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Abstract 

Osimertinib, a third-generation epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor (TKI), 

effectively treats non-small-cell lung cancer patients with EGFR activation mutations or those with 

acquired T790M resistance mutation following EGFR-TKIs therapy. However, the development of drug 

resistance remains a significant clinical challenge. Therefore, we aimed to investigate novel cytokine 5 

signaling pathways contributing to osimertinib resistance in lung cancer. Our findings revealed that the 

CCL2-CCR2 signaling pathway is pivotal in osimertinib resistance development. We observed elevated 

CCL2 expression in EGFR TKIs-resistant lung cancer cells compared to treatment-naive EGFR mutant 

cells. Furthermore, ectopic expression of CCL2 in osimertinib-sensitive lung cancer cells conferred 

resistance to osimertinib in vitro and in vivo. CCL2 knockdown improved osimertinib-induced apoptosis 10 

in lung cancer cells. Osimertinib-resistant cells exhibited epithelial-mesenchymal transition phenotypes. 

We demonstrated that CCL2 primarily confers osimertinib resistance through CCR2, STAT3, and ERK, 

upregulating Zeb1 expression. Finally, combining a STAT3 inhibitor with osimertinib overcoming 

resistance in vivo. In conclusion, CCL2 significantly contributes to acquired osimertinib resistance in lung 

cancer. Targeting the CCL2-CCR2-STAT3/ERK-Zeb1 signaling pathway holds therapeutic potential for 15 

overcoming osimertinib resistance and improving treatment outcomes. 

 

Keywords: STAT3; epidermal growth factor receptor; Tyrosine kinase inhibitor; cytokine signalling 

pathways  
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1. Introduction 

Lung cancer remains the leading cause of cancer-related deaths worldwide, with a dismal five-year 

survival rate of only 10–20% in most countries. Non-small-cell lung cancer (NSCLC) constitutes 

approximately 85% of all lung cancer cases [1, 2]. Unfortunately, traditional treatment options such as 

surgery, radiation therapy, and platinum-based chemotherapy have limited effectiveness and yield poor 5 

prognoses [3]. Given these challenges, molecular-targeted therapies have emerged as a promising 

approach for patients with NSCLC. The epidermal growth factor receptor (EGFR) is a well-established 

molecular target in NSCLC owing to its association with cancer development and progression [4]. EGFR 

somatic activating mutations are prevalent in 40–50% of patients with non-squamous NSCLC in Asia and 

10–20% in Western countries [5, 6]. These patients have exhibited favorable responses to EGFR-tyrosine 10 

kinase inhibitors [7]. However, a significant drawback is that most patients with NSCLC treated with first- 

or second-generation EGFR-tyrosine kinase inhibitors (TKIs) eventually develop acquired resistance, 

with approximately 50_60% acquiring T790M mutation [8]. Osimertinib, a third-generation EGFR-TKI, 

has demonstrated effectiveness in treating NSCLC patients with T790M mutation [9] and treatment-naïve 

EGFR mutations [10]. Nonetheless, despite the initial positive response, patients inevitably develop 15 

acquired resistance to osimertinib. The mechanisms underlying this resistance can be diverse and complex, 

involving both EGFR-dependent pathways [8, 11] and EGFR-independent mechanisms [12, 13]. Other 

contributing factors include alterations in other tyrosine kinase receptors [14, 15], oncogenic fusions [16, 

17], and induction of epithelial-mesenchymal transition (EMT) [18]. Additionally, nearly 50% of patients 

with NSCLC develop osimertinib resistance for reasons that are currently unknown, highlighting the 20 
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importance of further investigation to uncover novel mechanisms of acquired resistance to osimertinib. 

Chemokine C-C motif ligand 2 (CCL2), also known as monocyte chemotaxis protein-1 (MCP1), 

belongs to the CC chemokine family [19]. This chemokine plays a significant role in immune cell 

recruitment, inflammation, and tumor progression [20]. Recent investigations have elucidated that CCL2 

is involved in mediating drug resistance in various cancer types [21]. CCL2 can modulate the tumor 5 

microenvironment by facilitating the recruitment of immunosuppressive cells, such as tumor-associated 

macrophages, which contribute to drug resistance through paracrine signaling [22, 23]. Additionally, 

elevated CCL2 expression has been associated with reduced sensitivity to chemotherapeutic drugs [24-

26]. The effects of CCL2 on chemotherapeutic drugs have been studied; however, its impact on EGFR 

TKIs, particularly osimertinib, has not been adequately explored. Further investigation is necessary to 10 

enhance our understanding of the role of CCL2 in osimertinib resistance and the underlying mechanisms 

involved. 

EMT is a complex cellular process that facilitates the conversion of epithelial cells into mesenchymal 

cells and plays a fundamental role in various biological processes, including embryonic development, 

tissue repair, and cancer metastasis [27]. Notably, emerging evidence suggests a strong association 15 

between CCL2 and EMT induction and regulation [22, 28]. CCL2 directly stimulates EMT by activating 

ERK-GSK3β-Snail signaling pathways in human breast carcinoma cells [29]. Through binding to its 

receptor, CCR2, CCL2 initiates downstream events that promote the loss of epithelial markers and the 

acquisition of mesenchymal characteristics [30].  
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This study aimed to elucidate the novel CCL2-CCR2 signaling pathway associated with osimertinib 

resistance in lung cancer. Additionally, we focused on understanding the mechanism by which CCL2, in 

conjunction with its receptor CCR2, activates downstream signaling pathways. Understanding the specific 

role of the CCL2-CCR2 pathway in osimertinib resistance is pivotal for devising strategies to overcome 

or circumvent this resistance mechanism. 5 

 

2. Material and Methods 

2.1 Chemicals and Cell lines  

Osimertinib, INCB3344 (CCR2 antagonist), and S3I-201 (STAT3 inhibitor) were purchased from Selleck 

Chemicals (Houston, Texas). Recombinant human CCL2 protein was purchased from Peprotech (Rocky 10 

Hill, NJ). Human lung cancer cell lines H1975 harboring EGFR L858R and T790M mutations and 

HCC827 harboring EGFR exon 19 mutation were purchased from the ATCC (Manassas, VA). The 

gefitinib-resistant HCC827/gef cells were selected from their parental HCC827 cells after exposure to 

stepwise escalating concentrations of gefitinib up to 10 μM. HCC827/gef cells were cross-resistant to 

osimertinib [31]. The osimertinib-resistant H1975/AZD cells were developed from the parental cells 15 

subjected to persistent gradient exposure to osimertinib for about 6 months by increasing osimertinib 

concentration up to 3 μM [15]. Single clones of osimertinib-resistant H1975/AZD-15 and H1975/AZD-

18 cells were obtained by isolating single cells from H1975/AZD mixed clones using a serial dilution 

method.  

