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Targeting of arachidonic acid-modulated autophagy to enhance 
the sensitivity of ROS1+ or ALK+ non-small cell lung cancer to 
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Background: As an approved targeting drug, crizotinib has been widely used in the treatment of patients 
with non-small cell lung cancer (NSCLC) with anaplastic lymphoma kinase (ALK) rearrangements or c-ros 
oncogene 1 (ROS1) fusions and has demonstrated remarkable therapeutic effects. However, crizotinib-
treated patients frequently experience drug resistance, and there are still some underlying mechanisms, 
which remain unclear. Autophagy, a cellular process that involves the degradation and recycling of cellular 
components, has been implicated in the development of drug resistance. In this study, we aim to elucidate the 
mechanisms of crizotinib resistance involving autophagy dysregulation and identify novel therapeutic targets 
to overcome this resistance. 
Methods: We first established a model for crizotinib resistance in HCC78 and H3122 cells. Next, the level 
of proliferation, apoptosis, autophagy flux, and reactive oxygen species (ROS) of these cells were measured. 
Subsequently, we analyzed the published single-cell RNA sequencing data from three ALK-rearranged lung 
cancer organoid samples and performed a metabolomics assay on crizotinib-resistant HCC78 cells. Finally, 
the therapeutic effects were confirmed in vitro by targeting autophagy flux.
Results: Crizotinib induced cell apoptosis and growth arrest by promoting the accumulation of 
autophagosomes through the inhibition of autophagy flux in ROS1+ or ALK+ NSCLC. In contrast, 
crizotinib-resistant NSCLC cells showed inactivation of signal transducer and activator of transcription 3 
(STAT3) phosphorylation and downregulation of prostaglandin endoperoxide synthase 2 (PTGS2), leading 
to an increase in the metabolite arachidonic acid (AA). AA further promoted autophagy flux and reduced 
autophagosome accumulation, driving crizotinib resistance under conditions of drug stress. Moreover, 
chloroquine (CQ), anti-malaria drug and lysosome inhibitor developed in 1940, could induce cell death 
in crizotinib-resistant NSCLC by blocking AA-mediated autophagy flux and facilitating autophagosome 
accumulation, significantly enhancing the treatment efficacy of crizotinib in drug-resistant NSCLC. 
Conclusions: We discovered a new mechanism of first generation ALK- and ROS1-TKIs resistance, 
which points to the role of the metabolite AA in resistance to tyrosine kinase inhibitors. It may potentially 
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Introduction

Lung cancer is the leading cause of cancer-related death 
worldwide, and 85% of lung cancers are non-small cell 
lung cancer (NSCLC) (1). Among patients with NSCLC, 
over 70% are diagnosed at a late stage, which limits 
treatment effects and results in poor prognosis. With 
the approval of tyrosine kinase inhibitors (TKIs) for 
NSCLC therapy, the survival rates of patients have been 
significantly improved. Among them, crizotinib is often 
used in patients with c-ros oncogene 1 (ROS1)-positive or 
anaplastic lymphoma kinase (ALK)-rearranged NSCLC (2) 
and has been shown capable of extending progression-free 
survival in these patients (3,4). Nevertheless, most patients 
acquire drug resistance during treatment, significantly 
limiting the therapeutic effect and posing a serious clinical 
problem in NSCLC therapy (5). Therefore, further 
improvements in treatment strategies are required. Several 

mechanisms of crizotinib resistance in ROS1- and ALK-
rearranged NSCLC have been reported, including off-
target resistance (bypass signal activation), on-target 
resistance (gene copy number amplification and secondary 
mutations,) and phenotypical transformation (5-12). 
Despite extensive research into resistance mechanisms to 
crizotinib, drug resistance remains prevalent. Therefore, 
uncovering new resistance mechanisms by relying on 
preclinical cell models (13) and identifying potential 
therapeutic targets remain critical challenges. 

Autophagy is a highly conserved process in which 
cells eliminate unnecessary components, such as protein 
aggregates, lipid vesicles, or damaged organelles, via 
lysosomal degradation. This process is activated under 
conditions of nutrient deprivation or cellular stress 
to promote cell survival, which contributes to tumor 
development (14,15), cell dormancy (16), chemoresistance 
(17,18), immunotherapy resistance (19), and resistance to 
TKIs (20,21). The autophagic pathway is now regarded as a 
promising target for overcoming cancer drug resistance (22).  
A recent study has shown that targeting interleukin-6/
signal transducer and activator of transcription 3 (IL-6/
STAT3) signaling abrogates EGFR-TKI resistance 
through inhibiting Beclin-1 dependent autophagy (23). 
Additionally, Xu et al. reported that CD74-ROS1 L2026M 
mutant contributes to crizotinib resistance in NSCLC by 
stimulating autophagy via the MEK/ERK pathway (24). 
Valencia et al. found that inhibiting tumor-protective 
autophagy enhances the sensitivity of NSCLC to anti-
PD-1 therapy (25). These observations might suggest that 
autophagy may also be implicated in the development 
of crizotinib resistance in NSCLC cells. However, the 
underlying mechanisms remain largely unexplored. 

Metabolic reprogramming is recognized as a key event 
during tumor initiation and progression (26). Emerging 
evidence indicates that metabolic properties of resistant 
cancer cells differ significantly from those of their parental 
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cells (27). Targeting metabolic reprogramming might 
help overcome multiple forms of drug resistance in 
cancer therapy, including resistance to TKIs, PD-1/PD-
L1 immunotherapy and antiangiogenic drugs (28-31). 
Arachidonic acid (AA), a ω-6 polyunsaturated fatty acid 
(PUFA), is commonly found in membrane phospholipids 
and is among the most abundant PUFAs in the human 
body (32). Upon release from the plasma membrane 
by phospholipases, AA is converted by prostaglandin 
endoperoxide synthase 1/2 (PTGS1/2, also known as 
COX-1/2) into prostanoids like prostaglandins and 
thromboxane A2, which are involved in inflammation and 
cell proliferation (33). The PTGS2/COX-2 is the inducible 
form of the enzyme PTGS (induced by inflammatory 
stimuli, hormones, growth factors), while PTGS1/COX-
1 is the constitutive form (34), and is induced by multiple 
signaling pathway including STAT3 activation (35). Research 
suggests that AA can either promote or inhibit tumor cell 
survival by regulating apoptosis or endoplasmic reticulum 
(ER) stress (36-38). In recent studies, AA was found to 
trigger autophagy in Sertoli cells (39) and Caenorhabditis 
elegans (40). However, the role and mechanism of AA in 
regulating autophagy and drug resistance in cancer remain 
unclear. In this study, we aimed to clarify how autophagy 
is implicated in crizotinib resistance in NSCLC cells and 
to identify effective related strategies for overcoming 
crizotinib resistance. Indeed, we found that crizotinib 
induces apoptosis and growth arrest in ROS1+ or ALK+ 
NSCLC by inhibiting autophagy flux, which leads to 
the accumulation of autophagosomes. Conversely, in 
crizotinib-resistant NSCLC cells, there is a reduction in 
phosphorylated STAT3 (p-STAT3)/PTGS2 expression, 
resulting in increased levels of AA. Elevated AA promotes 
autophagy flux and decreases autophagosome accumulation, 
contributing to crizotinib resistance under drug stress. 
Moreover, chloroquine (CQ, an inhibitor of lysosome) 
could induce cell death in crizotinib-resistant NSCLC by 
inhibiting AA-promoted autophagy flux. Our study reveals 
a novel link between metabolic reprogramming, autophagy 
flux, and crizotinib resistance. We demonstrate that AA-
driven autophagy flux contributes to resistance and propose 
CQ as a potential strategy to reverse this effect, providing 
new insights into crizotinib-resistant NSCLC therapy. 
We present this article in accordance with the MDAR 
reporting checklist (available at https://tlcr.amegroups.com/
article/view/10.21037/tlcr-2025-105/rc).

