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ABSTRACT 

 
Overcoming MET-targeted drug resistance in MET-amplified lung 

cancer by Aurora Kinase B inhibition  
 

 

MET-targeted therapies are the most effective treatment for patients with MET-amplified lung 

cancer. However, acquired drug resistance is a significant challenge in MET-amplified lung cancer 

treatment. This study aimed to discover an effective treatment strategy for overcoming 

MET-targeted drug resistance. We first established a lung cancer cell line resistant to MET tyrosine 

kinase inhibitor (MET-TKI) (H1993 PR-S2) from MET-amplified lung cancer cells (H1993). 

High-throughput screening using an anti-cancer compound library identified Aurora Kinase B 

(AURKB) inhibitor as a potent agent suppressing H1993 PR-S2 cell viability. In these resistant 

cells, p-MET expression was markedly decreased, while p-AURKB was significantly increased. 

Furthermore, STAT3-activated gene signatures were enriched in H1993 PR-S2 cells, and p-STAT3 

expression was closely linked to AURKB. The AURKB overexpression induced p-STAT3 

activation in the parental cells, whereas the AURKB knockdown reduced p-STAT3 expression in 

the H1993 PR-S2 cells. The resistant cells showed increased BCL2 gene expression, and 

STAT3-BCL2 expression was highly suppressed by AURKB inhibitor. However, MET-TKI 

sensitivity was not enhanced by STAT3 or BCL2 knockdown in H1993 PR-S2 cells. Additionally, 

the elevated expression of cleavage-caspase3 and the G2/M phase arrest were observed at lower 



vii 

 

concentrations of AURKB inhibitor in the H1993 PR-S2 cells. AURKB inhibitor also showed 

potent anti-tumor activity against the H1993 PR-S2 tumor xenografts. Finally, we confirmed the 

upregulated AURKB and p-STAT3 expression in post-treatment tumors of advanced 

MET-amplified lung cancer patient who experienced acquired resistance to MET-targeted drugs. 

These findings suggest AURKB is a potential druggable target for MET-TKI-resistant 

MET-amplified lung cancer treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                

Keywords: lung cancer; MET-amplification; tyrosine kinase inhibitor; targeted therapy; drug 
resistance 
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1. Introduction 

 

1.1. MET signaling 

The hepatocyte growth factor receptor, also called MET, is a receptor tyrosine kinase (RTK) 

and is expressed on the cell surface as a transmembrane protein1. The MET pathway is 

activated by the binding of HGF and initiates various signaling cascades, including RAS/ERK, 

JAK/STAT3, and PI3K/AKT. MET activation is crucial in regulating cellular properties 

related to cell proliferation, survival, growth, invasion, and motility2,3. 

 

1.2. MET aberrations in NSCLC patients   

The dysregulation of the MET pathway, a common occurrence in cancer, can arise through 

various mechanisms, including MET constitutive mutation, exon 14 skipping, amplification, 

gene fusion, and HGF overexpression4,5. Abnormal MET expression promotes cancer cell 

growth, rapid proliferation, tumor invasiveness, metastasis, chemotherapy resistance, and poor 

patient prognosis6,7. Recently, MET exon 14 skipping and MET amplification have been 

identified as major oncogenic drivers in non-small cell lung cancer (NSCLC)8,9. MET exon 14 

skipping, caused by the loss of the juxtamembrane domain site of the MET gene, leads to 

reduced MET ubiquitination and increased cellular MET protein levels (Fig 1) 10. According to 
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TCGA data analysis, MET exon 14 skipping is observed in 1.7 % to 4.3 % of primary NSCLC 

cases11,12. In contrast, MET amplification results from an increased copy number of the MET 

gene, leading to protein overexpression (Fig 1)10, present in 1.0–5 % of patients with primary 

NSCLC13. Recent clinical studies have reported that MET amplification is a major driver of 

acquired resistance to tyrosine kinase inhibitors (TKIs), such as gefitinib for EGFR or lorlatinib 

for ALK14, occurring in approximately 5–50 % of cases in patients who develop resistance14. 

Several studies have shown a correlation among MET exon 14 skipping, MET amplification, 

and the clinical outcomes of patients with NSCLC. Retrospective studies indicate that patients 

with advanced NSCLC with MET exon 14 skipping or MET amplification have worse overall 

survival than those without these alterations (hazard ratio; MET exon 14 skipping: 2.125 (95 % 

CI: 1.096–4.242); MET amplification: 3.444 (95 % CI: 1.398–8.482))15. These findings 

suggested that MET gene alterations are deeply involved in lung cancer development and may 

be important pivotal targets for lung cancer patients. 
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Fig 1. Models for MET exon 14 skipping and MET amplification. MET exon 14 contained the 

juxtamembrane domain and the binding site of E3 ubiquitin-ligase protein (Cbl). In normal MET 

signaling, Cbl binds to the site in exon 14, followed by MET receptor phosphorylation, and 

receptor internalization and degradation are induced. Skipping MET exon 14 inhibits this 

mechanism, resulting in impaired degradation and increased MET signaling cascade. Increased 

MET copy number variation upregulates activation of the MET pathway by highly increased MET 

phosphorylation.    
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1.3. MET-targeted therapies   

Over several years, the development of inhibitors targeting the activated MET pathway has 

resulted in the emergence of several distinct inhibitor types, including TKIs, multikinase 

inhibitors, anti-MET antibodies, and anti-HGF antibodies (Fig 2)16. Among these, two 

representative MET-targeted inhibitors, capmatinib and tepotinib, have shown promising 

efficacy in treating NSCLC patients. Capmatinib, a selective small molecule MET inhibitor, 

has demonstrated anti-cancer effects in MET high-expressed in vitro and mouse xenograft 

models17,18. The GEOMETRY-mono 1 phase II clinical study evaluated the efficacy of 

capmatinib treatment in 43 treatment-naïve NSCLC patients with MET exon 14 skipping or 

MET amplification19. The capmatinib therapy showed promising results in this study. It 

showed a 68 % overall response rate (ORR), with progression-free survival (PFS) of 12.6 

months and overall survival (OS) of 20.8 months for patients with MET exon 14 skipping19. 

For patients with MET amplification, the therapy showed a 40 % ORR and a 4.2-month PFS19. 

Another type I MET inhibitor, tepotinib is a highly selective ATP-binding blocker with 

promising clinical activity in advanced NSCLC patients with MET alterations20. The VISION 

phase II study evaluated the tepotinib treatment in 164 previously untreated NSCLC patients 

with MET exon 14 skipping20. In this study, the tepotinib therapy demonstrated significant 

efficacy with a 57.3 % ORR, 12.6 months PFS, and OS of 21.3 months20. Thus, these clinical 

findings currently highlight the therapeutic potential of targeting the MET pathway activation 
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in NSCLC patients with MET alterations. 
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Fig 2. Representative HGF and MET signaling targeting agents. The target inhibitors of MET 

signaling can be assorted according to their action mechanisms: HGF ligand or the MET receptor 

targeting. HGF target agents are categorized into two groups: activation of HGF (pro-HGF 

cleavage inhibition) and HGF inhibitors (HGF direct interact inhibition). MET receptor target 

agents were categorized into two groups: MET antagonists (bind with the MET receptor without 

activating the signaling cascade) and MET tyrosine kinase inhibitors (ATP-binding site of the 

receptor and inhibit receptor transphosphorylation blocking). 
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1.4. Acquired resistance to MET-targeted therapy  

However, unfortunately, despite the initial efficacy of MET-TKIs, patients treated with 

MET-targeted therapy experience resistance within approximately several months, and usually, 

a poor prognosis rapidly progresses. The NSCLC patients with MET alterations have exhibited 

resistance to MET-TKIs with 35 % on-target genetic mutations or 45 % off-target drug 

resistance mechanisms21. The MET-TKI such as capmatinib, tepotinib, and crizotinib treated 

patients harboring MET exon 14 skipping or MET amplification showed secondary point 

mutations such as D1228N and Y1230C of the MET kinase domain, resulting in drug 

resistance22-24. In a clinical study performed with 20 patients with MET exon 14 skipping, the 

researcher found that 7 patients had on-target genetic mutation plus MET amplification, and 9 

patients had off-target molecular alteration including KARS, EGFR, and HER3 amplification 

associated with drug resistance (Fig 3)25. Additionally, the preclinical results suggested MYC 

activation26, KRAS amplification27, and AKT/mTOR pathway activation28 as MET-TKI 

acquired resistance mechanisms. Although several acquired resistance mechanisms have been 

reported for decades, a substantial portion of resistance to MET-TKI still remains unknown in 

