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A novel mesenchymal epithelial transition (MET) inhibitor, CB538, 
relieves acquired resistance in EGFR-mutated MET-amplified non-
small cell lung cancer
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Background: Osimertinib, a third-generation epidermal growth factor receptor (EGFR) tyrosine kinase 
inhibitor (TKI), is the first-line standard therapy for metastatic EGFR-mutated non-small cell lung cancer 
(NSCLC). Although osimertinib is effective, it’s durable response is invariably limited by the emergence 
of acquired resistance. Mesenchymal epithelial transition (MET) amplification is a frequent mechanism 
in patients with EGFR-mutated NSCLC who are resistant to EGFR-TKIs. Consequently, combined 
treatment with EGFR-TKIs and MET-TKIs has been explored as a strategy for overcoming this resistance. 
The current study aimed to explore the single and combination inhibition effect of CB538, a novel MET 
inhibitor in MET-activated, EGFR-mutant NSCLC cells.
Methods: The cellular inhibitory effects of single and co-treatment of CB538 with EGFR-TKIs were 
evaluated in the established EGFR-TKI-resistant cells [PC9/ER (erlotinib resistance), HCC827/OR 
(osimertinib resistance)]. The preclinical activities of CB538 were investigated by evaluating in vitro kinase 
activity, cell growth, and Western blotting of phosphorylated MET and downstream signaling molecules in 
MET-activated, EGFR-TKI-resistant cells. Cell viability was examined by MTT and colony formation. The 
inhibition of migration was determined by wound-healing assay. A xenograft tumor model was employed to 
investigate in vivo HCC827/OR cell growth in BALB/c nude mice.
Results: We confirmed that activated MET/Axl signaling pathways and EMT-related proteins were 
inhibited by CB538 in established EGFR-TKI-resistant NSCLC cells. CB538, a novel c-MET inhibitor, 
decreased the growth, migration, and invasive properties of these EGFR-TKI-resistant NSCLC cells. 
CB538 also inhibited tumor growth and expression of activated proteins (MET and Axl) in in vivo HCC827/
OR xenograft model. 
Conclusions: Additional treatment with CB538 enhanced sensitivity to EGFR-TKIs in two EGFR-TKI-
resistant NSCLC cells by inhibiting EGFR/MET/Axl pathway axis. Overall, the treatment effects of CB538 
were confirmed to relieve EGFR-TKI-driven resistance in EGFR-mutant NSCLC cells.
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Introduction

Non-small cell lung cancer (NSCLC) is the poor prognosis 
tumor, accounting for approximately 80–90% of lung 
cancers. Furthermore, adenocarcinoma is the most frequent 
histological subtype of NSCLC. Epidermal growth factor 
receptor (EGFR) is one of the most common driver genes 
of NSCLC. EGFR mutations display a heterogeneous 
representation depending on ethnicity and region (1). 
Treatment of patients with NSCLC harboring EGFR 
tyrosine kinase inhibitor (TKI)-sensitizing mutations using 
EGFR-TKIs, such as erlotinib or afatinib, as an initial 
therapy has been shown to extend progression-free survival 
(PFS) (2,3). However, 50% or more of these patients 
exhibited disease progression. Recently, third-generation 
EGFR-TKIs (e.g., osimertinib) have started to represent 
promising therapeutic options for patients with NSCLC 

who have become resistant to first- or second-generation 
EGFR-TKIs because of the emergence of the EGFR 
T790M mutation (4-6) which is a potent and irreversible 
EGFR-TKI that targets EGFR  mutations without 
affecting wild-type EGFR. With its remarkable efficacy 
and affordable safety, osimertinib is recommended as the 
standard first-line treatment for patients with advanced or 
metastatic NSCLC harboring EGFR mutations. However, 
resistance to the third-generation EGFR-TKIs has been 
described previously. Osimertinib-treated patients as first-
line treatment tend to develop resistance after 18.9 months 
of treatment (1,3,6).

Several mechanisms have been related to acquired 
resistance to EGFR-TKIs (7,8). For osimertinib, these 
include the development of secondary EGFR mutations 
and activation of bypass signaling pathways. Additionally, 
mesenchymal epithelial transition (MET) amplification, Axl 
activation, and epithelial-to-mesenchymal transition (EMT) 
are crucial mechanisms responsible for acquired resistance to 
EGFR-TKIs. The resistance to TKIs can be involved by the 
EMT-status and Axl expression. EMT and Axl are associated 
with reduced sensitivity to many chemotherapeutic and 
anticancer drugs (9-13). MET amplification is a cause of 
the most common EGFR-independent mechanism of 
osimertinib resistance, accounting for 5–24% (6,14,15). 
Activation of the hepatocyte growth factor (HGF)/c-Met 
pathway provides a powerful signal for cell proliferation, 
survival, migration, invasion, and angiogenesis (16-18). 
A clinical trial on osimertinib combined with crizotinib, 
initially developed as a MET inhibitor, was also studied 
in a retrospective analysis, which showed that the overall 
response rate (ORR) was 100% and the median PFS was  
6.2 months in patients with lung adenocarcinoma with MET 
amplification (17,19). Approved MET inhibitor, Tepotinib 
(Tepmetko®) and EGFR-TKI, osimertinib (Tagrisso®) are 
promising combinations for patients with osimertinib-
pretreated, EGFR-mutated, MET-amplified NSCLC. 
Tepotinib plus osimertinib revealed an ORR of 45.8% 
[95% confidence interval (CI), 31.4–60.8%] in patients with 
MET amplificated NSCLC from phase 2 INSIGHT 2 trial 
(NCT03940703) (20).