Methods

Cell culture and establishment of crizotinib-resistant cell lines

ROS1-rearranged HCC78 and ALK-rearranged H3122 
NSCLC cell lines were obtained from the Cell Bank of Type 
Culture Collection of the Chinese Academy of Sciences 
(Shanghai, China). The cells were cultured in RPMI-1640 
medium (HyClone, Logan, UT, USA) supplemented with 
10% fetal bovine serum (FBS) (HyClone) and 100 units/mL  
of penicillin and 100 mg/L of streptomycin (HyClone) at  
37 ℃ with 5% CO2. To establish crizotinib-resistant cell lines, 
HCC78 and H3122 cells were treated with incrementally 
increasing concentrations of crizotinib starting at 0.2 μM [below 
the half-maximal inhibitory concentration (IC50) of HCC78 
and H3122 cells] (41). After 4 months, the cells that could grow 
in the presence of 2 or 1 μM of crizotinib were designated as 
HCC78CR and H3122CR cells, respectively. The HCC78CR 
and H3122CR cells were maintained in culture medium 
containing 1 or 0.5 μM of crizotinib, respectively.

Reagents

Crizotinib was purchased from Selleck Chemicals 
(Houston, TX, USA). AA and CQ were purchased from 
MedChemExpress (Monmouth Junction, NJ, USA). 

Cell viability assay

The cell viability and IC50 of crizotinib were assessed using 
Cell Counting Kit-8 (CCK-8; Beyotime, Nanjing, China). 
Briefly, HCC78 or HCC78CR cells (1×103 cells/well) 
were placed in 96-well plates and treated with different 
concentrations of crizotinib (40, 20, 10, 5, 2.5, 1.25, 0.625, 
and 0.3125 μM). All experiments were performed with 
concentrations and time of exposure as indicated. After 
48 hours, the culture media were replaced, and cells were 
incubated with 100 μL of CCK-8 solution for an additional 
2 hours. Absorbance at 450 nm was measured using a 
microplate spectrophotometer (Agilent Technologies, Santa 
Clara, CA, USA). The IC50 value was determined as the 
crizotinib concentration that resulted in 50% cell death. 
Each assay was performed three or more times. 

Colony formation assays

Cells (2×103) were seeded in each well of a six-well 
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plate and cultured for 2 weeks. Forty-eight hours after 
inoculation, cells were treated with crizotinib. The medium 
was changed every 2–3 days, and cells were cultured 
with inhibitors for 9 days to 2 weeks. Colonies were 
fixed in 4% paraformaldehyde (PFA) (Solarbio, Beijing, 
China) for 15 minutes and stained with 1% crystal violet 
(KeyGen Biotech, Nanjing, China) for 20 minutes at room 
temperature. After staining, pictures of the wells were taken, 
and the number of colony-forming units was manually 
counted in three independent experiments.

Cell apoptosis analysis

An annexin V-APC assay kit (KeyGen Biotech) was used to 
detect apoptosis. Briefly, 1×106 HCC78/HCC78CR cells 
were seeded in each well of a six-well plate and cultured 
until 90% confluence. After trypsinization and suspension, 
the cells were stained with 2 μL annexin V-APC and 2 μL 
propidium iodide (PI) in 400 μL of annexin V-binding 
buffer, followed by incubation in the dark for 15 minutes. 
Flow cytometry was performed using a Cytomics FC 500 
flow cytometer (Beckman Coulter, Brea, CA, USA), and 
data were analyzed using FlowJo software (BD Biosciences, 
Franklin Lakes, NJ, USA).

Autophagy flux assay

Cells were seeded in a Costar flat-bottom plate (cat. no. 
3513; Corning, Corning, NY, USA) and transfected with a 
plasmid encoding the tandem fluorescent probe mCherry-
GFP-LC3. After 24 hours, the cells were treated with 
2 μM crizotinib or 30 μM CQ for 24 hours. Cells were 
fixed with 4% paraformaldehyde (cat no. P1110; Solarbio) 
for 15 minutes at room temperature. After being washed 
with phosphate-buffered saline (PBS), the cells were 
permeabilized with 0.3% Triton X-100 (cat. no. T8200; 
Solarbio) in PBS for 10 minutes and stained with DAPI (cat. 
no. C0060; Solarbio) for 5 minutes. The cells were then 
mounted for analysis and examined under a microscope 
(Leica Microsystems, Wetzlar, Germany). Cells with 
suitable mCherry-GFP-LC3 fluorescence were selected 
and quantified using the Analyze Particles plugin in ImageJ 
software.

Transmission electron microscopy analysis

HCC78 and HCC78CR cells were treated with or without 
2 μM crizotinib for 24 hours and centrifuged at 1,000 ×g 

for 3 minutes after trypsin digestion, and cell precipitates 
were fixed with 4% glutaraldehyde at 4 ℃ for 24 hours. 
Subsequently, cells were fixed with 1% osmium tetroxide for 
1 hour at 4 ℃. Following fixation, cells were dehydrated in 
a graded series of alcohol and acetone and then embedded 
in Epon 816 (Electron Microscopy Sciences, Hatfield, 
PA, USA). Ultrathin sections were obtained using a Leica 
ultramicrotome (Leica Microsystems) and then stained 
with uranyl acetate and lead citrate. Transmission electron 
microscopy images were captured with a JEM-1400 Plus 
transmission electron microscope (JEOL Ltd., Tokyo, Japan).

Measurement of reactive oxygen species (ROS) generation 
in cells

The intracellular ROS level was detected via flow cytometry. 
Briefly, 5×105 cells were placed in six-well plate and cultured 
overnight. Cells were then treated with 2μM crizotinib or/
and 40μM AA for 24 hours. Following treatment, cells were 
stained with 10 μM of 2',7'-dichlorofluorescin diacetate 
(DCFH-DA) (Beyotime) at 37 ℃ for 30 minutes. After 
staining, cells were harvested and washed three times with 
ice-cold PBS, and their fluorescence was measured using a 
Cytomics FC 500 flow cytometer (Beckman Coulter). In all 
experiments, 10,000 viable cells were analyzed.

