression among 
GC patients (Fig. 3g), GC tissues consistently showed lower CHAC1 
expression compared to adjacent non-tumor tissues (Fig. 3h–i). More-
over, CHAC1 was identified as an independent prognostic factor for GC 
patients (Table 1), with elevated expression predicting improved sur-
vival (Fig. 3j–S3b-c).

3.4. CHAC1 overexpression overcomes FGFR-TKI resistance and 
enhances FGFR-TKI-induced ferroptosis

We hypothesize that CHAC1 downregulation mediates ferroptosis 
resistance, which may lead to FGFR-TKI resistance. To investigate this, 
we transfected resistant cells with CHAC1-overexpressing plasmids and 
knocked down CHAC1 in sensitive cells using siRNA (Fig. 4a–b). 
Negligible impact on the growth rate of GC cells was observed after the 
modulation of CHAC1 expression (Fig. S4a). Overexpression of CHAC1, 
as shown by CCK8 assays, increased the susceptibility of FGFR-TKI- 
resistant cells to AZD4547. Subsequent phenotypic assessments, 
including colony formation, scratch wound healing, and Transwell in-
vasion, consistently showed that elevated CHAC1 levels augmented the 
cytotoxicity of FGFR-TKI and amplified the inhibitory effects of FGFR- 
TKI on the proliferation, migration, and invasion of FGFR-TKI- 
resistant cells (Fig. 4d–f). Conversely, CHAC1 knockdown in sensitive 
cells resulted in the acquisition of FGFR-TKI resistance (Fig. S4b–f).

Moreover, the effect of CHAC1 overexpression on FGFR-TKI-induced 
ferroptosis sensitivity was explored, and we observed that over-
expression of CHAC1 in resistant cells led to exacerbated GSH depletion 
and augmented susceptibility to FGFR-TKI-induced lipid peroxidation 
(Fig. 4g–h). Furthermore, supplementation with excess GSH or N-Ace-
tylcysteine (NAC) in CHAC1-overexpressing resistant cells markedly 
reversed the enhanced FGFR-TKI cytotoxicity and lipid peroxidation 
(Fig. 4i–j, S4g-h). Collectively, these findings underscore the pivotal role 
of CHAC1 in modulating GC response to FGFR-TKI, potentially through 
CHAC1-mediated changes in ferroptosis sensitivity.

3.5. Increased cholesterol accumulation in FGFR-TKI-resistant cells and 
lipid disruption in GC microenvironment

Our analysis also revealed that differential gene expression between 
sensitive and FGFR-TKI-treated resistant cells was significantly enriched 
in pathways involved in cholesterol synthesis and lipid metabolism 
(Fig. 1d–e). Further examination of genes pivotal to cholesterol meta-
bolism indicated upregulated cholesterol production and diminished 
transport in resistant cells (Fig. 5a–b). Filipin III staining revealed 
elevated intracellular cholesterol accumulation in resistant cells 
following FGFR-TKI treatment, characterized by increased size and 
number of cholesterol droplets (Fig. 5c–d). Additionally, analysis of 
genes involved in fatty acid (FA) and triglyceride (TG) metabolism 
indicated no change in the synthesis of these lipids in resistant cells 
(Fig. S5a). Nevertheless, resistant cells exhibited downregulation of the 
fatty acid transport proteins (FATPs) and fatty acid-binding proteins 
(FABPs) families, correlating with decreased levels of intracellular 
neutral lipids content compared to sensitive cells (Fig. 5e–f).
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Given the reduced expression of FAs uptake-related proteins in 
resistant cells, we hypothesized that lipids within the tumor microen-
vironment (TME) may be involved in modulating the resistance of GC 
cells to FGFR-TKI. We characterized the lipid profiles within the GC 

microenvironment of 19 patients by extracting tumor interstitial fluid 
(TIF) from fresh surgical specimens and collecting matched serum, fol-
lowed by non-targeted HPLC-MS/MS lipidomics profiling (Fig. 5g). This 
approach identified 15 distinct lipid classes (Fig. S5c) and detected a 

