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Abstract 

Epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs) are 

the first-line therapies for EGFR mutation-positive lung cancer. EGFR-TKIs have 

favorable therapeutic effects. However, a large proportion of patients with EGFR 

mutation-positive lung cancer subsequently relapse. Some cancer cells survive the initial 

treatment with EGFR-TKIs, and this initial survival may be associated with subsequent 

recurrence. Therefore, we aimed to overcome the initial survival against EGFR-TKIs. We 

hypothesized that yes-associated protein 1 (YAP1) is involved in the initial survival 

against EGFR-TKIs, and we confirmed the combined effect of EGFR-TKIs and a YAP1–

TEAD pathway inhibitor. The KTOR27 (EGFR kinase domain duplication [KDD]) lung 

cancer cell lines established from a patient with EGFR mutation-positive lung cancer and 

commercially available PC-9 and HCC827 (EGFR exon 19 deletions) lung cancer cell 

lines were used. These cells were used to evaluate the in vitro and in vivo effects of VT104, 

a TEAD inhibitor. Additionally, YAP1 involvement was investigated in pathological 

specimens. YAP1 was activated by short-term EGFR-TKI treatment in EGFR mutation-

positive lung cancer cells. In addition, inhibiting YAP1 function using small interfering 

RNA increased the sensitivity to EGFR-TKIs. Combination therapy with VT104 and 

EGFR-TKIs showed better tumor-suppressive effects than EGFR-TKIs alone, in vitro and 
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in vivo. Moreover, the combined effect of VT104 and EGFR-TKIs was observed 

regardless of the localization status of YAP1 before EGFR-TKI exposure. These results 

suggest that combination therapy with the TEAD inhibitor and EGFR-TKIs may improve 

the prognosis of patients with EGFR mutation-positive lung cancer. 
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Introduction 

Lung cancer is the leading cause of cancer-related deaths worldwide (1), and 

lung adenocarcinoma is the most common histological type of lung cancer (2). Epidermal 

growth factor receptor (EGFR) gene mutations are the most frequent driver mutations in 

lung adenocarcinoma, and approximately half of the patients with lung adenocarcinoma 

in Asia harbor EGFR mutations (3). EGFR-tyrosine kinase inhibitors (TKIs), such as 

osimertinib, are administered to treat EGFR mutation-positive lung cancer and contribute 

to prolonged survival (4, 5). However, a large proportion of patients with EGFR mutation-

positive lung cancer subsequently relapse, and a complete cure remains lacking (4). 

There are various resistance mechanisms to EGFR-TKIs, such as EGFR 

secondary mutations, MET amplification, and small cell lung cancer transformation (6). 

For example, EGFR T790M mutation is a common resistance mechanism to EGFR-TKIs 

(7) and is treated with osimertinib (8). However, several other resistance mechanisms 

remain unresolved. These resistance mechanisms complicate overcoming resistance to 

EGFR-TKIs. Recently, it has been reported that cancer cells that survive initial TKI 

treatment acquire various resistance mechanisms during subsequent repopulation (9). The 

involvement of insulin-like growth factor 1 receptor (IGF-1R) signaling and AXL has 

also been reported as responsible factors defining the initial survival of EGFR-TKIs in 
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EGFR mutation-positive lung cancer (10, 11); however, the factors responsible for the 

initial survival are still not fully understood. 

Yes-associated protein 1 (YAP1) was isolated in 1995 as a gene encoding a 

protein that binds to the Src homology 3 domain of the YES proto-oncogene tyrosine 

kinase (12). YAP1 is a transcriptional cofactor located downstream of the Hippo pathway 

and is involved in organ size regulation (13). Activated YAP1 translocates to the nucleus 

and binds to the transcription factor TEAD, inducing expression of genes involved in cell 

proliferation and survival (14). In addition, YAP1 is activated in many cancers and is 

associated with anticancer drug resistance (15). Recently, we reported that YAP1 

activation is a factor that defines the initial survival of TKIs in anaplastic lymphoma 

kinase (ALK)-positive and ROS proto-oncogene 1 (ROS1)-positive lung cancers (16, 17). 

In EGFR mutation-positive lung cancer, YAP1 activation also leads to resistance to 

EGFR-TKIs, and YAP1 inhibition enhances EGFR-TKI sensitivity (18, 19). Therefore, 

the combination of YAP1 inhibitors and EGFR-TKIs is a useful therapeutic strategy to 

overcome EGFR-TKI resistance, but the lack of clinically applicable YAP1 inhibitors 

remains a problem to be solved. 

Several preclinical studies have been conducted using YAP1–TEAD inhibitors 

in EGFR mutation-positive lung cancers. For example, in preclinical studies, verteporfin, 
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a YAP1–TEAD inhibitor, was used to inhibit the YAP1–TEAD pathway in EGFR 

mutation-positive lung cancer (20, 21). However, it is not used clinically to treat cancers, 

including lung cancer. Side effects such as photosensitivity may make it challenging to 

use verteporfin clinically. Similarly, CA3 and K-975 were used as YAP1–TEAD pathway 

inhibitors in preclinical studies on esophageal cancer and malignant pleural mesothelioma 

(22, 23). Moreover, MYF-01-37, a TEAD inhibitor, has been developed; it enhanced 

apoptosis when used in combination with EGFR-TKIs and MEK inhibitors in EGFR 

mutation-positive lung cancer (24). However, these drugs are currently not used clinically.  

