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Abstract
Background Fibroblast growth factor receptor 1 (FGFR1) is frequently dysregulated in various tumors. FGFR inhibitors 
have shown promising therapeutic value in several preclinical models. However, tumors resistant to FGFR inhibitors have 
emerged, compromising therapeutic outcomes by demonstrating markedly aggressive metastatic progression; however, the 
underlying signaling mechanism of resistance remains unknown.
Methods We established FGFR inhibitor-resistant cell models using two gastric cancer (GC) cell lines, MGC-803 and BGC-
823. RNA-seq was performed to determine the continuous cellular transcriptome changes between parental and resistant 
cells. We explored the mechanism of resistance to FGFR inhibitor, using a subcutaneous tumor model and GC patient-derived 
tumor organotypic culture.
Results We observed that FGFR1 was highly expressed in GC and FGFR1 inhibitor-resistant cell lines, demonstrating 
elevated levels of autophagic activity. These resistant cells were characterized by epithelial-mesenchymal transition (EMT) 
required to facilitate metastatic outgrowth. In drug-resistant cells, the FGFR1 inhibitor regulated GC cell autophagy via 
AMPK/mTOR signal activation, which could be blocked using either pharmacological inhibitors or essential gene knock-
down. Furthermore, TGF-β-activated kinase 1 (TAK1) amplification and metabolic restrictions led to AMPK pathway activa-
tion and autophagy. In vitro and in vivo results demonstrated that the FGFR inhibitor AZD4547 and TAK1 inhibitor NG25 
synergistically inhibited proliferation and autophagy in AZD4547-resistant cell lines and patient-derived GC organotypic 
cultures.
Conclusions We elucidated the molecular mechanisms underlying primary resistance to FGFR1 inhibitors in GC, and 
revealed that the inhibition of FGFR1 and TAK1 signaling could present a potential novel therapeutic strategy for FGFR1 
inhibitor-resistant GC patients.
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Introduction

Systemic chemotherapy and targeted drugs are critical in 
determining long-term survival in patients with gastric 
cancer (GC), especially advanced and metastatic cases. 
However, drug resistance remains a major challenge in GC 
treatment [1]. The human fibroblast growth factor recep-
tor (FGFR) family, composed of four distinct isoforms 
(FGFR1–4), belongs to the receptor tyrosine kinase (RTK) 
superfamily [2, 3]. FGFR binds to a fibroblast growth factor 
(FGF), triggering the dimerization of extracellular receptor 
domains, trans-phosphorylation of the intracellular kinase 
domain, and subsequent activation of downstream signaling 
pathways, mitogen-activated protein kinase (MAPK), and 
phosphoinositide-3-kinase (PI3K)/AKT [4–6]. FGF/FGFR 
signaling is involved in numerous physiological processes, 
including cellular proliferation, migration, and survival [7, 
8]. Aberrations in this pathway have been observed in sev-
eral solid organ cancers [9]. FGFR1 amplification has been 
observed in oral squamous cell carcinoma, ovarian carci-
noma, breast carcinoma, bladder carcinoma, squamous cell 
lung cancer, pancreatic adenocarcinoma, and gastric adeno-
carcinoma [10–15], presenting FGFR1 as a promising drug 
target in cancer therapy [4]. To date, several FGFR inhibi-
tors have been evaluated in clinical trials, with the gradual 
development of resistance to some inhibitors [8]. Thus, elu-
cidating mechanisms of drug resistance is crucial for further 
developing FGFR inhibitor therapies.

Here, we observed that the resistance of GC cells to 
AZD4547, a widely used selective FGFR inhibitor, is asso-
ciated with an autophagic activity. Autophagy is an evo-
lutionarily conserved catabolic process during which por-
tions of the cytosol and organelles are sequestered into a 
double-membrane vesicle and delivered to the lysosome for 
bulk degradation [1, 16]. The adenosine 5′-monophosphate 
(AMP)-activated protein kinase (AMPK)/mammalian target 
of rapamycin (mTOR) signaling pathway has emerged as a 
central conduit in autophagic regulation [17]. mTOR can be 
suppressed by AMPK, stimulating autophagy, and activat-
ing the downstream autophagy cascade [18, 19]. Transform-
ing growth factor-β (TGF-β)-activated kinase 1 (TAK1), a 
member of the mitogen-activated protein kinase family [20], 
plays significant roles in cell differentiation, apoptosis, sur-
vival, and inflammatory responses [21]. Growing evidence 
suggests that TAK1 activation can induce autophagy in an 
AMPK-dependent manner [22–24]. Here, we observed that 
both mTOR and TAK1 pathways regulate autophagy in 
the AZD4547-resistant GC cells and the combined effects 
regulate autophagy, ultimately increasing epithelial-mesen-
chymal transition (EMT) effects. Our results indicate that, 
in FGFR inhibitor-resistant GC patients, TAK1 inhibition 
could provide a potential therapeutic synergic strategy.