HCC827-CCL2 cells were generated by transfecting them with a plasmid carrying human CCL2 20 



7 

 

cDNA (SC118317, Origene, Rockville, MD). After transfection, these cells were selected over 14 days 

using geneticin-containing media. Subsequently, the cells were cultured in RPMI 1640 medium 

supplemented with 5% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin 

(Gibco, Grand Island, NY). The cell cultures were maintained at 37°C in a humidified incubator with 5% 

CO2. 5 

 

2.2 Small interfering RNA (siRNA) and transfection 

Small interfering RNA (siRNA) specific for CCL2 (ID: s12565, ID:s12566) or Zeb1 (ID:s229971) was 

purchased from Life Technology. CCR2 siRNA was provided by Dharmacon (Chicago, IL). The siRNA 

was transfected into cells using Lipofectamine RNAiMAX Reagent (Life Technologies, CA) according 10 

to the manufacturer’s instructions.  

 

2.3 Cytotoxicity assays  

The cells were first plated at a density of 3000–5000 cells per well in 96-well plates. Subsequently, the 

cells were treated with various concentrations of drugs. After 48–72 h of treatment, cell viability was 15 

determined using 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays (Merck 

Millipore, Darmstadt, Germany) according to the manufacturer’s instructions. Finally, the absorbance was 

measured at 570 nm using a SpectraMax i3x Multi-Mode Microplate Reader (Molecular Device, CA). 

The cell survival percentages are represented as mean±SD (SD, standard deviation). 
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2.4 Western blotting 

Cells were lysed in RIPA buffer (Cell Signaling Technology, Danvers, MA) with 1% phosphatase 

inhibitor cocktail. Lysates containing 20–30 μg protein were loaded onto 6–12% sodium dodecyl sulfate-

polyacrylamide gels electrophoresis, and the separated proteins were then transferred to polyvinylidene 5 

fluoride (PVDF) membranes (Pall, NY). After blocking with 5% fat-free milk for 1 h, the membranes 

were incubated with the primary antibody overnight at 4°C and then with the peroxidase-labeled 

secondary antibody 1h at room temperature (Agilent, CA). All antibodies used in the study are listed in 

Table S1. Western blotting bands were visualized using ECL select western blotting detection reagent 

(Merck). 10 

 

2.5 ELISA 

We used 24-hour cell-conditioned media that were controlled for cell number and media volume to detect 

CCL2 using human CCL2 enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems) according 

to the manufacturer’s instructions. Absorbance was read at an optical density of 450 nm using a 15 

SpectraMax i3x Multi-Mode Microplate Reader. The concentration of each conditioned media was 

determined by referring to a standard curve and is represented as the mean ± SD. 

 

2.6 Cell apoptosis assay 
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HCC872/gef cells were transfected with CCL2 siRNA for 48 h and then exposed to 250 nM osimertinib 

for another 24 h. The Annexin V-FITC apoptosis detection Kit (BD Bioscience) was used to detect 

apoptosis, following the manufacturer's protocol. Subsequently, the cells were analyzed using an Attune™ 

NxT Flow Cytometer (Life Technologies). 

 5 

2.7 Caspase-Glo 9 Assay 

The caspase-9 activity in cell lysates was assayed using the Caspase 9-Glo luminescent kit (Promega, 

Madison, WI), following the manufacturer’s instructions. Cells were seeded in 96-well plates and 

subsequently treated with osimertinib for 18 h. After incubation, the cells were lysed. Luminescence 

values were measured using the SpectraMax i3x Multi-Mode Microplate Reader equipped for 10 

luminescence detection. 

 

2.8 RNA isolation and Quantitative real-time PCR 

Total RNA was extracted using Trizol reagent (Life Technologies) according to the manufacturer’s 

instructions. The reverse transcription reaction was performed using 1 μg of total RNA with a Quantscript 15 

RT kit (Qiagen Biotechnology, Dusseldorf, Germany). The mRNA expression level was determined by 

quantitative real-time PCR using SYBR Green Master Mix (Applied Biosystems, CA) and a Quantstudio 

7 flex real-time PCR system (Applied Biosystems). The sequences of the gene-specific primers used in 

the study are listed in Table S2. 
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2.9 Xenograft animal studies  

All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of 

the National Taiwan University College of Medicine, Taiwan, and performed in compliance with the 

IACUC guidelines. Cancer cells (HCC827-mock, HCC827-CCL2, and H9175/AZD-18) were injected 5 

subcutaneously into the lower rear flank of 5-week-old severe combined immune deficient (SCID) 

athymic male mice from BioLASCO (Taiwan). The animals were randomized into groups 14–21 days 

after tumor-cell injection when tumors had grown to approximately 200 mm3. Tumor volumes were 

evaluated after treatment with osimertinib or S3I-201. Tumor volume and mouse weight were recorded 

every 4 days, and tumor volumes were assessed using the formula mm3=width2×length/2. 10 

 

2.10 Malignant pleural effusion isolation 

We consecutively collected pleural effusion using thoracentesis in the chest ultrasonography examination 

room at the National Taiwan University Hospital. Before thoracentesis, all enrolled patients signed 

informed consent forms for future molecular analysis, which was approved by the Institutional Review 15 

Board of the National Taiwan University Hospital. The cytology of pleural effusion showing 

adenocarcinoma of the lung was used in this study.  

First, we used RBC lysis buffer for hemolysis of red blood cells in the pleural effusions. Next, the 

remaining cells were washed twice using PBS and cultured in complete RPMI1640 media [32]. The 
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medium was replaced every 2–3 days, and the cells were harvested after 10 days. Subsequently, we used 

TrIzol reagent (Invitrogen, NY) to extract total RNA from cultured cells. Reverse transcription-

quantitative polymerase chain reaction (RT-qPCR) was used to analyze the expression of CCL2 using 

TaqMan CCL2 probes (Life Technologies) on an Applied Biosystems QuantStudio 7 Flex.  