VT104 and VT103 were developed as selective inhibitors of TEAD auto-

palmitoylation and showed antitumor activity against NF2-deficient malignant pleural 

mesothelioma (25). The TEAD transcription factor family includes four known types, 

TEAD1–4, particularly significant in mammalian development (26). VT104 is 

characterized by its ability to inhibit TEAD1–4 (25). In contrast, VT103 primarily inhibits 

TEAD1 (25). Although studies using other TEAD inhibitors have been reported, these 

TEAD inhibitors have short half-lives and require high doses in vivo (27). However, 

VT104 has a favorable oral bioavailability and a long half-life (25). VT3989, which is 

mechanistically very similar to VT104, shows similar biological activity in vitro and in 

vivo (28). VT3989 is safe and well tolerated and has demonstrated durable anti-tumor 
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activity in patients with advanced mesothelioma with or without NF2 mutations and in 

other solid tumors with NF2 mutations (28). Hence, VT104 is one of the YAP1–TEAD 

inhibitors that are expected to be applied clinically in the future. 

We hypothesized that the combination of VT104 and EGFR-TKIs would be a 

clinically applicable treatment strategy for EGFR mutation-positive lung cancer that 

inhibits initial survival against EGFR-TKIs. We aimed to evaluate the efficacy of the 

combination of VT104 and EGFR-TKIs on EGFR mutation-positive lung cancer in vitro 

and in vivo. In addition, we examined whether the combination of VT104 and EGFR-TKI 

is beneficial regardless of the cellular localization status of YAP1 prior to EGFR-TKI 

exposure. 

 

Materials and Methods 

Clinical information and informed consent procedures 

The study protocol was prepared following the Declaration of Helsinki and was 

approved by the Ethics Committee of Kyoto University Graduate School and Faculty of 

Medicine (Kyoto, Japan; certification number: R2163). The clinical information of the 

patient was obtained from electronic medical records. In addition, the patient provided 

written informed consent to participate in this study. 
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Establishment of patient-derived cell lines 

The KTOR27 (EGFR kinase domain duplication [KDD]) lung cancer cell line 

was established from a patient with EGFR mutation-positive lung cancer who regularly 

visited the Kyoto University Hospital (Kyoto, Japan). The patient was diagnosed with 

lung adenocarcinoma, and next-generation sequencing by FoundationOne® CDx 

(Foundation Medicine, Inc., Cambridge, Massachusetts, United States) revealed a 

duplication of EGFR exons 18–25, called EGFR-KDD. The patient was initiated with 

afatinib treatment; however, the left pleural effusion worsened approximately 2 months 

after the initiation. The malignant pleural effusion used to establish the cell line was 

collected when the left pleural effusion worsened (Fig. 1A). Patient-derived cells were 

established as described previously (29). Briefly, the pleural effusion of the patient was 

centrifuged to separate the tumor cells. The tumor cells were maintained in RPMI1640 

medium (Nacalai Tesque, Kyoto, Japan) supplemented with 8% heat-inactivated fetal 

bovine serum (Sigma-Aldrich, St. Louis, Missouri, United States) and 1% 

penicillin/streptomycin (Gibco, Waltham, Massachusetts, United States) at 37.0 °C in 5% 

CO2. 
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Cell lines and reagents 

The PC-9 (EGFR exon 19 deletion) lung cancer cell line was purchased from the 

European Collection of Authenticated Cell Cultures (Porton Down, UK) in 2014. The 

HCC827 (EGFR exon 19 deletion) and H1975 (EGFR exon 21 L858R mutation and 

EGFR exon 20 T790M mutation) lung cancer cell lines were purchased from the 

American Type Culture Collection (Manassas, Virginia, United States) in 2016 and 2023, 

respectively. These cells were used within 2 months after thawing. In 2023, these cells 

were confirmed to be negative for Mycoplasma using the MycoAlert Mycoplasma 

Detection Kit (Lonza, Basel, Switzerland). Osimertinib was purchased from ChemScene, 

LLC (Monmouth Junction, New Jersey, United States). Afatinib and alectinib were 

purchased from LC Laboratories (Woburn, Massachusetts). Verteporfin was purchased 

from Cayman Chemical Company (Ann Arbor, Michigan, United States). VT104 and 

VT103 were provided by Vivace Therapeutics, Inc. (San Mateo, California, United 

States). Osimertinib, afatinib, alectinib, VT104, and VT103 were dissolved in dimethyl 

sulfoxide (DMSO; Nacalai Tesque, Kyoto, Japan). DMSO was used as the vehicle control. 

 

Cell viability and drug sensitivity assays 

Cells (3,000–5,000 cells/well) were cultured overnight in 96-well plates. All 
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plates were incubated the following day with stepwise concentrations of the indicated 

reagents. After 3–7 days of incubation, viable cell counting was performed using the 

CellTiter-Glo 2.0 assay (Promega, Madison, Wisconsin, United States). Luminescence 

was measured using ARVO X3 (PerkinElmer, Waltham, Massachusetts, United States), 

and half maximal inhibitory concentrations (IC50) were calculated with nonlinear 

regression models with sigmoidal dose responses using GraphPad Prism 9 (GraphPad 

Software, La Jolla, California, United States). 

 

Cell growth assays 

Cell growth assays were performed following previous reports (29, 30). Cells 

(5,000 cells/well) were cultured overnight in 96-well plates. The following day, all plates 

were incubated with the indicated reagent concentration. One plate was immediately 

frozen (−80 °C) as a baseline. After 24–72 h of incubation, the remaining plates were 

frozen (−80 °C). Plates were thawed simultaneously, and viable cells were counted using 

the CellTiter-Glo 2.0 assay and ARVO X3. The relative cell counts compared with the 

baseline plate were calculated. We confirmed that a single freezing and thawing procedure 

for the cells had a minimal effect on the CellTiter-Glo luminescence signals 

(Supplementary Fig. S1). 
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Apoptosis assays 

Cells (1,500–5,000 cells/well) were cultured in 384-well plates overnight and 

incubated with the indicated reagents for 24 h. Caspase 3/7 activity was assessed using 

the Caspase-Glo 3/7 assay (Promega) according to the manufacturer's protocol. The 

measured value was normalized according to the cell number using the CellTiter-Glo 2.0 

assay. 