Fig. 3. Reduction of ferroptosis regulator CHAC1 expression in FGFR-TKI-resistant cells. a Heatmap depicting the top 20 DEGs from RNA-seq analysis of 
BGC823-R vs. BGC823-S cells, with FRGs highlighted in red. b qRT-PCR analysis of CHAC1 expression levels in sensitive and resistant cells. c Western blot assessment 
of FGFR1 and Chac1 protein levels in sensitive and resistant cells. d Schematic illustrating the role of iron and GSH metabolism-related proteins in ferroptosis 
development. e Western blot assessment of iron and GSH metabolism-related proteins in cells treated with AZD4547 for 48 h f GSH levels in cells treated with DMSO 
or 1 μM AZD4547 for 48 h g Representative immunohistochemistry staining images of different expression levels of CHAC1 in GC tumor tissues. h, i IHC staining and 
scoring of CHAC1 in GC tumor and adjacent normal tissues (n = 34 paired samples). j Kaplan–Meier curves demonstrating the correlation between CHAC1 expression 
levels and OS in GC patients. Data were from TCGA database. P values were calculated using two-sided unpaired t-test (n = 3 independent experiments, *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001).
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significant disparity in lipid composition between TIF and serum of GC 
(Fig. 5h-i. S5b). Specifically, in TIF, relative abundances of FA, diac-
ylglycerols (DAG), phosphatidylethanolamine (PE), phosphatidylinosi-
tol (PI), phosphatidylserine (PS), ceramides (Cer), and sphingomyelins 
(SM) was significantly elevated, while phosphatidylcholine (PC), lyso-
phosphatidylcholine (lysoPC), and phosphatidylglycerol (PG) were 
reduced (Fig. 5j–S5d). Overall, our findings suggest that cholesterol 
accumulation in FGFR-TKI-resistant cells, along with diminished fatty 
acid uptake via FATPs and FABPs from the lipid-disrupted GC micro-
environment may be pivotal in the development of FGFR-TKI resistance.

3.6. Inhibition of exogenous FA-regulated cholesterol synthesis enhances 
CHAC1 and ameliorates FGFR-TKI resistance in GC

Previous studies have reported that a high-fat diet (HFD) and exog-
enous lipid mixtures can modulate CHAC1 expression [25]. Based on 
this, we explored the effects of stearic acid (SA), enriched in GC 
microenvironment (Fig. 5k), and other common FAs on 
FGFR-TKI-induced CHAC1 expression in sensitive cells expressing FATPs 
and FABPs. We discovered that SA combined with FGFR-TKI consis-
tently enhanced cytotoxicity in both BGC823-S and MGC803-S cells, 
whereas palmitic acid (PA), oleic acid (OA), and arachidonic acid (AA) 
exhibited controversial effects (Fig. 6a–b). Additionally, treatment with 
SA was observed to amplify the FGFR-TKI-induced upregulation of 
CHAC1 and ROS-related genes (Fig. 6c–f). These results imply that 
exogenous SA uptake may potentiate FGFR-TKI-induced ferroptosis in 
sensitive cells.

We hypothesized that SA abundant in TIF may interact with the 
cholesterol synthesis pathway in FGFR-TKI-resistant cells. Our results 
show that exogenous SA or PA treatments reduce cholesterol accumu-
lation (Fig. 6g). Then we explored the interplay between cholesterol 
synthesis and CHAC1-mediated ferroptosis sensitivity. Statin-induced 
inhibition of cholesterol synthesis contributed to a dose-dependent in-
crease in CHAC1 expression (Fig. 6h), and enhanced ROS production 
induced by FGFR-TKI in resistant cells (Fig. 6i). Overall, our findings 
indicate that cholesterol accumulation in resistant cells results from 
diminished SA uptake, and that pharmacological inhibition of HMGCR 
boosts CHAC1 expression, thereby ameliorating FGFR-TKI-induced fer-
roptosis resistance.