NSCLC. Therefore, it is imperatively necessary to find effective treatment approaches to 

overcome this acquired resistance and prolong the survival of patients who have undergone 

MET-TKI treatment. 
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Fig 3. Genomic variation of MET-TKIs resistance patients. The research identified resistance 

mechanisms mediated by genomic alterations in 15 cases, representing 75 % of the cases 

examined. On-target variations (mutation of MET kinase domain or MET amplification) were 

identified in 7 samples (35 %). The KRAS mutations, or the amplification of EGFR, HER3, BRAF, 

and KRAS, as drug bypass mechanisms, were identified in 9 samples (45 %). Both on- and 

off-target resistance were exhibited in 1 sample, mutation of the D1228N MET kinase domain, and 

amplification of EGFR and HER3 were observed. The genomic alterations of MET-TKI resistance 

mechanisms remained unidentified in 5 samples (25 %). 
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Therefore, the primary objective of this study was to elucidate novel mechanisms underlying 

acquired resistance to MET-TKI targeted therapy in MET-amplified NSCLC. In order to 

achieve this goal, we established in vitro models of acquired resistance by using 

MET-TKI-resistant lung cancer cell lines. Subsequently, we employed high-throughput drug 

screening methodology to identify potential therapeutic agents with the objective of 

developing effective anti-cancer therapies for MET-TKI acquired resistance. Our study aims to 

contribute to the development of effective treatment approaches and ultimately improve 

clinical outcomes for NSCLC patients who have MET amplification. 
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2. MATERIALS AND METHODS  

 

2.1. Cell line and reagent 

A549, H1975, and H1993 cell lines were obtained from the American Type Culture 

Collection (ATCC, Manassas, VA). The cell was maintained in RPMI-1640, a medium 

supplemented with 10 % fetal bovine serum. PHA665752, barasertib, VX680, MLN8237, 

AT9283, cycloheximide, and MG132 were purchased from Selleckchem Korea (Seoul, Korea).  

 

2.2. Generation of MET-TKI acquired resistant cell line 

MET-TKI-acquired resistant cells were established by treating the parental cell line with 

increasing concentrations of PHA665752 starting at 1 nM up to 1 µM. The MET-TKI acquired 

resistant cell line was maintained with 1 µM of PHA665752. The H1993 PR-S2 cell line was 

maintained in a drug-free medium for 1 week to perform all experiments. 

 

2.3. Cell viability assay 

The cells were seeded in 96-well plates (cell density: 1 × 103). After cell attachment (after 24 

h), drugs were treated for 72 h. The viability of cells was assessed by using the CellTiter-Glo 

solution (#G3580; Promega, WI, USA), and absorbance was measured by SpectraMax device.  
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2.4. Immunoblot analysis 

The cells were collected and lysed with RIPA buffer. The lysis buffer contained a 

phosphatase inhibitor (#524629; MERCK, Kenilworth, NJ, USA) and a protease inhibitor 

(#535140; MERCK). SDS-polyacrylamide gel electrophoresis was used to separate cell lysates. 

Afterward, gels were blotted onto PVDF membranes (#10600030; Amersham, Little Chalfont, 

UK). Membranes were incubated with primary antibodies overnight. In order to detect proteins, 

the SuperSignal™ Femto Substrate (#34095; Thermo Fisher Scientific) and the LAS-3000 

detection system (Fujifilm, Tokyo, Japan) were employed. The following antibodies were 

purchased from Cell Signaling Technology (Danvers, MA, USA): p-EGFR (Y1068), EGFR, 

p-MET (Y1234/1235), MET, p-ERK (T202/Y204), ERK, p-AKT (S473), AKT, p-AURKB 

(T232), AURKB, p-His H3 (S10), His H3, Cleaved-Caspase3, BIM, p-BIM (S69), p-BIM 

(S87), pSTAT3 (T705), and STAT3. And b-Actin, GAPDH, C-MYC, BCL2, and OCT4 were 

purchased from Santa Cruz (Dallas, TX, USA). 

 

2.5. Drug library screening 

A total of 276 compounds from the Cambridge Cancer Compound Library (L2300, 

Selleckchem, Houston, TX, USA) were employed for screening purposes. Cells were seeded at 

a density of 1 × 103 cells/well in 384-well plates in quadruplicate. After overnight incubation, 
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the cells were treated with one drug at a 5-fold serial dilution for a total of six doses (50 μM to 

16 nM). Cell viability was measured after 72 h of treatment using the CellTiter-Glo 

Luminescent cell viability assay kit (Promega, Madison, WI, USA) and an Infinite 200 Pro 

system (TECAN, Mannedorf, Switzerland). Each screening plate contained a 

dimethylsulfoxide-only vehicle control to calculate the relative cell viability and normalize the 

data. Dose-response curve fitting and area under the curve (AUC) values were assessed using 

GraphPad Prism 5.3 (GraphPad Software Inc., San Diego, CA, USA). 

 

2.6. Colony formation assay 

The cells were plated in 24-well plates at 2 × 103 cells/well and treated with the indicated 

drugs the next day. Medium change is performed every 3 days. After cell incubation for 14 

days, cells were fixed with paraformaldehyde and stained with 0.1 % crystal violet solution. 

 

2.7. Small interfering RNA 

siRNA transfection was conducted using the Lipofectamine RNAiMAX Transfection 

Reagent (#13778150; Thermo Fisher Scientific) in accordance with the instructions provided 

by the manufacturer. AURKB and Scramble siRNA oligomers were transfected into cancer 

cell lines and analyzed after 48 h of incubation. 
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2.8. RNA sequencing and Validation  

Total RNA was extracted using TRIzol (#15596026; Ambion, Austin, TX, USA) and a 

chloroform protocol. The Macrogen (Seoul, Korea) performed transcriptome library 

preparation and RNA sequencing. The libraries were prepared as poly(A)-RNA strands from 1 

to 2 μg of total RNA using the TruSeq mRNA Kit (Illumina, San Diego, CA). The libraries 

were amplified via PCR, and after that, the libraries were sequenced using an Illumina HiSeq 

2000 with 100bp paired-end reads per sample. The FastQC tool was employed to assess the 

quality of the raw reads. Following quality filtration with trimmomatic, the STAR 2 pass tool 

was utilized to align the RNA sequencing data to the GRCh38 of the human reference 

transcriptome. The Cancer Genome Atlas (TCGA) RNA-seq data, Mutation and Clinical 

annotation for Lung Adenocarcinoma were downloaded in mRNA-Seq expression (log2 

(normalized RSEM+1)).  

 

2.9. Gene set enrichment analysis 

A differential expression analysis was conducted using the DESeq2 tool, and genes with a 

false discovery rate of <0.05 were subjected to Gene Set Enrichment Analysis (GSEA). GSEA 

was developed to determine differential expression levels of a predefined gene set in two  

different phenotypes, primarily using genomic and gene sequencing to detect biological 
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differences. We performed the GSEA (GSEA 4.2.3 version) using MSigDB C2 curated KEGG 

gene sets to compare parental with resistance cells. We identified pathways with a nominal 

p-value <0.05 as significant and chose them for further analysis. The GSEA software was 

downloaded at www.broadinstitute.org/gsea/ index.jsp. The RNA sequencing data from this 

study have been deposited in the Gene Expression Omnibus (GEO) under accession number 

GSE285996. 