RNA isolation and gene expression analysis 

RNA was extracted from cells and tissues using the 
Multisource Total RNA Mini Kit (Axygen Scientific, Union 
City, CA, USA). Subsequently, complementary DNA 
(cDNA) was synthesized from the extracted RNA using a 
PrimeScript RT reagent Kit with a gDNA Eraser Kit (cat. 
no. RR047Q; Takara Bio, Kusatsu, Japan) according to the 
manufacturer’s protocol. The synthesized cDNA served 
as the template and was mixed with TB Green Premix Ex 
Taq Kit (cat. no. RR420Q; Takara Bio) and target-specific 
primers; the sequences (5'-3') were as follows: CHOP-
forward, GGAAACAGAGTGGTCATTCCC; CHOP-
reverse, CTGCTTGAGCCGTTCATTCTC; sXBP1-
forward, CTGAGTCCGAATCAGGTGCAG; sXBP1-
reverse, ATCCATGGGGAGATGTTCTGG; PTGS2-
forward, TCCCTTGGGTGTCAAAGGTAAA; PTGS2-
reverse, CCTGGGGATCAGGGATGAAC;  ACTB-
forward, CATGTACGTTGCTATCCAGGC; and ACTB-
reverse, CTCCTTAATGTCACGCACGAT.

Real time quantitative polymerase chain reaction (RT-
qPCR) was performed using a CFX96 Fast Real-Time PCR 
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system (Bio-Rad Laboratories, Hercules, CA, USA). ACTB 
was used as the internal control, and the relative expression 
level of each gene was calculated using the 2−ΔΔCt method. 
Triplicate assays were performed for each sample to ensure 
reliability. Solubility curves were analyzed to confirm the 
specificity of amplification products and exclude nonspecific 
amplification.

Western blotting and human phospho-kinase array 

For experiments with protein analysis,  cells  were 
treated with specific chemical agents and collected via 
centrifugation. Cells were placed in RIPA buffer (Beyotime) 
containing protease inhibitors (Selleck Chemicals) and 
allowed to dissolve for 30 minutes on ice. The supernatant 
of the protein solution was collected via centrifugation at 
17,000 ×g for 15 minutes at 4 ℃. Protein concentrations 
were determined using a Bicinchoninic acid Protein Assay 
Kit (cat no. 2312003; Solarbio). Cleared lysates were 
mixed with protein loading buffer (Beyotime) and boiled 
for 5 minutes. Samples were loaded onto sodium dodecyl 
sulfate-polyacrylamide gels, resolved by electrophoresis, 
and transferred to polyvinylidene fluoride membranes 
(MilliporeSigma, Burlington, MA, USA). The membranes 
were probed with the specified antibodies. Protein bands 
were visualized using a chemiluminescence imaging system 
(Clinx Science Instruments Co., Ltd., Shanghai, China) with 
chemiluminescent horseradish peroxidase (HRP) substrate 
and enhanced chemiluminescence (MilliporeSigma). 

The primary antibodies used were LAMP1 [cat. no. 
9091; Cell Signaling Technology (CST), Danvers, MA, 
USA], LC3B (cat. no. 83506; CST), p-p38MAPK (Thr180/
Tyr182) (cat. no. 4511; CST), p38 MAPK (cat. no. 8690; 
CST), p-STAT3 (S727) (cat. no. 9134; CST), STAT3 (cat. 
no. 9139; CST), p-IRE1 (S724) (cat no. AP1442; ABclonal, 
Woburn, MA, USA), IRE1 (cat no. A17940; ABclonal), 
sXBP1 (cat no. A17007; ABclonal), p-PERK (T982) (cat no. 
AP0886; ABclonal), and PERK (cat. no. A18196; ABclonal). 
β-actin, HRP-conjugated goat anti-rabbit, and goat anti-
mouse secondary antibodies were obtained from Boster Bio 
(Pleasanton, CA, USA).

In addition, a human phosphokinase array kit (cat no. 
ARY003C; R&D Systems; Minneapolis, MN, USA) was 
used to analyze the phosphorylation status of various kinases 
according to the manufacturer’s instructions. The array was 
incubated with cell lysates, and the phosphorylated proteins 
were detected using chemiluminescence.

RNA-sequencing analysis

Messenger RNA sequencing (mRNA-seq) and quality 
checks were conducted by HuaDa Gene Information 
Technology (Shenzhen, China). Briefly, HCC78 and 
HCC78CR cells (2×105 cells/well) were seeded into six-
well plates. The cells were collected, and total RNA 
was extracted using TRIzol (Invitrogen, Thermo Fisher 
Scientific, Waltham, MA, USA). Three samples were 
collected in each group, and meaningful probe sets with 
a fold-change >1.5 and P value <0.05 (Student’s t-test) 
and a false-discovery rate (FDR) <0.05 were screened. 
Differentially expressed genes were then enriched via Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways. 

Analysis of single-cell RNA sequencing data

The single-cell RNA sequencing (scRNA-seq) dataset, 
which provides transcriptional profiles of individual cells 
to uncover cellular heterogeneity, was obtained with 
accession code GSE223779 from the Gene Expression 
Omnibus (GEO) repository. This dataset includes both 
TKI-sensitive and TKI-resistant lung cancer organoid 
samples, derived from resected primary ALK-rearranged 
lung adenocarcinoma (42). The “Seurat” package in R 
version 4.0 (The R Foundation for Statistical Computing) 
was used for data processing. Quality control was 
performed in accordance with a previous study (42). Gene 
expression matrices were variance-stabilized using R 
package scTransform, a normalization method that models 
gene expression as a function of sequencing depth and uses 
regularized negative binomial regression to improve data 
quality and mitigate technical variability (43). Principal 
component analysis (PCA) was employed for dimensionality 
reduction of the scRNA-seq data. Uniform manifold 
approximation and projection (UMAP) was applied to 
visualize cell clusters. The Find Clusters function from R 
package Seurat was used to identify cell clusters. Oncogenic 
signaling pathway activity scores were calculated using the 
R package “progeny” (44), while trajectory analyses were 
performed using the R package “monocle2” (45).

Metabolomics profiling

Intracellular metabolites were analyzed using ultra high-
performance liquid chromatography-mass spectrometer 
(UPLC-MS) (XevoG2-sQ-TOF, Waters). Briefly, 5×106 

cells were lysed in ice-cold methanol and water (80:20). The 
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extracted metabolites were dried, resuspended in methanol, 
and centrifuged at 13,000 ×g at 4 ℃ for 10 minutes. The 
supernatant was used for UPLC-MS analysis.

Metabolite identification and data analysis were performed 
using Progenesis QI software (Nonlinear Dynamics, Waters 
Corporation, Milford, MA, USA) and EZinfo software 
(Waters Corporation). Metabolites were identified with 
reference to the Lipid Maps Database (www.lipidmaps.
org) and the Human Metabolome Database (http://www.
hmdb.ca/). Metabolites with variable importance (VIP) 
>1 and P<0.05 between the HCC78 and HCC78CR were 
considered significantly different. Enrichment analysis of 
metabolic pathways was performed via the MetaboAnalyst 
website (https://www.metaboanalyst.ca).