3.7. Overexpression of CHAC1 or cholesterol removal enhances the 
anticancer activity of FGFR-TKI in vivo

To extend our in vitro findings, we conducted in vivo studies to assess 
the impact of CHAC1 overexpression on tumor growth. BGC823-R and 
MGC803-R cells with CHAC1 overexpression (CHAC1-OE) were estab-
lished using a lentiviral system (Fig. S6a–b). Following subcutaneous 
implantation of CHAC1-OE or control vector cells into Balb/c nude mice, 
we observed that CHAC1 overexpression moderately inhibited the 
growth of FGFR-TKI-resistant tumors (Fig. 7a–c, S6c-d). Next, we 
explored whether overexpression of CHAC1 could enhance the sensi-
tivity of resistant tumors to FGFR-TKI in vivo. Mice bearing CHAC1-OE 
or Vector tumors were administered AZD4547, either alone or combined 
with ferrostatin-1 (Fig. 7d). CHAC1 overexpression reversed FGFR-TKI 
resistance in GC; however, this effect was abrogated by ferroptosis in-
hibition (Fig. 7e–g, S6e-g). Finally, we assessed the impact of modu-
lating cholesterol synthesis on FGFR-TKI efficacy and the contribution of 
ferroptosis. Mice harboring FGFR-TKI-resistant tumors treated with 
AZD4547 and lovastatin showed tumor reduction and even regression 
(Fig. 7h–k, S6h-j). The benefits of this combination therapy were 
negated by the inhibition of ferroptosis (Fig. 7i–S6h). In conclusion, our 
results demonstrate that overexpressing CHAC1 or inhibiting cholesterol 
synthesis can effectively reverse FGFR-TKI resistance in vivo, posi-
tioning CHAC1 and HMGCR as promising targets for the treatment of 
FGFR-TKI-resistant gastric cancer.

4. Discussion

GC remains a substantial health challenge, largely due to the scarcity 
of effective molecular-targeted treatments. Its molecular heterogeneity 
often leads to treatment failure, highlighting the need for tailored 
therapeutic approaches [26,27]. The FGF/FGFR signaling pathway, 
implicated in various cancers, is known to be aberrant in 6.7 % of GC 
and plays a crucial role in cancer progression [28,29]. The FGF/FGFR 
axis is involved in various aspects of cancer progression, including cell 
proliferation, survival, migration, and angiogenesis [30]. Therefore, 
targeting the FGF/FGFR pathway is a promising approach for GC 
treatment. AZD4547, a highly selective TKI for FGFR1-3, has shown 
antitumor efficacy in preclinical models of gastric adenocarcinoma with 
FGFR2 amplification [5]. However, clinical trials of FGFR inhibitors 
have produced inconsistent outcomes [5,31–33], suggesting a complex 
response pattern in GC patients. The development of drug resistance is a 

Table 1 
Univariate and multivariate COX regression analyses of different clinical characteristics and prognostic factors in STAD patients. (n = 369).

Variable All case Univariate analysis Multivariate analysis

HR (95 % CI) P value HR (95 % CI) P value

Gender  1.297 (0.910–1.849) 0.150  
Female 129    
Male 240    

Age (years)  1.530 (1.053–2.221) 0.026 *  
<60 118    
≥60 248    

Differentiation  1.397 (1.006–1.942) 0.046 *  
Well 9    
Moderate 126    
Poor 225    

Tumor location  1.024 (0.860–1.219) 0.790  
Gastroesophageal Junction 38    
Cardia/Proximal 50    
Fundus/Body 133    
Antrum/Distal 135    

TNM stage  1.712 (1.219–2.403) 0.002 ** 1.659 (1.181–2.331) 0.004 **
I/II 171    
III/IV 196    