2.12 Statistical analysis 5 

Data are presented as the mean ± SD for in vitro and in vivo experiments. The statistical comparison 

between the two groups was assessed using the unpaired Student’s t-test. Clinical data were presented as 

the group’s median, and the statistical comparison between the two groups was performed using the 

Mann–Whitney U test. Statistical significance was set at p < 0.05. All statistical analyses were conducted 

using SPSS software (version 22.0, SPSS Inc., Chicago, IL). 10 

 

3. Results 

3.1 CCL2 expression is significantly increased in osimertinib-resistant cells  

In previous studies, we established osimertinib-resistant cell lines, including HCC827/gef and clones 

(H1975/AZD-15 and H1975/AZD-18) [15, 33]. These cell lines exhibited vigorous growth in the presence 15 

of osimertinib, confirming their drug-resistance characteristics. The sensitive parental cells H1975 and 

HCC827 were significantly susceptible to osimertinib at concentrations below 30 nM. However, the 

EGFR TKI-resistant cells (HCC827/gef, H1975/AZD-15, and H1975/AZD-18) demonstrated resifstant 

to osimertinib, with IC50 values greater than 1 µM (Fig. 1A and 1E). To identify EGFR TKI resistance-
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associated genes, we analyzed four expression datasets (GSE80344, GSE106765, GSE103350, and 

GSE95558). Gene scores were calculated based on expression levels, and a discounted rating system was 

used to combine rankings [34]. Among the top 100 upregulated genes, a set of genes were involved in 

tumor microenvironment and immune cytokine pathway, including S100A8, IL1A, IL1B, and CCL2 

(Table S3). Here, we verified that CCL2 is upregulated in osimertinib-resistant cells. The expression levels 5 

of CCL2 mRNA and protein were found to be upregulated in HCC827/gef cells (Fig. 1B, 1D), as well as 

in H1975/AZD-15 and H1975/AZD-18 (Fig. 1F, 1H), compared to the parental HCC827 and H1975 cells, 

respectively. Additionally, CCL2 secretion was significantly increased in HCC827/gef (Fig. 1C) and 

H1975/AZD-15, H1975/AZD-18 cells (Fig. 1G) compared to parental HCC827 and H1975 cells, as 

determined by ELISA assay. These findings provide evidence that CCL2 expression is elevated in 10 

acquired resistance to osimertinib in vitro.  

 

3.2 CCL2 upregulation in malignant pleural effusion of lung adenocarcinoma following resistance to 

osimertinib and 1st/2nd-generation EGFR TKIs 

We collected 63 malignant pleural effusions (MPEs) from patients with lung adenocarcinoma 15 

harboring EGFR mutations. Of these, 26 MPEs were obtained at the initial diagnosis of lung cancer before 

systemic treatment, 16 were collected after the patient acquired resistance to osimertinib, and 21 were 

obtained from those who showed resistance to first- or second-generation EGFR-TKIs (erlotinib: 10, 

gefitinib: 10, and afatinib: 1). There were no significant differences in the clinical characteristics of the 
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patients between the three groups (Table S4). The CCL2 expression levels of the primary cancer cells 

isolated from MPEs were detected using RT-qPCR. The results indicated that the median CCL2 

expression level was significantly higher in MPEs collected from patients who had acquired resistance to 

osimertinib than in those obtained from treatment-naïve pleural effusions (p = 0.0142, by Mann–Whitney 

U test, Fig. 1I). Additionally, the results demonstrated that MPEs collected from patients after acquiring 5 

resistance to first- or second-generation EGFR-TKIs had significantly higher median expression of CCL2 

(p = 0.0090, by Mann–Whitney U test, Fig. 1I). 

 

3.3. Elevated expression of CCL2 contributes to the acquisition of  osimertinib resistance in 

osimertinib-sensitive cells 10 

To validate the significance of CCL2 in osimertinib resistance, we conducted experiments involving 

CCL2-overexpressing transfectants (HCC827-CCL2) and control transfectants (HCC827-mock; Fig. 2A). 

By introducing CCL2 in osimertinib-sensitive HCC827 cells, we observed that these cells exhibited 

resistance to osimertinib, as determined by MTT assay (Fig. 2B). Furthermore, to validate these findings, 

we investigated the effect of CCL2 on osimertinib-induced apoptosis in osimertinib-sensitive cells 15 

(HCC872). Our results demonstrated that CCL2 significantly attenuated caspase 9 activity induced by 

osimertinib in these cells (Fig. 2C). We conducted in vivo experiments to further confirm the role of CCL2 

in promoting cell proliferation in the absence (Fig. 2D) or presence of osimertinib (Fig. 2E). There was 

no significant difference in tumor growth curves between mice injected with HCC827-mock cells and 
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those injected with CCL2-overexpressing HCC827 cells (Fig. 2D). Notably, osimertinib administration 

effectively suppressed tumor growth and reduced tumor weight in mice injected with HCC827-mock cells 

but had limited impact on those injected with CCL2-overexpressing HCC827 cells (Fig. 2E and 2F). These 

results collectively demonstrate that the elevated expression of CCL2 attenuated the inhibitory effects of 

osimertinib in lung cancer cells. 5 

 

3.4. CCL2 knockdown in osimertinib-resistant cells enhanced osimertinib responsiveness 

As shown in Fig. 3A, 3F and 3I, the transient transfection of CCL2 siRNA into osimertinib-resistant 

cells (HCC827/gef, H1975/AZD-15, and H1975/AZD-18) resulted in lower levels of CCL2 expression 

compared to the control cells (HCC827/gef-si-scramble, H1975/AZD-15-si-scramble and H1975/AZD-10 

18-si-scramble). Notably, the knockdown of CCL2 in osimertinib-resistant cells led to increased cell death 

upon treatment with osimertinib (Fig. 3B, 3G, and 3J). In HCC827/gef cells, the downregulation of CCL2 

expression promoted osimertinib-induced apoptosis as evidenced by luminescent and caspase-glo 9 assay 

and Annexin V-FITC apoptosis assay (Fig. 3C, 3D). Additionally, osimertinib-induced cleavages of 

PARP and caspase-3 were significantly increased in HCC827/gef, H1975/AZD-15, and H1975/AZD-18 15 

cells after CCL2 knockdown by transfection of CCL2 siRNA (Figure 3E, H, and K). These results 

highlight the functional importance of CCL2 in maintaining osimertinib resistance in osimertinib-resistant 

cells. Targeting CCL2 could potentially be a therapeutic approach to overcome osimertinib resistance in 

lung cancer. 
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3.5. CCL2 confers osimertinib resistance through Zeb1 upregulation 

As shown in Fig. 4A and 4B, osimertinib-resistant cells (H1975/AZD-15, H1975/AZD-18, and 

HCC827/gef) displayed distinct morphological changes compared to osimertinib-sensitive cells. These 

resistant cells exhibited a loss of cell-cell contacts and acquired an elongated, spindle-shaped 5 

mesenchymal phenotype, characteristic of cells undergoing EMT. Previous studies have provided 

evidence linking the EMT process to both primary and acquired resistance to EGFR TKIs [33, 35-37]. 