Materials and methods

Patients and tissue specimens

Fresh tumors were acquired from surgical resection of 
patients with histologically-confirmed gastric adenocarci-
noma at the Affiliated Cancer Hospital of Nanjing Medi-
cal University, China. The histological grade was classified 
according to the World Health Organization (WHO) his-
tological grading: G1 well-differentiated; G2 moderately 
differentiated; G3 poorly differentiated. Nerve or vascular 
invasion was considered neurovascular invasion positive. 
TNM staging was conducted according to the seventh edi-
tion of the AJCC TNM staging system. In total, 34 patients 
were assigned to the overexpression group according to 
immunohistochemical results; 16 patients were assigned to 
the normal expression group. None of the enrolled patients 
had previous antitumor therapy. The corresponding tumor-
free (2–5 cm adjacent to the tumor tissue, peripheral; > 5 cm 
adjacent to the cancer tissue, normal) tissues were verified 
by pathological diagnosis.

Animal model and in vivo drug treatments

Female BALB/c nude mice, aged 5–6 weeks, were pur-
chased from the Medical Laboratory Animal Center of 
Nanjing Medical University. BGC-823, BGC-823R, 
MGC-803, or MGC-803R cells (5 × 106 in 0.1  mL of 
PBS) were subcutaneously injected into the right flanks of 
BCLB/c nude mice. Tumor volumes were measured using 
a caliper every 3 days and calculated by the formula: Vol-
ume = 0.5 × length × width2. When tumor xenograft volumes 
reached ~ 100 mm3 for BGC-823/BGC-823R and ~ 50 mm3 
for MGC-803/MGC-803R, the mice were randomly 
grouped (n = 5, per group) and treated with control vehicle, 
AZD4547, or AZD4547 combined with NG25. AZD4547 
(12.5 mg/kg/days) or an equal volume of vehicle (1%-Tween-
80 in demineralized water) were administered once daily by 
oral gavage. NG25 (30 µM/kg/days) or an equal volume of 
vehicle (4% DMSO + 30% PEG300 + 5% Tween-80 + 61% 
demineralized water) was administered once daily by intra-
peritoneal injection. After treatment for 15 days, the mice 
were sacrificed. The tumors were separated, photographed, 
weighed, and fixed in a formalin solution.

Patient tumor ex vivo organotypic culture

Tumor tissue samples were collected at the time of surgical 
removal from consenting patients and transported in Modi-
fied Improved Minimum Essential Medium (IMEM, 10% 
FBS, and 1% penicillin–streptomycin (PS). The tissue was 
sliced into thin sections using a surgical knife. Sections were 
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cultured on an organotypic insert (PICM0RG50, Millipore, 
Darmstadt, Germany) for 24 h in IMEM, 10% FBS, 1% PS, 
and 50 μg/mL holo-transferrin with the drug. To confirm 
tissue viability, a section from each tumor was immediately 
fixed in 10% buffered formalin. After culture, treated tissue 
sections were fixed in 10% buffered formalin and embed-
ded in paraffin. Paraffin-embedded tumors were evaluated 
for morphology (Hematoxylin–Eosin staining, H&E) and 
immunofluorescent signaling.

Statistics

Comparisons of categorical variables in Supplementary 
Table S1 were conducted using the Chi-square test. The 
data are presented as the means ± standard error of the 
mean (SEM). Unpaired numerical data were compared 
using an unpaired t test (two groups) or analysis of variance 
(ANOVA) for more than two groups. A p value < 0.05 was 
regarded as significant.

More materials and methods are provided in Supplemen-
tary files.

Results

FGFR1 is highly expressed in GC

To investigate the contribution of the FGFR in GC, we com-
pared mRNA levels of each of the FGFR family members 
in GC tissues and adjacent normal gastric tissues from 50 
GC patients by qRT-PCR. FGFR1 was the only significantly 
upregulated member in GC tissues (Fig. 1a, Supplementary 
Fig. S1a). Additionally, the protein levels of FGFR1 in GC 
tissues (T) were consistent with the mRNA levels, which 
were higher in GC tissues than in non-tumor tissues (N) 
(Fig. 1b). Our results were further confirmed by IHC anal-
ysis in 50 GC samples; the clinical characteristics of GC 
patients are summarized in Supplementary Table S1. Most 
(34/50) GC samples exhibited abnormal positive FGFR1 
immunostaining, with corresponding normal gastric tissues 
demonstrating low FGFR1 staining (Fig. 1c).

Thus, we focused on FGFR1 in the pathogenesis and 
progression of GC. Using the Pearson χ2 test, we analyzed 
the correlation of FGFR1 expression with clinical patho-
logic variables in GC and observed positive correlations 
between FGFR1 expression levels and histological grade, 
TNM stages, and lymph node metastasis (Supplementary 
Table S1; p < 0.05 and Supplementary Fig. S1b). No signifi-
cant associations were observed between FGFR1 and other 
clinical characteristics, including age and gender. Represent-
ative IHC staining images of GC and normal gastric tissues 
from the Human Protein Atlas (HPA, www.prote inatl as.org) 
are shown in Supplementary Fig. S1c. Samples presenting 

antibody staining/protein expression levels of high, medium, 
low, or not detected were determined by gray-scale color-
coding. This showed undetectable expression levels of 
FGFR1 in the normal gastric tissues, while GC tissues 
expressed high levels of FGFR1. To assess whether FGFR1 
gene amplification increased in GC tissues, we performed 
fluorescence in situ hybridization (FISH) analysis (Fig. 1d). 
The FGFR1 gene was amplified in 5.9% (2/34) of FGFR1-
overexpressing GC but not in the FGFR1-negative GC.