CHAC1 expression  0.610 (0.434–0.856) 0.004 ** 0.635 (0.452–0.892) 0.009 **
Low 112    
High 257    
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Fig. 4. CHAC1 Overexpression overcomes FGFR-TKI resistance and enhances FGFR-TKI-induced ferroptosis. a qRT-PCR analysis of CHAC1 mRNA expression 
in GC cells with CHAC1 overexpression or knockdown (mean ± SEM). b Western blot assessment of CHAC1 protein expression in GC cells with CHAC1 over-
expression or knockdown. c CCK-8 assay evaluating AZD4547 sensitivity. d Crystal violet staining of AZD4547-treated cells after 3 weeks, with colony formation 
quantified (mean ± SEM). e Wound-healing assay showing cell migration at 24 h; wound closure quantified as remaining open area percentage (mean ± SEM, n = 3). 
f Transwell invasion assay with crystal violet-stained invaded cells following a 24-h 1 μM AZD4547 treatment, and quantified cell counts (mean ± SEM). g GSH levels 
in cells treated with DMSO or AZD4547 for 48 h h Representative fluorescence images and analysis of lipid ROS (scale bars, 50 μm). i BR-CHAC1-OE and MR-CHAC1- 
OE cells were treated with DMSO, AZD4547 (2.5 μM) with or without GSH (10 mM) and NAC (5 mM) for 72 h, and cell viability was measured by CCK-8 assay. j 
Quantitative analysis of lipid ROS from fluorescence microscopy, presented as mean ± SEM. P values were calculated using two-sided unpaired t-test (a, d, e, f, g), 
one-way ANOVA (i, j) and two-way ANOVA (c) (n = 3 independent experiments, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Fig. 5. Increased cholesterol accumulation in FGFR-TKI-resistant cells and lipid disruption in GC microenvironment. a Transcriptional analysis comparing 
BGC823-R and BGC823-S cells identified alterations of genes involved in cholesterol metabolism, displayed as log2-normalized expression levels. b qRT-PCR analysis 
of cholesterol metabolism–related enzyme gene expression (mean ± SEM). c Following 48-h treatment with AZD4547, gastric cells were stained with Filipin III and 
analyzed for cholesterol content using fluorescence microscopy (scale bars, 50 μm). d Mean fluorescence intensity (MFI) of Filipin III staining (mean ± SEM). e 
Transcriptional analysis of genes involved in fatty acid and triacylglycerol metabolism displayed as log2-normalized expression levels. f Gastric cancer cells were 
treated with AZD4547 and stained with BODIPY 493/503 to evaluate neutral lipid content. Flow cytometry measured the fluorescence intensity, displayed as mean 
± SEM. g Schematic overview of the collection process for tumor interstitial fluid (TIF) and serum in GC patients, followed by lipidomic analysis using mass 
spectrometry (MS). h-i Principal component analysis (PCA) (h) and volcano plots (i) comparing lipidomic profiles between TIF and serum samples from GC patients 
(n = 19 paired samples). j Relative abundance of lipid species in TIF and serum from GC patients. k Heatmaps of differentially expressed fatty acids in TIF and serum 
from GC patients (shown as Z score). P values were calculated using two-sided unpaired t-test (a) and one-way ANOVA (d, f) (n = 3 independent experiments, *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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likely contributor to the variable efficacy of FGFR-TKI, warranting 
further exploration. Accordingly, our study uncovers a potential evasion 
mechanism in GC cells against the cytotoxic effects of FGFR-TKI, high-
lighting the interplay between ferroptosis and lipid metabolism in 
resistance development (Fig. 7j).

The role of ferroptosis in anticancer therapies resistance is gaining 
recognition. This iron-dependent form of cell death can be triggered by 
molecular targeted drugs like sorafenib and lapatinib [34,35]. Studies 
have shown that drug-resistant tumor cells stabilize Nrf2 via Keap1 
inactivation or Nrf2 pathway mutations, controlling GSH biosynthesis 
and antioxidant responses, and thereby promoting resistance to fer-
roptosis and other cancer therapies [36]. However, the relationship 
between FGFR-TKI resistance and ferroptosis has not been reported 
previously. Our research indicates that FGFR-TKI can induce ferroptosis 

in GC cells, but resistance to this process is a hallmark of 
FGFR-TKI-resistant cells.