 

2.10. Quantitative real-time PCR 

Total RNAs were extracted by using TRIzol (#15596026; Ambion, Austin, TX, USA) and 

cDNAs were synthesized from total RNA using Superscript II (#18064-022; Invitrogen, 

Carlsbad, CA, USA). Gene expression was investigated using RT-PCR on a Lightcycler®480 

instrument(Roche, Basel, Switzerland). We ordered targeted gene primers from 

Cosmogenetech (Seoul, Korea). Experiments were run in triplicate. According to the 

manufacturer's protocol, reaction mixtures were prepared with Sensi FAST SYBR No-ROX 

mix (#BIO-98005; Bioline, London, UK). The expression of each gene was analyzed and 

quantified using ΔΔCq method normalized by GAPDH gene expression (Table 1). 
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Table 1. Sequences of the RT-qPCR primers. 
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2.11. Cell cycle and Flow cytometry 

To detect apoptosis, we used the Annexin-V FITC apoptosis detection kit (#556547; BD 

Biosciences, San Diego, CA, USA). The cells were grown in 100 mm plates and treated with 

the indicated drugs for 48 h. Following the administration of the drugs, the cells were 

harvested with trypsin, washed with phosphate-buffered saline PBS, and suspended with 

Annexin-V binding buffer. Following suspension in binding buffer, cells were subjected to a 

double staining procedure using an apoptosis detection kit. The cells were incubated at room 

temperature in the dark for 30 min and subsequently analyzed by flow cytometry. The cell 

cycle was detected using FxCycleTMPI/RNase Staining Solution (#F10797; Invitrogen, 

Carlsbad, CA, USA). The samples were prepared in accordance with the manufacturer's 

instructions.  

 

2.12. Mouse xenograft 

     Approval for the conduct of mouse xenograft studies has been granted by the National 

Cancer Center (accession number IACUC-A202310-1748-01).We used 6-week-old N2G 

(NOD-PrkdcnullIl2rgnull) male mice (Gemcro, Korea). The mice were randomly divided into 

four groups according to weight (average 23 g–24 g). Prior to the injection of cancer cells, the 

mice underwent an adaptation period of 1 week. In order to facilitate the adaptation of the mice, 
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we provided them with comfortable bedding. A total of 2 × 106 cells were injected into the 

mice, with 50 % Matrigel used as a vehicle. The tumor volume was then measured using a 

caliper on a weekly basis. Mice were given intraperitonealinjections of the PHA665752 at a 

dosage of 25 mg/kg/day (n = 7), barasertib at a dosage of 50 mg/kg/day (n = 7), and 

combination treatment of PHA665752 and barasertib (n = 7) once every 2 days for 3 weeks in 

each volume of 100 μl; another 7 control mice were given vehicle (8 % dimethyl sulfoxide, 

50 % polyethylene glycol, 5 % tween 80, and 37 % ddH2O). After 3 weeks of treatment, 

euthanasia was induced by injecting continuous CO2 flow into the cage. Upon confirmation 

that the mouse was no longer breathing, the injection of carbon dioxide was terminated. The 

xenograft tumors were resected and fixed in 4 % paraformaldehyde for immunohistochemistry. 

All animal experimentswere conducted in accordance with the guidelines of our institutional 

animal care and use committee and in compliance with all relevant ethical regulations. 

 

2.13. Immunohistochemistry 

     All mouse xenograft tumors were prepared in formalin-fixed paraffin-embedded blocks and 

cut into two consecutive sections (3 μm). One tumor section was stained with a polyclonal 

Ki-67 antibody (AB15580; Abcam), while the other was used for hematoxylin and eosin 

(H&E) to determine tumor cell morphology. Patient tumors were fixed with formalin and 

embedded in paraffin. Following the preparation of sections on glass slides (3 μm), 
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immunostaining was conducted at the Laboratory Animal Research Facility of the National 

Cancer Center using an AURKB antibody (LS-B1451; LSBio). Quantitative analysis was 

conducted using the Vectra Polaris Imaging System and Inform software (Akoya Biosciences, 

USA). 

 

2.14. Droplet digital PCR 

ddPCR was conducted by using a QX200 system (Bio-Rad, Hercules, CA, USA). The 

TaqMan Probe mix solutions for PCR reaction were prepared according to the manufacturer’s 

protocol (MET CNV FAM; #10031240, HEX; #10031243). After PCR was complete, the oil 

droplet was read by a droplet reader to detect TaqMan Probe fluorescence in individual 

droplets using. 

 

2.15. Immunofluorescence staining 

Cells were seeded in chamber slides and, after 24 h, washed with PBS three times for 5 min. 

By using 4 % formaldehyde, cells were fixed at RT for 10 min and blocked with 

immunofluorescence blocking buffer for 1 h (12411S; Cell signaling). After that, cells were 

incubated with 1’ antibody at 4 °C. 24 h later, cells were washed with PBS and incubated with 

a 2’ antibody for 1 h. After PBS wash, cells were mounted with ProLong Gold buffer (8961S; 
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Cell signaling). 

 

2.16. Cell migration assay 

Cells were seeded onto a trans-well chamber (Costar Co., MA) containing 8 µm pore size 

polycarbonate membranes. Cells were harvested and resuspended in culture media without 

10 % FBS. Cells were seeded in the upper chamber of a 12-well plate (2 × 105 cells/well). The 

lower chambers were filled with 0.5 mL of RPMI plus 10 % FBS. After incubation of 72 h, the 

membrane-contained chamber was fixed with 4 % formaldehyde and stained with crystal violet 

solution (0.1 %). After that, the upper membrane of the inner chambers was wiped with a 

cotton swab. 

 

2.17. Ethics approval and Consent to participate 

Two patients with advanced NSCLC undergoing treatment at the National Cancer Center 

participated with written informed consent in the study for the collection of tissue and 

translational research was approved by the National Cancer Center Hospital Institutional 

Review Board (NCC2016-0208) (Goyang, Korea). Tumor biopsies were performed on each 

patient before and after treatment with MET inhibitors. 
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2.18. Statistical analysis 

At least all experiment was conducted three times, and all results are shown as the mean ± 

SEM. Statistical analysis was conducted by using a t-test (two-sample). p-values ≤ 0.05 were 

considered significant (*p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant). 
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3. RESULTS  

 

3.1. AURKB activation in MET-TKI acquired resistance cell line 

The non-small cell lung cancer cell line harboring MET-amplification (H1993) was used in 

this research, and the acquired resistance cell line (H1993 PR-S2) was established by chronic 

exposure to MET-TKI (Fig 4A). The cell viability was conducted to confirm the complete 

PHA665752 resistance of the H1993 PR-S2 cells in contrast to the H1993 cells (Fig 4B-C). In 

addition, the H1993 PR-S2 cells showed resistance to Type I MET inhibitor (capmatinib) and 

Type II MET inhibitors (cabozantinib and crizotinib) (Figure 4B-C). 

To ascertain the original characteristics of MET-amplified cancer cells, H1993, the MET gene 

copy number variation (CNV), and the H1993 PR-S2 cells proliferation rate were investigated. 

The MET CNV rate of the H1993 PR-S2 cells was similar to that of the H1993 cells (MET 

CNV; H1993 = 18.7, H1993 PR-S2 = 20.8) (Figure 5A), whereas the H1993 PR-S2 cells 

proliferation rate was lower than that of the H1993 cells (Figure 4D). Next, to determine the 

genomic variations between the H1993 cells and the H1993 PR-S2 cells, the whole exome 

sequencing analysis was conducted. However, in the H1993 PR-S2 cells, no secondary point 

mutations were detected in the MET kinase domain (Fig 5C) or other molecular alterations, 

including KRAS, EGFR and HER322, which had previously been identified as resistance 

mechanisms in other studies (Table 2).  In the next step, we investigated whether the basal 



22 

 

expression levels of the MET and EGFR proteins, as well as downstream kinase, were altered 

in the H1993 PR-S2 cells. In immunoblot analysis, the protein expressions of total MET and 

p-MET were fully reduced in the H1993 PR-S2 cells compared to the H1993 cells. However, 

these two cell lines did not differ in the protein levels of ERK, which is downstream of MET. 

