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ABSTRACT

The BRAF V600E mutation is observed in 2% of the patients with lung adenocarcinoma (LUAD), and combination therapy
targeting BRAF and mitogen-activated protein kinase (MEK) is the standard treatment for this population. However, acquired
resistance inevitably develops, which highlights the need for novel therapeutic strategies. In this study, we established a patient-
derived BRAF V600E-mutated LUAD cell line, KTORS81, and investigated the potential of targeting the Yes-associated protein
1 (YAP1)/transcriptional enhanced associate domain 1 (TEAD1) pathway in combination with BRAF inhibition. We observed
that the novel TEADI inhibitor VT103 enhanced the efficacy of the BRAF inhibitor dabrafenib in KTORS1 cells and xenograft
models. The combination of dabrafenib and VT103 downregulated the expression of the antiapoptotic protein survivin, which
is transcriptionally regulated by the YAP1/TEADI complex, leading to increased apoptosis. Moreover, we used a LUAD tissue
microarray to compare the staining patterns of YAP1, TEADI, and survivin, and examined their association with prognosis.
These analyses revealed a strong correlation between YAP1, TEADI, and survivin expression in LUAD, suggesting the relevance
of the YAP1/TEADI1-survivin axis beyond BRAF V600E-mutated cases. While no statistically significant association was ob-
served between survivin expression and prognosis, when limited to driver oncogene-positive patients, high survivin expression
was suggested to be associated with poor prognosis. These findings provide preclinical evidence for the efficacy of combining
TEADI inhibition with BRAF-targeted therapy in BRAF V600E-mutated LUAD and highlight the YAP1/TEADI-survivin axis
as a potential therapeutic target especially in the driver oncogene-positive LUAD patients.

Abbreviations: ALK, anaplastic lymphoma kinase; BIRC5, baculoviral IAP repeat containing 5; BRAF, v-raf murine sarcoma viral oncogene homolog B; CTGF, connective tissue growth factor;
DMSO, dimethyl sulfoxide; EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated kinase; HER2, human epidermal growth factor receptor 2; IC50, half-maximal
inhibitory concentration; LUAD, lung adenocarcinoma; MEK, mitogen-activated protein kinase kinase; NSCLC, nonsmall cell lung cancer; OS, overall survival; PBS, phosphate-buffered saline;
qRT-PCR, quantitative reverse transcription polymerase chain reaction; ROSI, c-ros oncogene 1; SD, standard deviation; siRNA, small interfering RNA; TAZ, transcriptional coactivator with
PDZ-binding motif; TEAD, transcriptional enhanced associate domain; TMA, tissue microarray; TTF-1, thyroid transcription factor-1; YAP1, Yes-associated protein 1
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1 | Introduction

Nonsmall cell lung cancer (NSCLC) is the leading cause of
cancer-related deaths worldwide [1]. The treatment paradigm
has changed in recent decades with the identification of several
driver oncogenes of NSCLC, especially lung adenocarcinoma
(LUAD), and the development of targeted therapies such as
epidermal growth factor receptor (EGFR) mutation, anaplastic
lymphoma kinase (ALK) translocation, and c-ros oncogene 1
(ROSI) translocation [2], leading to the development of targeted
therapies. For example, EGFR-tyrosine kinase inhibitors sig-
nificantly prolong the prognosis of patients with EGFR-mutant
LUAD at the metastatic stage [3].

The v-raf murine sarcoma viral oncogene homolog B (BRAF)
V600E mutation has an incidence rate of 2% in patients with
LUAD [4] and has been observed in other malignancies such as
melanoma, colon adenocarcinoma, and thyroid adenocarcinoma
[5, 6]. The combination of rapidly accelerated fibrosarcoma and
mitogen-activated protein kinase kinase (MEK) inhibitors is the
standard first-line treatment for BRAF V600E-mutated LUAD
[7]. The response rate to therapy was reported to be 64% in a
clinical trial, and most patients do not achieve a cure owing
to the development of resistance. Therefore, novel therapeutic
strategies, including combination therapy as first-line treat-
ment, are needed. Moreover, no LUAD cell line harboring the
BRAF V600E mutation is commercially available to date, which
has hindered basic research focusing on novel combination ther-
apies or resistance mechanisms.

