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국문 요약 

연구 목적: EMT (Epithelial to mesenchymal transition) 현상은 EGFR  표적치료제에 대한 

내성과 관련 있는 기전으로 알려져 있다. 하지만 3 세대 EGFR 타이로신 키나제 

억제제에 대한 내성 기전으로써 EMT 현상을 극복하기 위한 방안에 대한 자료는 매우 

미흡한 상태이다. 본 연구에서는 비소페포폐암 세포주에서 EMT 현상과 관련한 3세대 

EGFR 타이로신 키나제 억제제 내성 극복을 위한 CDK7 (Cyclin dependent kinase 7) 

억제제의 효과에 대하여 확인해 보고자 하였다. 

연구재료와 연구방법: 본 연구를 위하여 H1975 세포주를 활용하여 Osimertinib 과 

WZ4002 에 대한 EGFR 표적치료제 내성 세포주를 구축하였다. EMT 발현 여부를 

확인하기 위한 형태학적 변화를 확인하고, 침습/이동성 분석 및 면역탁본검사를 

시행하였다. 또한 EMT 로 인한 유전적 변화를 확인하기 위하여 RNA 분석을 

시행하였으며,  CDK7 억제제로는 THZ1와 QS1189를 사용하였다. 

연구결과: 실험을 통하여 구축된 H1975 내성 세포주는 형태학적으로 방추형 모양 및 

위족 형성을 포함한 EMT 변화가 관찰되었다. 면역탁본검사에서 E-cadherin의 감소와 

Vimentin 의 증가가 관찰되었으며, RNA 분석에서 EPCAM 과 CDH1 의 감소가 
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확인되었다. 침습 및 이동성 분석에서도 현저히 증가된 침습성과 이동성을 확인할 수 

있었다. 이러한 EMT 변화가 나타난 내성 세포주는 모세포보다 THZ1 에 보다 민감한 

약제 반응을 보여주었다. 이러한 현상은 TGF-ß 에 의하여 유도된 EMT 세포주에서도 

유사하게 관찰되었으며, HCC827 과 PC9 세포주를 이용하여 구축한 gefinitib 내성 

세포주에서도 같은 현상을 확인하였다. 

결론: EMT현상은 EGFR타이로신 키나제 억제제에 대한 약제 감수성 감소와 관련이 

있는 것으로 보이며, 이러한 EMT 에 의하여 생성된 내성세포주는 CDK7 억제제에 

보다 높은 민감도를 보여주었다. 이러한 결과는 비소세포폐암에서 EMT관련 3세대 

EGFR 표적치료제 내성을 극복하기 위한 전략으로서 CDK7 억제제의 활용 가능성을 

시사한다.  

 

중심단어: 비소세포폐암, EGFR 타이로신 키나제 억제제 획득 내성, EMT, CDK7 

억제제 
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Introduction 

Lung cancer is the leading cause of cancer mortalities globally1, 2). Resistance to lung 

cancer therapies contributes to higher death rates in these patients. A targeted therapy 

utilizing an Epidermal Growth Factor Receptor (EGFR) mutation improved the 

survival rate of patients until resistance began to develop3). First-generation EGFR-

tyrosine kinases (TKIs) therapy exhibits efficacy for a short time (<2 years); however, 

inevitably, resistance gradually develops, leading to disease progression4). Various 

resistance mechanisms for EGFR-TKIs have been reported in previous research, 

including T790M point mutations, EGFR amplification, ERBB2 amplification, small 

cell lung cancer transformation, MET amplification, PI3K mutation, epithelial 

mesenchymal transition (EMT), BRAF mutation, and KRAS mutation4-7). The T790 

mutation is considered the most prevalent type (40~50% of cases) of resistance to the 

first-generation EGFR-TKIs. Recently, a third generation drug osimertinib has been 

developed to overcome T790M associated resistance8). However, most of the 

mechanisms involved in third-generation EGFR-TKI resistance have not yet been 
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elucidated. As such, various attempts to overcome acquired resistance to 3rd 

generation EGFR inhibitors are critical for improving the prognosis of patients. 