 

Immunoblotting 

SDS-PAGE and immunoblotting were performed as previously described (31). 

Information on the primary antibodies used in this study is summarized in Supplementary 

Table S1. Secondary antibodies used in this study were purchased from Cell Signaling 

Technology (Danvers, Massachusetts, United States). Primary and secondary antibodies 

were diluted in 2.5% bovine serum albumin (BSA) (Nacalai Tesque)/Tris-buffered saline 

containing Tween 20 (TBS-T). 

 

Immunofluorescence staining 

The cells were fixed with 4% paraformaldehyde in phosphate-buffered saline 
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(PBS) (Nacalai Tesque) for 20 min and permeabilized with 0.2% Triton X-100 in PBS for 

15 min. Subsequently, the cells were blocked with PBS supplemented with 5% (w/v) 

normal donkey serum (Merck Millipore, Burlington, Massachusetts, United States) and 

1% (w/v) BSA (Sigma-Aldrich) for 30 min. Furthermore, the cells were incubated 

overnight with the primary antibody solution at 4 °C. The next day, the cells were 

incubated with the secondary antibody solution for 30 min at 25 °C. Finally, 

immunofluorescently-labeled cells were photographed under a BZ-710 microscope 

(KEYENCE, Osaka, Japan). The percentage of cells with YAP1 nuclear localization was 

calculated using the following formula: (the number of cells with YAP1 nuclear 

localization/the total number of cells) × 100 . The primary antibodies used in this study 

are listed in Supplementary Table S2. 

 

Quantitative reverse transcription-PCR (qRT-PCR) 

Total RNA was extracted from cultured cells using a PureLink® RNA Mini Kit 

(Thermo Fisher Scientific, Waltham, Massachusetts, United States). Gene expression was 

measured through qRT-PCR using 100 ng of total RNA, One Step TB Green® PrimeScript 

RT-PCR Kit II (Takara Bio, Shiga, Japan), and primer pairs. The list of the primer pairs 

purchased from Thermo Fisher Scientific is shown in Supplementary Table S3. Reactions 
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were quantified using the QuantStudio™ 3 Real-Time polymerase chain reaction System 

(Applied Biosystems, Foster City, California, United States). 

 

Transfection with small interfering RNAs (siRNAs) 

The siRNA oligonucleotides for YAP1 and the negative control were purchased 

from Thermo Fisher Scientific (Stealth RNAi™ or Silencer® Select siRNA, 

Supplementary Table S4). Cells (3.0–5.0 × 105) were transfected with siRNA 

oligonucleotides at a final RNA concentration of 20 or 5 nmol/L using Lipofectamine® 

RNAiMAX Transfection Reagent (Invitrogen, Waltham, Massachusetts, United States). 

Reverse transfection was performed according to the manufacturer's instructions. 

 

Compound library screening 

A compound library containing approximately 1,800 compounds was provided 

by the Center for Drug Discovery Research, Kyoto University (Kyoto, Japan). The 

compounds were diluted in DMSO. The cells (800 cells/well) were cultured in 384-well 

plates overnight. The next day, all plates were incubated with 150 nM osimertinib and 10 

µM library compounds. After 3 days of incubation, viable cell counts were measured 

using the CellTiter-Glo 2.0 assay and ARVO X3. Relative cell counts were calculated and 
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compared with those of cells exposed to osimertinib alone. 

 

Patient selection and assessment of clinical outcomes 

Patients diagnosed with EGFR mutation-positive lung cancer who underwent 

surgery at the Kyoto University Hospital between 2002 and 2009 were included in the 

tissue microarray (TMA) analysis. An expert pathologist (A.Y.) reviewed and confirmed 

the pathological diagnosis of consecutive lung adenocarcinomas to prepare the TMAs. 

Forty-two patients were included in this study. Progression-free survival (PFS) was 

measured from the initiation of the EGFR-TKI therapy until the date of disease 

progression or death. The study protocol was prepared following the Declaration of 

Helsinki and was approved by the Kyoto University Graduate School and Faculty of 

Medicine Ethics Committee (certification number: R0854). 

 

Immunohistochemistry and image analysis 

The procedures for immunohistochemistry and image analysis have been 

previously described in detail (32). The concentrations of the primary antibodies used are 

listed in Supplementary Table S5. Immunohistochemical staining for YAP1 was 

performed using Ventana Discovery Ultra (Roche, Tucson, Arizona, United States). 
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Antigen-antibody reactions were observed using the Ventana UltraView Universal DAB 

Detection Kit (Roche). All stained slides were digitized using a NanoZoomer S360 digital 

slide scanner (Hamamatsu Photonics, Hamamatsu, Japan). Analyses were performed 

using the HALO image analysis software (Indica Labs, Albuquerque, New Mexico, 

United States). The positivity threshold for staining was determined empirically based on 

the controls, and the intensity was classified from 0 to 3. The H-score was calculated 

using the following formula: (1% weakly positive cells) + (2% moderately positive cells) 

+ (3% strongly positive cells) according to the HALO configuration settings 

(Supplementary Table S6). The nuclear localization of YAP1 was defined as nuclear 

optical density (OD) of YAP1 > cytoplasmic OD of YAP1. 

 

Xenograft models 

Six-week-old female BALB/c-nu (CAnN.Cg-Foxn1nu/CrlCrlj) and SHO mice 

(Crlj: SHO-PrkdcscidHrhr) were purchased from Charles River Laboratories (Yokohama, 

Japan). To generate xenograft models, PC-9 and HCC827 cells (3.0–5.0 × 106) were 

suspended in Matrigel® (Corning, Corning, New York, United States) and injected 

subcutaneously into the flanks of the mice. Tumor width and length were measured every 

3 days using digital calipers. Tumor volumes were calculated using the following 
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formula: (length × width2) × 0.51. When the tumor volumes reached approximately 150–

200 mm3, the mice were randomly assigned to each treatment group, and the treatment 

was initiated. All animal experiments and research plans were approved by the Animal 

Research Committee of Kyoto University (Kyoto, Japan; ID: MedKyo 22519) and 

performed following the ARRIVE guidelines. 