The transition to the mesenchymal phenotype in osimertinib-resistant cells was accompanied by decreased 

expression of the epithelial marker E-cadherin and increased expression of the mesenchymal markers 

Vimentin and Zeb1 (Fig.4A and 4B). These markers are well-established indicators of the EMT process.  10 

CCL2 has been implicated in the EMT process in various cancer cell types, including head and neck 

squamous cell carcinomas [38], breast carcinoma cells [29], and glioblastoma [39]. We investigated the 

effect of CCL2 stimulation on EMT progression in drug-sensitive cancer cells. CCL2-overexpressing 

transfectants exhibited higher levels of Zeb1 protein expression (Fig. 4C), whereas CCL2-knockdown 

transfectants showed lower levels of Zeb1 protein expression (Fig. 4D). 15 

To further investigate the role of Zeb1 in CCL2-mediated osimertinib resistance in drug-sensitive 

cells, we examined the impact of Zeb1 knockdown on osimertinib-resistant cells. The knockdown of Zeb1 

expression in CCL2-overexpressing transfectants (HCC827-CCL2-si-Zeb1) significantly suppressed the 

CCL2-mediated osimertinib resistance (Fig. 4E and 4F). Furthermore, Zeb1 knockdown increased the 



16 

 

sensitivity of H1975/AZD-18 cells to osimertinib, as evidenced by a significant decrease in the IC50 values 

(Fig. 4G and 4H). These results provide evidence that CCL2 mediates osimertinib resistance in lung 

cancer cells through the up-regulation of Zeb1 expression. 

 

3.6. STAT3 and ERK Signaling Pathway are involved in CCL2 mediates osimertinib resistance  5 

We further examined the effects of osimertinib on EGFR downstream signaling pathway in both 

osimertinib-sensitive (H1975 and HCC827) and -resistant cell lines (H1975/AZD-18 and HCC827/gef). 

Osimertinib treatment inhibited EGFR downstream targets, including phosphorylated EGFR, AKT, ERK, 

and STAT3 in osimertinib-sensitive cells (H1975 and HCC827), but maintained phosphorylated STAT3 

and ERK in osimertinib-resistant cell lines (H1975/AZD-18 and HCC827/gef) (Fig. 5A and 5B). These 10 

results suggest that the activation of STAT3 and ERK contributes to osimertinib resistance in these cell 

lines. Given that CCL2 is known to activate JAK-STAT, MAPK, and PI3K-AKT pathways, which regulate 

various biological processes [29, 40], we explored whether CCL2 renders EGFR-mutated NSCLC cells 

resistant to osimertinib by activating EGFR downstream signaling pathways. The results showed that 

stimulation with recombinant CCL2 protein led to a clear increase in STAT3 and ERK phosphorylation 15 

(Fig. 5C). Similarly, CCL2-overexpressing transfectants expressed higher phosphorylated STAT3 and 

ERK (Fig. 5D), whereas CCL2-knockdown transfectants expressed lower phosphorylated STAT3 and 

ERK (Fig. 5E). These results suggest that the activation of the STAT3 and ERK signaling pathways may 

be associated with CCL2-induced resistance to osimertinib. 
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3.7. Targeting the CCL2-CCR2 signaling pathway enhances osimertinib-induced cell death and 

reverses EMT 

To elucidate the role of the CCL2-CCR2 axis in regulating osimertinib resistance, we investigated 

by employing CCR2 knockdown using CCR2 siRNA. Our results demonstrated that CCR2 knockdown 5 

led to a decrease in CCR2 expression, STAT3 phosphorylation, and ERK1/2 phosphorylation (Fig. 6A). 

Additionally, CCR2 knockdown significantly enhanced osimertinib-induced cytotoxicity and caspase-9 

activity in CCL2-overexpressing HCC827 cells (HCC827-CCL2-si-CCR2-1; Fig. 6B, 6C). After 

treatment with the CCR2 antagonist (INCB3344) in HCC827-CCl2 cells, the expression of CCR2 

downstream kinases, including p-STAT3, p-ERK1/2, and Zeb1 decreased as shown by western blot (Fig 10 

4D). To evaluate the efficacy of the combination of INCB3344 with osimertinib in inhibiting cell viability 

in osimertinib-resistant HCC827-CCL2 cells, we treated the cells with both INCB3344 (CCR2 antagonist) 

and osimertinib. The cotreatment with INCB3344 and osimertinib markedly restrained cell survival and 

decreased caspase-9 activity (Fig.6E, 6F). Additionally, the STAT3 inhibitor (S3I-201) effectively 

suppressed CCL2-induced Zeb1 expression (Fig. 6G) and reversed CCL2-mediated resistance to 15 

osimertinib (Fig. 6H). To further investigate the ability of the STAT3 inhibitor to restore the sensitivity 

of osimertinib-resistant cells to osimertinib in vivo, xenograft tumors were generated by injecting 

H1975/AZD-18 cells into SCID mice. Consistent with the in vitro findings, treatment with osimertinib 

alone did not effectively inhibit the growth of H1975/AZD-18 tumors. However, when the mice were 
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treated with a combination of STAT3 inhibitor S3I-201 and osimertinib, significant inhibition of tumor 

growth was observed (Fig. 6I). These results provide compelling evidence that the combination of the 

STAT3 inhibitor and osimertinib is capable of suppressing the growth of osimertinib-resistant NSCLC 

xenografts in an in vivo model. Selumetinib (ERK inhibitor) effectively suppressed CCL2-induced Zeb1 

expression in HCC827-CCL2 cells (Fig. 6J) and reversed CCL2-mediated resistance to osimertinib (Fig. 5 

6K). These findings indicate that the CCL2/CCR2 axis results in resistance to osimertinib in drug-sensitive 

cells by activating the STAT3 and ERK pathways.  

To investigate the significance of the CCL2-CCR2 axis in mediating EMT, we performed 

experiments by employing CCR2 knockdown using CCR2 siRNA. Knocking down CCR2 resulted in the 

reversal of the EMT phenotype, as demonstrated by an increased expression of the epithelial marker E-10 

cadherin and a decrease in the mesenchymal marker vimentin, in comparison to HCC827-CCL2 cells 

expressing a control siRNA (Fig. S1A). Furthermore, to elucidate the downstream signaling pathways of 

CCL2 contributing to the promotion of the EMT process, we performed intervention assays using 

INCB3344, S3I-201, and selumetinib. The reversal of EMT markers was observed in Fig. S1B–D. These 

results suggest that the CCL2-CCR2 axis mediates the EMT process through the STAT3 and ERK 15 

pathways. 