Furthermore, the EGFR/AKT pathway, widely recognized as a bypass mechanism for 

MET-TKI29, was not upregulated in the H1993 PR-S2 cells (Fig 4E). The H1993 PR-S2 cells 

also showed resistance to EGFR-TKI (Gefitinib), PHA665752, and combination treatment (Fig 

4F). Consequently, the EGFR pathway was postulated not to be an alternative acquired 

resistance mechanism of the H1993 PR-S2 cells. These results led to the hypothesis that the 

H1993 PR-S2 cells employ alternative molecular mechanisms to develop resistance against 

MET-TKI, PHA665752, independent of the EGFR or MET receptor-mediated pathways. 
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Fig 4. Generation of MET-TKI acquired resistance cell line. (A) A diagrammatic summary 

of the generation of the drug-resistant cell line up to 1 µM MET-TKI (PHA665752). (B) Mean 

relative viability of the H1993 and H1993 PR-S2 cells against PHA665752, capmatinib, 

cabozantinib, and crizotinib treatment. (C) Crystal violet staining after 8 days of indicated drug 

treatment. The bar graph illustrates the relative absorption of destaining of crystal violet. (D) 

The relative proliferation rate of the H1993 and H1993 PR-S2 cells. (E) Immunoblot analysis 

of the H1993 and H1993 PR-S2 cells with or without MET-TKI. (F) Mean relative viability of 

the H1993 and H1993 PR-S2 cells against gefitinib, PHA665752, and combination treatment. 

The standard error of the mean (SEM) is indicated by the error bars (n = 3). Statistical analysis 

was performed using a two-sample t-test. ns, not significant; **p< 0.01; ***p< 0.001. 

Abbreviation: w/o, without.  
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Fig 5. Mutation of the MET gene in MET-TKI acquired resistance cell line. (A) Copy number 

variation of MET. (B) mRNA expression of MET. (C) Direct sequencing analysis of the exon 14 

and exon 19 mutations of MET. The standard error of the mean (SEM) is indicated by the error 

bars (n = 3). Statistical analysis was performed using a two-sample t-test. ***p< 0.001. 
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Table 2. The whole exome sequencing mutation calling list of the H1993 PR-S2 cell line 

compared to the H1993 cell line. 
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To discover potential strategies to overcome MET-TKI acquired resistance, a 

high-throughput drug screening assay was conducted with a druggable inhibitor library of 276 

compounds. The 10 compounds were rearranged according to values of area under the curve, 

which means higher sensitivity against the H1993 PR-S2 cells than the parental cell line (Fig 

6A-B). Interestingly, the pan-AURK inhibitors (VX-680 and SNS-314) showed high 

sensitivity in the H1993 PR-S2 cells (Fig 6A-B).  

Cell viability assays were performed using an AURK pan inhibitor (VX680), an AURKB 

inhibitor (barasertib), and an AURKA inhibitor (MLN8237, AT9283) to determine which of the 

three AURK molecules (AURKA, AURKB, AURKC) is the major AURK molecule. Among 

the types of aurora kinase inhibitors, the AURKB inhibitor, barasertib, showed the highest 

sensitivity to the H1993 PR-S2 cells than the parental cells (Fig 6C).  

 

 

 

 

 

 

 

 

 



28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Fig 6. The high throughput inhibitor screening analysis in the H1993 and H1993 PR-S2 cells. 

(A) The calculation result of the area under the curve from high throughput inhibitor screening 

(HTS) analysis of the H1993 PR-S2 cells compared to the H1993 cells. (B) Comparison of area 

under the curve (AUC) values and rearrangement of 10 high-sensitivity compounds in the H1993 

PR-S2 cells. (C) Mean relative cell viability of the H1993 and H1993 PR-S2 cells against various 

AURK inhibitors. The standard error of the mean (SEM) is indicated by the error bars (n = 3).  
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To validate the effect of the AURKB inhibitor, clonogenic assays were conducted to 

evaluate the extent of growth inhibition against PHA665752 and barasertib. The clonogenic 

assays demonstrated that barasertib inhibited the cell growth of the H1993 PR-S2 cells 

significantly. In contrast, barasertib had no effect on the H1993 cells, while PHA665752 

inhibited parental cell proliferation (Fig 7A). These data demonstrated that the inhibition of 

AURKB was sufficient for the growth inhibition of the H1993 PR-S2 cells. Interestingly, the 

knockdown of AURKB in the H1993 PR-S2 cells demonstrated increased sensitivity to 

PHA665752. The parental cells remain sensitive to PHA665752, irrespective of the 

knockdown of the AURKB gene (Fig 7B-C).  
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Fig 7. Growth inhibition effect of decreased AURKB expression. (A) The results of the crystal 

violet staining procedure were conducted after 8 days of treatment with dimethyl sulfoxide or the 

indicated drugs. The bar graph illustrates the relative absorption of destaining of crystal violet. (B) 

Mean relative viability of the H1993 and H1993 PR-S2 cells against PHA665752 with or without 

AURKB knockdown. (C) Protein expression of AURKB after treatment of scramble and 

siAURKB in the H1993 and H1993 PR-S2 cells. The standard error of the mean (SEM) is 

indicated by the error bars (n = 3). Statistical analysis was performed using a two-sample t-test. ns, 

not significant; ***p< 0.001. 
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The subsequent step was to find the differentiation of AURKB expression between the 

H1993 and H1993 PR-S2 cells. The protein expression of total AURKB and phosphorylated 

AURKB was elevated in the H1993 PR-S2 cells, in contrast to a lack of corresponding changes 

in mRNA expression (Fig 8A-B). In a previous study, histone H3 activation (p-His H3 S10) 

was identified as a downstream target of AURKB30, and its upregulation was reported to be 

associated with gefitinib resistance in PC9 cells31. However, western blot data showed that the 

mechanism of MET-TKI resistance did not rely on His H3-related pathways because protein 

expression of total His H3 and p-His H3 was not increased in the H1993 PR-S2 cells (Fig 8B). 

Regardless of His H3 activation, the H1993 PR-S2 cells were more sensitive to the 

downregulation of AURKB protein expression at lower concentrations of barasertib compared 

to the H1993 cells (Fig 8C). However, the kinetics of AURKB protein degradation in the 

H1993 PR-S2 cells were similar to that observed in the H1993 cells. (Fig 8D). From these part, 

experimental findings demonstrated that the upregulated AURKB expression is essential for 

maintaining the MET-TKI acquired resistance, and inhibition of AURKB was sufficient to 

inhibit the growth of the H1993 PR-S2 cells. 
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Fig 8. Comparison of AURKB expression in the H1993 and H1993 PR-S2 cells. (A) mRNA 

expressions of AURKB in the H1993 and H1993 PR-S2 cells. (B) Immunoblot analysis of proteins 

and phosphor proteins of AURKB and Histone H3 in lysates of the H1993 and H1993 PR-S2 cells. 

(C) Immunoblot analysis of AURKB and His H3 proteins and phosphorylated proteins after 24 h 

dose-dependent treatment of AURKB inhibitor (barasertib) (0.01, 0.1, 1, 10 μM). (D) AURKB 

protein stability after treatment with 10 μg/ml cycloheximide for the indicated treatment time in 

the H1993 and H1993 PR-S2 cells. The line graph represents the relative AURKB band intensity 
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of the western blot. The standard error of the mean (SEM) is indicated by the error bars (n = 3). 

Statistical analysis was performed using a two-sample t-test. ns, not significant. 
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3.2. Stimulation of STAT3-BCL2 axis by AURKB 

Next, to know what pathway is mediated by AURKB, gene set enrichment analysis (GSEA) 

was performed to explore the significant differences in gene expression between the parental 

and resistant cells. GSEA data analysis revealed that downstream targets of STAT3 were 

significantly upregulated in the H1993 PR-S2 cells compared to the H1993 cells (Fig 9A). This 

result was corroborated by the observation of increased p-STAT3 protein in the H1993 PR-S2 

cells (Fig 9B). The immunoblot analysis proceeded to examine the levels of the JAK family of 

proteins, which are known to be major upstream regulators of STAT3. Unexpectedly, in the 

H1993 PR-S2 cells, there was a notable decrease in the JAK family protein expression levels 

compared to the parental cell line (Fig 10). Consequently, this results indicated that another 

kinase might phosphorylate STAT3 independently of several RTKs, including EGFR, MET, 

and JAK. 
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Fig 9. Elevated STAT3 expression in the H1993 PR-S2 cells. (A) Gene set enrichment (GSEA) 

data of upregulated STAT3 target genes in the H1993 PR-S2 cells. (B) Protein expressions of 

p-STAT3, STAT3, and GAPDH.  