Thus, simultaneous inhibition of both EGFR and MET is 
required to overcome resistance to EGFR inhibitors following 
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MET amplification (19-22). We evaluated CB538 as a type II 
MET-TKI in MET-activated, EGFR-TKI-resistant NSCLCs 
because of its potent inhibitory efficacy against c-Met-
activated cancer cells and MET mutant kinases. In this study, 
we determined that MET activation is a key mechanism in 
acquired resistance to the first- and third-generation EGFR-
TKIs, erlotinib, and osimertinib. We further demonstrated 
that additional treatment of the CB538 MET TKI to EGFR-
TKIs could be the option for overcoming the resistance 
exhibited by EGFR-TKIs-resistant NSCLC cells. We present 
this article in accordance with the MDAR and ARRIVE 
reporting checklists (available at https://tcr.amegroups.com/
article/view/10.21037/tcr-24-1614/rc).

Methods

Chemicals and reagents

Erlotinib was obtained from Selleckchem (Houston, TX, 
USA), and osimertinib and capmatinib were purchased 
from Combi-Blocks, Inc. (San Diego, CA, USA) and 
MedChemExpress (Monmouth, NJ, USA), respectively. 
CB538 (MW. 687.7) was provided by CMG Pharmaceutical, 
Co., Ltd. (Seongnam City, Korea). Other chemicals were 
used from Sigma-Aldrich (St. Louis, MO, USA). Dimethyl 
sulfoxide (DMSO) was used as a vehicle solvent for in vitro 
experiments and stored at −20 ℃.

Kinase inhibition assay

The ADP (adenocine diphosphate)-Glo™ luminescent 
kinase assay kit (Promega, Madison, WI, USA) was 
used to monitor an in vitro kinase activity assay. The 
50% inhibition concentration (IC50) of c-Met inhibition 
potency by compounds was evaluated under 10 μmol/L 
adenocine triphosphate (ATP) using recombinant human 
c-Met protein. The compounds were diluted 10-fold, and  
10 μL kinase reactions were performed in 384-well plates 
at room temperature (RT) for 1 h. ADP-Glo™ reagent  
(5 μL) was added to stop the kinase reaction. After the Kinase 
Detection Reagent was added, the ADP-Glo™ Kinase 
Assay luminescence generated by the luciferase/luciferin 
reaction was measured, and a titration curve was generated 
using a luminometer (GloMax® Discover, Promega). Kinase 
selectivity profiling was conducted at the Eurofins Pharma 
Discovery Services (Dundee, UK) according to their 
manufacturer’s instructions. The inhibitory effect of CB538 
on 60 kinases was evaluated by a concentration of 500 nM at 

the Km of ATP and expressed as a percentage inhibition.

Cell culture and reagents

Human NSCLC cell line, PC-9 was gifted from Dr. 
Byoung Chul Cho lab (Yonsei Univ College of Medicine, 
Seoul, Korea), and HCC827 cell (#CRL-2868) was 
obtained from ATCC (Rockville, MD, USA). EGFR-
TKI-resistant cells, erlotinib-resistant PC-9/ER, and 
osimertinib-resistant HCC827/OR cells were generated 
by culturing parental cells with escalating doses of EGFR-
TKIs. Parental PC-9 and HCC827 cells were exposed 
to increasing concentrations of each compound, starting 
at 0.01 μM (IC50 values). Cells were treated from 0.01 to  
10 μM, and drug concentrations were increased 5-fold. 
The resistant cells were exposed to concentrations of at 
least 1 μM for a few months. All cell lines were cultured in 
RPMI media (Gibco, USA) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Gibco, Waltham, 
MA, USA) and 1% antibiotics-antimycotics. Recombinant 
hHGF was manufactured from R&D Systems (#294-HGN-
025, Minnesota, USA).

Cell proliferation assay

Cells were seeded at 1,500 cells/well in a white-bottom 384-
well plate (Corning, NY, USA) (n=3) and treated with dose-
escalated compounds at 37 ℃ in an atmosphere containing 
5% CO2 for 72–96 h. Cell growth was assessed by a Cell 
Titer-Glo® (Promega) assay. The 0.5% DMSO treated 
cell groups were set as 100% positive control. The IC50 
values were calculated by fitting the concentration-response 
curve using four-parameter analytical methods (GraphPad 
Software, Inc., version 9.5.1) (La Jolla, CA, USA).

Colony-forming assay

The cells were seeded in 6-well plates at a density of  
2,000 cells per well. After overnight incubation, the cells 
were cultured for 12–15 days. The drugs were changed 
every 3 days. The 0.5% DMSO treated cell groups were 
set as 100% positive control. Then, cells were stained with 
crystal violet for 20 min and counted using the ImageJ 
software (NIH, Bethesda, MP, USA).