EMT is a biological process via which cells undergo a switch from the polarized 

epithelial phenotype to the mesenchymal fibroblastoid phenotype and considered to 

be one of the resistance mechanisms. EMT is involved in several diverse processes, 

including embryonic development, chronic inflammation, fibrosis9, 10), tumorigenesis, 

invasion, metastasis and drug resistance11-13). As a result of EMT, cells downregulate 

the expression of epithelial proteins containing E-cadherin and upregulate the 

expression of mesenchymal proteins, including vimentin. In addition, cells 

undergoing EMT are characterized by the loss of apico-basal polarity and intact cell-

cell junctions followed by the acquisition of front-rear polarity and morphologic 

change to a spindle shape with remodeling of the cytoskeleton14). This EMT program 

enhances the invasive capacity, therapeutic resistance, and cancer stem-cell-like 

properties13). EMT has also been reported as one of the mechanisms of EGFR-TKI 

resistance7). However, studies to overcome EMT related EGFR-TKI resistance are 
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still insufficient. 

Cyclin-dependent kinases (CDKs) are a family of serine-threonine kinases that play 

an important role in cell cycle progression. Over 90% of tumors have been found to 

be upregulated in the CDKs due to changes in the expression and genetic variation of 

CDKIs. Based on this, CDKs inhibitors are likely to be developed as anticancer 

agents that inhibit the growth of various cancers. In particular, CDK7 acts as a master 

regulator of transcription and is known to modulate RNA polymerase II activity15). 

Recently, CDK7 inhibitors have been reported to inhibit abnormal cell growth 

associated with hematologic malignancy16), breast17), esophageal18), and small cell 

lung cancer19). Specifically, small cell lung cancer studies have shown that the action 

of THZ1 significantly reduces the activity of super-enhancers and associated 

oncogene transcription factors19), which suggests that CDK inhibitors could 

potentially be used as anticancer agents. 

This study evaluated whether EMT was expressed in the resistant cell lines generated 

by treatment with 3rd generation EGFR-TKIs, and analyzes the effect of CDK7 
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inhibitors on EMT-associated resistance cells to evaluate a potential therapeutic 

strategy to overcome EMT related EGFR-TKI resistance. 
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Materials and Methods 

2.1. Cell culture and reagents 

The H1975 and HCC827 cell lines were obtained from the American Type Culture 

Collection (Rockville, MD), and the PC-9 cell line was provided by Dr. Kazuto 

Nishio (National Cancer Center Hospital, Tokyo, Japan). Cells were cultured in 10% 

fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL streptomycin 

(Invitrogen, Carlsbad, CA) at 37°C in an atmosphere with 5% CO2. Osimertinib, 

WZ4002, and THZ1 were purchased from Selleck Chemicals (Houston, TX). The 3-

(4,5-dimethylthiazo-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution and 

TGF-β1 was purchased from Sigma (St. Louis, MO) and R&D Systems 

(Minneapolis, MN), respectively. QS1189 was kindly provided by Orient Bio 

(Seongnam, Korea).  

 

2.2. Establishment of a 3rd generation EGFR-TKI resistant cell line 

H1975/WR and H1975/OR cells were subjected to repeated exposure to WZ4002 or 



6 

osimertinib, as reported in the previous studies20). In all studies, resistant cells were 

then cultured in a drug-free medium for >1 week to eliminate the effects of each drug. 

The resistant cell lines were authenticated using STR analysis and confirmed to be 

mycoplasma free using standard methods. 