 

Statistical analysis 

Continuous variable data are expressed as the mean ± SEM. The significant 

differences between the two groups were compared using Student's t-test. The significant 

differences between three or more groups were compared using one-way ANOVA, 

followed by Dunnett's or Sidak's multiple comparison test. PFS curves were constructed 

using the Kaplan–Meier method and compared using the log-rank test. The p-values of  

<0.05 were considered significant. Statistical analyses and visualization were performed 

using GraphPad Prism 9 and JMP Pro statistical software version 15.2.0 (SAS Institute, 

Cary, North Carolina, United States). 

 

Data availability 

The data analyzed in this study are available from the corresponding author upon request. 
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Results 

Establishment of a patient-derived EGFR mutation-positive lung cancer cell line 

(KTOR27) 

 We established a cell line (KTOR27) using the malignant pleural effusion 

derived from a patient with EGFR mutation-positive lung cancer. In this case, afatinib 

treatment was ineffective. Therefore, we established a cell line from the malignant pleural 

effusion of the patient after the disease progression with afatinib treatment. Using 

immunoblotting in vitro, EGFR-KDD was confirmed by its high molecular weight 

compared with that of wild-type EGFR or those of other common EGFR mutations, such 

as EGFR exon 19 deletions (33, 34). Therefore, we performed immunoblotting to confirm 

the molecular weight of EGFR in the KTOR27 cells. The KTOR27 cells harbored a higher 

molecular weight of EGFR than PC9 and HCC827 cells harboring EGFR exon 19 

deletions (Fig. 1B). These results indicate that the KTOR27 cells had EGFR-KDD. 

 

YAP1 is activated by afatinib treatment in KTOR27 cells 

Osimertinib is the most commonly used first-line treatment in patients with 

EGFR mutation-positive lung cancer. However, EGFR mutation-positive lung cancer 
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cells with EGFR-KDD are more sensitive to afatinib than to osimertinib (33). Similarly, 

KTOR27 cells were more sensitive to afatinib than to osimertinib (Fig. 1C). The IC50 

values for afatinib and osimertinib treatments of KTOR27 cells were 10.5 and 96.3 

nmol/L, respectively. Although it was assumed that KTOR27 cells would be resistant to 

afatinib based on the patient's clinical course, the in vitro results showed that KTOR27 

cells were sensitive to afatinib. We hypothesized that KTOR27 cells had not acquired 

complete tolerance to afatinib owing to its lower translocation into the thoracic cavity 

compared to the bloodstream, which reduced its cytotoxic effect. Another possible reason 

is that the patient's overall condition was already poor at the initiation of afatinib treatment 

and the tumor may have further deteriorated before afatinib could take effect. In fact, the 

patient passed away two months after initiating afatinib treatment, indicating the 

possibility of a poor prognosis at the time of afatinib initiation. In addition, we 

investigated whether afatinib suppressed EGFR phosphorylation in KTOR27 cells. Cells 

were exposed to afatinib at increasing concentrations, and EGFR phosphorylation was 

evaluated using immunoblotting. EGFR phosphorylation in KTOR27 cells was 

sufficiently suppressed by afatinib at concentrations close to its IC50 value (Fig. 1D). To 

investigate whether YAP1 was involved in the initial survival mechanism of afatinib-

treated KTOR27 cells, we examined whether afatinib treatment induced YAP1 activation. 
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In KTOR27 cells, YAP1 was localized in the cytoplasm without afatinib exposure and in 

the nucleus after 72 h of exposure (Fig. 2A). The percentage of cells with YAP1 nuclear 

localization increased considerably in the afatinib-treated KTOR27 cells (Fig. 2B). 

 

Inhibition of YAP1–TEAD increases the sensitivity of KTOR27 cells to afatinib  

YAP1 expression was inhibited in KTOR27 cells to evaluate the function of 

YAP1 in cancer cell survival against afatinib. Transfection of siRNA targeting YAP1 into 

KTOR27 cells decreased YAP1 expression (Fig. 2C). We performed cell viability assays 

after afatinib treatment in EGFR mutation-positive lung cancer cells with the gene 

inhibition of YAP1. YAP1 inhibition significantly reduced the survival rate of KTOR27 

cells under afatinib treatment (Fig. 2C). Next, we used TEAD inhibitors, VT103 and 

VT104, against the YAP1–TEAD pathway. First, we performed cell viability assays for 

KTOR27 cells exposed to VT103 or VT104 and found that neither compound, as 

monotherapy, exerted any considerable effects on KTOR27 cell viability at a 

concentration of less than 10 μM (Supplementary Fig. S2). We then performed cell 

viability assays for KTOR27 cells exposed to afatinib in combination with either VT103 

or VT104 (Fig. 2D and Supplementary Fig. S3). Although combination therapy with 

afatinib and VT103 or VT104 was more effective than afatinib alone, VT104 was more 
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effective in combination with afatinib than VT103 (Fig. 2D and Supplementary Fig. S3). 

Therefore, VT104 was used in subsequent experiments. In addition, we performed cell 

viability assays for KTOR27 cells treated with osimertinib and VT104 (Fig. 2D). The 

combination effect of osimertinib and VT104 was observed in KTOR27 cells; however, 

afatinib showed a more substantial combined effect with VT104 than did osimertinib (Fig. 