Kaplan–Meier analysis of The Cancer Genome Atlas 
(TCGA) dataset and our central data revealed that high 
levels of FGFR1 mRNA were associated with poor overall 
survival (OS) and disease-free survival (DFS) in patients 
with GC, while no survival correlation was observed for 
FGFR2, FGFR3, and FGFR4 (Fig. 1e, Supplementary Fig. 
S1d). Moreover, overexpression of FGFR1 was related to 
survival probability in TNM stages III–IV, but not in I–II 
(Supplementary Fig. S1e). Collectively, these data indicated 
that FGFR1 was highly expressed and associated with poor 
clinical outcomes in patients with GC.

A subclonal population of FGFR inhibitor‑resistant 
cell models was established

In GC tissues, FGFR1 overexpression indicated that FGFR1 
might be a therapeutic target in GCs. We first tested the 
FGFR1 expression in seven GC cell lines by western blot-
ting. The cell lines, SNU-216, MGC-803, BGC-823, and 
SGC-7901, expressed FGFR1, whereas MKN-45 and HGC-
27 barely expressed it (Supplementary Fig. S2a). QRT-PCR 
assays demonstrated similar results, and other FGFR fam-
ily members were detected at lower mRNA expression lev-
els than FGFR1 in most of GC cell lines (Supplementary 
Fig. S2b). Next, we assessed the sensitivity of four GC cell 
lines, SNU-216, MGC-803, BGC-823, and SGC-7901, to 
AZD4547 using the colony formation assay. Only SNU-216 
and SGC-7901 responded well to the inhibitor (Fig. 2a, Sup-
plementary Fig. S2c). Therefore, in BGC-823 and MGC-803 
cell lines, we predicted the presence of a subpopulation of 
cells with primary resistance to FGFR1 inhibition because 
of the apparent inability of FGFR1 inhibitors to fully reduce 
cell proliferation and growth. This finding was confirmed by 
analysis of cell viability using the CCK8 assay. AZD4547 
treatment suppressed the proliferative activity of SNU-216 
and SGC-7901, but not BGC-823 and MGC-803 cell lines 
(Supplementary Fig. S2d).

We determined half-maximal inhibitory concentrations 
(GI50 values) of the AZD4547-resistant cell lines, BGC-
823 and MGC-803, against AZD4547. GI50 values ranged 
between 50 and 500 nmol/L and 100–650 nmol/L for the 
BGC-823 and MGC-803 cell lines, respectively. Therefore, 
we treated BGC-823 and MGC-803 cells with cycles of 
1 μmol/L of AZD4547 to isolate resistant cell populations. 

http://www.proteinatlas.org
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After 10–12 weeks of culture, the cells were entirely resist-
ant to AZD4547 (Supplementary Fig. S2e). After 96 h of 
treatment with 0.1–30 µmol/L AZD4547, the resistant BGC-
823R, and MGC-803R cells exhibited only subtle changes in 
viability and caused a plateau in the dose–response curves 
(Fig. 2b).

Drug resistance of cancer cells significantly 
enhanced survival, migration, and invasion

To investigate the effects of drug resistance on the biologi-
cal behavior of GC cells, we compared AZD4547-resistant 

cell lines, BGC-823R and MGC-803R, with their parental 
cells. Drug resistance significantly increased their malignant 
behaviors, including anti-apoptosis ability (Fig. 2c), migra-
tion, and invasion, with AZD4547 treatment. The number 
of migrated and invasive BGC-823R and MGC-803R cells 
was higher than that of the parental groups, especially after 
inhibitor treatments (Fig. 2d, e). After incubation with the 
physical-wound and culture in a serum-free medium to 
exclude the interference of proliferation, parental cells failed 
to close the wound within 48 h, while resistant cells exhib-
ited greater migration ability (Fig. 2f). Additionally, drug 
resistance impacted the EMT phenotypes of GC cell lines. 

Fig. 1  FGFR1 was highly expressed in gastric cancer (GC) and cor-
relates with poor prognosis in patients with GC. a QRT-PCR of 
FGFR1 mRNA levels in human normal (n = 23), peripheral (n = 35), 
and gastric cancer tissues (n = 50). *p < 0.05, ***p < 0.001. b West-
ern blot analysis was used to detect FGFR1 protein expression in four 
representative pairs of tumor (T) tissues and adjacent non-tumorous 
(N) tissues from patients with GC. c Immunohistochemical stain-
ing of FGFR1 in stages I–IV of GC tissue samples compared with 

paired normal mucosae. d FGFR1 amplification was determined by 
FISH staining of 50 GC tumors. Representative microscopic FISH 
images at ×100 magnification with high FGFR1 expression according 
to IHC results. e High expression of FGFR1 predicts poor progno-
sis of patients with GC in our center. Overall survival (OS) is signifi-
cantly shorter in patients with FGFR1-high tumors than in those with 
FGFR1-low tumors (p = 0.019, log-rank test)
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Western blot analysis revealed reduced E-cadherin levels, 
while vimentin and Snail were augmented in the BGC-823R 
and MGC-803R cells when compared with the parental 

cells, especially after AZD4547 treatment (Fig. 2g). Confo-
cal immunofluorescence analysis confirmed a dose-depend-
ent transition after 48 h of AZD4547 treatment (Fig. 2h). 