 

 

 

 



36 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Fig 10. JAK family protein expression in the H1993 and H1993 PR-S2 cells. JAK family and 

GAPDH protein expressions in parental and MET-TKI acquired resistance cell lines. 
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Given that AURKB is known to be a serine/threonine kinase, the objective was to determine 

whether AURKB regulation could influence STAT3 phosphorylation. Treatment with the 

AURKB inhibitor resulted in a reduction in p-STAT3 expression in the H1993 PR-S2 cells 

without affecting p-AKT and p-ERK levels (Fig 11A-B). The expression of cleaved caspase-3, 

the apoptotic cell death marker, was increased in the barasertib-treated H1993 PR-S2 cells, 

while the expression of p-STAT3 was decreased (Fig 11A). The reduction of AURKB 

expression by siRNA treatment induced a significant reduction of p-STAT3 expression in the 

H1993 PR-S2 cells (Fig 11C). Conversely, an elevated expression of pSTAT3 was observed in 

the AURKB-overexpressed H1993 stable cell line (H1993_AURKB-GFP), which had been 

established through the artificial infection of a virus (Fig 11D). The binding of AURKB and 

STAT3 does not occur in both cell lines (Fig 11E). Furthermore, we sought to determine 

whether long-lived AURKB affects STAT3 protein stability. Treatment with the proteasome 

inhibitor MG132 led to the accumulation of pSTAT3 protein in the H1993_AURKB-GFP cells 

(Fig 11F). These findings indicated that AURKB could regulate STAT3 activation 

independently of the MET activation pathway in the H1993 PR-S2 cells.  
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Fig 11. Positive regulation of p-STAT3 expression by AURKB. (A) Protein expressions of 

p-STAT3, STAT3, p-AURKB, AURKB, and GAPDH after barasertib single or PHA665752 

combination treatment of indicated drug concentration for 48 h. (B) Expression of total and active 

forms of AKT and ERK proteins. (C) Immunoblot analysis of the H1993 and H1993 PR-S2 cells 

transfected with scramble and siAURKB for 48 h. (D) and (E) The indicated protein expressions 

of the GFP and AURKB-GFP virus-infected H1993 stable cell lines and MG132 treatment for the 

indicated treatment time. The line graph represents the protein stability of p-STAT3. (F) 

Immunoprecipitation analysis between STAT3 and AURKB. The standard error of the mean 

(SEM) is indicated by the error bars (n = 3).   
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To elucidate the downstream target of activated STAT3 in the H1993 PR-S2 cells, we 

conducted an investigation into the mRNA changes of downstream targets of STAT3. Among 

the several STAT3-related downstream target genes, the mRNA and protein levels of the 

antiapoptotic protein BCL2 were found to be significantly increased in the H1993 PR-S2 cells 

(Fig 12A-B). The STAT3 knockdown notably reduced this upregulated BCL2 expression, both 

mRNA and protein, without affecting the mRNA levels of other STAT3 target genes (Fig 12C). 

Although knockdown of STAT3 in H1993 PR-S2 cells did not improve MET-TKI sensitivity 

(Fig 13A-B), interestingly, AURKB inhibition resulted in a reduction of BCL2 mRNA and 

protein levels, accompanied by an increase in the expression of cleaved-caspase3, a marker of 

apoptotic cell death (Fig 13C-D). Thus, these findings indicated that AURKB inhibition 

regulates the anti-apoptotic process by suppressing the STAT3-BCL2 axis to overcome 

PHA665752 resistance.   
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Fig 12. Increased BCL2 mRNA expression downregulated by STAT3 knockdown. (A) and (B) 

RT-qPCR and western blot analysis of the expression levels of STAT3 downstream targets. (C) 

mRNA expression of STAT3 target genes in the scramble or siSTAT3 transfected H1993 and 

H1993 PR-S2 cells. The standard error of the mean (SEM) is indicated by the error bars. The 

standard error of the mean (SEM) is indicated by the error bars (n = 3). Statistical analysis was 

performed using a two-sample t-test. ns, not significant; *p< 0.05; **p< 0.01; ***p< 0.001. 
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Fig 13. Reduced mRNA expression of BCL2 and induced cell death by AURKB inhibitor. (A) 

Immunoblot analysis of the H1993 and H1993 PR-S2 cells transfected with scramble and siSTAT3 

for 48 h. (B) (C)Protein expression of cleavage-caspase3 and BCL2 after treatment with barasertib 

for 48 h. (D) mRNA expression levels of BCL2 after treatment with barasertib at concentrations 

ranging from 250 to 1000 nM. The standard error of the mean (SEM) is indicated by the error bars 

(n = 3). Statistical analysis was performed using a two-sample t-test. ns, not significant; *p< 0.05; 

**p< 0.01; ***p< 0.001. Abbreviation: Bara, barasertib. 
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3.3. Induced apoptotic cell death by AURKB inhibition 

The mechanism underlying barasertib-induced apoptotic cell death of the MET-TKI 

resistance cell line was investigated by examining mRNA expressions of apoptosis-related 

genes. Among the numerous apoptosis-related genes, the pro-apoptosis gene BIM was found to 

be significantly downregulated in the H1993 PR-S2 cells (Fig 14). Previous study reported that 

proapoptotic protein BIM is downstream of ERK, and ERK and AURKB can stabilize and 

degradate BIM through each phosphorylation (S69 and S87)32. In the H1993 PR-S2 cells, we 

sought to ascertain whether AURKB inhibition altered BIM protein expression.  The data 

demonstrated that PHA665752 reduced p-ERK protein levels and induced BIMEL 

accumulation in the H1993 cells but not in the H1993 PR-S2 cells. Conversely, barasertib 

treatment resulted in BIMEL accumulation in the H1993 PR-S2 cells without affecting p-ERK 

protein expression (Fig 15A). Notably, the inhibition of AURKB resulted in a decreased 

expression of p-BIM (S87) in the H1993 PR-S2 cells but not in the parental cell line (Fig 15B). 

These results indicated that AURKB inhibition is sufficient to induce BIM accumulation in the 

H1993 PR-S2 cells. 
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Fig 14. The mRNA expression of apoptosis-related genes in the H1993 and H1993 PR-S2 cells. 

The RT-qPCR measured the expression of apoptosis-related genes in the H1993 and H1993 PR-S2 

cells. The standard error of the mean (SEM) is indicated by the error bars (n = 3). Statistical 

analysis was performed using a two-sample t-test. ns, not significant; *p< 0.05; **p< 0.01; ***p< 

0.001.  
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Fig 15. BIMEL accumulation after inhibition of AURKB. (A) Western blot analysis in the 

H1993 and H1993 PR-S2 cells after treatment MET inhibitor or AURKB inhibitor (each 1 μM) for 

48 h. The bar graph represents the band intensity of BIMEL. (B) The activated form expression of 

BIM protein (S87) in the H1993 and H1993 PR-S2 cells. The standard error of the mean (SEM) is 

indicated by the error bars (n = 3). Statistical analysis was performed using a two-sample t-test. ns, 

not significant; ***p< 0.001.  
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As AURKB is known to be a cell cycle-related molecule, it has been reported that AURKB 

inhibition induces the formation of polyploid giant cells, G2/M cell cycle arrest, and apoptotic 

cell death33. The impact of barasertib was examined on the cell cycle of both H1993 cells and 

H1993 PR-S2 cells. The cell cycle change was investigated in live cells treated with 100, 250, 

and 500 nM barasertib. While barasertib had a minimal effect on the H1993 cells, it induced 

G2/M cell cycle arrest at lower inhibitor concentrations in the H1993 PR-S2 cells (Fig 16). 