2D). VT103 and VT104 significantly enhance the sensitivity of EGFR-TKIs in a 

concentration range where VT103 and VT104 monotherapy show limited efficacy in 

KTOR27 cells. Therefore, VT103 and VT104 show synergistic effects with EGFR-TKIs 

in KTOR27 cells. Furthermore, we performed cell viability assays for KTOR27 cells 

treated with afatinib and verteporfin (Supplementary Fig. S4). The combination effect of 

afatinib and verteporfin was observed in KTOR27 cells. However, VT104 showed a more 

substantial combined effect with afatinib than did verteporfin (Fig. 2D and 

Supplementary Fig. S4). Combination therapy with afatinib and VT104 significantly 

increased caspase 3/7 activity compared with afatinib alone (Fig. 2E). The caspase 3/7 

activity of VT104 alone was reduced compared with that of the vehicle. Thus, VT104 

enhanced apoptosis only when combined with afatinib. To evaluate YAP1 transcriptional 

activation, CTGF expression was assessed. CTGF expression increased under afatinib 

treatment, and the afatinib-induced activation of CTGF expression decreased in the 
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presence of VT104 (Fig. 2F). In addition, CYR61 expression increased under afatinib 

treatment, and the afatinib-induced activation of CYR61 expression decreased in the 

presence of VT104 (Supplementary Fig. S5). YAP1 inhibition decreased CTGF 

expression (Supplementary Fig. S6). In contrast, TEAD1 inhibition did not decrease 

CTGF expression (Supplementary Fig. S7). In addition, the depletion of TEAD1 with 

siRNA did not change the KTOR27 response to afatinib in cell growth assays 

(Supplementary Fig. S8). Taken together, these data suggest that other TEAD family 

members (TEAD2, TEAD3, and/or TEAD4) are necessary for the YAP1-mediated 

survival mechanism in KTOR27 cells in response to afatinib treatment. This is consistent 

with the finding that VT103, a TEAD1-selective inhibitor, is not as effective as VT104, 

that inhibits more than TEAD1, in enhancing the potency of afatinib in KTOR27 cells. 

 

YAP1 is activated under osimertinib treatment in PC9 and HCC827 cells 

Next, we investigated the mechanisms involved in the initial survival against 

EGFR-TKIs in EGFR mutation-positive lung cancer cells other than KTOR27 cells. We 

used PC9 and HCC827 cells and osimertinib as an EGFR-TKI for these cells. First, to 

identify compounds that can enhance osimertinib efficacy in PC9 cells, we performed 

high-throughput compound screening using a compound library of approximately 1,800 
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compounds. The relative cell viability rates resulting from the combination of these 

library compounds with osimertinib in PC9 cells are presented in Supplementary Data S1. 

Remarkably, verteporfin and cerivastatin, acting as YAP1 inhibitors, were identified in 

the top 100 most effective library compounds (Fig. 3A). This finding suggests that YAP1–

TEAD inhibitors might be as effective or more effective in combination with EGFR 

inhibitors than other compounds in inhibiting the initial survival of EGFR mutation-

positive lung cancer. Therefore, to determine whether activation of YAP1 mediating cell 

survival in afatinib-treated KTOR27 cells also occurs in other EGFR-mutated lung cancer 

cells in response to other EGFR-TKIs, we performed similar experiments using PC9 and 

HCC827 cells. PC9 and HCC827 cells exhibited adequate sensitivity to osimertinib (Fig. 

3B). The IC50 values of osimertinib in PC9 and HCC827 cell viability assays were 123 

and 379 nmol/L, respectively. The IC50 values in our study are higher than those 

previously reported (35, 36). We considered that potential factors, such as differences in 

cell preservation methods, culture conditions, and duration of osimertinib exposure, may 

contribute to the discrepancy in these IC50 values. We investigated whether osimertinib 

suppresses EGFR phosphorylation in PC9 and HCC827 cells. Osimertinib was 

administered in dose titration, and EGFR phosphorylation was evaluated using 

immunoblotting. EGFR phosphorylation in PC9 and HCC827 cells was sufficiently 
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suppressed by osimertinib at concentrations close to the respective IC50 values (Fig. 3C). 

Next, we evaluated YAP1 activation by osimertinib in PC9 and HCC827 cells. In PC-9 

cells without osimertinib exposure, YAP1 was localized in the cytoplasm. However, 

YAP1 was localized in the nucleus after osimertinib exposure for 72 h (Fig. 3D). YAP1 

was initially localized in the nucleus of HCC827 cells without osimertinib exposure, and 

the nuclear localization of YAP1 was maintained after osimertinib exposure for 72 h (Fig. 

3E). The percentage of cells with YAP1 nuclear localization increased considerably in 

osimertinib-treated PC9 cells (Fig. 3F); however, there was no such notable difference in 

that of osimertinib-treated HCC827 cells (Fig. 3F). 

 

Inhibition of YAP1 increases the sensitivity to osimertinib in PC9 and HCC827 cells 

YAP1 expression was inhibited in PC9 and HCC827 cells to evaluate the role of 

YAP1 in cancer cell survival in response to osimertinib. The transfection of siRNA 

targeting YAP1 into these cells reduced YAP1 expression (Fig. 4A). Subsequently, we 

performed cell viability assays after osimertinib exposure in PC9 and HCC827 cells with 

the YAP1 gene inhibition. YAP1 inhibition significantly reduced the survival rates of PC9 

and HCC827 cells after osimertinib treatment (Fig. 4B). Next, we performed cell viability 

assays for VT104 exposure in PC9 and HCC827 cells. In these cells, the VT104 
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monotherapy was ineffective (Supplementary Fig. S9). Subsequently, we performed cell 

viability assays with osimertinib in PC9 and HCC827 cells exposed to VT104. The 

combination therapy of osimertinib and VT104 was more effective than osimertinib 

monotherapy (Fig. 4C). VT104 significantly enhances the sensitivity of osimertinib in a 

concentration range where VT104 monotherapy shows limited efficacy in PC9 and 

HCC827 cells. Therefore, VT104 shows synergistic effects with osimertinib in PC9 and 

HCC827 cells. Furthermore, combination therapy with osimertinib and VT104 

significantly increased caspase 3/7 activity compared with osimertinib alone in PC9 and 

HCC827 cells (Fig. 4D). In addition, CTGF expression was increased by osimertinib and 

decreased by combination therapy of osimertinib and VT104 (Fig. 4E). The combination 

effect of VT104 and osimertinib was also assessed in H1975 cells. In H1975 cells, while 

the VT104 monotherapy was ineffective (Supplementary Fig. S9), the combination 

therapy of osimertinib and VT104 was more effective than osimertinib monotherapy 

(Supplementary Fig. S10). In addition, YAP1 was localized in the cytoplasm in H1975 

cells without osimertinib exposure (Supplementary Fig. S11). However, YAP1 was 

localized in the nucleus after osimertinib exposure for 72 h (Supplementary Fig. S11). 