Cell invasion and wound healing assay

The CytoSelect™ 24-well cell invasion assay was performed 
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using 8 μm pore size Boyden chamber plates (Cell Biolabs, 
San Diego, CA, USA) as a manufacturer’s instructions. 
Briefly, the cells were incubated in a serum-free medium for 
24 h, and the cell suspension (5×105 cells) was plated in the 
upper chamber. Serum-free medium containing 100 ng/mL 
HGF was then added to the lower chamber. For compound 
treatments, 0.5 μM of erlotinib, osimertinib, and 0.1 μM of 
CB538, capmatinib were added to the upper chambers. The 
isolated upper chamber was washed to remove noninvasive 
cells and stained with CyQUANT colorimetric dye. Using 
an enzyme-linked immunosorbent assay (ELISA) reader, 
the solution obtained by dissolving stained cells in 1% 
acetic acid was measured at 560 nm. For the wound healing 
assay, cells (1×106 cells/well) were cultured in a 6-well plate. 
A wound in a confluent monolayer was scratched with a  
200 μL pipette tip and washed with phosphate buffed 
saline (PBS) to remove non-adherent cells. The cells were 
immediately treated with the indicated compounds. The 0.5% 
DMSO treated cell groups were set as 100% positive control. 
The migration of wound-bordering cells is monitored at 0 h 
and 24–48 h using a light microscope. The relative variation 
in the wound area was analyzed using the ImageJ software 
(n=3). We performed as follows: CBA-100-C-cell-migration-
invasion-assay.pdf (https://www.cellbiolab.com/sites/default/
CBA-100-C-cell-migration-invasion-assay.pdf).

Gene knockdown by siRNA transfection

The siRNAs were purchased from Dharmacon (Lafayett, 
Colorado, USA). The negative control siRNA was acquired 
from Bioneer (SN-1011, Daejeon-si, Korea). Briefly, cells 
were seeded in 6‑well plates (1×106 cells/mL) 1 day before 
transfection with growth medium without antibiotics to ensure a 
confluency of 30–50% was reached by the time of transfection.

For each transfection sample, the transfection complex 
was prepared by diluting 500 pmol of siRNA oligomer 
and 9 μL of Lipofectamine™ RNAiMAX (Invitrogen, 
Carlsbad, CA, USA) with 250 μL of Opti‑MEM (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) without serum, 
which was added to each well in the cell seeding plate. We 
experimented with the previously described method: after 
incubation in a CO2 incubator at 37 ℃ for 24 h, the medium 
containing siRNA and transfection agent was replaced with 
fresh medium. To confirm that the expression levels of the 
target proteins were downregulated, cells were collected and 
lysed 48 h after transfection for western blotting. A protocol 
was prepared before the study without registration. The 
siRNA sequences against MET (D-003156, Dharmacon) 

were as follows: GAACAGAAUCACUGACAUA and 
GAAACUGUAUGCUGGAUGA.

Immunoprecipitation (IP) and immunoblot analyses

Cells were serum-starved overnight and stimulated with or 
without HGF (100 ng/mL) for 10 min. Protein lysates were 
extracted with the a Cell Signaling Technology (Beverly, 
MA, USA) lysis buffer. The lysates were quantified using 
a bicinchoninic acid (BCA) protein assay (R&D Systems). 
Cell lysates (100–200 ng/well) were incubated with the 
indicated antibodies for IP, and the immune complexes 
were incubated at 25 ℃ for 1 h. A protocol was prepared 
before the study without registration. Immune complexes 
were reacted with Protein A/G Sepharose beads ina 
Dynabeads® IP Kit (Thermo Fisher Scientific, Inc.) for 
1 h, the beads were washed three times with lysis buffer, 
and the bound proteins were analyzed by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to polyvinylidene difluoride (PVDF) 
membranes for immunoblotting. After washing three times, 
the membranes were incubated in a blocking solution [5% 
bovine serum albumin (BSA)] at RT, followed by incubation 
with primary antibodies at 4 ℃ overnight. All primary 
antibodies, except the anti-transforming growth factor 
(TGF)-β antibody, were purchased from Cell Signaling 
Technology: anti-pEGFR (#2234), anti-EGFR (#4267) anti-
pMET (#3077), anti-MET (#8198), anti-pAKT (#9275), 
anti-AKT (#4691), anti-pERK (extracellular signal-regulated 
kinase) (#9101), anti-ERK (#9107), anti-E-cadherin 
(#14472), anti-N-cadherin (#13116), anti-vimentin (#5741), 
anti-cleaved PARP (poly (ADP-ribose) polymerase, #9541) 
and anti-β-actin (#4967). Membranes were then incubated 
with horseradish peroxidase (HRP)-conjugated secondary 
antibodies (1:1,000 dilution) at RT for 2 h. Protein bands 
were visualized using a Chemiluminescence imaging system 
(W1015, Promega). We used pre-stained protein molecular 
weight standards. Imaging for immunoblotting was 
performed using Bio-Imager (GE, Chicago, IL, USA).