Following the induction of G2/M cell cycle arrest, the percentage of early apoptotic cells 

significantly increased in the barasertib-treated H1993 PR-S2 cells compared to the parental 

cell line, as demonstrated by Annexin-V-FITC staining of flow cytometry (FACs) analysis 

(Fig 17A). Furthermore, the formation of polyploid giant cells was observed to increase in 

both the H1993 cells and the H1993 PR-S2 cells (data not shown), while the cleaved caspase 

3 expression was found to be significantly elevated in the H1993 PR-S2 cells (Fig 17B). These 

findings indicate that AURKB inhibition is sufficient to induce BIMEL accumulation and 

apoptotic cell death in the PHA665752-resistant cell line.  
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Fig 16. The G2/M cell cycle arrest after inhibition of AURKB. The Histogram indicated the cell 

cycle in the H1993 and H1993 PR-S2 cells after 24 h of dose-dependent treatment with the 

AURKB inhibitor. The bar graph indicates the cell cycle proportion of G1, S, and G2/M. 
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Fig 17. The apoptotic cell death after AURKB inhibitor treatment. (A) Annexin-V-FITC/PI 

flow cytometry analysis of the H1993 and H1993 PR-S2 cells treated with 100nM, 250nM, and 

500nM of barasertib for 48 h. The bar graph represents the early and late apoptotic cell population 

of the barasertib-treated H1993 and H1993 PR-S2 cells. (B) Immunofluorescence analysis of 

nucleus (blue) and cleaved-caspase3 (green) after treatment of barasertib. Scale bars, 100 μm. The 

standard error of the mean (SEM) is indicated by the error bars (n = 3). Statistical analysis was 

performed using a two-sample t-test. ns, not significant; *p< 0.05; ***p< 0.001. 
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3.4. AURKB inhibition effect in various cancer cells 

To substantiate the relationship between AURKB and STAT3, the impact of AURKB 

inhibition was evaluated in other cancer cell lines. A cell viability screening was conducted 

against barasertib using a collection of 18 cancer cell lines (Fig 18A-B). The cancer cell lines 

exhibited varying sensitivities to barasertib treatment. Among the cell lines, the H460 cells, 

which demonstrated high sensitivity to barasertib, and the SNU-638 cells, which exhibited low 

sensitivity, were randomly selected. The efficacy of barasertib was then compared between the 

two cell lines. The results of the immunoblot analysis suggested that the inhibition of AURKB 

induces a reduction in the protein levels of p-STAT3 and BCL2 in the H460 cells (Fig 19A). 

Furthermore, the proportion of cells undergoing early apoptosis was markedly elevated in 

barasertib-treated H460 cells compared to SNU-638 cells following Annexin-V-FITC staining 

using flow cytometry (Fig 19B). These findings indicate that AURKB inhibition may be an 

effective strategy in various cancer cell lines, regardless of the MET protein level.  
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Fig 18. Various cancer cell viability screening against barasertib. Mean relative viability of 

various non-small cell cancer cell lines after treatment of barasertib. Cell viability with 1uM 

barasertib treatment is represented as a bar graph. The standard error of the mean (SEM) is 

indicated by the error bars. 
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Fig 19.  The AURKB inhibitor-induced STAT3 downregulation and apoptotic cell death in 

various cancer cell lines. (A) Immunoblot analysis of indicated primary antibodies in lower 

standard (H460) and higher standard (SNU-638) cell lines treatment with barasertib 1uM, 48 h. 

(B) Annexin-V-FITC FACs analysis of the SNU-638 and H460 cells treated with 1uM of 

barasertib for 48 h. The bar graph represents the early and late apoptotic cell population of the 

barasertib (1 uM)-treated SNU-638 and H460 cells. Abbreviation: Bara, barasertib 
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3.5. AURKB inhibition effect in xenograft model 

The efficacy of AURKB inhibition in in vivo mouse xenograft models was subsequently 

validated with MET-TKI-acquired cells. Mice bearing the H1993 and the H1993 PR-S2 

xenografts were treated with vehicle, PHA665752, barasertib, or a combination of both for 3 

weeks (Fig 20). PHA665752 treatment effectively inhibited tumor growth in the H1993 

xenografts, while barasertib treatment significantly inhibited tumor growth in the H1993 

PR-S2 xenografts without causing toxicity or weight loss (Fig 21A-B and Fig 22). The above 

results were also observed in the fold change of tumor volume analysis. At the 20 days after 

post drug injection in in vivo experiments, the reduction in H1993 and H1993 PR-S2 tumor 

volume in each PHA665752 and barasertib group was more than twice that of the vehicle 

group (Fig 21C). Furthermore, a notable decrease in the area of Ki-67 staining was observed in 

the barasertib-treated H1993 PR-S2 tumors in comparison to the vehicle-treated tumors (Fig 

23). The in vitro experimental evidence data were reproduced in an in vivo mouse xenograft 

model, which demonstrated that the AURKB inhibition can decrease cancer cell growth and 

ultimately lead to cell death. 
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Fig 20. The strategy of in vivo experiments. Diagram summarizing xenograft strategy in 

NOD-2/Shi-scid IL2rgamma(null) (N2G) mice.  

 

 

 

 

 

 

 

 



54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 21. Xenograft tumor growth inhibition of in vivo mouse model. (A), (B) The measurement 

of tumor volume (mm3) following treatment with vehicle, PHA665752 (25 mg/kg), barasertib (50 

mg/kg), and their combination for 21 days in N2G mice bearing the H1993 and H1993 PR-S2 cell 
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xenograft. Tumor volumes were measured twice weekly by caliper (mean ± SEM, n = 6-7 for each 

group). (C) The fold change of the tumor volume during the period of drug injection, representing 

0, 6, 14, 16, 18, and 20 days. The standard error of the mean (SEM) is indicated by the error bars. 

Statistical analysis was performed using a two-sample t-test. ns, not significant; *p< 0.05; **p< 

0.01; ***p< 0.001.  
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Fig 22. Body weight of in vivo mouse model. The body weight of each drug treatment group of 

mice injected with the H1993 or H1993 PR-S2 cells. The standard error of the mean (SEM) is 

indicated by the error bars (n = 6-7 for each group). 
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Fig 23. AURKB immunohistochemistry analysis in xenograft tumors of the H1993 and 

H1993 PR-S2 cells. Representative hematoxylin and eosin (H&E) and Ki-67 images of xenografts 

were established using either the H1993 or H1993 PR-S2 cells. Scale bars, 100 μm. The bar graph 

indicates the relative percentage of the Ki-67-positive cells. The standard error of the mean (SEM) 

is indicated by the error bars (n = 3). Statistical analysis was performed using a two-sample t-test. 

ns, not significant; ***p< 0.001. 
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3.6. AURKB expression in lung cancer with MET-TKI resistance 

Finally, the aim was to ascertain whether the in vitro and in vivo findings on MET-TKI 

resistance with AURKB upregulation would be corroborated in patient data. Two cases were 

presented in which patients with advanced MET-amplified NSCLC had developed acquired 

resistance to MET-targeted therapy subsequent to an initial remarkable response. Case 1 was a 

65-year-old male with advanced lung adenocarcinoma with MET amplification. He received 6 

cycles of telisotuzumab vedotin treatment with partial response. Case 2 was a 46-year-old 

female with advanced lung adenocarcinoma with MET amplification. She received 27 cycles 

of ABN401 treatment with partial response. In both cases, the tumor progressed rapidly and 

eventually became resistant to treatment (Table 3). Immunohistochemistry data of these two 

patients showed that AURKB protein was highly overexpressed in post-treatment samples 

compared to pre-treatment (Fig 24).  

Additionally, in the TCGA overall survival (OS) analysis, the group of lung adenocarcinoma 

patients with high AURKB expression exhibited significantly worse OS than the group of 

patients with low AURKB expression (p = 0.0083). So, these results supported the conclusion 

that high expression of AURKB can be used as a poor prognostic factor for NSCLC patients  

(Fig 25). 
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Table 3. Characteristics of MET inhibitor-received MET-amplified non-small cell lung 

cancer patients. 
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Fig 24. The immunohistochemistry of AURKB in patient samples. (A) Immunohistochemistry 

staining results of AURKB and p-STAT3 expression in representative two patient samples before 

and after MET inhibitor treatment. Scale bars, 100 μm. The bar graph indicates the relative 

percentage of the AURKB and p-STAT3-positive cells. The standard error of the mean (SEM) is 

indicated by the error bars (n = 3). Statistical analysis was performed using a two-sample t-test. 