The percentage of cells with YAP1 nuclear localization increased considerably in 

osimertinib-treated H1975 cells (Supplementary Fig. S11). These findings may indicate 
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that YAP1 is potentially also involved in the initial survival against osimertinib in H1975 

cells. 

 

Combination therapy with osimertinib and VT104 inhibits tumor regrowth of PC9 

and HCC827 cells in vivo 

 Based on these in vitro results, we confirmed the combined effects of osimertinib 

and VT104 in vivo. Because we could not establish xenograft models using KTOR27 cells, 

xenograft models using PC-9 or HCC827 cells were established and used for in vivo 

testing. The tumor-bearing mice were randomized into four groups as follows: vehicle, 

VT104 monotherapy, osimertinib monotherapy, and combination therapy with 

osimertinib and VT104 (Fig. 5A). Each group received the assigned treatment for 2 weeks 

and was monitored for tumor volume during and after treatment (Fig. 5A). Based on 

previous reports, the osimertinib dose was 5 mg/kg (11, 37), and the VT104 dose was 10 

mg/kg (25). The osimertinib monotherapy group showed a relatively fast rate of tumor 

regrowth after discontinuing osimertinib (Fig. 5B and C). In contrast, the osimertinib and 

VT104 combination therapy group showed a slower tumor regrowth rate after 

discontinuing the combination therapy than the osimertinib monotherapy group (Fig.5B 

and C). VT104 monotherapy had no apparent tumor-suppressive effect compared with 
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the vehicle in PC-9 and HCC827 cells (Fig. 5B and C). The tumor volumes of PC-9 and 

HCC827 cells on the last day of observation (36 and 63 days, respectively) were 

significantly lower in the osimertinib and VT104 combination therapy group than in the 

osimertinib monotherapy group (Fig. 5D). Furthermore, combination therapy with 

osimertinib and VT104 did not worsen the rate of weight loss compared with osimertinib 

monotherapy in PC-9 and HCC827 cells (Fig. 5B and C).  

 

Association between the clinical outcomes and immunohistochemical YAP1 

expression in TMA 

The role of YAP1 in clinical practice was investigated by evaluating the 

association between the clinical outcomes of EGFR-TKIs and immunohistochemical 

YAP1 expression using TMA of EGFR mutation-positive lung cancers (Fig. 6A). Patient 

characteristics are presented in Supplementary Table S7. Thirty-one of 42 patients were 

treated with EGFR-TKIs. There was no significant difference in PFS between patients 

with YAP1 nuclear localization and YAP1 cytoplasmic localization (22.4 months versus 

33.2 months; p = 0.48; Fig. 6B). This result differs from our finding that YAP1 nuclear 

localization attenuated the therapeutic effect of EGFR-TKIs in vitro. We considered the 

possibility that this discrepancy may have occurred because the majority of lung cancers 
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in our TMA are at stages I to III, and the YAP1 nuclear localization status may differ from 

that of stage IV or recurrent cancers that are treated with EGFR-TKIs from the beginning.  

 

Discussion 

In this study, we found that combining an EGFR-TKI and VT104, a TEAD 

inhibitor, effectively promoted the apoptosis of EGFR mutation-positive lung cancer cells 

and delayed tumor regrowth after treatment by inhibiting the activation of the YAP1–

TEAD pathway (Fig. 6C). In addition, this is the first study to demonstrate that activating 

the YAP1–TEAD pathway determines the initial survival of EGFR mutation-positive lung 

cancer cells, regardless of the subcellular localization status of YAP1 before treatment 

initiation. 

The involvement of IGF-1R signaling and AXL is reportedly an early survival 

mechanism of EGFR-TKIs in EGFR mutation-positive lung cancer (10, 11). In this study, 

YAP1 was localized in the cytoplasm before EGFR-TKI treatment in PC-9 and KTOR27 

cells; however, YAP1 migrated into the nucleus upon EGFR-TKI treatment (Fig. 2A and 

Fig. 3D). Furthermore, in PC-9 and KTOR27 cells, suppressing YAP1 expression and 

inhibiting TEAD using VT104 increased sensitivity to EGFR-TKIs, suggesting that YAP1 

activity may be a factor defining early survival after EGFR-TKI treatment. These results 
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are supported by the fact that verteporfin and cerivastatin, which inhibit YAP1 activity, 

were effective in PC-9 cells in the library compounds tested for their efficacy in 

combination with osimertinib. This is consistent with our previous report showing that 

YAP1 activity is an early survival determinant of TKI in ALK-positive and ROS1-positive 

lung cancers (16, 17). This suggests that YAP1 activity may be involved in the initial 

survival of multiple molecularly-targeted therapies, regardless of the type of mutation. 