Tumor xenograft study

Athymic BALB/c nu/nu mice (NMRI-Foxn1nu/nu from 
Envigo (Indianapolis, IN, USA); male, 4 weeks old, 
koatech, Korea) were acclimatized for 1 week before 
the experiment. As reported previously (8), HCC827/
OR (5×106 cells) cells. and Matrigel (Corning, Bedford, 
MA, USA) were mixed and prepared immediately in 100 

https://www.cellbiolab.com/sites/default/CBA-100-C-cell-migration-invasion-assay.pdf
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μL PBS before being injected subcutaneously into the 
left flank of the mice. When the tumor volume reached a 
volume of 60–80 mm3, the mice were randomized into the 
vehicle control and treatment groups (n=5). The vehicle 
[polyethylene glycol (PEG)300:DMSO:Tween 80:saline 
solution at a ratio of 40:10:5:45, respectively] was used 
for the drug treatment solution. Each compound was 
administrated orally once a day, five times a week for 22 days.  
Body weight and tumor volumes were measured twice a 
week. The tumor volumes were measured using a digital slide 
caliper, and volumes (V; mm3) were calculated as follows:  
V =0.5 × length × width2. At the termination of the experiment, 
all mice (n=20) were euthanized. All animal experiments 
were performed with the approval of the Institutional Animal 
Care and Use Committee Guidelines of CHA (Christianity 
Humanism Academia) University (IACUC220188, Seongnam, 
Korea) and in conformity with the National Guidelines for the 
Care and Use of Laboratory Animals.

Immunohistochemistry staining

Tumors were extracted and chapped at the end of the 
xenograft experiment. Formalin-fixed paraffin-embedded 
tumor samples were obtained and deparaffinised. After 
rehydration in alcohol, immunohistochemical staining for 
MET and Ki-67 was performed using specified antibodies 
(Cell Signaling Technologies) against pMET (#3077), MET 
(#8198), and Ki-67 (#9449). The following day, the sections 
were washed in PBS, three times and then incubated with 
anti-rabbit and anti-mouse secondary antibodies (HRP-
conjugated) at RT for 2 h. All sections were stained with 
hematoxylin and eosin. 

Statistical analysis

Statistical analyses were performed using GraphPad Prism 
7 (GraphPad Software, Inc.). Statistical significance was 
analyzed using Student’s t-test and one-way analysis of 
variance (ANOVA), and data showed mean ± standard 
deviation (SD). Statistical significance was set at P<0.05.

Results

Establishment of EGFR-TKI-resistant cells

Using the dose-escalation method, we established EGFR-
TKI-resistant, EGFR-mutant NSCLC cells (PC-9/ER, 
erlotinib-resistant cells; HCC827/OR, osimertinib-resistant 
cells). Each EGFR-TKI (erlotinib, osimertinib) was sensitive 

in parent cells [growth inhibition (GI50) <50 nM], but the 
established cells showed resistance to each compound, 
erlotinib/osimertinib, using a drug concentration of 1 μM. 
We measured the resistance to EGFR-TKIs in PC-9/ER 
and HCC827/OR using cell viability assays (erlotinib GI50 
in PC-9/ER, 3.60 μM; osimertinib GI50 in HCC827/OR,  
2.0 μM; Figure 1A). HCC827/OR cells were sensitive to 
MET inhibitors (GI50 <0.5 µM). A single treatment of either 
MET inhibitor did not inhibit cell growth in PC-9/ER 
cells, which differed from HCC827/OR cells. However, the 
combination of the EGFR-TKI and the MET inhibitors 
effectively inhibited the growth of resistant cells (PC-9/ER,  
HCC827/OR). As shown in Figure 1B, combinatory cell 
growth inhibition effect by the MET inhibitor and EGFR-
TKI in these cell lines demonstrated a GI50 value below 
0.2 μM (capmatinib, CB538 IC50 in PC-9/ER, 0.020,  
0.173 μM; capmatinib, CB538 IC50 in HCC827/OR,  
<0.010 μM). HCC827/OR cells had a more fibroblast-
like cell shape than parent cells on a light microscope. The 
round shape of the parental cells changed to a smaller size, 
and the spindle formed was similar to that of fibroblast 
cells, suggesting that EMT-like changes might have 
occurred (Figure 1C). Next, we examined the effects of each 
EGFR-TKI on the EGFR/MET signaling pathway in the 
PC-9/ER and HCC827/OR clones. Yang et al. previously 
confirmed that the MET downstream signaling pathway 
was activated by MET amplification and Axl upregulation 
in these cell lines compared with the parent cell lines that 
harbor the EGFR exon 19 deletion (19del) mutation (23). 
We also observed that MET/Axl signaling pathways were 
activated in these cells, especially HCC827/OR. Moreover, 
only a slight reduction in AKT/ERK signaling was observed 
in resistant cells after administration of low dose EGFR-
TKI, erlotinib or osimertinib (Figure 1D). To confirm the 
induction of EMT in PC-9/ER and HCC827/OR cells, we 
analyzed the expression of EMT-related marker proteins. 
E-cadherin maintains cell adherence and tight-junction as 
an epithelial marker, whereas the mesenchymal counterparts 
are frequently expressed by N-cadherin, fibronectin and 
vimentin (13). Compared to the parent cells, the expressions 
of N-cadherin and vimentin were increased in both resistant 
cell lines, whereas the expression of E-cadherin was reduced 
in HCC827/OR cells (Figure 1D).