 

2.3. Immunoblot analysis 

Whole-cell lysates were prepared using EBC lysis buffer (50 mM Tris-HCl [pH, 8.0], 

120 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 0.3 mM 

phenylmethylsulfonyl fluoride, 0.2 mM sodium orthovanadate, 0.5% NP-40, and 5 

U/mL aprotinin) and then centrifuged. The resultant supernatant (20 μg) was 

separated on an 8% to 12% sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis and transferred onto polyvinylidene difluoride membranes 

(Invitrogen). The membranes were probed with antibodies against p-EGFR 

(Tyr1173), p-Erk (Thr202/Tyr204), Erk, Akt, E-cadherin, β-actin (all from Santa 

Cruz Biotechnology, Santa Cruz, CA), p-Akt (Ser473), β-catenin, EpCAM, 
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Desmoplakin, cytokeratin-8/18, (all from Cell Signaling Technology, Beverly, MA), 

and vimentin was used as the first antibody (Cell Signaling, Beverly, MA). Then the 

membranes were treated with horseradish peroxidase-conjugated secondary antibody. 

All membranes were developed using ECL kits (PerkinElmer, Waltham, Mass). 

 

2.4. Invasion and Migration assays 

The cell migration and invasion assays were done using Transwell (6.5 mm diameter, 

8 mm pore size polycarbonate membrane), which was obtained from Corning 

(Cambridge, MA). The cells (1 × 105) in 200 μL medium were placed in the upper 

chamber, and the lower chamber was filled with 1 mL of serum-free media 

supplemented with 0.1% bovine serum albumin. Following incubation for 24 h, the 

cells that migrated to the lower surface of the filters were stained with a Diff-Quick 

kit (Fisher Scientific, Pittsburgh, PA), and then they were counted under a 

microscope. The migration assay was conducted using the same procedure with 

filters that were coated with extracellular matrix on the upper surface (BD 
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Biosciences, Bedford, MA). The mean represents the results in triplicate (standard 

deviation). 

 

2.5. RNA sequencing 

Each cell was pelleted, and total RNA was extracted using an RNeasy Mini Kit 

(Qiagen, Hilden, Germany). Genomic DNA was eliminated, and RNA integrity was 

verified using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, 

USA). RNA Sequencing was performed by a specialized company (Macrogen, Seoul, 

Korea) using the TruSeq RNA Sample Prep Kit v2 and HiSeq. 2500 platform 

(Illumina, San Diego, CA, USA). Sequenced reads were trimmed using 

TrimMomatic 0.32. The trimmed reads were mapped to the hg19 reference genomes 

using HISAT (version 2.0.5) and Bowtie2. Expression levels were measured as 

fragments per kilobase for map reads (transcript per million) using StringTie (version 

1.3.3b). 
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2.6. Cellular viability assays 

Cells (1 × 104) were seeded into 96-well sterile plastic plates overnight and then 

treated with the relevant drugs. Following 72 h, 15 μL of MTT solution (5 mg/mL) 

was added to each well, and the plates were incubated for 4 h. Crystalline formazan 

was solubilized in 100 μL of 10% (w/v) SDS solution for 24 h. Absorbance at 595 

nm was read spectrophotometrically using a microplate reader. Cell counting was 

determined using an ADAM-MC automatic cell counter (NanoEnTek, Seoul, Korea) 

according to the manufacturer’s instructions. The results represent at least three 

independent experiments, and the error bars signified the standard deviation from the 

mean. The IC50 values were determined using GraphPad Prism software (GraphPad, 

Inc., La Jolla, CA). 

 

2.7. Statistics 

Data are presented as the mean ± standard deviation. P values ≤0.05 were determined 

using unpaired or paired t-tests between groups using the GraphPad Prism software.  
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Results 

3.1. The induction of EMT in acquired resistance to 3rd-generation EGFR-TKIs 

To investigate the mechanisms of acquired resistance to 3rd-generation EGFR-TKIs, 

we established H1975/WR and H1975/OR through stepwise selection in WZ4002 or 

osimertinib, as described in previous studies20). Both types of cells exhibited 

resistance more than 10 times to each drug compared with the parent cells (WZ4002 

IC50 = 106.9 nM in H1975 and 1494 nM in H1975/WR, osimertinib IC50 = 39.9 nM 

in H1975 and 1352 in H1975/OR; Figure 1 and Table 1). These resistant cells 

exhibited an increase in spindle-shaped cells that were similar to the spindle-shaped 

cells produced by EMT (Figure 2).  