Statistical analysis

Data were analyzed using GraphPad Prism version 9.0 
(Graph Pad Software, Inc., Boston, MA, USA). In vitro data 
are presented as the mean ± SD. The two-sample t-test was 
used to determine significance with equal variance. The 
statistical significance of differences between more than 
two groups was assessed using one-way analysis of variance 
(ANOVA) or two-way ANOVA followed by the Dunnett 
multiple-comparison test. Two-sided P values less than 0.05 
were considered significant.

Results 

Crizotinib induced growth inhibition and apoptosis in 
sensitive cells compared to resistant cells

To clarify the mechanism of crizotinib resistance on 
NSCLC cells, we first established a model for crizotinib 
resistance in the HCC78 cells harboring the SLC34A2–
ROS1 fusion and in the H3122 cells harboring the EML4–
ALK fusion, by exposing them to increasing concentrations 
of the drug. After 8 weeks of crizotinib treatment, the 
IC50 significantly increased in crizotinib-resistant HCC78 
(designated as HCC78CR) and H3122 (designated as 
H3122CR) cells compared to their corresponding parental 
cells (Figure 1A). After treating HCC78 cells with 1 μM  and 
H3122 cells with 0.5 μM of crizotinib, we observed a time-
dependent inhibition of cell proliferation compared to the 
corresponding resistant cells (Figure 1B). Colony formation 
assays showed that both HCC78CR and H3122CR cells 
increased the number of generated colonies under crizotinib 
treatment as compared to their respective parental cells 

(Figure 1C,1D). 
To determine whether apoptosis is involved in crizotinib-

induced cell death in sensitive cells, we examined apoptotic 
cell death using annexin V and PI co-staining followed by 
flow cytometry. The results confirmed that the apoptosis 
rates in HCC78CR and H3122CR cells induced by 
crizotinib were reduced compared to those in sensitive cells 
(Figure 1E,1F). Furthermore, as additional measurement 
of apoptosis, the levels of cleaved poly (ADP-ribose) 
polymerase (PARP) were higher in both HCC78 and H3122 
cells following crizotinib treatment in a concentration-
dependent manner as compared to resistant cel ls  
(Figure 1G,1H). Taken together, these data indicate that 
crizotinib induces growth inhibition and apoptosis more 
effectively in sensitive NSCLC cells compared to resistant 
cells. Notably, as indicated by the results shown in Figure 1, 
H3122CR cells exhibited less resistance to crizotinib than 
HCC78CR cells (lower IC50, fewer growing colonies, more 
crizotinib-induced apoptosis).

Crizotinib promoted the accumulation of autophagosomes 
by blocking autophagy flux in sensitive cells 

Recent research suggests that CD74-ROS1 L2026M 
mutant contributes crizotinib resistance in NSCLC by 
stimulating autophagy (24). We therefore evaluated the 
potential effects of crizotinib on autophagy in NSCLC 
cells. Increased levels of microtubule-associated protein 1 
light chain 3II (MAP1LC3II) can serve as an indicator of 
autophagy initiation and are commonly used as a marker 
for autophagosomes. Intriguingly, western blot analyses 
revealed that crizotinib treatment significantly increased the 
conversion of LC3I to LC3II and the protein expression 
of lysosomal-associated membrane protein 1 (LAMP1; 
a lysosome marker) in sensitive HCC78 and H3122 
cells as compared to their resistant cells (Figure 2A,2B). 
Transmission electron microscopy analysis consistently 
indicated that autophagosomes were significantly 
accumulated in crizotinib-treated sensitive cells but not 
in resistant cells (Figure 2C). These results suggest that 
crizotinib promotes the accumulation of autophagosomes. 

However, a greater abundance of autophagosomes does 
not necessarily imply a greater degree of autophagy (46). 
The significant rise in autophagosome levels can result 
from either the induction of autophagy or the impairment 
of autophagic flux. The protein level of the cargo 
sequestosome 1 [SQSTM1, also known as P62, a marker of 
impaired autophagic flux (47)] was higher in HCC78 cells 
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Figure 1 Crizotinib induced growth inhibition and apoptosis in sensitive cells compared to resistant cells. (A) The IC50 of crizotinib in 
sensitive and resistant cells was measured via CCK-8 assay. (B) Cell survival after treatment with indicated concentrations of crizotinib 
were determined via CCK-8 assay. (C,D) The colony numbers of NSCLC cells treated with indicated concentrations of crizotinib 
were determined by colony formation assays and stained with 1% crystal violet. (E,F) Apoptosis of cells incubated with the indicated 
concentrations of crizotinib for 24 hours was detected by annexin V/APC assay evaluated via flow cytometry. (G,H) Western blotting 
analysis comparing the expression of cleaved PARP in HCC78 or HCC78CR and H3122 or H3122CR cells treated with vehicle (1‰ 
DMSO) or crizotinib (1–2 µM for 24 hours). β-actin was used as the loading control. The gray value ratios of cleaved PARP/β-actin are 
shown on the right. Data are presented as mean ± SD. (B) Two-way ANOVA with the Tukey post hoc test, (C,D,G,H) one-way ANOVA 
with the Tukey post hoc test, and (E,F) the unpaired two-sided Student’s t-test. ns: no significance. *, P<0.05; **, P<0.01; ***, P<0.001; ****, 
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Figure 2 Crizotinib promoted the accumulation of autophagosomes by blocking autophagy flux in sensitive cells. (A,B) HCC78 and H3122 
cells were treated with indicated concentrations of crizotinib for 24 hours. The protein levels of SQSTM1, LAMP1, and LC3 were detected via 
Western blotting. The positions of LC3I and LC3II are indicated. β-actin was used as the loading control. The gray-value ratios of proteins to 
β-actin are shown on the right. (C) Transmission electron microscopy analysis of HCC78 and HCC78CR cells treated with 2 μM of crizotinib 
for 24 hours. Representative images are shown. Scale bar: 1 or 0.5 μm. (D,E) HCC78 and HCC78CR cells were transfected with the mCherry-
GFP-LC3 plasmid using lipofection. After 24 hours of transfection, cells were treated with 2 μM of crizotinib for 24 hours and subjected to 
immunofluorescence staining. Autophagic flux assays were performed using a confocal microscope. Red indicates autolysosome and yellow 
resulting from the overlap of red and green channels indicates autophagosomes. Scale bar: 20 μm. The statistical graph of LC3 puncta per cell 
was calculated for the indicated groups. n>10. Data are presented as the mean ± SD. (A,B) Brown-Forsythe and Welch ANOVA tests and (E) one-
way ANOVA with the Tukey post hoc test. ns: no significance. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. Cri, crizotinib; CR, crizotinib 
resistance; DMSO, dimethyl sulfoxide; DAPI, 4',6-diamidino-2-phenylindole; LAMP1, lysosomal-associated membrane protein 1; LC3, 
microtubule-associated protein 1 light chain 3; LC3I, microtubule-associated protein 1 light chain 3I; LC3II, microtubule-associated protein 1 
light chain 3II; ANOVA, analysis of variance; SD, standard deviation; SQSTM1, sequestosome 1; WT, wild type.
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following crizotinib treatment, but this increase was not 
observed in HCC78CR cells, while no significant change 
was observed in H3122/H3122CR cells (Figure 2A,2B). 
Additionally, HCC78 and HCC78CR cells were transfected 
with the mCherry-GFP-LC3 reporter plasmid, a specific 
indicator of autophagic vacuoles, and then treated with 
2 μM of crizotinib. More mCherry-LC3 dots (red spots 
indicate autolysosomes) were observed in HCC78CR 
cells than in HCC78 cells (Figure 2D,2E), suggesting that 
resistant cells exhibited stronger autophagy activity than 
sensitive cells. After crizotinib treatment, the number of 
colocalized mCherry-LC3 dots and GFP-LC3 dots (yellow 
spots indicate autophagosomes) were significantly increased 
in HCC78 cells, but there was no significant change in 
HCC78CR cells (Figure 2D,2E). These results suggest 
that crizotinib blocks autophagic flux, leading to excessive 
autophagosome accumulation in sensitive NSCLC cells.