***p< 0.001.  
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Fig 25. Kaplan-Meier survival curve of lung adenocarcinoma patients. Kaplan-Meier analysis 

of overall survival in LUAD patients from TCGA based on the expression of AURKB protein. Red, 

High AURKB expression (n = 261); Blue, low AURKB expression (n = 245). (p = 0.0083, 

log-rank test).  
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This study provides evidence that MET-TKI-acquired resistance is associated with AURKB 

upregulation. We found elevated AURKB protein expression in in vitro cell line model and 

showed that this elevated AURKB stimulates the STAT3/BCL2 axis and induces BIM 

degradation for cancer cell survival. And we showed that the MET-TKI resistance can be 

overcome by blocking AURKB activation, resulting in decreased expression of BCL2 and 

accumulation of BIM, leading to apoptotic cell death (Fig 26). Taken together with in vivo and 

patient data, this study suggests that AURKB inhibition can be utilized as one of the potential 

therapeutic strategies to overcome MET-TKI-acquired resistance in NSCLC patients. 
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Fig 26. A schematic depicts the effects of AURKB inhibitor in MET-TKI-acquired resistance 

cells. During the development of the acquired resistance cell line against MET-TKI, the elevated 

AURKB protein has been observed. The AURKB stimulates STAT3 activation and the subsequent 

degradation of the pro-apoptotic protein BIM, thereby promoting cancer cell survival. The 

AURKB inhibitor barasertib has been demonstrated to block the phosphorylation of AURKB, 

which has decreased the expression of the ant-apoptotic protein BCL2 and the accumulation of 

BIM. Consequently, the MET-TKI-acquired resistant cells underwent apoptotic cell death via this 

signaling pathway.  
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4. DISCUSSION  

 

Acquired drug resistance remains a significant challenge in the treatment of 

oncogene-addicted tumors, including MET-amplified non-small cell lung cancer (NSCLC). 

Despite advances in MET-targeted therapies, resistance to MET tyrosine kinase inhibitors 

(MET-TKIs) is inevitable, highlighting the urgent need for novel strategies to overcome this 

issue. Aurora kinase B (AURKB) has recently emerged as a potential target for addressing 

drug resistance in various cancer types. AURKB plays a crucial role in mitosis, regulating 

chromosome separation and cytokinesis34. However, its function is often dysregulated in 

drug-resistant cancer cells, contributing to tumor progression and therapy resistance. Several 

studies have implicated AURKB in promoting drug resistance. For example, AURKB 

overexpression has been linked to paclitaxel resistance in breast cancer cells35 and gefitinib 

resistance in EGFR-mutated NSCLC cells31. In neuroblastoma, AURKB regulates the ERK 

pathway, enhancing tumorigenesis and resistance to carboplatin36. While these findings suggest 

AURKB's role in drug resistance across various cancers, its specific involvement in MET-TKI 

resistance in MET-amplified NSCLC has not been previously explored. Our study is the first to 

demonstrate that AURKB activation is critical for sustaining MET-TKI resistance in NSCLC 

cells. We found that AURKB mediates drug resistance by regulating the STAT3-BCL2 pathway, 

a key anti-apoptotic mechanism, highlighting its potential as a therapeutic target in  
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MET-TKI-resistant lung cancer. 

In the previous study, BH3-motif subfamilies were reported that have a critical role in 

initiating cell survival, BIM is associated with the promotion of apoptosis37. There are two 

isoforms of BIM protein (BIMEL, BIMS)38. It is already known that BIM is phosphorylated by 

ERK1/2 kinases and regulated by ubiquitination and proteasomal degradation39,40. So ERK1/2 

inhibition can cause BIM accumulation and lead to apoptosis. A recent study revealed that 

AURKB inhibition can inhibit BIM activation and lead to BIM accumulation in 

EGFR-mutated EGFR-TKI-acquired resistance NSCLC cell lines32. In our study, we 

demonstrate that increased AURKB expression inhibits BIM activation and sustains the 

survival of resistant NSCLC cell lines, and that this is not limited to EGFR-TKIs, but is also 

true in MET-amplified MET-TKI-acquired resistant NSCLC. Furthermore, inhibition of 

AURKB was demonstrated to reduce BIM degradation and lead accumulation in 

MET-amplified MET-TKI-acquired resistant NSCLC cell lines. Significantly, this study also 

identified a previously unreported link between MET-TKI resistance and BIM.   

Although the activation of AURKB has emerged as an important drug resistance-related 

molecule, its upstream mechanisms are poorly understood. In this study, I try to demonstrate 

the direct mechanistic link between MET receptor tyrosine kinases and AURKB by 

investigating AURKB upstream molecular. Because the AURKB is not considered as the 

downstream target of MET protein as kinase, I postulated the other bypass pathway may be 
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involved in the AURKB-upregulated MET-TKI acquired resistance mechanism. Therefore, I 

focused on STAT3 activation. Among the various mechanisms of inducing STAT3 

phosphorylation, the IL6/JAK axis is a major pathway of the continuous activation of STAT3 

of cancer cells41, and the IL6 receptor was already reported as a MET-TKI-acquired resistance 

mechanism. Because it was mentioned in the RESULT part that the phosphorylated STAT3 

expression was regulated AURKB expression, the association was checked to determine 

whether AURKB activation is related to the IL6/JAK axis in the H1993 PR-S2 cells. However, 

although the protein expression of IL6 was increased in cell-grown media and cell lysate of the 

H1993 PR-S2 cells (data not shown), there was no experimental evidence that the effect of 

IL6 against AURKB expression in the H1993 PR-S2 cells (Data not shown). In addition, as 

mentioned in Fig 9, the JAK family expression of the H1993 PR-S2 cells was lower than that 

of the H1993 cells. So, these data demonstrated that AURKB-mediated STAT3 activation was 

not from the IL6/JAK pathway.  

Although I could not suggest the direct relationship between MET receptor tyrosine kinases 

and AURKB, nevertheless, it is worth considering why the expression of AURKB is increased 

in the H1993 PR-S2 cell line that has developed resistance to MET-TKIs. As mentioned in the 

introduction, the downstream targets of MET receptor tyrosine kinases are diverse. The main 

proteins expressed are STAT3, AKT, and ERK. It is noteworthy that in the H1993 cell line used 

in this study, protein expression of STAT3 and ERK increased, while there was no significant 
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change in AKT protein expression. The generation of the H1993 PR-S2 cell line after 

MET-TKI treatment suggests that the survival mechanisms promoted by high levels of STAT3 

and ERK are blocked. This study showed that STAT3 downstream targets, particularly BCL2, 

were significantly upregulated. Therefore, it can be hypothesized that this resistant cell line has 

evolved to conserve energy by increasing the expression of AURKB to enable survival, 

thereby regulating the activation of STAT3 rather than ERK as a kinase, which in turn induces 

activation of the BCL2-mediated apoptotic pathway.  

According to Kosuke Tanaka et al., AURKB expression was upregulated in EGFR-TKI 

resistance NSCLC cell lines undergoing epithelial-mesenchymal transition (EMT)32. In this 

paper, the author indicates that EMT-mediated AURKB targeting is a highly effective therapy 

to overcome EGFR-TKI-acquired resistance in lung cancer32. After establishing the 

PHA665752-resistant cell line, increased total AURKB and p-AURKB protein expressions 

were observed. For this reason, the acquired resistance mechanism initially hypothesized that 

the EMT pathway might be related to PHA665752-induced AURKB activation. So, the 

immunoblot analysis was conducted, and EMT-related genes, including ZEB1, SNAIL, 

VIMENTIN, N-CADHERIN, and SLUG expressions were investigated. However, the 

EMT-related protein changes could not be detected in the H1993 PR-S2 cells (Fig 27A). To 

validate this result, the VIMENTIN protein stained via immunofluorescence assay and 

performed a trans-well invasion assay. In the H1993 PR-S2 cells, VIMENTIN protein 
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expression was less detected than in the H1993 cells (Fig 27B). Additionally, the H1993 PR-S2 

cells exhibited a reduced invasiveness ability compared to the parental cell line, although the 

H1993 cells exhibited invasive properties (Fig 27C). Based on these data, the results indicated 

that the AURKB activation of the H1993 PR-S2 cells was not from the EMT-related feature. 