Targeting the CCL2-CCR2 signaling axis significantly enhanced osimertinib-induced cell death and 

reversed EMT in lung cancer cells. A summary diagram of the CCL2–CCR2-Zeb1 axis and the potential 
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pathways in osimertinib-resistant cells are shown in Figure 7. The CCL2-CCR2 axis contributes to the 

acquisition of osimertinib resistance in lung cancer by activating STAT3 and ERK signaling. 

 

4. Discussion 

In this study, we investigated the role of CCL2 in the development of resistance to osimertinib in lung 5 

cancer. Higher levels of CCL2 expression were present in osimertinib-resistant cell lines, and its 

expression increased following osimertinib resistance development in patients. Moreover, the cells became 

more sensitive to osimertinib when CCL2 expression was suppressed in osimertinib-resistant cells using 

genetic silencing techniques. These results suggest that CCL2 played a role in mediating osimertinib 

resistance in lung cancer. Additionally, we investigated the molecular mechanisms underlying the effects 10 

of CCL2 in osimertinib resistance. Our findings indicated that CCL2 upregulated Zeb1 expression by 

activating the STAT3 and ERK pathways. Pharmacological inhibition was performed to block CCR2, 

STAT3, and ERK signaling in CCL2-mediating osimertinib resistance cells, which significantly enhanced 

the ability of osimertinib to induce cell death. In summary, this study uncovered a novel cytokine pathway 

involving CCL2-CCR2-STAT3/ERK-Zeb1 that contributes to osimertinib resistance in lung cancer. 15 

Targeting the CCL2-CCR2 signaling axis can potentially enhancing the efficacy of osimertinib treatment 

and overcoming resistance (Fig. 7). 

Increasing evidence demonstrates that CCL2 is an essential component of the tumor 

microenvironment. The increased expression of CCL2 in the tumor microenvironment significantly 

impacts the effectiveness of trastuzumab (a HER2 monoclonal antibody) by promoting the recruitment of 20 
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immunosuppressive cells, thereby dampening its anti-tumor effects in HER2-positive gastric cancer 

[42,43]. Additionally, CCL2 plays a pivotal role in promoting hepatocellular carcinoma progression and 

sorafenib resistance by enhancing tumor cell survival, migration, and invasion [41, 42]. Moreover, 

heightened CCL2 levels can counteract the anti-angiogenic effects of bevacizumab (a drug targeting 

vascular endothelial growth factor) in colorectal cancer [43]. CCL2 plays a significant role in driving 5 

resistance to targeted therapies and facilitating tumor progression; however, its role in osimertinib-resistant 

lung cancer has not been thoroughly evaluated. In this study, we demonstrated that the increased 

expression of CCL2 contributes to the acquisition of osimertinib resistance in initially osimertinib-

sensitive cells. Furthermore, knocking down CCL2 in osimertinib-resistant cells led to an enhancement of 

osimertinib responsiveness. Our research findings provide valuable insights into the significance of the 10 

CCL2-CCR2 signaling pathway in driving the development of resistance to a third-generation EGFR-TKI 

osimertinib in lung cancer. 

Our study also emphasized the connection between CCL2-induced osimertinib resistance and the 

activation of the STAT3 and ERK signaling pathways. Our results indicated that both the STAT3 and ERK 

signaling pathways are downstream of CCL2 and are involved in CCL2-mediated osimertinib resistance 15 

in lung cancer. Activation of the ERK signaling pathway has been implicated in osimertinib resistance, as 

evidenced in our study using an osimertinib-resistant cell line model (Fig.6) and supported by the findings 

of Shi et al. [44] and Huang et al. [45]. These findings suggest that the activation of the CCL2/ERK 

pathway facilitates the bypassing of EGFR inhibition induced by osimertinib. Additionally, our results 
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indicated that CCL2 plays a role in the development of osimertinib resistance in lung cancer by activating 

the STAT3 pathway. Several studies have reported that cancer cells that acquire resistance to EGFR-TKIs 

(such as gefitinib, erlotinib, afatinib, and osimertinib) often display elevated levels of phosphorylated 

STAT3. Increased STAT3 activation is frequently associated with acquired resistance to EGFR-TKIs [46-

49]. Moreover, the findings presented by Sun et al. provide additional evidence supporting this idea, 5 

demonstrating that both STAT3 and IL-4 are involved in the development of osimertinib resistance. [50]. 

In the context of osimertinib resistance, activating the STAT3 signaling pathway confers a survival 

advantage to tumor cells by inhibiting cell death-associated pathways and orchestrating changes in the 

tumor microenvironment. 

Zeb1, a transcription factor linked to the epithelial-mesenchymal transition (EMT), plays a crucial 10 

role in enhancing cancer cell invasiveness and confers resistance to targeted therapies [51, 52]. Previous 

studies have indicated that CD44 promotes lung cancer cell metastasis and may potentially contribute to 

epithelial-mesenchymal transition (EMT) by activating the ERK-Zeb1 signaling pathway [53]. Following 

treatment with EGFR inhibitors, the increased expression of Zeb1 leads to alterations in cellular behavior, 

resulting in reduced reliance on EGFR signaling pathways for survival [52]. Zeb1-mediated EMT has been 15 

identified as one of the underlying causes of erlotinib resistance in EGFR-mutant lung cancer cells [51]. 

Moreover, the activation of the STAT3-Zeb1 signaling pathway enhance EGFR-TKI resistance in lung 

cancer [58]. Indeed, both the ERK-Zeb1 and STAT3-Zeb1 axes are interconnected and have a significant 

impact on cancer progression and drug resistance. The alterations in cell behavior induced by EMT 
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contribute to reduced sensitivity to a variety of targeted therapies. Our findings reveal that CCL2-mediated 

osimertinib resistance in lung cancer through up-regulating Zeb1 expression. Knockdown of Zeb1 

expression in CCL2-overexpressing transfectants significantly suppressed the CCL2-mediated osimertinib 

resistance. In this study, we also indicated that CCL2 upregulated Zeb1 expression in lung cancer cells 

through activating STAT3 and ERK signaling pathways. The combination treatment of the STAT3 5 

inhibitor (S3I-201) or ERK inhibitor (selumetinib) with osimertinib in CCL2-mediated osimertinib 

resistance cells leads to the suppression of CCL2-induced Zeb1 expression and the subsequent reversal of 

CCL2-mediated resistance to osimertinib. 