Inefficient lipid peroxidation repair protects cancer cells from fer-
roptosis [37]. We identified glutathione-specific γ-glutamylcyclo-
transferase 1 (CHAC1) as a key player in FGFR-TKI resistance, which 
specifically degrades antioxidant GSH to 5-oxoproline and Cys-Gly 
dipeptide, thereby sustaining intracellular oxidative homeostasis [38,
39]. Although CHAC1 has been identified as a key gene regulating fer-
roptosis in the processes of ischemic stroke and colitis-associated 
carcinogenesis [25,40], its impact on FGFR-TKI resistance still needs 
further investigation. We link CHAC1 downregulation to ferroptosis 
resistance and imply that its overexpression could enhance the cytotoxic 
effects of FGFR-TKI by regulating the lipid peroxidation repair system. 
In addition, our results suggest that CHAC1 expression is related to 

Fig. 6. Accumulated cholesterol induced by exogenous fatty acids downregulates CHAC1, contributing to FGFR-TKI resistance in GC. a, b Following 48-h 
incubation with AZD4547 or DMSO ± indicated lipids, cell viability in GC cells was evaluated using CCK-8 assay. c, d, e, f qRT-PCR analysis of CHAC1 and ROS- 
related genes in GC cells with AZD4547 or DMSO ± indicated lipids (mean ± SEM). g Sensitive cells were treated with indicated lipids and stained with Filipin III to 
evaluate cholesterol content. MFI was measured using flow cytometry (mean ± SEM). h Lovastatin-treated resistant cells were assessed for CHAC1 mRNA expression 
using qRT-PCR. i Representative fluorescence images and analysis of lipid ROS (scale bars, 50 μm). P values were calculated using two-way ANOVA (a, b, c, d, e, f) 
and one-way ANOVA (g, h) (n = 3 independent experiments, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Fig. 7. Overexpression of CHAC1 or cholesterol removal enhances the anticancer activity of FGFR-TKI in vivo. a Diagram of the subcutaneous tumor implantation 
procedure in Balb/c nude mice, with a timeline for monitoring tumor growth and dimensions. b-c Tumor growth curves depict tumor volume measurements in mice 
harboring BGC823-Vector or BGC823-CHAC1-OE tumors (b, n = 6 mice per group), and MGC803-Vector or MGC803-CHAC1-OE tumors (c, n = 4 mice per group), 
presented as mean ± SEM. d Schematic of Balb/c nude mice harboring BR-Vector or BR-CHAC1-OE subcutaneous tumors treated at indicated times with AZD4547 ±
ferrostatin-1. e-g Representative photograph (e), tumor growth curves (f) and weights (g) of subcutaneous BR-Vector or BR-CHAC1-OE tumors in Balb/c nude mice 
treated with AZD4547 ± ferrostatin-1 (BR-Vevtor + AZD, n = 7 mice; BR-CHAC1-OE + AZD + Fer-1, BR-CHAC1-OE + AZD, n = 6 mice). h Schematic of Balb/c nude 
mice harboring BGC823-R tumors treated at indicated times with DMSO, AZD4547, lovastatin ± ferrostatin-1. i-k Representative photograph (i), tumor growth 
curves (j) and weights (k) of subcutaneous BR tumors in Balb/c nude mice treated with DMSO, AZD4547, lovastatin ± ferrostatin-1 (BR + DMSO, BR + AZD, BR +
AZD + Lova + Fer-1, n = 6 mice; BR + Lova, BR + AZD + Lova, n = 5 mice). P values were calculated using two-way ANOVA (b, c, f, j) and one-way ANOVA (g, k) 
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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FGFR1 expression and immune scores (Fig. 3c–S3d), which may also 
contribute to the mechanism of CHAC1 downregulation-induced 
FGFR-TKI resistance. Our study underscores the importance of 
CHAC1-mediated ferroptosis in FGFR-TKI resistance and suggests that 
CHAC1 may predict responses to FGFR-TKI.