The Hippo signaling pathway, which was initially identified
as a controller of organ size during development, has been re-
ported to contribute to tumor progression and drug resistance
in cancer biology [8-10]. In the Hippo signaling pathway,
transcriptional enhanced associate domain (TEAD) tran-
scription factors are the core output components that form a
complex with Yes-associated protein 1 (YAP1) or a transcrip-
tional coactivator with PDZ-binding motif (TAZ). Therefore,
the YAP1/TAZ-TEAD complex is a novel therapeutic target in
cancer.

In this study, we established a LUAD patient-derived cell line
harboring the BRAF V600OE mutation, which is a rare and valu-
able resource for investigating this specific mutation. Using
this cell line, we evaluated the efficacy of combination therapy
of BRAF inhibitor dabrafenib with VT103, a newly developed
TEAD inhibitor that selectively inhibits TEAD1 autopalmitoy-
lation [11] and we showed that downregulation of survivin, a
transcription target of the YAP1/TEADI1 complex, could be a
potential mechanism of action induced by the combination ther-
apy leading to enhanced efficacy.

2 | Materials and Methods

2.1 | Procedures for Obtaining Informed Consent
The study protocol was prepared following the Declaration
of Helsinki and approved by the Kyoto University Graduate

School and Faculty of Medicine Ethics Committee (Kyoto,
Japan; certification numbers: R0854, R0996, and R2163).

Written informed consent was obtained from the patient
whose pleural effusion was used to generate a patient-derived
cell line for this study. For the tissue microarray (TMA)
analysis, we used previously collected specimens following
Japanese guidelines.

2.2 | Establishment of a Patient-Derived Cell Line
and Genetic Analysis

The KTORS1 cell line was established from a patient with
BRAF V600E-mutated LUAD who was treated at the Kyoto
University Hospital. Pleural effusion was obtained from the
patient, tumor cells were isolated using centrifugation, and
cells were then cultured and maintained. All in vitro ex-
periments were performed using cells that were within 10
passages.

Genomic DNA was extracted from cells, BRAF exon 15 was PCR
amplified using specific primers (Table S1), and the sequence
was confirmed using Sanger sequencing.

2.3 | Reagents

Dabrafenib was purchased from Selleck Chemicals, alectinib
from LC Laboratories, and osimertinib from ChemScene. VT103
was provided by Vivace Therapeutics Inc. All compounds were
dissolved in dimethyl sulfoxide (DMSO).

2.4 | Cell Viability and Apoptosis Assays

Cells (2000 cells/well) were cultured in 96-well plates with
stepwise concentrations of the candidate reagents for 168 h (in
the experiment using VT103) or 72h (in the experiment using
small interfering RNA [siRNA]). Viable cells were measured
using the CellTiter-Glo 2.0 Luminescent Cell Viability Assay
(Promega).

For apoptosis analysis, Cells (1000 cells/well) were cultured in
384-well plates with the indicated drug concentration for 24 h.
Caspase-3/7 activity was measured using the Caspase-Glo 3/7
Assay (Promega) with the subtraction of the negative control sig-
nal and normalization by the viable cell numbers.

2.5 | Quantitative PCR

Total RNA was purified from the cultured cells, and gene ex-
pression was quantified using a qRT-PCR assay with primer
pairs designed to amplify target mRNA (Table SI).