Treatment of CB538 relieves acquired resistance to 
EGFR-TKI

Next, we determined whether adding a MET inhibitor 

https://www.sciencedirect.com/science/article/pii/S0169500220304530?via=ihub#fig0005
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Figure 1 In vitro characterization of established EGFR-TKI-resistant cells. (A) Cell viability of MET inhibitors and erlotinib/ osimertinib 
on parent and resistant cells were analyzed using a MTT assay (n=3). Cell viability was measured after single treatment of CB538 and 
erlotinib or osimertinib for 72 h in parent cells (PC9, HCC827) and resistant cells (PC9/ER and HCC827/OR). (B) Cell growth inhibition 
effect by combination treatment of MET inhibitor and EGFR-TKI was analyzed. (C) Morphological differences between parental HCC827 
and HCC827/OR cells were observed by optical microscope (1,000 μm scale). (D) The cellular signaling proteins were measured in parent 
and resistant cells and inhibition effects of single drug treatment were accessed using western blot. Parent and resistant cells were treated 
with MET-TKI and EGFR-TKI (0.1, 1 μM) in PC9 and HCC827 cells for 4 h, respectively. EGFR, epithelial growth factor receptor; MET, 
mesenchymal epithelial transition; MTT, 3-(4,5-dimethylthiazol-2-yl)2-,5-diphenyltetrazolium bromide; PC9/ER, erlotinib-resistant PC9; 
PC9/P, parental PC9; HCC827/OR, osimertinib-resistant HCC827; HCC827/P, parental HCC827; TKI, tyrosine kinase inhibitor.

would relieve EGFR-TKI resistance in EGFR-TKI-
resistant cells. We evaluated the effect of CB538, a c-MET 
inhibitor, on acquired EGFR-TKI resistance in erlotinib-
resistant or osimertinib-resistant cells. Furthermore, 
capmatinib was used as a reference c-MET inhibitor. 

CB538 showed a selective kinase inhibition profile 
including Axl, Ron and Mer kinase in many tyrosine kinases 
besides MET (Table S1). As a selective type II MET 
inhibitor, CB538 inhibited MET wild type and mutant 
types (exon 14 skipping, D1228X and Y1230H) (Table S2). 

https://cdn.amegroups.cn/static/public/TCR-24-1614-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TCR-24-1614-Supplementary.pdf
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Therefore, we investigated the inhibitory effects of MET 
inhibitors (capmatinib, CB538) and erlotinib/osimertinib 
in PC-9/ER and HCC827/OR cells, either as a single or 
combined treatment. Combination treatment of MET 
inhibitor and EGFR-TKI showed better inhibitory effects 
than single treatment in these cells, as shown in Figure 1B. 
Moreover, treatment with a single MET inhibitor and co-
treatment with EGFR-TKI inhibited MET/Axl protein 
phosphorylation and the AKT/ERK downstream pathway 
proteins for 48 h. The changed expression of EMT-
associated markers by drug treatment was maintained by 
48 h, too. Inhibition effects of activated MET/AKT/ERK, 
N-cadherin and vimentin were similar in both single MET 
inhibitors (Figure 2A). Co-treatment of CB538 with EGFR-
TKI resulted in better consistent inhibition of EGFR and 
MET protein in PC-9/ER and HCC827/OR cells for  
48 h compared to capmatinib. The inhibitory effect of 
CB538 in each cell line was further confirmed using a 
colony formation assay that is already in use. MET-TKI 
inhibited the colony formation in both PC9/ER and 
HCC827/OR cell lines. Concurrent treatment of an EGFR-
TKI and MET inhibitor resulted in enhanced inhibition 
of colony formation in PC-9/ER cells compared with a 
single treatment using either agent alone. MET inhibitor 
showed the dramatic inhibition effects in HCC827/OR cells 
(Figure 2B). Next, we examined the migratory and invasive 
potentials, which are considered functional hallmarks of 
EMT. Using a wound healing assay, we detected the effects 
of MET inhibitor and EGFR-TKI on cell migration. 
PC-9/ER and HCC827/OR cells started migrating and 
closed the wound after 24–48 h. Compared to the control, 
single treatment and co-treatment of CB538 with erlotinib 
or osimertinib significantly prevented cell migration 
(Figure 2C). CB538 showed a greater inhibitory effect 
on cell migration than capmatinib in PC9/ER cells. The 
inhibitory effects of colony forming and migration of the 
MET inhibitor were more significant in HCC827/OR cells, 
indicating that only a single treatment with MET inhibitor 
showed a sufficient inhibitory effect. Moreover, we found 
that a single MET inhibitor and a combination of MET 
inhibitor and EGFR-TKI inhibited the ability of the cells 
to invade. Combination effects of the MET inhibitor and 
EGFR-TKI showed a better significant invasion reduction 
in the CB538-treated groups in both cell lines (Figure 2D). 
Overall, these findings indicate that EMT induction and 
MET activation are largely accompanied by the acquisition 
of resistance to EGFR-TKIs and MET TKIs, including 
CB538, which sensitize these resistances in PC-9/ER and 

HCC827/OR cells.