 

3.2. Results of immunoblot analysis used to evaluate EMT in the acquired resistance 

to 3rd-generation EGFR-TKIs 

In order to evaluate the induction of EMT in both of the resistant cells, we analyzed 

the expression of marker proteins for epithelial or mesenchymal phenotypes by using 
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western blotting (Figure 3). Compared with the H1975 cells, epithelial marker 

proteins containing E-cadherin, β-catenin, EpCAM, desmoplakin, and cytokeratin-

8/18 were significantly reduced in both of the resistant cells, whereas vimentin 

expression was increased. Moreover, the expression and activity of EGFR were 

reduced in both of the resistant cells; while the activity of Akt was significantly 

upregulated.  

 

3.3 Results of Invasion and Migration assays of EMT associated acquired resistance 

cell lines to 3rd-generation EGFR-TKIs 

We investigated the ability of migration and invasion, which are considered 

functional hallmarks of EMT. We found that the abilities of migration and invasion 

were significantly enhanced in both of the resistant cells (Figure 4). Thus, these data 

suggested that the acquisition of resistance to 3rd-generation EGFR-TKIs induced 

molecular changes that were consistent with EMT.  
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3.4. Results of RNA sequencing for the evaluation of genetic changes attributed to 

EMT during acquired resistance to 3rd-generation EGFR-TKIs 

To determine the genetic changes caused by EMT associated markers in the resistant 

cell lines, we performed RNA sequencing. The top 15 genes with increasing or 

decreasing patterns at the RNA level are shown in Table 2. EPCAM and CDH1 were 

significantly reduced, and this suggested that EMT was induced at the genetic level. 

 

3.5. Efficacy of CDK7 inhibitors on the EMT acquired resistance cell lines for the 

3rd-generation EGFR-TKIs 

Previous studies showed that CDK7 was associated with EMT; however, it was 

controversial whether targeting CDK7 could overcome EMT 21-24). Therefore, to 

determine the effect of CDK7 inhibition in both types of resistant cells, we used 

THZ1 and QS1189 as CDK7 inhibitors. QS1189 was developed as a novel CDK7 

inhibitor in a previous study16). As shown in Figure 5 and Table 3, both resistant cells 

were more sensitive to CDK7 inhibitors than the parental cells (THZ1 IC50 = 379 nM 
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in H1975, 83.4 nM in H1975/WR, 125.9 nM in H1975/OR; QS1189 IC50 = 755.3 nM 

in H1975, 232.8 nM in H1975/WR, 275.3 nM in H1975/OR). Next, CDK7 kinase 

activity has been involved in phosphorylation of the CTD of RNAPII, which played 

a role in transcription initiation and RNAPII procession15, 25, 26). We performed 

western blotting following treatment of THZ1 (Figure 6) to evaluate the inhibitory 

effect of CDK7 substrate in the parental and resistant cells,. The inhibitory effect of 

THZ1 on the activity of RNAPII-CTD was similar for H1975 and H1975/OR cells. 

However, H1975/WR cells showed the inhibition of RNAPII-CTD phosphorylation 

at Ser2, Ser5, and Ser7 at a lower concentration of THZ1. In addition, THZ1 

treatment failed to inhibit the activity of EGFR and Akt, while dose-dependent 

induction activity was associated with Erk. 