2.6 | Knockdown by siRNA

siRNA oligonucleotides for YAP1, TEADI-4, and BIRC5 were
purchased from Thermo Fisher Scientific. Cells were trans-
fected with siRNA oligonucleotides using reverse transfection
methods.
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2.7 | Immunoblotting

Proteins were separated on 10% sodium dodecyl sulfate-poly-
acrylamide gels and transferred onto polyvinylidene fluoride
membranes. The membranes were washed and incubated with
primary antibodies overnight at 4°C, and secondary antibodies
at room temperature for 1h (Table S2). Proteins were detected
using chemiluminescence, and images were cropped using the
Fiji/Tmage] software.

2.8 | Immunofluorescence Staining In Vitro

The cells were fixed, permeabilized, blocked, and incubated
with the primary antibody solution at 4°C overnight, followed
by incubation with the secondary antibody solution and Hoechst
33342 for 30min at room temperature for nuclear counterstain-
ing (Table S2).

2.9 | Chromatin Immunoprecipitation qPCR
(ChIP-qPCR)

ChIP was performed using the SimpleChIP Plus Enzymatic
Chromatin IP Kit following the manufacturer's instructions.
Cells were cross-linked with 1% formaldehyde, permeabilized,
and DNA was digested with Micrococcal Nuclease. Sonicated
chromatin was immunoprecipitated with isotype control IgG,
anti-TEADI, or anti-YAP1 antibodies and collected with Protein
G Magnetic Beads. DNA was purified from the immunopre-
cipitated chromatin using spin columns. Target regions con-
taining YAP1/TEAD binding motifs (CATTCC or GGAATC)
within 10 kbp upstream of the BIRCS transcription start site
were quantified by qRT-PCR using SYBR Green (Figure S2A).

Enrichment was calculated as percent Input using the formula:
29 * 2(Ct 2% Input Sample—Ct IP Sample).

2.10 | Xenograft Models

Six-week-old female BALB/c-nu mice were purchased from
Charles River Laboratories at 6 weeks of age. To generate the
xenograft model, KTORS1 cells (5x10°) were suspended in
Matrigel (Corning) and injected subcutaneously into the backs
of the mice. The width and length of the tumors were mea-
sured every 3days. The tumor volume was calculated using
the following formula: (length X width?)x0.52. Treatment
was initiated when the tumor volume reached 200 mm?3.
All animal experiments were approved by the Animal
Research Committee of Kyoto University (ID: MedKyo21272,
MedKyo022519) and were conducted following the ARRIVE
guidelines.

2.11 | Immunohistochemical Analysis

Patients diagnosed with LUAD who underwent surgical re-
section at the Kyoto University Hospital between January
2015 and April 2018 were included in the analysis. An ex-
pert pathologist reviewed and confirmed the pathological
diagnoses of consecutive lung adenocarcinomas to prepare

TMAs from formalin-fixed paraffin-embedded tissue blocks.
Immunohistochemical staining was performed on 4-um sec-
tions of the TMA using primary antibodies against YAPI,
TEADI, and survivin (Table S2). The stained TMA sections
were analyzed using QuPath version 0.5.0. H-score, which
considers both the intensity and percentage of positive tumor
cells, ranges from 0 to 300, with higher scores indicating
stronger target protein expression.

Xenograft tumor tissues were harvested on Day 7 from
the start of treatment. Tumor tissues were fixed in 10%
neutral-buffered formalin and embedded in paraffin.
Immunohistochemical staining and quantification were con-
ducted as described above.

2.12 | Prognostic Analysis of TMA-Stained Cases

To evaluate the prognostic significance of YAP1, TEADI1, and
survivin expression, we performed survival analysis using the
Kaplan-Meier method. Postrecurrence overall survival (OS)
was defined as the time from recurrence of the resected tumor
to death from any cause or the last follow-up. The H-scores for
each marker were dichotomized into high- and low-expression
groups using the median value as the cutoff point.

Initially, we analyzed the association between the expression
of each protein and the postrecurrence OS in the entire cohort.
Subsequently, we stratified the patients based on the presence
or absence of driver oncogenic alterations (EGFR, ALK, ROSI,
BRAF, or HER2) and examined the relationship between sur-
vivin expression and postrecurrence OS.