Activation of MET induced a resistance to EGFR-TKI in 
EGFR-TKI-resistant cells 

To investigate whether the inhibition effect of MET 
inhibitors in EGFR-TKI-resistant cells was conducted by 
targeting c-MET, we treated PC-9/ER and HCC827/OR 
cells with a MET-specific siRNA. Subsequent MTT assays 
showed that downregulation of MET significantly reduced 
cell growth in these cell lines (Figure 3A). Furthermore, 
MET knockdown cells maintained 70% of their maximum 
cell growth compared to the normal control groups. 
Western blot analysis also showed that PC-9/ER and 
HCC827/OR cells exhibited lower phosphorylation of 
EGFR and MET downstream signaling proteins following 
MET knockdown. Next, as determined by Western 
blotting, MET knockdown inhibited the expression of the 
EMT-related proteins N-cadherin and vimentin, in all cell 
lines. In contrast, E-cadherin expression was only increased 
in PC-9/ER cells, thereby exhibiting a different expression 
pattern in HCC827/OR cells by MET knockdown 
(Figure 3B). Consequently, MET suppression reduced the 
invasiveness of both cell lines. Treatment of EGFR-TKI 
inhibited the cell invasion in PC9/ER cells, compared to 
control. MET knockdown exhibited significant inhibitory 
effects, better than the treatment of EGFR-TKI on invasion 
of both cells. However, the addition of EGFR-TKI didn’t 
show a significant inhibitory effect in MET knockdown 
groups (Figure 3C). Western blot results demonstrated a 
similar expression pattern of phospho-proteins between 
MET, Axl and EGFR. Along with MET, Axl is a potential 
biomarker and therapeutic target for cancer therapy. 
Therefore, we hypothesized that MET forms clusters and 
interacts with other receptor kinases in response to HGF. 
Notably, previous studies have added HGF to serum-
starved cancer cells and observed a dynamic change in the 
distribution of MET proteins on the plasma membrane, 
along with co-clustering of MET and Axl receptor tyrosine 
kinases (24,25). We investigated the protein interactions 
between EGFR, Axl, and MET using a co-IP assay. Here, 
Axl receptors interacted with MET receptors at the basal 
level of endogenous proteins, although the interaction 
between the receptors was noticeably weak in the PC-9/ER 
cells. HGF stimulation can lead to the strong dimerization 
of MET and Axl in both resistant cell lines (PC-9/ER, 
HCC827/OR), whereas their interaction was reduced by 
drug treatment. The treatment of MET inhibitor reduced 
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Figure 2 CB538 exhibits anticancer effects on EGFR-TKI resistant cells. (A) The inhibition effects of cellular signaling proteins by single or 
combination treatment were accessed using western blot. Cells were treated with CB538, Capmatinib (0.1 μM) and/or EGFR-TKI (0.1 μM) in 
PC9/ER and HCC827/OR cell for 24–48 h. (B) Colony formation assay was used to determine the effects of the concurrent treatment with both 
compounds in PC9/ER and HCC827/OR cells. Cells were seeded at 2×103 cells/mL and treated with compounds every 3 day. After 12–15 days, the 
culture cell colonies were stained with 0.5% crystal violet and imaged representative images from three separate experiments are shown. (C) The 
inhibitory effects of cell migration were measured by wound-healing assay. cells were seeded in 6-well plates at 1×106 cells/mL and incubated for 24 
h. After cells reached 100% confluence, wounds were generated using a 200 μL micropipette tip. After 24–48 h incubation, extents of wound closure 
areas were measured using ImageJ analysis program. (D) Cell invasion assay was measured by 8-μm pore size Boyden chamber plate. Serum free-
culture cells (1×106 cells) was seeded on the upper chamber. Serum-free medium containing 100 ng/mL hHGF was placed in the lower chamber. 
After 48 h, invasive cells at the lower chamber were lysed and dyed. The data shown are the mean ± SD. *, P<0.05; **, P<0.01; ***, P<0.001 vs. 
Control; n=3. EGFR, epithelial growth factor receptor; HGF, hepatocyte growth factor; MET, mesenchymal epithelial transition; PBS, phosphate 
buffed saline; PC9/ER, erlotinib-resistant PC9; PC9/P, parental PC9; HCC827/OR, osimertinib-resistant HCC827; HCC827/P, parental HCC827; 
TKI, tyrosine kinase inhibitor.

the interaction of activated MET-Axl in HCC827/OR cells 
(Figure 3D). We observed that treatment with MET siRNA 
resulted in a concomitant decrease in both MET and Axl 
expression in PC-9/ER and HCC827/OR cells (Figure 3B). 
We could not confirm the interaction between MET and 
EGFR in either resistant cell line. 

Co-treatment with CB538 and osimertinib reverses 
acquired osimertinib resistance in vivo