 

3.6. Efficacy of CDK7 inhibitor on the TGF-ß induced EMT cell lines 

To determine whether induction of EMT could affect sensitivity to the CDK7 

inhibitor, we assessed the response of THZ1 to TGF-β1-induced EMT. When cells 
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were treated with TGF-β1 for 24 h, cells with mutant EGFR were scattered with an 

observed loss of E-cadherin and increased vimentin. The sensitivity to THZ1 was 

increased in cells with TGF-β1-induced EMT (Figure 7). In addition, TGF-β1 

treatment did not affect the inhibition of RNAPII-CTD phosphorylation by THZ1. 

Therefore, the induction of EMT enhanced sensitivity to the CDK7 inhibitor.  

 

3.7. Efficacy of CDK7 inhibitor on the TGF-ß induced EMT using T790M naïve cell 

lines 

Following induction of EMT using TGF-ß in T790M negative cell lines (HCC827 

and PC-9), the effects of CDK inhibitors were evaluated. The sensitivity to THZ1 

increased in the cells with TGF-β1-induced EMT, while the sensitivity to osimertinib 

had decreased (Figure 8). This pattern was consistent with the experimental results 

for the efficacy of CDK7 inhibitors on EMT associated resistant cell lines created 

with 3rd-generation EGFR-TKIs.  
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Discussion 

We established two 3rd generation EGFR-TKI resistant cell lines (H1975/WR, 

H1975/OR) via repeated exposure to Osimertinib and WZ4002. The resistant cells 

showed phenotypical changes similar to EMT, including a spindle-cell shape and 

increased pseudopodia formation. Decreased E-cadherin and increased vimentin 

were observed in the immunoblot assay, and decreased EPCAM and CDH1 were 

found during RNA sequencing. The abilities of invasion and migration were 

increased in the resistant cells. The EMT related resistance cells showed higher 

sensitivity to THZ1 than the mother cells. This phenomenon was observed in the 

TGF-ß induced EMT cell lines and the T790M negative resistant cell lines (HCC827, 

PC-9). 

EMT is associated with poor prognosis for non-small cell lung cancer patients 27) 28), 

and previous studies have shown that the mesenchymal phenotype was more resistant 

to the 1st generation EGFR-TKI treatment than the epithelial phenotype29-31). 

Previous studies have revealed that EMT was a potential mechanism involved in 
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first-generation EGFR-TKI resistance. Moreover, there have been a few reports of 

EMT related third-generation EGFR-TKI resistance32). Li X et al. reported that 

C797S was the most common cause of third-generation EGFR-TKI resistance, but 

EMT is also a possible cause of acquired resistance33). This study found that EMT 

was related to acquired resistance caused by 3rd generation EGFR-TKI. These 

phenomena were confirmed by (a) the alteration of morphology such as formation of 

spindle-shaped cells and pseudopodia, (b) changes in the molecular marker proteins 

loss of E-cadherin and gain of vimentin, (c) increased invasive and migratory ability, 

and (d) decreased RNA levels which were related to the epithelial markers.  

Previous studies have reported that continuous exposure of tumor cells to TGF-ß 

induced EMT through the SMAD and MAPK pathways11, 34). Therefore, to determine 

whether EMT led to increased sensitivity to the CDK7 inhibitors apart from EGFR-

TKI exposure, we established TGF-ß induced EMT cell lines and then measured the 

response to the CKD7 inhibitors and EGFR-TKIs. In the current study, we found that 

drug sensitivity for EGFR-TKIs decreased, while sensitivity to CDK7 inhibitors 
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increased for the TGF-induced EMT cells. These data suggested that EMT might be 

a potential mechanism of acquired resistance to the 3rd generation EGFR-TKIs in 

non-small cell lung cancer. 

An interesting part of this study was that the drug sensitivity to CDK7 inhibitors was 

higher in the EMT associated EGFR-TKI resistant cell lines than in the parental cells. 