Crizotinib-induced accumulation of autophagosomes 
triggered ROS production and ER stress

Previous investigations have indicated that suppressing 
autophagy in pancreatic tumor cells leads to ROS 
production, heightened DNA damage, and impaired 
metabolic efficiency (48). Our results confirmed that 
crizotinib inhibits autophagy activity. The production of 
ROS in HCC78 and HCC78CR cells treated with crizotinib 
for 24 hours was measured using DCFH-DA staining. 
As shown in Figure 3A, 2 μM of crizotinib significantly 
promoted ROS upregulation in HCC78 cells as compared 
to resistant cells. Moreover, Western blotting showed that 
the level of p-H2A.X(S139), an indicator for DNA damage, 
was increased significantly in sensitive cells after crizotinib 
treatment compared to resistant cells (Figure 3B). 

Elevated ROS production can lead to the accumulation 
of unfolded proteins in the ER, triggering an ER stress 
response. In this regard, the mRNA levels of ER effector 
proteins spliced X-box binding protein 1 (sXBP1) and DNA 
damage-inducible transcript 3 (CHOP) were measured using 
RT-qPCR. We found that 2 μM of crizotinib treatment 
significantly increased the expression of sXBP1, but not that 
of CHOP, in HCC78 cells (Figure 3C). We further evaluated 
the activity of ER transmembrane sensors, inositol-requiring 
enzyme1 (IRE1; also known as ERN1) and double-stranded 
RNA-activated protein kinase (PKR)-like ER kinase (PERK; 
also known as EIF2AK3) via western blotting. The results 
showed that p-IRE1 (S724) and sXBP1, but not p-PERK 
(T982), were upregulated by crizotinib in HCC78 and 

H3122 cells (Figure 3D,3E). These findings strongly suggest 
that crizotinib significantly induced IRE1/sXBP1-mediated 
ER stress in sensitive cells but not in resistant cells.

To investigate the regulation of autophagy on ER stress, 
CQ (an inhibitor of the lysosomal function) was used to inhibit 
autophagy in HCC78CR cells. The results showed that CQ 
significantly increased LC3II and promoted protein levels 
of p-IRE1 (S724) in HCC78CR cells (Figure 3F). Together, 
these data demonstrated that dysfunctional autophagosome 
accumulation induced by crizotinib promoted ROS levels 
and ER stress in NSCLC cells. 

Downregulation of MAPK/p-STAT3/PTGS2 drove 
metabolic reprogramming in crizotinib-resistant cells

To investigate the mechanism of crizotinib resistance via 
the maintenance of autophagy activity in NSCLC cells, we 
first analyzed published scRNA-seq data from three ALK-
rearranged lung cancer organoid samples, including one 
TKI-sensitive and two TKI-resistant samples from the same 
source (42). A total of 25,830 genes in 18,105 cells were 
included in the downstream analyses after quality control. 
UMAP analysis and visualization showed significant 
differences between TKI-sensitive and TKI-resistant 
cells (Figure 4A). Two TKI-sensitive clusters (SensC1 and 
SensC2) and six TKI-resistant clusters (ResiC1–ResiC6) 
were identified, indicating remarkable transcriptional 
heterogeneity within each treatment group (Figure 4A). 
Figure 4B presents the top 5 marker genes in each cluster, 
with cluster ResiC2, ResiC5, and ResiC6 sharing similar 
marker gene expression patterns. The oncogenic signaling 
pathway activity was also estimated in each cluster, revealing 
that the phosphoinositide 3-kinase (PI3K) signaling pathway 
was enhanced in most TKI-resistant clusters except ResiC1 
(Figure 4C). Surprisingly, multiple signaling pathways, including 
JAK-STAT, MAPK, TNFα, and NF-κB, were significantly 
downregulated in TKI-resistant clusters (Figure 4C).

Further, a human phospho-kinase array analysis was 
performed to evaluate the signaling pathways in HCC78 
and HCC78CR cells. The result showed that compared 
to sensitive cells, p-CREB (S133), p-GSK3α/β (S21/S9), 
p-WNK1(T60), p-YES (Y426), and p-P53(S46) were 
upregulated, while HSP60, p-RSK1/2(S221/S227), and 
p-STAT3(S727) were downregulated in HCC78CR cells 
treated with crizotinib for 24 hours (Figure 4D). Notably, 
p-STAT3 (S727) was downregulated in HCC78CR cells, 
which is consistent with the above-mentioned results 
regarding the downregulation of the JAK-STAT signaling 
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Figure 3 Crizotinib-induced accumulation of autophagosomes triggered ROS production and ER stress. (A) HCC78 and HCC78CR cells 
were treated with the indicated concentrations of crizotinib for 24 hours, stained with DCFH-DA and examined using flow cytometry. (B) 
Western blotting was performed to detect the levels of DNA damage marker p-H2A.X in vehicle (1‰ DMSO) or crizotinib-treated (1–2 µM  
for 24 hours) HCC78 and HCC78CR cells. (C) The transcription levels of sXBP1 and CHOP in HCC78 and HCC78CR cells with or 
without the indicated concentrations of crizotinib for 24 hours were measured using RT-qPCR. (D,E) The levels of ER stress markers 
in sensitive and crizotinib-resistant cells were measured using Western blotting. β-actin was used as the loading control. The gray value 
ratios of the ER stress markers to β-actin are shown at the bottom. (F) The levels of ER stress markers in HCC78CR cells were measured 
using Western blotting after incubation with 2 μM of crizotinib with or without 30 μM of CQ for 24 hours. β-actin was used as the loading 
control. The gray-value ratios of proteins to β-actin are shown below. Data are presented as the mean ± SD. (A,C) one-way ANOVA with 
the Tukey post hoc test and (D-F) Brown-Forsythe and Welch ANOVA tests. ns: no significance. *, P<0.05; **, P<0.01; ***, P<0.001; ****, 
P<0.0001. ANOVA, analysis of variance; Cri, crizotinib; CR, crizotinib resistance; CQ, chloroquine; CHOP, DNA damage-inducible 
transcript 3; ER, endoplasmic reticulum; DMSO, dimethyl sulfoxide; H2A.X, H2A.X variant histone; p-H2A.X, phosphorylation of H2A.
X variant histone; sXBP1, spliced X-box binding protein 1; IRE1, inositol-requiring enzyme1; LAMP1, lysosomal-associated membrane 
protein 1; LC3I, microtubule-associated protein 1 light chain 3I; LC3II, microtubule-associated protein 1 light chain 3II; p-IRE1(S724), 
phosphorylation of inositol-requiring enzyme1α on S724; PERK, double-stranded RNA-activated protein kinase (PKR)-like ER kinase; 
p-PERK (T298), phosphorylation of double-stranded RNA-activated protein kinase (PKR)-like ER kinase on T298; ROS, reactive oxygen 
species; RT-qPCR, real-time quantitative polymerase chain reaction; DCFH-DA, 2',7'-dichlorofluorescin diacetate; SD, standard deviation; 
WT, wild type.
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pathway in most of TKI-resistant clusters of ALK-
rearranged lung cancer organoids (Figure 4C). Moreover, 
we confirmed that both p-p38MAPK (Thr180/Tyr182) and 
p-STAT3 (S727) were downregulated in HCC78CR cells 
compared to parental cells via western blotting (Figure 4E).  
These data suggest that the MAPK/STAT3 signaling 
pathway was significantly inactivated after crizotinib 
resistance both in vitro and in vivo.