Our study has demonstrated that the CCL2-CCR2 signaling axis triggers increased phosphorylation 

of STAT3 and ERK, subsequently leading to enhance Zeb1 expression in lung cancer. It is noteworthy 10 

that the CCL2-CCR2 pathway not only contributes to osimertinib resistance but also actively participates 

in cancer progression. To conclude, our findings strongly support the pivotal role of CCL2 in the 

development of acquired osimertinib resistance in lung cancer. Targeting the CCL2-CCR2-STAT3/ERK-

Zeb1 signaling pathway emerges as a promising therapeutic approach for overcoming osimertinib 

resistance and enhancing treatment outcomes in this context. 15 
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Figure Captions 

Fig. 1. CCL2 is elevated in EGFR TKI-resistant cell lines. 

(A, E) Viability of human lung cancer cell cells treated with osimertinib determined using MTT assay. (B, 

F) Expression of mRNA of CCL2 in the indicated cell lines was evaluated using RT-pPCR. The mRNA 

bar graph represents the mean±SD of three independent experiments (***p < 0.001; Student’s t-test). (D, 5 

H) Expression level of CCL2 protein in the indicated cell lines was evaluated using western blot analysis. 

(C, G) ELISA was used to determine the CCL2 levels in the conditional medium of H1975, H1975/AZD-

15, H1975/AZD-18, HCC827, and HCC827/gef cells. (***p < 0.001; Student’s t-test) (I) CCL2 mRNA 

expression levels were detected using RT-qPCR from the primary cancer cells collected from 63 

malignant pleural effusions of patients with lung adenocarcinoma. Treatment-naïve patients with lung 10 

cancer (n = 26); lung cancer patients with acquired resistance to osimertinib (n = 16); lung cancer patients 

with acquired resistance to other first- or second-generation EGFR-TKIs (gefitinib, erlotinib or afatinib; 

n = 21). The statistical comparison between the two groups was performed using the Mann–Whitney U 

test. 

 15 

Fig. 2. CCL2 increased the resistance of lung cancer cells to osimertinib 

(A) The expression level of CCL2 was detected using RT-qPCR (right) and western blot (left) in CCL2-

overexpressing and the corresponding control cells (***p < 0.001). (B) HCC872-CCL2 cells were treated 

with indicated concentrations for 48 h; cell viability was determined using MTT assays. The viability of 
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DMSO-treated control cells was set to 100%. Error bars showed the SD for n = 4 independent experiments 

(*** p < 0.001). (C) Caspase-9 activity was measured using luminescent Caspase-Glo 9 assay. (*** p < 

0.001). (D) The xenograft growth curve between HCC827-mock and HCC827-CCL2 mice groups showed 

an elevation of tumor size. Tumor volume was measured every 4 days. Each data point was the mean 

tumor volume (mm3), and error bars indicate the standard error (ns, not statistically significant). (E) Mice 5 

were treated with 0.5 mg/kg osimertinib daily via oral gavage for 32 days (n = 5 in each subgroup). 

(*p<0.05) (F) Tumor weight of the tumors dissected from the HCC872-CCL2 bearing xenograft mouse 

model. The p-value was determined using the Student’s t-test (*p<0.05). 

 

Fig. 3. Silencing CCL2 expression re-sensitizes cancer cells to osimertinib treatment 10 

(A, F, and I) The CCL2 expression level was measured using RT-qPCR (right) and western blot (left) in 

CCL2-knockdown and the corresponding control transfectants (*** p < 0.001). (B, G, and J) The cellular 

viability of CCL2-knockdown and control transfectants was determined following treatment with various 

doses of osimertinib for 72 h using MTT assay (*** p < 0.001). (C) The CCL2-knockdown (HCC827/gef-

si-CCL2-1 and HCC827/gef-si-CCL2-2) and control transfectants were exposed to 500 nM of osimertinib 15 

for 24 h. Caspase-9 activity was measured using luminescent Caspase-Glo 9 assay. Error bars represent 

the SD for n = 3 independent experiments (*** p < 0.001 and **p < 0.01). (D) The cells were double 

stained with annexin V–fluorescein isothiocyanate and propidium iodide and analyzed using flow 

cytometry. The annexin-V-positive cells represented apoptotic cells. The bar chart displays the 
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distribution of apoptotic cells as a percentage and is derived from three independent experiments (**p < 

0.01 compared to vehicle control). (E, H, and K) Cleaved poly-ADP-ribose polymerase (PARP) and 

caspase-3 of the CCL2-knockdown and control cells were assayed using western blot. 

 

Fig. 4. Zeb1 is required to CCL2-induced acquired resistance to osimertinib 5 

(A) The morphology of indicated cell lines is shown in the image obtained via microscopy (left). 

Differential expression of the epithelial marker (E-cadherin; E-cad), mesenchymal markers (vimentin; 

VIM), and EMT regulators (Zeb1, Snail, and Slug) was examined using western blot (right). (B) The 

morphology of HCC827 and HCC827/gef cells was shown in the image obtained via microscopy (left). 

The expression of E-cad, VIM, Zeb1, Snail, and Slug was examined using western blot analysis. The 10 

loading control was -tubulin (right). (C, D) The expression of EMT regulators (Zeb1, Snail, and Slug) 

in HCC827-CCL2 and CCL2 knockdown transfectants (HCC827/gef-si-CCL2-1, H1975/AZD-18-si-

CCL2-1) was detected using western blot. HCC827-mock, HCC827/gef-si-scramble, and H1975/AZD-

18-si-scramble were the control groups. (E, G) HCC827-CCL2 and H1975/AZD-18 cells were knocked 

down with Zeb1 siRNA, and the expression of Zeb1 mRNA and protein was detected using RT-qPCR 15 

and western blot (***p<0.001). (F, H) The cellular viability of Zeb1-knockdown (HCC827CCL2-si-Zeb1 

and H1975/AZD-18-si-Zeb1) and control transfectants was determined following treatment with various 

doses of osimertinib for 48 h in MTT assays. (n = 4 independent experiments, ***p<0.001). 
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Fig. 5. CCL2 activates STAT3 and ERK signaling pathways 

(A, B) Expression levels of EGFR and other EGFR downstream molecules of osimertinib-sensitive cells 

and resistant cells were detected in the absence or presence of 250 nM osimertinib for 3 h.  (C) The 

expressions of p-AKT, p-ERK1/2, and p-STAT3 in H1975 and HCC827 cells were detected after the 

treatment of 20 ng/mL recombinant human CCL2 proteins (rCCL2) for 4 h, followed by western blot 5 

analysis. (D, E) Expressions of p-AKT, p-ERK1/2, and p-STAT3 in CCL2-overexpressing and CCL2-

knockdown transfectants were analyzed, with -tubulin serving as the loading control. 