Cyclin-dependent kinase (CDK)7 is necessary for transcription and acts by 

phosphorylating the C-terminal domain (CTD) for RNA polymerase II (PolII), which 

enables transcription initiation. Increases in the transcription factors have been 

reported for various carcinomas, and there were a number of studies that reported 

pharmacological modulation of the CDK7 kinase activity, which might provide 

potential anti-cancer activities 17, 18, 35-37). In this study, we found that treatment using 

CDK7 inhibitors inhibited the RNA polymerase II activity in EMT associated EGFR-

TKI resistance cells. This suggested that EMT induced resistant cells might have 

transcriptional addiction, which increased the sensitivity of the CDK7 inhibitors. 

These results suggested a potential utility of CDK7 inhibitors as a strategy to 
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overcome 3rd generation EGFR-TKI resistance. 

A few limitations of this study should be taken into consideration. Firstly, while our 

study found that EMT was correlated with acquired resistance to EGFR-TKI, the 

potential mechanism involved is not yet clear. Various extracellular signal factor 

stimuli and the activation of corresponding intracellular signaling pathways 

ultimately resulted in the downregulation of E-cadherin, which is considered as the 

hallmark of EMT14). Further research is required to identify the specific mechanisms 

of action involved. Secondly, it is still unclear what proportion of EGFR-TKI 

resistance was associated with EMT expression in the patients who used 3rd 

generation EGFR-TKIs. In a previous study on acquired resistance mechanisms to 1st 

generation EGFR-TKIs, EMT associated drug resistance was reported to be about 1-

2%4). However, the proportion of resistance mechanisms by EMT expression is 

unclear when 3rd generation EGFR-TKI were used. This could be evaluated by using 

patient samples obtained in clinical practice settings. Thirdly, specific mechanisms 

could not be confirmed as to whether EMT induced EGFR-TKI resistant cell lines 
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produced higher sensitivity to the CDK7 inhibitors. Our results suggested that EMT 

induced resistant cells showed higher transcriptional activity and might affect 

increased sensitivity to CDK7 inhibitors; further research is required to elucidate this 

mechanism. 
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Conclusions 

In conclusion, EMT was associated with decreased drug sensitivity to EGFR-KTI, 

and EMT related resistance cells showed increased sensitivity to the CDK7 

inhibitors. This suggested that CKD7 inhibitors could potentially be used as a 

therapeutic strategy to overcome EMT associated EGFR-TKI resistance in NSCLC.  
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Tables 

Table 1. Results of drug sensitivity to the 3rd generation EGFR-TKIs 

Drug 

IC50 values (nM, mean ± SD) 

H1975 H1975/R 

WZ4002 106.9 (± 127.9) 1494 (± 1102) 

Osimertinib 39.9 (± 68.4) 1352 (± 233.2) 
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Table 2. Top 15 up & down regulated genes in the EMT induced EGFR-TKI 

resistance cell lines 

A) H1975/WR 

Up-regulated genes Down-regulated genes 

Gene Symbol Fold change Gene Symbol Fold change 

TAGLN 388.8 KRT19 -244.4 

CCL2 227.7 UCA1 -168.0 

IL8 95.7 SPINT2 -110.3 

IL32 94.0 EPCAM -94.5 

TPM2 66.5 MAL2 -85.7 

CNN1 65.3 MT1A -81.4 

WBP5 63.5 IGFBP2 -80.0 

S100A4 51.7 CD74 -74.8 

C3 47.8 PROM2 -57.9 

PTX3 43.2 CDH1 -50.2 

FLNC 40.5 ST14 -45.6 

LOC645638 37.9 ACP5 -38.9 

MLLT11 37.4 PHLDA3 -38.2 

ANKRD1 35.3 FHL2 -37.9 

NNMT 32.8 MLPH -37.6 

 

 

 

 

 

 