Fig. 2  AZD4547 resistance significantly reduces apoptosis and 
promotes migration and invasion of GC cells. a Drug sensitivity of 
FGFR1 expressing cell lines to AZD4547 was determined using the 
colony formation assay. Cells were treated with increasing concen-
trations of AZD4547 as indicated for 10–14  days (n = 3). b FGFR 
dependency was evaluated in the parental cell lines, MGC-803 and 
BGC-823, and resistant cell lines, MGC-803R and BGC-823R, using 
AZD4547 by CCK8 measurement after 96 h. c Apoptosis detected by 
Annexin V-PI assays. d, e Representative images and quantification 
results of cell migration (d) and invasion (e) abilities of control or 

resistant cells. f Representative images and analysis of wound repair 
at 0–48 h after scratch wounding. g Western blotting analysis of epi-
thelial and mesenchymal protein expression after AZD4547 treatment 
for 48  h. h Immunofluorescence analysis via laser confocal micros-
copy indicates that the EMT process is induced by different concen-
trations of AZD4547 treatment. Each experiment was performed in 
triplicate. Data are presented as the means ± SEM and analyzed with 
Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001). EMT, epithelial-
mesenchymal transition
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These results indicated that drug resistance was associated 
with the malignant phenotypes.

Resistance of GC cells to AZD4547 was associated 
with autophagic activity

To understand the mechanism of primary AZD4547 resist-
ance in GC cells, we performed a whole-transcriptome 
shotgun sequencing to determine the continuous cellular 
transcriptome changes between parental and resistant cells, 
treated with 1 µmol/L AZD4547 in the presence of 25 ng/
mL FGF2 with two cell lines, MGC-803 and BGC-823. Fur-
thermore, we conducted the RNA-Seq for each cell line in 
triplicate. Supervised hierarchical clustering revealed that 
the expression levels of 586 genes significantly differed 
between parental and resistant MGC-803 cells: 285 genes 
were upregulated and 301 genes were downregulated, while 
there were 230 up-regulated and 271 down-regulated genes 
in BGC-823 cells group (Fig. 3a, b and Supplementary Fig. 
S3a, b).

All differently expressed gene transcripts from MGC-
803 cells group were further analyzed using the Database 
for Annotation, Visualization and Integrated Discovery 
(DAVID) Bioinformatics Resources (https ://david .ncifc 
rf.gov), with the results demonstrating that the most pro-
nounced differences were associated with morphologic 
abnormalities, altered substrate metabolism, and autophagy 
(Fig. 3c). The PI3K-Akt-mTOR pathway is known to be 
the main regulator of autophagy. Similar results were also 
observed that differentially expressed genes (DEGs) were 
mainly enriched in the positive regulation of autophagy 
and PI3K/AKT signaling pathway by DAVID analysis of 
the RNA-seq data from BGC-823 cells group (Supplemen-
tary Fig. S3c). The Gene Set Enrichment Analysis (GSEA) 
showed that the gene sets of the ENERGY_DEPENDENT_
REGULATION_MTOR_BY_LKB1_AMPK, EMT, and 
POSITIVE_REGULATION_OF_AUTOPHAGY pathways 
were significantly enriched in AZD4547-resistant MGC-
803R cells when compared with parental cells, indicating 
that these gene sets could be significantly associated with 

Fig. 3  Landscape of mRNA expression in parental and AZD4547-
resistant MGC-803 cells. a Hierarchical clustering heat maps of the 
significantly differentially expressed genes from RNA-Seq in parental 
MGC-803 and AZD4547-resistant MGC-803R cells with three tech-
nical replicates. The expression values are shown in shades of blue 
and red, indicating high expression and low expression across all the 
samples respectively. b Volcano plot showing differentially expressed 
genes between the MGC-803 and MGC-803R cells. Each red or blue 
dot denotes an individual gene with FDR ≤ 0.05 (two-sided moder-
ated t test with limma) and fold change > 2. Red: upregulation, Blue: 
downregulation. c KEGG pathways and gene ontology (GO) biologi-

cal process observed from DAVID analysis of relatively active genes 
due to AZD4547 treatment resistance. d GSEA analysis of the sig-
nificant pathways of differentially expressed protein-coding genes 
set in two groups. The top portion of the figure plots the enrichment 
scores for each gene, whereas the bottom portion of the plot shows 
the value of the ranking metric moving down the list of ranked genes. 
Y-axis: value of the ranking metric; X-axis: rank for all genes; NES: 
normalized enrichment score. e mRNA levels of the related genes in 
the mTOR signaling pathways in MGC-803 versus MGC-803R cells. 
Red: high expression; Blue: low expression