2.13 | TCGA Data Analysis

The Cancer Genome Atlas Lung Adenocarcinoma (TCGA-
LUAD) dataset was analyzed to validate our findings in a
broader population. RNA-sequencing data (TPM values) and
clinical information were obtained using the TCGAbiolinks
R package. Gene Set Variation Analysis (GSVA) was per-
formed to evaluate Hippo-YAP pathway activity using the
WikiPathways gene set. Correlation between pathway activity
and BIRCS5 expression was assessed using Pearson correla-
tion. For survival analysis, patients were stratified by BIRC5
expression (high vs. low based on median expression) in both
the entire cohort and the driver oncogene-positive subgroup
(including EGFR, KRAS, BRAF, MET driver mutations, and
ALK rearrangements).

2.14 | Statistical Analysis

Cell viability, cell proliferation, and qPCR assays were per-
formed independently at least three times in at least triplicate
wells. For clinical survival analysis, analyses were conducted
using R (version 4.2.2) [12]. Other statistical analyses were per-
formed using JMP Pro version 17.0.0 (SAS Institute Inc., Cary,
NC, United States) and visualized using GraphPad Prism 8.

Detailed information can be found in Appendix S1.
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3 | Results

3.1 | Establishment of a BRAF V600E-Mutated
LUAD Patient-Derived Cell Line

We established a cell line, KTOR81, from malignant pleural
effusion derived from a patient with BRAF V600E-mutated
NSCLC. The patient was a 61-year-old male who underwent
left upper lobe resection for a pathological diagnosis of LUAD.
Hematoxylin and eosin staining of surgically resected speci-
mens revealed the typical papillary morphology of LUAD, and
thyroid transcription factor-1 (TTF-1) immunohistochemistry
showed positive staining, indicating that the tumor originated
from the lung (Figure 1A). The patient did not undergo adju-
vant chemotherapy. 4 months later, the patient presented to our
department with a cough and dyspnea, and chest computed to-
mography showed left pleural effusion (Figure 1B). The pleu-
ral effusion was pathologically confirmed to be malignant, as
demonstrated by hematoxylin and eosin staining and TTF-1
immunohistochemistry of the cell block prepared from the pleu-
ral effusion (Figure 1C). At this time of disease recurrence, we
collected the left pleural effusion and established the KTORS81
cell line before any targeted therapy was initiated (Figure 1D).
Targeted next-generation sequencing of the surgically resected
tumor, performed for clinical purposes, revealed the BRAF
V600E mutation. Targeted therapy with oral dabrafenib (a
BRAF inhibitor, 300mg/day) and trametinib (a MEK inhibitor,
2mg/day) was administered, resulting in a temporary decrease
in the left pleural effusion after 4 weeks. However, 16 weeks after
treatment initiation, right pleural effusion appeared, indicating
disease progression.

Sanger sequencing of the PCR amplicon from BRAF exon 15
confirmed the substitution of valine (V) with glutamic acid
(E) at position 600 in KTORS1 cells (Figure 1E). The cell vi-
ability assay revealed that dabrafenib inhibited the growth of
KTORSI cells with an IC50 of 29.5nM (Figure 1F). In contrast,
the IC50 values for other typical driver oncogene-targeted
drugs in lung adenocarcinoma such as alectinib (against
ALK) and osimertinib (against EGFR) were markedly higher
at 9850nM and 1070nM, respectively, and osimertinib failed
to induce sufficient cell death. (Figure S1A) Immunoblotting
further demonstrated that dabrafenib successfully inhibited
the phosphorylation of the downstream kinases BRAF, MEK,
and extracellular signal-regulated kinase (ERK) in KTORS81
cells (Figure 1G).