32 

B) H1975/AR  

Up-regulated genes Down-regulated genes 

Gene Symbol Fold change Gene Symbol Fold change 

TAGLN 125.0 EPCAM -260.1 

NNMT 71.6 UCA1 -194.5 

GNG11 70.5 CLDN4 -134.5 

C3 63.3 SPINT2 -109.2 

COL12A1 56.2 MAL2 -90.0 

ACTG2 53.5 CDH3 -83.0 

CCL2 40.0 CD74 -77.5 

PLAC8 37.7 CLDN7 -75.5 

LARP6 37.4 GPNMB -62.0 

TPM2 36.2 CDH1 -61.1 

QPRT 26.6 PHLDA3 -50.4 

IGFBP7 25.1 IGFBP2 -47.3 

ZEB1 22.4 ST14 -46.6 

ACTA2 21.5 F11R -45.6 

MYL9 21.0 ACP5 -44.4 
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Table 3. Results of drug sensitivity to CDK7 inhibitors in the EMT related 

EGFR-TKI resistance cell lines 

Drug 

IC50 values (nM, mean ± SD) 

H1975 H1975/WR H1975/OR 

THZ1 379.8 (± 135.3) 83.4 (± 13.2) 125.9 (± 20.1) 

OS1189 755.3 (± 55.8) 232.8 (± 37.1) 275.3 (± 41.2) 
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Figures 

Figure 1. Establishment of the 3rd generation EGFR-TKI resistance cell line  

 

Induction of EMT in cells with acquired resistance to WZ4002 or osimertinib. Cells 

were treated with the indicated doses of WZ4002 or osimertinib for 72 h, and cell 

viability was determined by the MTT assay. IC50 values were calculated with 

GraphPad software through three independent experiments. Both resistant cells 

exhibited the resistance more than 10 times to each drug compared with parent cells. 

A) WZ4002 IC50 = 106.9 nM in H1975 and 1494 nM in H1975/WR, B) osimertinib 

IC50 = 39.9 nM in H1975 and 1352 in H1975/OR. 
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Figure 2. Phenotypic changes between the mother cell and the EMT induced 

EGFR-TKI resistance cell lines 

A) H1975 

 

B) H1975/WR                                           C) H1975/OR 

H1975 parental cells and both resistant cells (H1975/WR and H1975/OR) were 

evaluated for morphologic changes that were consistent with EMT using a light 

microscope. B), C) The resistant cells showed the increase of spindle-shaped cells 

that was like to EMT-like changes. 
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Figure 3. Immunoblot analysis of EMT expression  

 

 

 

 

 

 

 

 

 

 

EGFR signaling and EMT-related molecules were analyzed by Western blotting. 

Epithelial marker proteins containing E-cadherin, β-catenin, EpCAM, desmoplakin 

and cytokeratin-8/18 were significantly reduced in both resistant cells (H1975/WR 

and H1975/OR), whereas vimentin expression was increased. 
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Figure 4. Invasion and Migration analysis on the EMT related EGFR-TKI 

resistance cell lines  

 

Cells were seeded onto either collagen or Matrigel-coated polycarbonate filters to 

determine their migratory and invasive potentials. Cells were incubated in modified 

Boyden chambers for 24 h, and the cells that penetrated the filter were stained and 

counted using a light microscope. Experiments were repeated in triplicate. Bars 

represent the standard deviations. ***P < 0.0005 compared with H1975 cells. A) 

migration and B) invasion were significantly enhanced in both resistant cells. 
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Figure 5. Effect of CDK7 inhibitors on the EMT induced EGFR-TKI resistance 

cell lines  

 

Cells were treated with the indicated doses of THZ1 and QS1189, CDK7 inhibitors 

for 72 h, and cell viability was determined by the MTT assay. Both resistant cells 

were more sensitive to CDK7 inhibitors than parental cells. A) THZ1 IC50 = 379 nM 

in H1975, 83.4 nM in H1975/WR, 125.9 nM in H1975/OR, B)QS1189 IC50 = 755.3 

nM in H1975, 232.8 nM in H1975/WR, 275.3 nM in H1975/OR). 
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Figure 6. Immunoblot analysis according to CDK7 inhibitor treatment on the 

EMT induced EGFR-TKI resistance cell lines 

 

 

 

 

 

 

 

 

 

 

 

 

EGFR signaling and CDK7 related molecules were analyzed by Western blotting. 