 

Fig. 6. CCL2 contributes to osimertinib resistance via participation of the STAT3 and ERK 

signaling pathways 10 

(A) The CCR2 expression level was measured using RT-qPCR (left) (**p < 0.01) and western blot (right) 

in HCC827-CCL2 cells with CCR2 siRNA. (B) HCC872-CCL2-si-CCR2 cells were treated with 

osimertinib as indicated for 48 h; cell viability was determined using MTT assays. The viability of vehicle 

control cells was set to 100% (*** p < 0.001). (C) Caspase-9 activity was measured using luminescent 

Caspase-Glo 9 assay. (*** p < 0.001 compared to HCC827-CCL2-si-scramble). (D) After treatment of 15 

INCB3344 in HCC827-CCl2 cells, the expression of CCR2 downstream kinases, including p-STAT3, p-

ERK1/2, STAT3, ERK1/2, and Zeb1, was measured using western blot. (E) The HCC827-CCL2 cells 

were seeded into 96-well plates, followed by a 48-h treatment with the vehicle, INCB3344 alone, 

osimertinib alone, or a combination of both drugs (*p< 0.05). (F) Caspase-9 activity was measured using 
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luminescent Caspase-Glo 9 assay (**p< 0.01). (G) HCC827-CCL2 cells were treated with the vehicle 

(DMSO) or 40 µM S3I-201 for 24 h and subsequently harvested for western blot analysis against p-

STAT3, p-ERK1/2, STAT3, ERK1/2, and Zeb1. (H) Following osimertinib and S3I-201 treatment alone 

or in combination for 48 h, the viability of HCC827-CCL2 cells was determined by MTT. (**p<0.01) (I) 

Tumor volume of H1975/AZD-18 xenografts treated with vehicle, osimertinib (1 mg/kg/day), S3I-201 5 

(5 mg/kg/2day), or a combination of both drugs for 16 days (n = 5 in each subgroup). Error bars indicate 

the standard error (*p< 0.05). (J) The expression of p-STAT3, p-ERK1/2, STAT3, ERK, and Zeb1 in 

HCC827-CCL2 cells with ERK inhibitor selumetinib was measured using western blot analysis. (K) 

HCC872-CCL2 cells were treated with osimertinib and selumetinib treatment alone or in combination for 

48 h; cell viability was determined using MTT assays (*** p < 0.001). 10 

 

Fig. 7. Model of the regulatory signaling networks of CCL2-CCR2-STAT3/ERK-Zeb1 in 

osimertinib resistance. 

 

Fig S1. STAT3 and ERK pathways mediate the CCL2-induced EMT phenotype. (A) HCC827-CCL2 15 

cells were transfected with 75 nM CCR2 siRNA for 48 h. Whole-cell protein extracts were subjected to 

western blot analysis using E-cadherin and vimentin antibodies, with α-tubulin as an internal loading 

control. HCC827-CCL2 cells treated with INCB3344 (B), S3I-201 (C), and selumetinib (D) were 

harvested, and E-cadherin and vimentin protein levels were assessed using western blot. 
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Fig 2 (Chang TH)
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Fig 4 (Chang TH)
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Fig 5 (Chang TH)
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Fig 7 (Chang TH)
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Supplementary Fig 1 (Chang TH)
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Supplementary Tables 
Table S1. Antibodies used for western blot in the study 

Name Catalog Company Host Application 

CCL2 GTX60582 GeneTex mouse WB 

Zeb1 GTX105278 GeneTex rabbit WB 

Snail GTX125918 GeneTex rabbit WB 

p-EGFR (Tyr1068) #2236 Cell signaling mouse WB 

EGFR SC-03 Santa cruz rabbit WB 

p-AKT(Ser473) #4060 Cell signaling rabbit WB 

AKT #9272 Cell signaling rabbit WB 

p-ERK1/2 

(Thr202/Tyr204) 

#9101 Cell signaling rabbit WB 

ERK1/2 #9102 Cell signaling rabbit WB 

p-STAT3 (Tyr705) GTX61820 GeneTex rabbit WB 

STAT3 #4904 Cell signaling rabbit WB 

CCR2 #12199 Cell signaling rabbit WB 

Slug ab27568 Abcam rabbit WB 

PARP #9542 Cell signaling rabbit WB 

Cleaved Caspase-3 #9664 Cell signaling rabbit WB 

E-cadherin 610181 BD mouse WB 

vimentin 5741S Cell Signaling rabbit WB 

-tubulin #05-829 Millipore mouse WB 

 
 
  



Table S2. Primers used for quantitative real-time PCR 

Gene 

names 

Forward Reverse 

TBP 5′-ACGCCAGCTTCGGAGAGTT-3′ 5′-CCTCATGATTACCGCAGCAAA-3′ 

CCL2 5′-AAGATCTCAGTGCAGAGGCTCG-3′ 5′-TTGCTTGTCCAGGTGGTCCAT-3′ 

Zeb1 5′-TGACAGAAAGGAAGGGCAAGA-3′ 5′-CAGGTGAGTAATTGTGAAAATGCATGT-3′ 

CCR2 5′-CACAAGCTGAACAGAGAAAGTGGAT-3′ 5′-GAACGAGATGTGGACAGCATGT-3′ 

 
  



Table S3. Top 100 EGFR TKI resistance-related genes. 
Rank gene_id gene_name gene_type  score 

1 ENSG00000163453 IGFBP7 protein_coding 3.85  
2 ENSG00000129965 INS-IGF2 protein_coding 3.64  
3 ENSG00000148677 ANKRD1 protein_coding 3.48  
4 ENSG00000143546 S100A8 protein_coding 3.45  
5 ENSG00000118523 CTGF protein_coding 3.42  
6 ENSG00000207279 SNORD116-24 snoRNA 3.37  
7 ENSG00000164379 FOXQ1 protein_coding 3.23  
8 ENSG00000151892 GFRA1 protein_coding 3.18  
9 ENSG00000115461 IGFBP5 protein_coding 3.10  
10 ENSG00000119714 GPR68 protein_coding 2.69  
11 ENSG00000165092 ALDH1A1 protein_coding 2.65  
12 ENSG00000145934 TENM2 protein_coding 2.57  
13 ENSG00000155622 XAGE2 protein_coding 2.55  
14 ENSG00000138131 LOXL4 protein_coding 2.40  
15 ENSG00000168386 FILIP1L protein_coding 2.40  
16 ENSG00000130176 CNN1 protein_coding 2.36  
17 ENSG00000108691 CCL2 protein_coding 2.30  
18 ENSG00000230043 TMSB4XP6 processed_pseudogene 2.24  
19 ENSG00000175984 DENND2C protein_coding 2.16  
20 ENSG00000153707 PTPRD protein_coding 2.13  
21 ENSG00000078401 EDN1 protein_coding 2.10  
22 ENSG00000115008 IL1A protein_coding 2.08  
23 ENSG00000123610 TNFAIP6 protein_coding 2.07  
24 ENSG00000244067 GSTA2 protein_coding 2.02  
25 ENSG00000175928 LRRN1 protein_coding 2.01  
26 ENSG00000213626 LBH protein_coding 1.98  
27 ENSG00000106366 SERPINE1 protein_coding 1.97  
28 ENSG00000125538 IL1B protein_coding 1.94  
29 ENSG00000260604 AL590004.4 lincRNA 1.93  
30 ENSG00000077782 FGFR1 protein_coding 1.93  
31 ENSG00000076716 GPC4 protein_coding 1.91  
32 ENSG00000144476 ACKR3 protein_coding 1.90  
33 ENSG00000125740 FOSB protein_coding 1.89  
34 ENSG00000073756 PTGS2 protein_coding 1.88  
35 ENSG00000207174 SNORD116-15 snoRNA 1.85  
36 ENSG00000101335 MYL9 protein_coding 1.85  