To identify the downstream target genes of transcription 
factor STAT3 involved in crizotinib resistance, RNA-
seq analysis was performed to evaluate gene expression in 
HCC78 and HCC78CR cells. We found that 1240 genes 
were significantly upregulated [log2 fold change (FC) ≥2 
and q<0.05] in HCC78 CR cells compared to HCC78 cells, 
while 483 genes were significantly downregulated (log2 FC 
≤–2 and q<0.05) (Figure 4F). KEGG pathway enrichment 
analysis revealed that the differentially expressed genes 
were involved in IL-17 and cytokine–cytokine receptor 
interaction signaling pathway (Figure 4G). The IL-17 
signaling pathway includes NF-κB and MAPK signaling 
pathway, which participate in signaling cascades controlling 
cellular responses to cytokines and stress, thereby regulating 
multiple transcription factors, including STAT3. 

Furthermore, we analyzed the key node genes of four 
differential signaling pathways (lL-17 signaling pathway, 
cytokine-cytokine receptor interaction, NF-κB signaling 
pathway, and regulation of lipolysis in adipocytes) through 
computational network (CNET) mapping. We found 
that the metabolic enzyme PTGS2 was significantly 
downregulated and involved in all of these signaling 
pathways (Figure 4F,4H). In the aforementioned published 
scRNA-seq data, all clusters showed high expression of 
EPCAM, which indicates that the cells in the organoids are 
epithelial-derived tumor cells (Figure 4I). Correspondingly, 
PTGS2 expression was particularly attenuated in five TKI-
resistant clusters, including ResiC1, ResiC2, ResiC3, 
ResiC4, and ResiC5 (Figure 4I). Additionally, we performed 
trajectory analyses to determine the differentiation 
trajectory of TKI-sensitive and TKI-resistant cells. 
Pseudotime analysis demonstrated a cell development 
trajectory from TKI-sensitive to TKI-resistant clusters 
(Figure 4J). Cluster ResiC2, ResiC5, and ResiC6 were 
primarily distributed at the terminal of the development 
trajectory, which aligned with the expression of PTGS2 
(Figure 4J). RT-qPCR further confirmed that PTGS2 
mRNA levels were reduced in HCC78CR and H3122CR 

cells as compared to their corresponding parental cells 
(Figure 4K). Collectively, these results suggest that the 
MAPK/p-STAT3-PTGS2 axis was downregulated and 
played a crucial role in dictating metabolic reprogramming 
in crizotinib-resistant NSCLC cells.

AA rescued the ROS level and ER stress induced by 
crizotinib via decreasing autophagosome accumulation

PTGS2 is a key enzyme in the conversion of AA to prostaglandins 
and other eicosanoids, and it was downregulated in crizotinib-
resistant NSCLC cells compared to their corresponding 
parental cells. To investigate the mechanism of PTGS2 
involvement in crizotinib resistance through metabolic 
programming, we performed a metabolomics assay by UPLC-
MS analysis on HCC78CR cells and their corresponding 
parental cells. We identified 54 different metabolites between 
HCC78CR and HCC78 cells (Figure 5A). KEGG pathway 
enrichment analysis showed that the different metabolites 
were involved in the Warburg effect,  glutathione 
metabolism, folate metabolism, malate-aspartate shuttle, 
AA metabolism and pentose phosphate pathway (Figure 5B).  
Accordingly, the abundance of polyunsaturated fatty-
acid AA was significantly elevated, while metabolite 
prostaglandin E2 (PGE2) was decreased in HCC78CR cells 
as compared to HCC78 cells (Figure 5C). These results 
suggest that lipid composition after crizotinib resistance 
may be mediated by PTGS2.

Furthermore, the potential roles of AA in regulating 
autophagy activity were investigated. Interestingly, we 
found that AA significantly counteracted the elevation of 
LC3II and LAMP1 protein levels induced by crizotinib in 
HCC78 and H3122 cells, as shown by western blot analyses  
(Figure 5D). Moreover, the inhibition of mCherry-LC3 dots 
(red spots, representing the autolysosomes) by crizotinib was 
rescued by AA in HCC78 cells (Figure 5E,5F). Consistently, 
the number of colocalized mCherry-LC3 dots and GFP-
LC3 dots (yellow spots, representing the autophagosomes) in 
HCC78 cells was significantly decreased by AA (Figure 5E,5F). 
These results suggest that AA could decrease the crizotinib-
induced autophagosome accumulation by promoting 
autophagy flux. Moreover, AA counteracted crizotinib-
induced ROS generation in HCC78 cells (Figure 5G), 
and ER stress was also reduced through a decrease in the 
protein levels of p-IRE1 (S724) and sXBP1 (Figure 5H). 
These findings indicate that AA can rescue ROS and ER 
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Figure 4 Downregulation of MAPK/p-STAT3/PTGS2 drove metabolic reprogramming in crizotinib-resistant cells. (A) UMAP plots 
based on the top 5 principal components of all single-cell transcriptomes after quality control, color-coded by treatment group (ALK TKI-
sensitive or TKI-resistant) or by subsets identified through unsupervised dimensionality reduction and clustering. The analysis revealed 
two TKI-sensitive clusters (SensC1 and SensC2) and six TKI-resistant clusters (ResiC1–ResiC6). (B) Differentially expressed genes in each 
subset, with the top 5 genes per subset being shown (see A for color codes). (C) Mean pathway activity scores for different cell subsets.  
(D) Human phospho-kinase array analysis was performed to evaluate signaling pathways in HCC78 and HCC78CR cells treated with 2 µM 
of crizotinib for 24 hours. The green arrow indicates the puncta of p-STAT3 (S727). (E) HCC78 and HCC78CR cells were treated with 
the 1 µM crizotinib for 24 hours. The protein levels of p-P38MAPK (T180/T182) and p-STAT3 (S727) were detected via western blotting. 
β-actin was used as the loading control. The gray value ratios of phosphorylated to total proteins are shown on the right. (F) Volcano 
plot of RNA-sequencing analysis comparing gene expression profiles between parental and resistant HCC78 cells. (G) KEGG pathway 
enrichment analysis of differentially expressed genes between parental and resistant HCC78 cells. (H) CNET mapping of four differential 
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stress by reducing autophagosome accumulation. 