3.2 | Novel TEADI1 Inhibitor VT103 Inhibits
YAP1/TEAD1-Mediated Antiapoptotic Activity in
KTORS]1 Cells

We first evaluated the expression and localization of YAP1
in KTORS81 cells using immunofluorescence (Figure 2A).
Immunofluorescence revealed that YAP1 was expressed and
colocalized to the nuclear region, suggesting transcriptional ac-
tivity of the YAP1/TEAD complex. To confirm the dependence
of KTORS]1 cells on YAP1 and TEADI, we genetically knocked
down YAPI and TEADI using siRNAs. qRT-PCR analysis
showed the effective knockdown of these genes (Figure S1B).

In cell proliferation assays, siYAP1 or siTEAD1 effectively
inhibited the proliferation of KTOR81 cells with or without
dabrafenib exposure (Figures 2B and S1C). Furthermore, the
novel TEADI inhibitor VT103 successfully inhibited the tran-
scriptional activity of the YAP1/TEAD complex, as measured
by CTGF expression (Figure 2C), and inhibited the prolifera-
tion of KTOR81 when combined with dabrafenib (Figure 2D).
Additionally, when trametinib was combined with dabrafenib,
VT103 still demonstrated a significant additive inhibitory effect
on cell proliferation (Figure S1D). VT103 monotherapy did not
significantly inhibit cell proliferation (Figure S1E).

One possible mechanism by which YAP1-TEADI is involved
in the drug resistance of tumor cells is the antiapoptotic path-
way. In the evaluation of apoptotic activity measured by a
caspase 3/7 assay, we found that the combination of dabrafenib
and siYAPI, siTEADI, or VT103 resulted in significant acti-
vation of apoptosis compared with the control (Figure 2E,F).
However, treatment with siYAP1 or siTEADI1 without dab-
rafenib did not induce apoptosis (Figure S1F). These results
suggested that YAP1/TEADI inhibition in combination with
dabrafenib activated apoptosis and inhibited the proliferation
of KTORSI cells.

3.3 | BIRC5/Survivin Could Be a Functional
Antiapoptotic Gene/Molecule in KTORS1 Cells

Next, we sought to identify the mediator of apoptosis transcrip-
tionally regulated by the YAP1/TEADI1 complex. By qRT-PCR
analysis of major apoptosis-related genes previously reported
to be regulated by the YAP1/TEAD complex, BIRC5 was found
significantly downregulated by the combination of dabrafenib
and VT103 (Figure 3A). To verify direct regulation of BIRC5 by
the YAP1/TEADI1 complex, we performed ChIP-qPCR analy-
sis. Both YAP1 and TEAD1 showed significant enrichment at
putative binding motifs within an enhancer region upstream
of the BIRC5 gene, confirming direct interaction of YAP1 and
TEAD1 with the BIRCS5 regulatory elements (Figure S2A-D).
Immunoblotting analysis showed downregulation of survivin,
which is encoded by the BIRCS5 gene, caused by the combination
therapy of dabrafenib and gene knockdown of YAP1/TEADI
or dabrafenib and VT103 (Figure 3B,C). Furthermore, dab-
rafenib and VT103 led to higher levels of downregulation than
gene knockdown of YAPI/TEADI alone (Figure S3A). To fur-
ther validate the importance of the YAP1/TEADI1 pathway in
regulating BIRC5/survivin transcription, we performed knock-
down experiments of TEAD1-4. siTEAD1, with two different se-
quences, consistently suppressed BIRCS5 transcription, and this
transcriptional inhibition was maintained when combined with
dabrafenib. In contrast, knockdown of TEAD2-4 did not con-
sistently affect BIRC5 expression (Figure S3B-D). To confirm
the function of survivin, we evaluated the phenotypic changes
caused by the gene knockdown of BIRC5 (S3E). In cell prolif-
eration and caspase 3/7 assays, siBIRC5, in combination with
dabrafenib, significantly inhibited proliferation and activation
of apoptosis (Figures 3D,E and S3F). These results suggested
that the downregulation of BIRC5/survivin could be a potential
mechanism of apoptosis induced by the combination of dab-
rafenib and VT103 in KTORS] cells.
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FIGURE1 | Establishment of a BRAF V600E-mutated patient-derived LUAD cell line. (A) Representative hematoxylin and eosin (H&E) stain-
ing and TTF-1 immunohistochemistry of the surgically resected specimen from a patient with BRAF V600E-mutated LUAD. Scale bar, 100 um. (B)
Chest computed tomography showing left pleural effusion in the patient 4 months after surgery (baseline, left image), at 4weeks during dabrafenib