https://david.ncifcrf.gov
https://david.ncifcrf.gov
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resistant expression in GC, while the APOPTOSIS pathway 
was enriched in parental cells (Fig. 3d). Furthermore, we 
explored related genes in the mTOR signaling pathways, 
with the AMPK/MTOR axis demonstrating the most sig-
nificant differential expression in the pathways (Fig. 3e). 
As the gene expression profile revealed major differences 
related to mitochondrial dysfunction and altered morphol-
ogy, we hypothesized that the regulation of autophagy would 
be affected by drug resistance. To determine whether FGFR1 
inhibitors could induce autophagy to sustain drug-tolerant 
cells, we evaluated the conversion of autophagy markers, 
LC3B, and SQSTM1/p62, using western blotting. The intra-
cellular levels of LC3B were increased, and the p62 levels 
were decreased in MGC-803R and BGC-823R cells, indi-
cating an enhanced autophagic process (Fig. 4a). To further 
investigate the flux through the autophagic pathway, we 
constructed a lentivirus containing monomeric red fluores-
cent protein (mRFP)-green fluorescent protein (GFP)-LC3 
monitoring autophagy [25]. Cells with increased autophagic 
influx were expected to demonstrate increased yellow sig-
nals because of the fusion of GFP with the lysosomes. As 
shown in Fig. 4b, when drug-resistant cells were treated 
with AZD4547, increased yellow signals were detected 
when compared with the control cells. Collectively, these 
results indicated that resistant cells exhibited a higher level 
of autophagy, and AZD4547 induced enhanced autophagic 
flux than the parental human GC cell lines.

The induction of autophagy in AZD4547‑resistant 
GC cells was mediated through activating 
the AMPKα1/mTOR pathway

Based on pathway enrichment analysis via the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) and GSEA, we 
hypothesized that AZD4547 exerted its effects on resistant 
GC cells through AMPK/mTOR signaling (Fig. 3c, d). Fol-
lowing 1 μmol/L of AZD4547 treatment, we confirmed that 
all resistant cells exhibited significant AMPK phosphoryla-
tion. Furthermore, resistant cells showed inhibited mTORC1 
(as seen by a decrease in phosphorylated S6), whereas total 
S6 retained a consistent expression level (Fig. 4a). Muta-
tions in the FGFR1 open reading frame that might induce 
resistance were not detected from RNA-Seq results (data 
not shown). All AZD4547-resistant cells displayed sustained 
AMPK activation with drug therapy, thus indicating possible 
AMPK/mTOR pathway activation and autophagy induction 
in mediating the tumor EMT process and metastases. We 
observed that AZD4547 was able to induce autophagy in 
a dose-dependent manner in BGC-823R and MGC-803R 
cells, as seen by the lipidation of LC3 and low activation of 
phosphorylated S6 (Fig. 4c).

Protein kinase AMP-activated catalytic subunit alpha 1 
(PRKAA1) is a catalytic subunit of AMPK, also known as 

AMPKα1, required for the formation of the AMPK hetero-
trimeric serine/threonine kinase complex with the β- and 
γ-subunits. PRKAA1 plays a key role in regulating cellular 
energy metabolism and modulates autophagy programs [26]. 
We assessed the expression of LC3B, S6, and phosphoryla-
tion of S6 (p-S6) following AZD4547 treatment in BGC-
823R and MGC-803R cells, and observed that AZD4547 
minimally induced autophagy when PRKAA1 was knocked 
down by siRNA (Fig. 4c, Supplementary Fig. S4a, b). In 
contrast, LC3-II in parental BGC-823 and MGC-803 cells 
was not increased following AZD4547 treatment after trans-
fection with PRKAA1 siRNA interference, further con-
firmed in PRKAA1-deficient BGC-823 cells  (PRKAA1−/−) 
via the CRISPR-Cas9 System (Fig. 4d, Supplementary Fig. 
S4c, d). Likewise, AZD4547-induced autophagy was abro-
gated by the AMPK inhibitor, Compound C, in BGC-823R 
and MGC-803R cells, while simultaneously rescuing phos-
phorylated S6 levels (Fig. 4e).

Confocal microscopy after mRFP-GFP-LC3 transfec-
tion demonstrated enhanced autophagic flux following the 
treatment of AZD4547-resistant GC cells with AZD4547. 
However, yellow signals were attenuated after Compound C 
treatment alone or in combination with AZD4547 (Fig. 4f). 
These results indicated that the FGFR1 inhibitor, AZD4547, 
increased AMPK activation to reduce mTOR signaling, 
resulting in autophagy in AZD4547-resistant cells, but not 
in parental cells.

Metabolic alteration activated the AMPK/mTOR 
pathway by AZD4547 treatment‑induced ERK 
phosphorylation

AZD4547-resistant GC cells, BGC-823R and MGC-803R, 
exhibited effective activation of AMPK/mTOR signaling; 
hence, we speculated whether metabolic alterations sustain 
the survival of cancer treated cells, as glucose uptake and 
metabolism affect multiple steps in AMPK/mTOR pathway. 
Reportedly, AZD4547 effectively inhibits the phosphoryla-
tion of FGFR1 and mitogen-activated protein kinase (MEK)/
extracellular signal-regulated kinase (ERK) signaling in 
FGFR1-amplified cancers [27, 28]. As expected, a 24 h 
treatment with AZD4547 suppressed ERK phosphoryla-
tion (p-ERK) in resistant cells, resulting in the activation 
of AMPK. Notably, in parental MGC-803 and BGC-823 
cell lines, total ERK was observed at a consistent expres-
sion level, with sustained suppression of p-ERK in the pres-
ence of the drug (Fig. 5a). Therefore, we hypothesized that 
AZD4547 treatment would negatively impact glucose uptake 
and, subsequently, the biosynthetic pathways, resulting in a 
drug-enforced reduction in glucose availability in resistant 
cells.