Targeting AA-modulated autophagy enhanced sensitivity 
of crizotinib therapy 

To determine whether the regulation of autophagy flux 
by AA is responsible for crizotinib resistance, we first 
monitored the effect of different concentrations of AA on 
the viability of NSCLC cells. The results showed that low-
dose AA (12.5 μM <AA <100 μM) promoted NSCLC cell 
survival, while high-dose AA (>100 μM) had the opposite 
effect (Figure 6A). Correspondingly, the cell growth 
inhibition induced by crizotinib was partially rescued by  
40 μM of AA in HCC78 and H3122 cells (Figure 6B). These 
results confirm that AA contributes to crizotinib resistance 
in NSCLC cells. To determine whether autophagy is 
involved in AA-mediated crizotinib resistance in NSCLC 
cells, we blocked autophagy flux using 30 μM of CQ. The 
result showed that the inhibition of LC3II and LAMP1 
accumulation by AA was significantly reversed by CQ 
in HCC78 and H3122 cells (Figure 6C). Interestingly, 
30 μM of CQ blocked the restorative effect of AA on 
cell proliferation in NSCLC cells treated with crizotinib 
(Figure 6D). Additionally, CQ decreased mCherry-LC3 
dots (red spots) and promoted colocalization of mCherry-
LC3 dots and GFP-LC3 dots (yellow spots) in HCC78CR 
cells, as observed via confocal microscopy (Figure 6E,6F). 
Consistently, CQ also significantly sensitized resistant 
NSCLC cells to crizotinib in vitro (Figure 6G). Collectively, 
these results suggest that targeting AA-modulated 
autophagy with CQ could enhance the sensitivity of 
NSCLC cells to crizotinib therapy (Figure 6H).

Discussion

In this study, we found that autophagosome formation 
was significantly reduced in crizotinib-resistant cells 
compared to parental cells under drug stress and that 
blocking autophagy sensitized resistant cells to crizotinib. 
Mechanistically, the accumulation of AA, which was driven 
by the downregulation of p-STAT3 and PTGS2, reduced 
the autophagosome accumulation induced by crizotinib. 
This reduction in autophagosome accumulation contributed 
to the development of drug resistance. Preliminary data 
showed that modeling autophagy by CQ, known as an 
autophagic inhibitor, may enhance cancer treatments. CQ 
exhibits an antitumor effect by overcoming drug resistance 
to PI3K/AKT inhibitors in triple negative breast cancer 
models, and the combinations of CQ with ipatasertinib 
or taliselisib and chemotherapy was shown to potentiate 
the treatment efficacy by overcoming drug resistance (49). 
Furthermore, CQ has also demonstrated an increased 
radiosensitivity effect in human glioblastoma cell lines (50). 
Combined CQ with crizotinib in our study significantly 
inhibited AA-mediated crizotinib resistance in NSCLC. 
Despite some mechanisms of crizotinib resistance in ROS1- 
and ALK-rearranged NSCLC may be overcome by more 
potent TKIs or combinations of crizotinib with other TKIs 
or chemotherapy, other therapeutic strategies with different 
anchor point are needed. Therefore, we propose a novel 
role of impaired autophagy in reversing crizotinib resistance 
in NSCLC cells, which provides new insights into drug 
resistance.

Autophagy figures prominently in various physiological 
processes of cancer cells, including stress response, 
metabolism, drug resistance, and anticancer immunity (48), 