+ trametinib treatment (middle image), and at 16 weeks with disease progression (right image). (C) H&E staining and TTF-1 immunohistochemistry
of the cell block prepared from the patient's malignant pleural effusion. Scale bar, 100 um. (D) Phase-contrast micrograph of the KTORS1 cell line es-
tablished from the patient's pleural effusion. Scale bar, 100 um. (E) Sanger sequencing of BRAF exon 15 confirming the V60OE mutation in KTOR81
cells. (F) Cell viability assay of KTORS1 cells treated with dabrafenib for 72h. Data are expressed as mean =+ SD. (G) Immunoblotting analysis of
KTORS1 cells treated with DMSO or dabrafenib at the indicated concentrations for 24 h.
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FIGURE 2 | Novel TEAD1 inhibitor VT103 inhibits YAP1/TEAD1-mediated antiapoptotic activity in KTORS1 cells. (A) Immunofluorescence
staining of YAP1 (red) and nuclei (blue) in KTORS]1 cells. Scale bar, 50 um. (B) Cell proliferation assay of KTORS1 cells transfected with siRNA tar-
geting scrambled control, YAP1, or TEAD1 and treated with 300nM dabrafenib for 72h. Data are expressed as mean+SD. (C) qRT-PCR analysis of
CTGF expression in KTORS1 cells treated with DMSO, dabrafenib, VT103, or dabrafenib + VT103 for 72h. Data are expressed as mean+ SD. (D)
Cell proliferation assay of KTORSI cells treated with dabrafenib compared between with and without VT103 supplementation for 168 h. Data are
expressed as mean +SD. (E, F) Caspase-3/7 activity in KTORS1 cells transfected with siRNA targeting YAP1 or TEAD1 (E) or treated with VT103
(F) in combination with 300nM dabrafenib for 24 h. Data are expressed as mean + SD. Asterisks indicate statistical significance: *p <0.05, **p <0.01,

#x5p £ 0.001, *¥¥p < 0.0001.

3.4 | Xenograft Models Showed That Dabrafenib
+ VT103 Combination Therapy Could Be Effective
and Tolerable

Furthermore, we confirmed the effectiveness of the dabrafenib
and VT103 combination therapy in a xenograft model. We in-
oculated KTORS81xeno cells, which were derived from success-
fully engrafted xenograft tumors, subcutaneously into female
BALB/c-nu mice. During 14days of therapy, both dabrafenib
monotherapy and dabrafenib and VT103 combination therapy
induced significant tumor shrinkage (Figure 4A). The dab-
rafenib monotherapy group showed significant tumor regrowth
42days after treatment initiation. In contrast, the dabrafenib
+ VT103 combination therapy showed a sustained response
during the observation period (Figure 4B). No significant ad-
verse effects were observed on the body weight of the mice, sug-
gesting the tolerability of the combination therapy (Figure 4C).

Additionally, we performed immunohistochemical staining for
YAP1, TEADI, and survivin in xenograft tumors harvested on
day 7 (Figure S4A,B). The expression levels of survivin were sig-
nificantly lower in the dabrafenib + VT103 group than in the
vehicle group, which was consistent with the proposed mecha-
nism of action.

In summary of the preclinical experiments on KTORSI cells, the
combination of dabrafenib and VT103 successfully enhanced
therapeutic efficacy over dabrafenib monotherapy and that this
effect was induced by the apoptotic activity as a result of BIRC5/
survivin (Figure 4D).