To determine the effects of AZD4547 treatment on 
the regulation of metabolism, we measured glucose 
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Fig. 4  AZD4547-resistant cells exhibit an autophagic process via the 
AMPK-mTOR pathway. a MGC-803 and BGC-823 cells, as well as 
resistant cells, were treated with 1 μM AZD4547 for 24 h and immu-
noblotted with LC3, p62, p-AMPK, total AMPK, p-mTOR, total 
mTOR, p-S6, total S6, and GAPDH. b The GFP and RFP signals of 
tandem fluorescent LC3 (RFP-GFP-LC3) show different localization 
patterns. Cells were transfected with plasmids expressing either tan-
dem fluorescent LC3. 24  h after transfection, the cells were treated 
with 1  μM AZD4547, fixed, and analyzed by microscopy. Repre-
sentative cells were visualized under a confocal microscope (left) 
and statistically analyzed (right). Bar diagram (mean ± SEM) rep-
resenting the average “yellow only” spot counts/cell. c MGC-803R 
and BGC-823R were treated with 0–3  μM AZD4547 for 24  h after 
transiently transfected with siRNA against PRKAA1. LC3 process-
ing and mTOR activity were evaluated by immunoblotting. d MGC-

803 and BGC-823 were treated with 0–3  μM AZD4547 for 24  h 
after transiently transfected with siRNA against PRKAA1. LC3 pro-
cessing and mTOR activity were evaluated by immunoblotting. e 
MGC-803R and BGC-823R cell lysates in the absence or presence of 
AZD4547 (1 μM) and Compound C (1 μM) were prepared and ana-
lyzed to determine LC3 levels and  AMPKT172 and S6 phosphoryla-
tion by western blot with the indicated antibodies or the antibodies 
against total proteins after stripping. β-actin was used as a loading 
control. f Compound C inhibits AZD4547 resistant-induced forma-
tion of autolysosomes. The cells stably expressing the GFP-RFP-LC3 
gene were treated with AZD4547 or DMSO for 24 h in the absence 
or presence of CC. The cells were then fixed and stained with DAPI. 
Each experiment was performed in triplicate. The data are presented 
as the means ± SEM and analyzed with Student’s t test (*p < 0.05, 
**p < 0.01, ***p < 0.001)
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Fig. 5  The effects of AZD4547 treatment on metabolism and TAK1 
overexpression as a resistance factor in BGC-823 and MGC-803 
cells. a BGC-823 and BGC-823R and MGC-803 and MGC-803R 
cells were untreated or treated with 1  μM AZD4547 for 24  h. Pro-
tein levels of p-ERK, ERK, and β-actin were measured by western 
blot assays. b Glucose levels in the culture medium were measured 
in control and AZD4547-treated cells. Glucose consumption was 
calculated and normalized to cell number. c Decreased glucose con-
sumption for parental and resistant cells after AZD4547 treatment 
(∆glucose consumption = glucose consumption of control−glucose 
consumption after AZD4547 treatment). d BGC-823R and MGC-
803R cells were treated with the control to 1 μM AZD4547 for 24 h 
and probed with the indicated antibodies. e MGC-803 and MGC-
803R expression values generated from RNA-Seq data are plotted as 
FPKM values. TAK1 FPKM values are highlighted (red). f Lysates 

of cells treated with the increasing concentrations of AZD4547 were 
immunoblotted with TAK1, p-TAK1, and p-AMPK. β-actin was used 
as a loading control. g FGFR dependency evaluation in BGC-823R 
and MGC-803R cells using AZD4547 alone or combined with the 
TAK1 inhibitor, NG25, for 96 h. The combination was screened using 
increasing concentrations of AZD4547 (black, gray) or NG25 (blue, 
red), at constant concentrations of NG25 (50 nM black, 100 nM gray) 
or AZD4547 (100 nM blue, 200 nM red). h Crystal violet clonogenic 
assay of BGC-823R and MGC-803R cells. Cells were plated on 
6-well plates and treated for 96 h with DMSO, 500 nM of AZD4547, 
NG25, or in combination. i Cells were treated for 24 h with DMSO, 
500 nM of AZD4547, NG25, or in combination with BGC-823R and 
MGC-803R cells, and protein expression was measured by Western 
blotting. Data are shown as means ± SEM of experimental triplicates 
(*p < 0.05, **p < 0.01, ***p < 0.001; ns: no significance)
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consumption of parental and resistant cells after AZD4547 
treatment. AZD4547 treatment decreased the glucose con-
sumption in AZD4547-resistant cells, as well as the parental 
cell lines; the decreased glucose consumption was signifi-
cantly higher in AZD4547-resistant cells than in parental 
cells, which might be a consequence of the low p-ERK lev-
els in resistant cells (Fig. 5b, c). In resistant GC cells, this 
impaired carbon metabolism resulted in reduced cell size 
(Fig. 4b). Importantly, under glucose limitation, we observed 
increased AMPK phosphorylation at Thr172, an established 
indicator of metabolic stress, and decreased glucose trans-
porter-1 (GLUT-1), a crucial player involved in glucose 
uptake and metabolism (Fig. 5d) [29]. These findings indi-
cated the role of AMPK in mitigating metabolic stress and 
promoting cancer cell survival.