The inhibitory effect of THZ1 on activity of RNAPII-CTD was similar in H1975 and 

H1975/OR cells. However, H1975/WR cells showed the inhibition of RNAPII-CTD 

phosphorylation at Ser2, Ser5 and Ser7 at lower concentration of THZ1. 
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Figure 7. Effects of THZ1 on the TGF-β induced EMT  

A)                                                                                        B) 

 

 

Cells were treated with the indicated doses of THZ1, CDK7 inhibitors for 72 h, and 

cell viability was determined by the MTT assay. A) & B) the sensitivity to THZ1 was 

increased in cells with TGF-β1-induced EMT. Bars represent the standard deviations. 

*P < 0.05 compared to pre-exposure of TGF-β. 
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Figure 8. Effects of THZ1 on the TGF-β induced EMT  in T790M negative 

EGFR mutant   cell lines 

A) 

 

B) 

 

Cells were treated with the indicated doses of THZ1 and Osimertinib for 72 h, and 

cell viability was determined by the MTT assay. A) & B) The sensitivity to THZ1 

was increased in cells with TGF-β1-induced EMT compared to the sensitivity to 

osimertinib was decreased. Bars represent the standard deviations. *P < 0.05 and **P 

< 0.005 compared to pre-exposure of TGF-β. 
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영문요약 

Title:  

The application of CDK7 inhibitors to overcome EMT-associated EGFR-TKIs 

resistance in non-small cell lung cancer 

 

Name and Affiliation: 

Wonjun Ji 

 

Department of Pulmonary and Critical Care Medicine, Asan Medical Center, 

University of Ulsan College of Medicine, Seoul, Korea. 

 

Background: Epithelial to mesenchymal transition (EMT) is associated with 

resistance during EGFR tyrosine kinase inhibitor (EGFR-TKI) therapy. This study 

investigated the effects of cyclin-dependent kinase 7 (CDK7) inhibitors on EMT-

associated EGFR-TKI resistance in non-small cell lung cancer (NSCLC). 
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Methods: In this study, we established an EGFR-TKI resistant cell line (H1975/WR, 

H1975/OR) via repeated exposure to Osimertinib and WZ4002. Morphologic 

analysis, invasion and migration assays, and immunoblot analysis were performed to 

evaluate the changes that occur during EMT. RNA sequencing was used to assess 

genetic changes caused by EMT. THZ1 was used as a CDK7 inhibitor. 

Results: The established EGFR-TKI resistant cell lines (H1975/WR, H1975/OR) 

showed phenotypic changes in EMT, including a spindle-cell shape and increased 

pseudopodia formation. Decreased E-cadherin and increased vimentin were observed 

in the immunoblot assay. RNA sequencing revealed decreased EPCAM and CDH1. 

Invasion and migration increased in the resistance cells. The EMT related resistance 

cells showed higher sensitivity to THZ1 than the mother cells. This phenomenon was 

observed in TGF-ß induced EMT cell lines and gefitinib resistant cell lines (HCC827, 

PC-9) 

Conclusion: In conclusion, EMT was associated with decreased drug sensitivity to 

EGFR-KTI; while, EMT related resistance cells were more sensitive to CDK7 
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inhibitors. This suggested that CKD7 inhibitors could potentially be used as a 

therapeutic strategy to overcome EMT associated EGFR-TKI resistance in NSCLC. 

 

 

Key words: Non-small cell lung cancer, EGFR-TKI acquired resistance, EMT, 

CDK7 inhibitor 
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