signaling pathways (lL-17 signaling pathway, cytokine-cytokine receptor interaction, NF-κB signaling pathway, and regulation of lipolysis 
in adipocytes). (I) UMAP and dot plots showing the expression levels of EPCAM and PTGS2 in each subset in ALK-TKI-sensitive and 
TKI-resistant tumors. (J) Unsupervised transcriptional trajectory analysis of different cell subsets generated using R package Monocle2, 
colored by pseudotime, cell subsets, and PTGS2 expression levels, respectively, in ALK TKI-sensitive and TKI-resistant tumors. (K) The 
levels of PTGS2 mRNA in HCC78CR and H3122CR cells, as compared to their corresponding parental cells, were measured using RT-
qPCR. Data are presented as the mean ± SD. (E) Brown-Forsythe and Welch ANOVA tests and (K) Unpaired two-sided Student’s t-test. 
ns: no significance. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. ANOVA, analysis of variance; ALK, anaplastic lymphoma kinase; 
Cri, crizotinib; CNET, computational network; CR, crizotinib resistance; EPCAM, epithelial cell adhesion molecule; KEGG, Kyoto 
Encyclopedia of Genes and Genomes; p38MAPK, mitogen-activated protein kinase; p-p38MAPK(T180/182), phosphorylation of mitogen-
activated protein kinase on T180 and T182; STAT3, signal transducer and activator of transcription 3; p-STAT3(S727), phosphorylation 
of signal transducer and activator of transcription 3 on S727; no-diff, no difference; PTGS2, prostaglandin endoperoxide synthase 2; SD, 
standard deviation; TKI, tyrosine kinase inhibitor; UMAP, uniform manifold approximation and projection; WT, wild type.
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Figure 5 AA rescued ROS levels and ER stress induced by crizotinib by decreasing autophagosome accumulation. (A) Volcano plot of 
untargeted metabolome analysis comparing metabolites from parental and resistant cells (n=3). (B) Different metabolites in HCC78 and 
HCC78CR cells were enriched using KEGG. (C) Abundance of AA and PGE2 in HCC78 and HCC78CR cells. (D) HCC78 and H3122 
cells were treated with the indicated concentrations of crizotinib (as shown in figure) and 40 μM of AA for 24 hours. The protein levels of 
LAMP1 and LC3 were detected via Western blotting. β-actin was used as the loading control. (E,F) HCC78 cells were transfected with 
the mCherry-GFP-LC3 plasmid via lipofection. 24 hours after transfection, cells were treated with 2 μM of crizotinib or 40 μM of AA for 
24 hours and subjected to immunofluorescence staining, respectively. Autophagic flux assays were performed using a confocal microscope. 
Red indicates autolysosome and yellow resulting from the overlap of red and green channels indicates autophagosomes. Scale bar: 20 μm. 
Statistical graph of LC3 puncta per cell as calculated in the indicated groups. n >10. (G) ROS levels in HCC78 cells after incubation with 
2 μM of crizotinib with or without 40 μM of AA for 24 hours were measured by DCFH-DA staining. (H) HCC78 and H3122 cells were 
treated with the indicated concentrations of crizotinib (as shown in figure) and 40 μM of AA for 24 hours. The protein levels of ER stress 
marker were detected via Western blotting. β-actin was used as the loading control. Data are presented as the mean ± SD. (C) Unpaired 
two-sided Student’s t-test and (F,G) one-way ANOVA with the Tukey post hoc test. ns: no significance. *, P<0.05; ****, P<0.0001. AA, 
arachidonic acid; ANOVA, analysis of variance; Cri, crizotinib; CR, crizotinib resistance; DCFH-DA, 2',7'-dichlorofluorescin diacetate; DAPI, 
4',6-diamidino-2-phenylindole; ER, endoplasmic reticulum; IRE1, inositol-requiring enzyme1; KEGG, Kyoto Encyclopedia of Genes and 
Genomes; LAMP1, lysosomal-associated membrane protein 1; LC3I, microtubule-associated protein 1 light chain 3-I; LC3II, microtubule-
associated protein 1 light chain 3-II; no-diff, no difference; PGE2, prostaglandin E2; sXBP1, spliced X-box binding protein 1; p-IRE1 (S724), 
phosphorylation of inositol-requiring enzyme1 on S724; ROS, reactive oxygen species; SD, standard deviation; WT, wild type.
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Figure 6 Targeting AA-modulated autophagy enhanced the sensitivity of crizotinib therapy. (A) Cell viability of HCC78 and H3122 
cells after incubation with the indicated concentrations of AA was determined via CCK-8 assay. Comparisons were made between 
each concentration and the control. (B) Cell viability of HCC78 and H3122 cells after incubation with the indicated concentrations of 
crizotinib with or without 40 μM of AA was determined by CCK-8 assay. (C) HCC78 and H3122 cells after incubation with 2 μM of 
crizotinib with or without 40 μM of AA and/or 30 μM of CQ for 24 hours were harvested. The protein levels of LAMP1 and LC3 were 
detected via Western blotting. β-actin was used as the loading control. (D) Cell viability of HCC78 and H3122 cells after incubation with 
the indicated concentrations of crizotinib with or without 40 μM of AA and/or 30 μM of CQ was determined via CCK-8 assay. (E,F) 
HCC78CR cells were transfected with the mCherry-GFP-LC3 plasmid by liposome. 24 hours after transfection, cells were treated with 
2 μM of crizotinib or 30 μM of CQ for 24 hours and subjected to immunofluorescence staining, respectively. Autophagic flux assays were 
performed using a confocal microscope. Red indicates autolysosomes and yellow resulting from the overlap of red and green channels 
indicates autophagosomes. Scale bar: 20 μm. The number of LC3 puncta per cell was calculated for the indicated groups. n>10. (G) Cell 
viability of HCC78CR and H3122CR cells after incubation with the indicated concentrations of crizotinib with or without 30 μM of CQ 
was determined via CCK-8 assay. (H) Schematic diagram illustrating how AA promotes crizotinib resistance by modulating autophagy in 
NSCLC cells. Data are presented as the mean ± SD. (A,F) One-way ANOVA with the Tukey post hoc test and (B,D,G) two-way ANOVA 
with the Tukey post hoc test. ns: no significance. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. AA, arachidonic acid; ANOVA, analysis 
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and it is being increasingly recognized for its involvement 
in tumorigenesis and resistance to cancer therapies (21). 
In our study, we found that crizotinib increased the 
accumulation of autophagosomes in NSCLC cells. 
However, it is important to note that an increase in 
autophagosome numbers does not necessarily indicate 
enhanced autophagy. Indeed, autophagosome accumulation 
often results from impaired trafficking to lysosomes without 
a concomitant change in autophagosome biogenesis, 
while an increase in autophagosome abundance may 
indicate reduced degradative activity (46). Consistently, 
we found that crizotinib impaired autophagy flux, leading 
to excessive accumulation of autophagosomes in ROS1+ 
or ALK+ NSCLC cells, a phenomenon that also occurs 
in cardiomyocytes and induces cardiotoxicity (51). These 
results suggest that crizotinib-induced autophagy damage 
may be a key mechanism of its cytotoxicity. In the future, 
we will continue to investigate the underlying mechanisms 
of crizotinib-induced autophagy damage.

Omega-6 PUFAs, including AA, are essential fatty acids 
that are critical to various biological functions. Notably, AA 
presents a paradoxical role in cancer development. Previous 
studies have shown that high doses of AA (100 μM) can 
induce apoptosis in a variety of tumor cells and exert a degree 
of antitumor activity (52,53). However, recent studies have 
shown that AA could maintain cell survival, inhibit apoptosis, 
and promote growth in colorectal cancer and ovarian cancer 
(54,55). Through a review of these studies on AA, we found 
that AA exhibits both pro- and antiapoptotic effects. This 
difference in outcomes may be attributed to the specific 
model or the concentration of AA employed in each study. In 
our study, we found that high-dose AA (>100 μM) inhibited 
the growth of NSCLC cells, whereas low-dose AA (12.5 μM 
<AA <100 μM) had an opposite effect.

In addition, previous studies have focused on the role of 
AA in promoting or inhibiting tumor cells via apoptosis and/
or ER stress (33,36,56). However, the role and mechanism 
of AA in regulating TKI resistance via mediating autophagy 
remains unclear. In our study, we confirmed that AA 
modulated crizotinib resistance by promoting autophagy 
flux and reducing autophagosome abundance, thereby 
inhibiting the cell death induced by crizotinib treatment. 

While our study provides valuable insights, there are 
several limitations of our study that might be addressed in 
future research. Firstly, our study is based on only one ALK+ 
and one ROS1+ NSCLC cell line. Therefore, it would be 
important in future studies to validate the involvement of AA 
accumulation in crizotinib resistance across additional NSCLC 

cell lines harboring ALK or ROS1 gene fusions. Moreover, 
the role of AA and its modulation of autophagy in crizotinib 
resistance should be validated in vivo using NSCLC tissue 
samples. Finally, it would be of interest to assess whether AA 
accumulation and autophagy modulation is also a mechanism 
of resistance to ALK- and ROS1-TKIs of new generation. 

Conclusions 

We found that the downregulation of PTGS2 and induced 
AA accumulation may be the necessary condition for 
crizotinib resistance in NSCLC cells via the regulation of 
autophagy. Targeting autophagic flux sensitizes resistant 
tumors to crizotinib. Our results identified a newly 
discovered role of AA in crizotinib resistance and potentially 
provides a novel treatment strategy for alleviating TKI 
resistance. 
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