To evaluate the inhibitory effect of CB538 combined with 
osimertinib on NSCLC cells in vivo, a mouse xenograft 
model was induced subcutaneously by injection of 
HCC827/OR cells. The drugs were orally administered 
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Figure 3 MET signaling pathway mediated the resistance to EGFR-TKI and crosstalk with Axl in PC9/ER and HCC827/OR cells. (A) Cell 
viability was measured after knocked down by specific siMET in PC9/ER and HCC827/OR. MET knockdown cells were treated with each 
compound for 72 h. Cell viability was analyzed by MTT assay. (B) The inhibition efficiency of MET knockdown was confirmed by cell signaling 
pathway using western blot. Cells were treated with MET-specific siRNA for 24–48 h, followed by the treatment with erlotinib or osimertinib 
for 4 h. The cell lysates were harvested and the phosphorylation of indicated proteins was determined by western blotting. (C) hHGF-induced 
cell invasion effects in normal (siControl) and MET-knockdown cells (siMET) were measured. Cells were treated with siRNA for 24 h, followed 
by an additional 24 h of serum starvation. Cells were plated into the upper chambers of Boyden chambers in serum-free medium and with HGF 
100 ng/mL in the lower chambers. After 48 h, the invaded cells to the lower chambers were enumerated as described in the Methods. Data was 
shown as fold difference relative to the vehicle-treated group as mean ± SD. Statistically analysis was performed by one-way ANOVA relative 
to the control group. *, P<0.05; **, P<0.01; ***, P<0.001 vs. Control; n=3. (D) Inhibition of MET-Axl interaction by MET-TKI was confirmed 
by immunoprecipitation assay. Serum-starved cells were treated with EGFR-TKI, MET-TKI or 0.5% DMSO for 4 h and then with HGF  
(50 ng/mL) for 10 min. Cell lysates were subjected to IP with anti-MET antibody. The immunocomplexes were western blotted with antibodies 
specific for Axl (total Axl), P-Axl (Tyr-779-phosphorylated), MET (total MET), and P-MET (Tyr-1234/1235-phosphorylated) as indicated. 
ANOVA, analysis of variance; DMSO, dimethyl sulfoxide; EGFR, epithelial growth factor receptor; HGF, hepatocyte growth factor; IP, 
immunoprecipitation; MET, mesenchymal epithelial transition; MTT, 3-(4,5-dimethylthiazol-2-yl)2-,5-diphenyltetrazolium bromide; siControl, 
negative control; pERK, extracellular signal-regulated kinase; SD, standard deviation; TKI, tyrosine kinase inhibitor; HCC827/OR, osimertinib-
resistant HCC827; HCC827/P, parental HCC827; PC9/ER, erlotinib-resistant PC9; PC9/P, parental PC9.

once daily, 5 days per week, for 3 weeks. Treatment with 
50 mg/kg CB538 alone or in combination with 5 mg/kg 
osimertinib led to significant inhibition of tumor growth 
compared with the saline groups. As shown in Figure 4A,4B,  
single treatment and co-treatment of CB538 with 
osimertinib significantly inhibited tumor volumes, 
especially compared to the effect observed in mice treated 
with osimertinib alone. In addition, we did not observe 
any body weight loss in mice treated with the inhibitor, 

either alone or in combination (Figure 4C). A few mice 
in control group showed the maximal body weight 
reduction of 17% by increasing a rapid tumor size at the 
end of experiment. The results of immunohistochemistry  
(Figure 4D) for in vivo tumor sections showed a decrease in 
mitotic index (Ki-67), p-MET in CB538 and combination 
groups. Total and phospho-MET were highly expressed 
on osimertinib treatment group. Western blotting in 
tumor lysates significantly decreased the phosphorylation 
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Figure 4 CB538 induced a marked tumor shrinkage to osimertinib-resistant xenograft models harboring HCC827/OR cells. HCC827/OR 
cells were subcutaneously implanted into athymic BALB/c nu/nu mice. CB538 (50 mg/kg) and osimertinib (5 mg/kg) were given once daily 
by oral gavage for the indicated period (n=5). After 22 days of each drug treatment, the tumors from two or three mice of each treatment 
groups were collected. (A) Macroscopic appearance of tumors at the end of experiment. (B,C) The tumor volumes and body weight of mice 
were measured every 3 days. The results in B and C are indicated as mean ± SD (n=5). (D) The samples were paraffin-embedded and stained 
with HE or analyzed for immunohistochemistry detection using corresponding antibodies. Scale bars represent 200 μm. (E) Expression 
of MET, Axl, AKT proteins in in vivo xenograft tumors was analyzed using Western blot. Tumor lysates were harvested and the indicated 
proteins were detected by western blot. Relative protein densities of phospho-proteins were indicated as mean ± SD (n=3). Statistical 
significance was analyzed by ImageJ and Prism 7.0: *, P<0.05; **, P<0.01; ***, P<0.001 vs. Vehicle Control, Osimertinib group. HCC827/OR, 
osimertinib-resistant HCC827; HE, hematoxylin & eosin; MET, mesenchymal epithelial transition; PARP, poly (ADP-ribose) polymerase; 
SD, standard deviation.

of MET, Axl and AKT by CB538 and co-treatment with 
osimertinib. CB538 treatment showed a similar inhibition 
effect with combination treatment on tumor size, but only 
combination group enhanced apoptosis-associated protein 
(cleaved PARP) (Figure 4E). We confirmed that apoptosis 
was induced by combination treatment. Consistent with 
the in vitro experiments, these results suggested that the 
combined therapy exhibited antitumor effects in HCC827/
OR xenograft mice.

Discussion

Despite the mutation and activation of EGFR are recognized 

as important oncogenic drivers in patients with NSCLC, 
currently existing EGFR-TKIs have shown limited 
potential due to the emergence of acquired resistance. 
Recently, osimertinib, a third-generation EGFR-TKI, was 
reported to have superior efficacy as a first-line treatment 
targeting the EGFR T790M mutation (1). Despite the more 
potent inhibition of EGFR signaling, patients inescapably 
develop secondary resistance. The mechanisms underlying 
resistance to third-generation TKI are complex and not 
fully understood. MET amplification is one of the major 
resistance mechanisms to osimertinib (5–22%) (7,14). Several 
preclinical studies and clinical trials have demonstrated that 
the co-targeting of c-Met inhibitors, such as crizotinib and 
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tepotinib, with osimertinib has the potential to overcome 
resistance by MET gene amplification in EGFR-TKI-
resistant, EGFR-mutant NSCLC cell lines (19-22).