AMPK activation induced AZD4547 resistance partly 
through overexpression of TAK1

The above data suggested that decreased glucose uptake, 
particularly in AZD4547-resistant strains, may be required 
for AZD4547 responses, and we investigated why high-
level AMPK phosphorylation is associated with distinct 
correlations with mTOR signaling and autophagy occur-
rence in drug-sensitive and resistant strains. We analyzed 
the RNA-seq data of the resistant and parental cells from 
MGC-803 and BGC-823 cells group. Of the candidate 
genes, we focused on TAK1 from a cluster of differentially 
upregulated genes (Fig. 3b, Supplementary Fig. S3b). Tran-
scriptome sequencing revealed at least a 22-fold transcrip-
tional TAK1 upregulation (Fig. 5e, Supplementary Fig. S5a, 
b). Emerging evidence suggests that TAK1 activation led 
to increased phosphorylation of its downstream substrate 
 AMPKT172 [30]. AMPK phosphorylates multiple serine resi-
dues in Unc-51-like autophagy activating kinase 1 (ULK1), 
a marker of the autophagic initiation complex, activating 
ULK1 [31, 32]. Interestingly, we observed a strong increase 
in TAK1, as well its phosphorylation, in resistant cells, sug-
gesting that up-regulation and activation of TAK1 might 
be associated with resistance to FGFR1 inhibition, similar 
to other settings of drug resistance (Fig. 5f) [33]. Hence, 
we cotreated resistant cells with AZD4547 and the TAK1 
inhibitor, NG25. The combined treatments led to a deple-
tion of phosphorylated AMPK (p-AMPK) and effective 
cytotoxicity, while simultaneously increasing the apoptosis 
phenotype (Fig. 5g–i, Supplementary Fig. S5c). Notably, 
combined FGFR and TAK1 inhibition demonstrated a highly 
suppressive effect in AZD4547-resistant cells, supporting a 
role for TAK1 in resistance to FGFR1 inhibition. Next, we 
performed in vivo experiments using a subcutaneous xeno-
graft tumor model. The results demonstrated that combined 
treatments with AZD4547 and NG25 achieved remarkable 
therapeutic effects in the resistant mice group (Fig. 6a–c, 

Supplementary Fig. S6a–c). Further results demonstrated 
that the combination treatment with AZD4547 and NG25 
significantly increased apoptosis (Fig. 6d, Supplementary 
Fig. S6d).

To evaluate clinical samples, we exposed patient-derived 
GC organotypic cultures to AZD4547 treatment for 24 h. 
The patients with GC were subdivided into high and low 
expression subgroups according to the gene transcrip-
tion medians of TAK1 in tumors. AZD4547 significantly 
induced LC3B expression while simultaneously increasing 
p-AMPK levels in high expression TAK1 patients. Simulta-
neously, combination treatment with AZD4547 and NG25 
resulted in a significant increase in apoptosis (established 
by an increase in the immunoactivity of TUNEL; p < 0.001) 
(Fig. 7a, b; Supplementary Fig. S7a, b). These findings indi-
cated TAK1 is activated in FGFR1 inhibitor-resistant GC 
cells. In patients with GC, TAK1 expression can serve as 
a valuable indicator for predicting FGFR1 inhibitor resist-
ance. Additionally, TAK1 expression in GC patients was 
highly and positively correlated with beclin-1 expression, 
moderately correlated with LC3B in the TCGA database, 
which is well-established markers in autophagy (Fig. 7c). 
Overall, our results demonstrated that TAK1 positively 
regulates AZD4547 resistance and promotes further inva-
sion and metastasis in GC cells through the AMPK-induced 
autophagic pathway (Fig. 7d).

Discussion

Inhibitors targeting FGFR1 provide an attractive prospect 
for the advancement of GC treatment [34]. However, several 
patients cannot achieve satisfactory therapeutic effects due 
to drug resistance [1]. To explore the AZD4547-resistance 
comprehensively, we established two AZD4547-resistant 
cell models with GC cell lines MGC-803 and BGC-823, 
termed MGC-803R and BGC-823R. Notably, FGFR resist-
ance could promote EMT and AZD4547 treatment could 
induce the EMT process in a dose-dependent manner. These 
findings are consistent with previous reports, where EMT 
is related to the resistance of multiple anti-cancer drugs, 
including chemotherapy [35, 36] and targeted therapies [37, 
38].