Dysregulated lipid homeostasis has been firmly closely tied to tumor 
progression and therapeutic resistance in gastric and other cancers, 
influencing cell growth and survival, and driving drug resistance via 
metabolic reprogramming and alterations in TME [41–43]. Studies show 
that resistant cells typically exhibit increased lipid droplets (LDs) con-
taining triglycerides and cholesterol esters, enhanced contact between 
LDs and mitochondria, and elevated lipid synthesis [44]. Additionally, 
disruption of cholesterol homeostasis induces metabolic reprogramming 
in breast cancer (BC) cells, leading to enhanced resistance to ferroptosis 
and consequently driving a significant increase in the tumorigenicity 
and metastatic potential of BC [45]. Similarly, our research reveals that 
FGFR-TKI-resistant GC cells exhibit significant reprogramming of lipid 
metabolism, notably cholesterol accumulation and reduced fatty acid 
uptake. Moreover, targeting cholesterol synthesis appears to effectively 
reverse FGFR-TKI resistance, highlighting the pivotal role of lipid 
metabolism in therapeutic outcomes.

The connection between lipid metabolism and ferroptosis represents 
another significant frontier in current cancer research. Research has 
shown that diverse lipid species, including fatty acyls, glycerolipids, 
glycerophospholipids, and sterol lipids, significantly influence cellular 
susceptibility to ferroptosis [46]. For instance, exogenous cholesterol 
and OA uptake may diminish RSL3-induced ferroptosis, whereas PA can 
potentiate this response [25]. Recent studies have reported that 7-Dehy-
drocholesterol (7-DHC) can act as an endogenous inhibitor of ferropto-
sis, regulating its sensitivity [47,48]. However, the role of the various 
lipids abundant in the TME in FGFR-TKI-induced ferroptosis sensitivity 
remains unclear in GC. Our study highlights the significance of lipid 
profiling in deciphering the contribution of the TME to FGFR-TKI 
resistance in GC. We found SA enrichment in TIF enhances cholesterol 
synthesis and promotes ferroptosis induced by FGFR-TKI. Additionally, 
FGFR-TKI-resistant cells adapt to the metabolic stress induced by 
FGFR-TKI by downregulating FATPs and FABPs, which leads to 
decreased SA uptake and cholesterol accumulation, and impairs the 
peroxidation repair system and FGFR-TKI sensitivity. The identification 
of TIF lipid profile and their correlation with FGFR-TKI resistance pro-
vides new insights for potentiating the effectiveness of FGFR-TKI.

Our findings hold crucial clinical implications for the development of 
novel therapeutic strategies targeting GC patients with FGFR-TKI resis-
tance. By elucidating the roles of ferroptosis and lipid metabolism in 
FGFR-TKI resistance, we can offer more personalized strategies for pa-
tients with FGF/FGFR functional alterations. Our in vivo study results 
indicate that targeting CHAC1 overexpression or cholesterol synthesis 
can effectively reverse FGFR-TKI resistance and enhance its anticancer 
activity, with these approaches being contingent on ferroptosis, poten-
tially offering new therapeutic avenues to overcome drug resistance. 
Furthermore, our research highlights the analysis of lipid profiling in 
TME, which may aid in identifying new biomarkers to improve patient 
prognosis and treatment response.

While our study offers new insights into the association between 
FGFR-TKI resistance, ferroptosis, and lipid metabolism, there are limi-
tations to consider. Our research primarily focuses on in vitro cell cul-
ture models and animal models, which may not fully replicate the 
complexities of the human body. Future studies should validate our 
findings in larger patient cohorts and explore additional biomarkers that 
could influence FGFR-TKI resistance. Moreover, although we have 
identified the roles of CHAC1 and cholesterol synthesis in FGFR-TKI- 
induced ferroptosis, the precise molecular mechanisms warrant further 
investigation.

In summary, our research uncovers the complexity of FGFR-TKI 
resistance in GC and lays the groundwork for exploring novel thera-
pies. Translating these findings into clinical practice will require further 

research and validation but holds the potential to improve patient out-
comes in GC.
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