37 ENSG00000184500 PROS1 protein_coding 1.84  
38 ENSG00000206621 SNORD116-14 snoRNA 1.83  
39 ENSG00000173706 HEG1 protein_coding 1.82  
40 ENSG00000118785 SPP1 protein_coding 1.82  
41 ENSG00000134258 VTCN1 protein_coding 1.81  
42 ENSG00000117114 ADGRL2 protein_coding 1.79  
43 ENSG00000112299 VNN1 protein_coding 1.76  
44 ENSG00000117020 AKT3 protein_coding 1.76  
45 ENSG00000128422 KRT17 protein_coding 1.73  
46 ENSG00000173391 OLR1 protein_coding 1.73  
47 ENSG00000091986 CCDC80 protein_coding 1.72  
48 ENSG00000153071 DAB2 protein_coding 1.72  
49 ENSG00000108342 CSF3 protein_coding 1.71  
50 ENSG00000115009 CCL20 protein_coding 1.70  
51 ENSG00000164125 FAM198B protein_coding 1.69  
52 ENSG00000163734 CXCL3 protein_coding 1.69  
53 ENSG00000261040 WFDC21P processed_transcript 1.69  
54 ENSG00000207014 SNORD116-3 snoRNA 1.68  
55 ENSG00000165685 TMEM52B protein_coding 1.68  
56 ENSG00000124102 PI3 protein_coding 1.67  
57 ENSG00000180537 RNF182 protein_coding 1.67  
58 ENSG00000163283 ALPP protein_coding 1.66  
59 ENSG00000122641 INHBA protein_coding 1.65  
60 ENSG00000210077 MT-TV Mt_tRNA 1.64  
61 ENSG00000170390 DCLK2 protein_coding 1.64  
62 ENSG00000186340 THBS2 protein_coding 1.63  
63 ENSG00000207093 SNORD116-8 snoRNA 1.61  
64 ENSG00000137801 THBS1 protein_coding 1.61  
65 ENSG00000183688 RFLNB protein_coding 1.59  
66 ENSG00000182326 C1S protein_coding 1.59  
67 ENSG00000169429 CXCL8 protein_coding 1.55  
68 ENSG00000166250 CLMP protein_coding 1.54  
69 ENSG00000109511 ANXA10 protein_coding 1.54  
70 ENSG00000081052 COL4A4 protein_coding 1.53  
71 ENSG00000176907 C8orf4 protein_coding 1.52  
72 ENSG00000144810 COL8A1 protein_coding 1.52  
73 ENSG00000236091 LINC02243 lincRNA 1.51  
74 ENSG00000243955 GSTA1 protein_coding 1.50  



75 ENSG00000137393 RNF144B protein_coding 1.50  
76 ENSG00000172575 RASGRP1 protein_coding 1.49  
77 ENSG00000158186 MRAS protein_coding 1.48  
78 ENSG00000207001 SNORD116-2 snoRNA 1.48  
79 ENSG00000120129 DUSP1 protein_coding 1.48  
80 ENSG00000170558 CDH2 protein_coding 1.48  
81 ENSG00000207442 SNORD116-6 snoRNA 1.48  
82 ENSG00000231389 HLA-DPA1 protein_coding 1.48  
83 ENSG00000142871 CYR61 protein_coding 1.48  
84 ENSG00000131459 GFPT2 protein_coding 1.48  
85 ENSG00000134668 SPOCD1 protein_coding 1.47  
86 ENSG00000167601 AXL protein_coding 1.46  
87 ENSG00000085563 ABCB1 protein_coding 1.46  
88 ENSG00000165376 CLDN2 protein_coding 1.46  
89 ENSG00000176046 NUPR1 protein_coding 1.46  
90 ENSG00000166741 NNMT protein_coding 1.45  
91 ENSG00000131378 RFTN1 protein_coding 1.45  
92 ENSG00000111305 GSG1 protein_coding 1.45  
93 ENSG00000131016 AKAP12 protein_coding 1.44  
94 ENSG00000086289 EPDR1 protein_coding 1.44  
95 ENSG00000139278 GLIPR1 protein_coding 1.44  
96 ENSG00000130433 CACNG6 protein_coding 1.43  
97 ENSG00000166033 HTRA1 protein_coding 1.43  
98 ENSG00000171711 DEFB4A protein_coding 1.42  
99 ENSG00000185275 CD24P4 processed_pseudogene 1.42  
100 ENSG00000100100 PIK3IP1 protein_coding 1.42  

 



Table S4. The pleural effusion from the 63 patients with advanced lung 
adenocarcinoma who received EGFR-TKI therapies   

   Treatment-naive 
Acquired resistance 
to osimertinib 

Acquired resistance 
to 1st/2nd-G TKIs*  

p-value 

Total No. 26 16 21  
Age, median years  
(range) 

66.4    
(43.5–85.2) 

73.9 
(40.1–90.0) 

63.6 
(29.7–91.4) 

0. 063# 

Sex    0.906 
  Female 17 11 15  
 Male 9 5 6  
Smoking    0.665 
 Nonsmokers 22 15 18  
  Smokers 4 1 3  
EGFR mutation    0.478 
 Del-19 14 11 14  
 L858R 11 5 5  
 Other 1 0 2  

# By Kruskal–Wallis test; * 1st/2nd-G TKIs: 1st- or 2nd-generation EGFR TKIs 
Del-19: Deletion in exon 19; EGFR TKI: Epidermal growth factor receptor tyrosine 
kinase inhibitor 
 