In contrast, HCC827 cells contained YAP1 in the nucleus before EGFR-TKI 

treatment, and YAP1 remained in the nucleus after EGFR-TKI treatment. Thus, in EGFR 

mutation-positive lung cancer cells, YAP1 has two different localization states before 

EGFR-TKI exposure, in the cytoplasm and nucleus. In HCC827, PC-9, and KTOR27 

cells, inhibition of the YAP1–TEAD pathway enhanced sensitivity to EGFR-TKIs and 

delayed tumor regrowth. In addition, EGFR-TKI exposure increased CTGF expression 

downstream of the YAP1–TEAD pathway, suggesting that TKI exposure activated the 

YAP1–TEAD pathway in HCC827 cells. These results suggest that in EGFR mutation-

positive lung cancer cells, activating the YAP1–TEAD pathway is associated with cell 

survival during the early phase of therapy, regardless of the localization status of YAP1. 

These results suggest that combination therapy with EGFR-TKIs and TEAD inhibitors 

benefits both types of YAP1 localization in EGFR mutation-positive lung cancers. We 
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believe that these findings are essential for future clinical applications. 

YAP1 levels before treatment are reportedly a poor prognostic factor in non-

small cell lung cancer (38), and patients with high nuclear YAP1 levels before EGFR-

TKI treatment have a poor prognosis (39). These results are consistent with the in vitro 

experiments in the present study in which osimertinib sensitivity was lower in HCC827 

cells than in PC9 cells. Furthermore, EGFR mutation-positive lung cancer cells that 

acquired resistance to EGFR-TKI had nuclear-localized YAP1, and combination therapy 

with EGFR-TKI and a YAP1 inhibitor was effective (20). Thus, it is likely that the nuclear 

localization of YAP1 attenuates the therapeutic effect of EGFR-TKIs. However, the 

results using TMA in this study showed no significant difference in PFS between patients 

with YAP1 nuclear localization and YAP1 cytoplasmic localization (22.4 months versus 

33.2 months; p = 0.48; Fig. 6B). This finding differs from the previous report, where high 

nuclear YAP1 levels before EGFR-TKI treatment were associated with a poor prognosis 

(39). This inconsistency may be due to different patient populations and the small number 

of studies compared with previous reports. On the other hand, lung cancers with YAP1 

localized in the cytoplasm before EGFR-TKI treatment may also have tumor cell survival 

in the early stages of treatment owing to YAP1 migration into the nucleus, likely induced 

by EGFR-TKI treatment. Thus, regardless of the pretreatment localization of YAP1, 
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combining EGFR-TKIs and TEAD inhibitors may prolong PFS in patients with EGFR 

mutation-positive lung cancer. Since accurate assessment of YAP1 localization in real-

world clinical practice is challenging given the differences in specimen types and 

specimen storage methods among institutions, we believe that combination therapy with 

EGFR-TKIs and TEAD inhibitors is indicated for all patients with EGFR mutation-

positive lung cancer. 

CTGF is a direct target gene of the YAP1–TEAD pathway (40) and is often used 

to inform transcriptional activation of YAP1 (41). In this study, we demonstrated that 

VT104 inhibits the YAP1–TEAD pathway in combination with EGFR-TKIs by 

confirming a decrease in CTGF expression. The decrease in CTGF expression was 

confirmed by YAP1 inhibition through siRNA, not TEAD1 inhibition. These results 

suggest that TEAD1 inhibition alone may have a weak inhibitory effect on the YAP1–

TEAD pathway. These results may also explain why VT104 was more effective in 

combination with EGFR-TKI than VT103 in this study. Furthermore, combination 

therapy with VT104 and EGFR-TKIs did not worsen weight loss compared with 

osimertinib monotherapy in vivo. In previous studies, the IC50 of VT104 for the NF2-

deficient malignant pleural mesothelioma cell line NCI-H226 was relatively low at 16.1 

nmol/L, and the steady-state volume of distribution of VT104 at 9.55 mg/kg intravenous 
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injection was 3.64 L/kg (25). Additionally, the half-life of VT104 after oral administration 

at a dose of 9.55 mg/kg was 30.74 h (25). These results indicate that VT104 is able to 

inhibit tumor growth at low doses in vivo (25), and that VT104 may be well tolerated in 

combination with EGFR-TKIs. 

This study had some limitations. First, we performed in vivo experiments using 

only two EGFR mutation-positive lung cancer cell lines (both harboring EGFR exon 19 

deletions). The effects of EGFR-TKI may vary depending on the EGFR mutation subtype 

(5). Therefore, in vivo experiments should be performed using other EGFR mutations, 

including L858R. Second, we did not show factors regulated by the YAP1–TEAD 

pathway that mediate the survival mechanisms. YAP1–TEAD transcribes genes 

significant in cancer cell growth, such as Sox2, Snai2, and AXL (42). Future studies are 

needed to determine which factors downstream of the YAP1–TEAD pathway are 

activated and which exert survival effects in the presence of EGFR-TKI treatment. Third, 

we could not confirm whether the YAP1–TEAD pathway was activated by the binding of 

YAP1 to TEAD in HCC827 cells, where YAP1 was localized in the nucleus before 

treatment. In contrast, we confirmed that the YAP1–TEAD pathway was activated in 

HCC827 cells following EFGR-TKI treatment. However, the significance of this study is 

that the combined effect of EGFR-TKI and TEAD inhibitors was demonstrated regardless 
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of the YAP1 localization status before EGFR-TKI treatment. 

This study showed that combination therapy with EGFR-TKIs and VT104 aids 

in treating EGFR mutation-positive lung cancer. Unlike previous agents that inhibit the 

YAP1–TEAD pathway, VT104 may be well tolerated, and we believe that the 

combination therapy of EGFR-TKI and VT104 is a new therapeutic strategy with the 

potential for future clinical application. Furthermore, because the combination therapy of 

EGFR-TKIs and VT104 is independent of the pretreatment YAP1 localization status, it 

should contribute to improving the prognosis of more patients with EGFR mutation-

positive lung cancer, which is an essential preclinical study for its clinical application. 
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Figure legends 

Figure 1. 

Patient-derived EGFR mutation-positive lung cancer cell line KTOR27. 