To clarify the mechanism of primary AZD4547 resist-
ance in GC cells, RNA-Seq was performed to recognize 
the cellular transcriptome changes between parental and 
resistant cells. Based on RNA-Seq analyses, we focused 
on autophagy and the TAK1-AMPK-mTOR axis, demon-
strating that MGC-803R and BGC-823R cells enhanced 
autophagic activity. Moreover, AZD4547 treatment 
enhanced autophagic flux in resistant GC cells than their 
parental cells. Autophagy inhibitors have been shown to 
sensitize cancer cells to chemotherapy, radiation, tamoxifen 
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treatment, and molecular targeted therapy [39–42], exhib-
iting the cytoprotective role of autophagy in established 
tumors. The AMPK/mTOR pathway functions as a central 
conduit for autophagic signaling pathways to promote cell 
survival or death [1]. The mTOR pathway negatively regu-
lates autophagy and AMPK can suppress mTORC1 signal-
ing to stimulate autophagy [43]. In our study, MGC-803R 
and BGC-823R cells exhibited sustained AMPK/mTOR 
activation and enhanced autophagy activity, which may be 
crucial for modulating resistance to FGFR1 inhibition. Addi-
tionally, our results showed that TAK1 was upregulated in 
resistant BGC-823R and MGC-803R cells when compared 

with their parental cells. TAK1 is a serine/threonine kinase 
crucial for immunoregulation and intracellular signaling 
pathways [44]. Previous reports have indicated that TAK1 
activation could induce autophagy through AMPK activa-
tion [30]. TAK1 acts as an AMPK upstream kinase to affect 
both autophagy and PPARα activity [24, 45]. Therefore, we 
hypothesized that autophagy plays a role in the AZD4547 
resistance of GC cells through the activation of TAK1-
AMPK-mTOR signaling.

Activation of AMPK in BGC-823R and MGC-803R 
cells, especially after AZD4547 treatment, led us to con-
sider whether metabolic alteration sustains the survival of 

Fig. 6  Combined treatments with AZD4547 and NG25 acquire a sig-
nificant antitumor effect in  vivo. a BGC-823 and BGC-823R cells 
were inoculated into nude mice to establish subcutaneous xenograft 
tumors. The mice were sacrificed after treatment for 15  days. The 
dissected tumors were photographed. Representative macroscopic 

views showed tumors in indicated groups. b Tumor volumes were 
monitored every 3 days after indicated treatments. c Dissected tumor 
weights were measured. d Representative images and quantification 
of TUNEL staining for tumor tissues from mice. Data are presented 
as means ± SEM (*p < 0.05, **p < 0.01)
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the resistant cells. Previous studies have reported that the 
FGFR inhibitor effectively inhibited MEK/ERK signaling in 
FGFR1-amplified cancers [30, 31]. Additionally, the ERK-
MAPK signaling pathway has been shown to contribute 

to a high rate of glucose uptake [46, 47]. In our study, we 
demonstrated that AZD4547 suppressed the phosphorylation 
of ERK and glucose uptake, notably in resistant cells and 
marginally in parental cells. As a nutrient and energy sensor, 

Fig. 7  Anti-cancer effects of AZD4547 and NG25 by the suppres-
sion of autophagy-mediated drug resistance in cancer. a Patient-
derived organotypic cultures (n = 8) were treated with AZD4547 for 
24  h and stained with p-AMPK and LC3B (representative images 
from two different patient tumors with relatively high and low TAK1 
expression, respectively). b Representative images and quantifica-
tion of TUNEL staining in patient-derived organotypic cultures. Each 

experiment was performed in triplicate. The data are presented as the 
means ± SEM (*p < 0.05, **p < 0.01). c Correlations among levels 
of beclin-1, LC3B, and TAK1 expression in GC tumor were denoted 
with Pearson’s correlation coefficients using the TCGA database. d 
Schematic diagram of mechanisms: Resistance to FGFR1 targeting 
therapy leads to autophagy and EMT by metabolic restrictions and 
TAK1/AMPK activation
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AMPK maintains energy homeostasis [48]. In AZD4547-
resistant cells, the inhibition of FGFR1 decreased glucose 
uptake sharply through ERK, inducing increased AMPK 
phosphorylation to rapidly regulate metabolic energy bal-
ance, further activating the AMPK/mTOR pathway. Double 
activation of AMPK/mTOR signaling induced by decreased 
glucose uptake and highly expressed TAK1, which exists 
only in AZD4547-resistant cells, synergistically enhanced 
autophagic activity, subsequently promoting EMT and 
metastasis in resistant GC cells. In parental cells, slightly 
decreased glucose uptake and low expression of TAK1 
were insufficient to activate the AMPK/mTOR pathway 
adequately, eventually inducing cellular apoptosis.

Combination treatment with AZD4547, an FGFR 
inhibitor, and NG25, TAK1 inhibitor, in vitro, and in vivo, 
revealed a remarkable therapeutic effect on the AZD4547-
resistant cells, with obviously decreased p-AMPK and 
an increased apoptosis phenotype. Patient-derived GC 
organotypic cultures and animal models with AZD4547 
or AZD4547 + NG25 treatment revealed similar results. 
Therefore, our findings provide a novel treatment strategy 
for patients with FGFR inhibitor resistance. Detection of 
TAK1 levels could help predict whether a patient would 
develop resistance to FGFR inhibitor and whether combi-
nation treatment with the FGFR and TAK1 inhibitors would 
be necessary.

In summary, the drug-resistant subpopulation of GC cells 
overexpress and activate TAK1, inducing autophagic activity 
by activation of the AMPK/mTOR pathway, which eventu-
ally results in FGFR1 inhibitor resistance. Furthermore, the 
resistant subpopulation of GC cells can be effectively treated 
with combination FGFR1 and TAK1 inhibition.
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