To identify the EGFR-TKI resistance mechanism 
in EGFR-TKI-resistant NSCLC cells, we established 
erlotinib- or osimertinib-resistant cell lines (PC-9/ER 
and HCC827/OR) using a dose escalation method for the 
EGFR-TKI. Compared to EGFR-TKI-sensitive EGFR-
mutant parent cells, resistant cells were insensitive to 
growth inhibition induced by EGFR-TKI. A previous 
study showed that increased activation of MET/Axl and the 
downstream signaling pathway, AKT/ERK, is associated 
with acquired resistance to EGFR-TKIs, independent of 
any additional mutations in EGFR (24). Our established 
resistant cells showed the activation of MET/Axl and AKT/
ERK compared to parent cells, especially in HCC827/OR 
cells. In addition, we found that the expression of EMT-
associated proteins (vimentin, N-cadherin) was enhanced. 

We investigated the combined anticancer effect of 
a MET inhibitor and EGFR-TKI and then identified 
MET activation as a key resistance mechanism to EGFR-
TKI. We also evaluated the antitumor effect of CB538, a 
novel c-MET inhibitor. The results of the present study 
demonstrated that the MET inhibitors, capmatinib and 
CB538, re-sensitized erlotinib/osimertinib-resistant 
NSCLC cells to the EGFR-TKIs. The treatment of a 
MET inhibitor exerted beneficial effects on the inhibition 
of cell signaling, viability and colony-forming ability. 
MET inhibitors alone inhibited the migratory and invasive 
potential of these cells. We also performed loss-of-function 
experiments by MET knockdown to demonstrate that MET 
has an important function in these cells. Notably, MET-
silencing increased the inhibitory sensitivity toward EGFR-
TKI in the established resistant cells. MET silencing 
inhibited cell signaling downstream proteins (AKT/ERK) 
and cell viability. MET TKIs also inhibited activated EMT 
proteins (N-cadherin, vimentin) in EGFR-TKI-resistant 
NSCLC cells. Some results reported EMT as a candidate 
mechanism for mediating, especially acquired EGFR-TKI 
resistance. These in vitro observations were confirmed 
in our mouse model. The mice receiving the CB538 and 
combination treatment showed tumor reduction effects. 

Previous studies have shown that Axl and MET mediate-
acquired resistance to EGFR-TKIs and that these receptors 
regulate metastasis, cell proliferation and poor survival in 
patients with NSCLC (13,26). Axl is involved in metastasis 
as an essential regulator of EMT process in cancer cells (27). 

We also showed that both MET and Axl receptors were 
activated and interacted via co-IP in EGFR-TKI-resistant 
cells. Notably, MET knockdown decreased Axl expression, 
activity of Axl and EMT proteins (N-cadherin, vimentin). 
Axl and MET signaling share similar downstream 
molecules, such as PI3K/AKT and MEK/ERK. CB538 
treatment reduced the activation of MET/Axl and AKT. 

Recent clinical evidence suggests that MET-mutation-
mediated resistance to type I but not type II MET 
inhibitors confirmed the potential of sequential use of type 
I and II inhibitors to achieve a more durable response. 
Type I MET-TKIs, including crizotinib, capmatinib, 
tepotinib, and savolitinib, bind to the catalytically active, 
or DFG-in, conformation of MET where the aspartic 
acid-phenylalanine-glycine (DFG) motif points into the 
ATP-binding site. In contrast, type II MET-TKIs, such as 
cabozantinib, merestinib, and glesatinib, bind to MET in its 
inactive, or DFG-out state, which competes an additional 
hydrophobic pocket adjacent to the MET ATP binding 
site (28,29). Some reports have shown that switching from 
type I to type II MET inhibitors can delay the resistance 
driven by MET secondary mutations (D1228X, Y1230X)  
(30-32). Cabozantinib is a multikinase, type II inhibitor with 
putative preclinical activity against type I MET inhibitor 
resistance mutations, thereby offering a potential treatment 
strategy in EGFR-TKI-resistant, MET-activated NSCLC. 
However, appreciable toxicity has also been reported, which 
may limit their widespread use (33,34). CB538 is a selective 
type II inhibitor that inhibits wild-type MET and secondary 
mutant types. A selective and more potential MET inhibitor 
should be presented than the current clinical MET 
inhibitors for sequential use of MET-TKIs.

Conclusions

The present study only analyzed the effects in two EGFR-
TKI-resistant cell lines; therefore, further elucidation of 
the relevant molecular mechanisms is required. However, 
MET inhibitor, CB538, decreased cell growth, migration, 
and invasive properties of EGFR-TKI-resistant NSCLC 
cells. Subsequently, CB538 inhibited tumor cell growth and 
invasion in single or co-treatment with EGFR-TKIs by 
inhibiting multiple oncogenic signaling networks, including 
EGFR, MET, Axl, AKT, and EMT. Thus, the treatment 
application of CB538 could provide evidence for clinical 
treatment strategies for patients with EGFR-mutant lung 
cancer. 
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