Furthermore, it was previously reported that the AURKB pathway can be regulated by ERK 

activation42. However, the H1993 PR-S2 cells were unresponsive to several MEK inhibitors, 

suggesting that MET signaling has no critical role for MET-TKI resistance in these cells (Fig 

28). The identification of the upstream regulator of AURKB in the H1993 PR-S2 cells is a 

crucial step in the understanding of MET-TKI-acquired resistance. Consequently, further 

investigation is necessary to elucidate the mechanism underlying AURKB activation in 

MET-TKI-resistant NSCLC cell lines. 
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Fig 27. Analysis of EMT features in the H1993 and H1993 PR-S2 cells. (A) EMT marker and 

GAPDH protein expressions in parental and MET-TKI acquired resistance cell lines. (B) 

Immunofluorescence staining of the H1993 PR, H1993 PR-S2, and H1993 PR-S6 cells for 

VIMENTIN (green) and AURKB (red). Scale bars, 100 μm. (C) Representative images of 

trans-well assays for the H1993 cells and the H1993 PR-S2 cells. 
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Fig 28. Inhibition effects of ERK inhibitors in the H1993 and H1993 PR-S2 cells. Mean 

relative cell viability of the H1993 and H1993 PR-S2 cells after treatment with trametinib, 

selumetinib, PD98059, and U0126. 
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As AURKB is overexpressed in many malignancies, inhibition of this protein by a targeted 

inhibitor is a central aspect of clinical trials. Over the past decade, AURKB inhibitors have 

been continuously developed to improve clinical efficacy. Recently, AZD2811, a modified 

version of AZD1152, is the most studied AURKB inhibitor in clinical trials and is being tested 

in two phase II trials (NCT03366675 and NCT04525391) in patients with recurrent small cell 

lung cancer (SCLC)43. Additionally, a nanoparticle-encapsulated AZD2811 was recently 

developed and evaluated in advanced solid tumors44,45. In a phase 1 trial, 51 patients were 

treated with nanoparticle-encapsulated AZD8211 and G-CSF (NCT02579226)46. The results 

showed that 45.1 % had disease stabilization, one patient had a partial response, and inhibition 

by treatment with the developed formulation of AZD8211 was well tolerated in patients with 

advanced solid tumors. This clinical study demonstrates the potential of inhibiting AURKB as 

a novel therapeutic target in lung cancer patients and we believe that our work may contribute 

to the groundwork for its molecular therapy development. Likewise, the development of drugs 

that effectively target AURKB is still ongoing. To maximize the clinical utility of AURKB 

inhibitors, further research is needed to identify biomarkers that can predict the efficacy of 

AURKB inhibitors. A previously reported preclinical article suggested that tumors with high 

C-MYC expression are sensitive to AURKB inhibitors47. The other report also showed that cell 

lines and xenograft tumors with high expression of BCL2 had low sensitivity to AURKB 

inhibitors48. As mentioned above, research has been conducted to identify patients who will 
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respond well to AURKB inhibitors. However, predictive biomarkers of AURKB efficacy 

remain unclear. Therefore, further molecular predictive studies are needed to support the use of 

AURKB inhibitors and these are clinically important for patient prognosis because they can be 

used as biomarkers to predict AURKB efficacy against MET-TKI resistance. A clinical 

evaluation of AURKB inhibitors and further study of AURKB inhibitor-sensitive prediction 

biomarkers will be necessary to determine the efficacy of this apoptosis-based therapeutic 

strategy for MET-TKI resistance lung cancer. 
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5. CONCLUSION  

 

In conclusion, in this study, our molecular mechanism study confirmed that MET-TKI 

resistance lung cancer with MET-amplification uses AURKB activation for survival and 

regulates the STAT3/BCL2 pathway to avoid apoptosis. Additionally, we identified that 

inhibiting AURKB can effectively overcome this resistance induced by MET-TKI, highlighting 

that AURKB may be considered as one of the potential therapeutic target. Also, this study 

demonstrates that monotherapy of AURKB inhibitor or combination treatment with MET-

TKIs may be worth exploring in clinical trials as the next-line therapy for MET-TKI-acqui

red resistance NSCLC patients. Taken together, our pre-clinical research results collectively 

suggest that increased AURKB expression may be considered a notable biomarker in 

establishing a treatment strategy for MET-TKI resistance in MET-amplified lung cancer 

patients. Although the sample size of patient data was limited, we believe that our study makes 

a significant contribution to the literature because it elucidates a promising mechanism of drug 

resistance in MET-amplified lung cancer, a critical area of unmet need in oncology. Our 

findings provide a molecular basis for developing AURKB-targeted therapies, potentially 

improving treatment outcomes for patients with MET-TKI-resistant lung cancer.  
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 < ABSTRACT(IN KOREAN)> 

오로라 키나아제 B 억제를 통한 MET 증폭 폐암의 MET 표적 약물 

내성 극복 메커니즘 연구 
 

MET 증폭 폐암 환자에서 MET 표적 치료제에 대한 내성은 치료 효과를 제한하는 

주요 요인으로, 이를 극복할 수 있는 새로운 치료 전략의 개발이 필수적이다. 본 연구

에서는 MET 억제제에 대한 비유전체적 내성 메커니즘을 규명하고, 후보 억제제의 

항종양 효과를 다양한 종양 모델에서 평가하였다. 

MET 증폭 폐암 세포주(H1993)에 MET 억제제인 PHA665752를 장기적으로 처

리하여 내성 세포주(H1993 PR-S2)를 확립하였으며, 약물화 가능한 억제제 라이브

러리를 활용한 고처리량 스크리닝(HTS)을 통해 유망한 후보 약물을 선별하였다. 그 

결과, 오로라 B(AURKB) 억제제인 바라서팁(barasertib)이 내성 세포에서 유의미한 

성장 억제 효과를 보임을 확인하였다. H1993 PR-S2 세포에서는 p-AURKB의 발현

이 증가하였으며, 그 하위 분자인 Histone H3의 발현에는 변화가 없었다. 반면, 

p-STAT3 및 항세포사멸 유전자 BCL2의 발현은 현저히 증가하였다. 바라서팁 처리 

시, p-STAT3와 BCL2 발현은 감소하고 세포사멸 유도 유전자인 BIM의 축적이 관

찰되었으며, 내성 세포에서 G2/M 세포주기 정지 및 세포사멸이 유도되었다. 이러한 

효과는 다양한 암 세포주와 마우스 이종이식 모델에서도 재현되었다. 

또한, MET 억제제 내성을 획득한 환자의 면역조직화학 분석 결과, 치료 전보다 치

료 후 종양에서 AURKB의 발현이 유의하게 증가하였으며, TCGA 데이터 분석을 통

해 AURKB 발현이 높은 폐암 환자군이 낮은 환자군에 비해 불량한 예후를 보이는 
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것으로 나타났다. 

종합하면, 본 연구는 MET 억제제 내성 폐암 세포가 AURKB 활성화 및 

STAT3/BCL2 신호 전달 경로를 통해 우회적 생존 메커니즘을 활용함을 제시하며, 

AURKB 억제를 통해 이러한 우회 경로를 차단함으로써 AURKB 저해제가 내성 극복

을 위한 유효하고 실질적인 임상적 대안이 될 수 있음을 강하게 시사한다. 이러한 결

과는 MET 억제제 내성 환자에 대한 치료 전략 개발에 핵심적인 단서를 제공하며, 

더 나아가 향후 AURKB 기반 임상 연구의 과학적 근거로 활용될 수 있을 것이다. 
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