A, Computed tomography image of the patient during afatinib treatment and a schematic 

explanation of the establishment of the patient-derived cell line. B, EGFR protein levels 

in PC-9, HCC827, and KTOR27 cells, as confirmed by immunoblotting. C, Cell viability 

assays of KTOR27 cells treated with afatinib, osimertinib, or alectinib for 72 h. D, 

KTOR27 cells were treated with the indicated concentrations of afatinib for 6 h. The cell 

lysates were analyzed by immunoblotting with the indicated antibodies. Results are 

expressed as the mean ± SEM. EGFR: epidermal growth factor receptor. 

 

Figure 2. 

YAP1 inhibition increased sensitivity to osimertinib treatment in KTOR27 cells in vitro. 

A, Immunofluorescent staining of KTOR27 cells treated with afatinib (400 nmol/L) for 

72 h. Cells were stained with the YAP1 antibody and Hoechst stain. White arrows indicate 

typical cells with YAP1 nuclear localization. B, Relative percentage of afatinib-treated 

KTOR27 cells with YAP1 nuclear localization. C, Relative gene expression of YAP1 

normalized to that of GAPDH after the siRNA knockdown of YAP1 by two different 
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YAP1-directed RNAi sequences (siYAP1-A and siYAP1-B) in KTOR27 cells (left panel). 

Cell viability assays of KTOR27 cells transfected with YAP1 siRNA or negative control 

siRNA and treated with afatinib for 72 h (right panel). D, Cell viability assays of KTOR27 

cells treated with afatinib or osimertinib in the presence of VT104 for 7 days. E, Apoptosis 

assay using the caspase-Glo 3/7 Assay in KTOR27 cells exposed to afatinib and VT104 

(500 nmol/L). F, Relative expression of CTGF normalized to that of GAPDH in KTOR27 

cells treated with afatinib in the presence or absence of VT104 (500 nmol/L) for 72  h. 

Results are expressed as the mean ± SEM. *p < 0.05. YAP1: yes-associated protein 1. 

siRNA: small interfering RNA. RNAi: RNA interference. CTGF, connective tissue 

growth factor.  

 

Figure 3. 

YAP1 was activated by osimertinib treatment in PC-9 and HCC827 cells. 

A, Relative cell viability in combination with library compounds and osimertinib in PC9 

cells. B, Cell viability assays of PC-9 and HCC827 cells treated with osimertinib for 72 

h. C, PC-9 and HCC827 cells were treated with the indicated concentrations of 

osimertinib for 6 h. The cell lysates were analyzed by immunoblotting with the indicated 

antibodies. D and E, Immunofluorescent staining of PC-9 and HCC827 cells treated with 
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osimertinib for 72 h. Cells were stained with the YAP1 antibody and Hoechst stain. F, 

Relative percentages of osimertinib-treated PC9 and HCC827 cells with YAP1 nuclear 

localization. Results are expressed as the mean ± SEM. *p < 0.05. n.s.: not significant. 

EGFR: epidermal growth factor receptor. YAP1: yes-associated protein 1. 

 

Figure 4. 

YAP1 inhibition increased sensitivity to osimertinib treatment in PC-9 and HCC827 cells 

in vitro. 

A, Relative expression of YAP1 normalized to that of GAPDH after siRNA knockdown 

of YAP1 by two different YAP1-directed RNAi sequences (siYAP1-A and siYAP1-B) in 

PC-9 and HCC827 cells. B, Cell viability assays of PC-9 and HCC827 cells transfected 

with YAP1 siRNA or negative control siRNA and treated with osimertinib for 72 h. C, 

Cell viability assays of PC-9 and HCC827 cells treated with osimertinib in the presence 

of VT104 for 7 days. D, Apoptosis assays using the caspase-Glo 3/7 Assay in PC9 and 

HCC827 cells treated with osimertinib and VT104. E, Relative expression of CTGF 

normalized to that of GAPDH in PC9 and HCC827 cells treated with osimertinib in the 

presence or absence of VT104 for 72  h. Results are expressed as the mean ± SEM. 

*p < 0.05. n.s.: not significant. YAP1: yes-associated protein 1. siRNA: small interfering 
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RNA. CTGF: connective tissue growth factor. 

 

Figure 5. 

Combination therapy of VT104 and osimertinib considerably suppressed tumor regrowth 

compared to osimertinib monotherapy in EGFR mutation-positive lung cancer cells in 

vivo. 

A, Xenograft models were treated with vehicle, VT104 monotherapy (10 mg/kg, orally, 

daily), osimertinib monotherapy (5 mg/kg, orally, daily), or a combination of osimertinib 

and VT104 for 14 days. B and C, Tumor volume curves after vehicle treatment, VT104 

monotherapy, osimertinib monotherapy, and combination therapy with osimertinib and 

VT104 (left). Percent body weight change in xenograft mice bearing PC-9 or HCC827 

cells during and after the indicated treatments (right). D, Tumor volume on the last day 

of osimertinib monotherapy and combination therapy with osimertinib and VT104. 

Results are expressed as the mean ± SEM. *p < 0.05. EGFR: Epidermal growth factor 

receptor. 

 

Figure 6. 

Association between the clinical outcomes and immunohistochemical YAP1 expression 
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in TMA of EGFR mutation-positive lung cancers 

A, Immunohistochemical YAP1 expression with nuclear localization or cytoplasmic 

localization in TMA of EGFR mutation-positive lung cancers. B, Kaplan–Meier curves 

of progression-free survival after EGFR-TKI administration according to the YAP1 

localization status. C, Schematics of the initial survival mechanisms of EGFR-TKIs in 

EGFR mutation-positive lung cancer. YAP1: yes-associated protein 1. TMA: tissue 

microarray. EGFR: epidermal growth factor receptor. TKI: tyrosine kinase inhibitor. CI: 

confidence interval. 
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