3.5 | TMA and TCGA-LUAD Analyses Reveal
Correlation Between YAP1/TEAD1 Activity

and Survivin Expression in LUAD and Suggest
BIRC5/Survivin as a Prognostic Marker in Driver
Oncogene-Positive Patients

Because of the rarity of the BRAF V60OE mutation in LUAD, it is
challenging to conduct large-scale studies focusing on this spe-
cific subset. To investigate whether the YAP1/TEADI-survivin
mechanism observed in KTORS81 cells was generally observed
in LUAD, we performed immunohistochemical staining for
YAP1, TEADI, and survivin in a TMA consisting of 329 LUAD
cases. The patient characteristics were summarized in Table S3.
The expression levels of YAP1, TEADI, and survivin were quan-
tified using H-scores. Figure 5A shows two representative cases
of immunohistochemical staining for YAP1, TEADI, and sur-
vivin in LUAD tissues. Pearson's correlation analysis confirmed
that the H-scores of YAP1 and TEADI (Figure 5B), as well as

those of TEAD1 and survivin (Figure 5C) or YAP1 and sur-
vivin (Figure S5A), were highly correlated (YAP1 vs. TEADI:
R?>=0.37, p<0.001; TEAD1 vs. survivin: R>=0.70, p<0.001,
YAP1 vs. survivin: R?=0.34, p<0.001), suggesting that the ex-
pression levels of YAP1, TEADI, and survivin are strongly asso-
ciated in LUAD tissues, supporting the existence of the YAP1/
TEADI1-survivin axis. Among the 329 patients, 80 patients who
experienced recurrence were included in the survival analysis
(Table S4). Kaplan-Meier survival analysis using TMA data
showed that the expression levels of YAP1 (Figure S5B), TEAD1
(Figure S5C), and survivin (Figure 5D) did not significantly
correlate with postrecurrence OS. However, when we stratified
patients based on the presence or absence of driver oncogenes
(EGFR, ALK, ROSI, BRAF, or HER?2), high survivin expression
was associated with substantially shorter postrecurrence OS in
patients with LUAD with driver oncogenes (Figure 5E, HR 1.68
[95% CI 0.17-2-12], p=0.42), while this trend was not observed
in patients with LUAD without driver oncogenes (Figure S5D).
To further validate these findings in a more broad population,
we analyzed public TCGA-LUAD dataset. Gene Set Variation
Analysis (GSVA) of the Hippo-YAP signaling pathway from
WikiPathways revealed a significant positive correlation with
BIRCS5 expression across all cases (Figure S6A). Survival anal-
ysis demonstrated that high BIRC5 expression was significantly
associated with shorter overall survival in the entire cohort
(Figure S6B). In the subset of patients with driver oncogene-
positive LUAD, these trends persisted but did not reach statisti-
cal significance (Figure S6C,D). Our TM A analysis suggests that
the YAP1/TEADI1-survivin axis is widely activated in LUAD tis-
sues and that high survivin expression could serve as a negative
prognostic biomarker for postrecurrence OS, especially in pa-
tients with driver oncogene-positive LUAD. The TCGA analysis
provides additional support for the broader clinical relevance of
BIRC5/survivin expression in LUAD prognosis.

4 | Discussion

In this study, we established a patient-derived LUAD cell line
harboring the BRAF V600E mutation. Using this unique re-
source, we demonstrated the potential additive effects of VT103,
anovel TEADI inhibitor, in combination with standard BRAF-
targeted therapy. Moreover, immunohistochemical analysis
suggested the existence of a YAP1/TEADI1-survivin axis in a
broader population of patients with LUAD, highlighting its po-
tential as a therapeutic target.

The BRAF V600E mutation is a rare oncogenic driver of LUAD,
accounting for only 2% of all LUAD cases [4]. To our knowledge,
only one cell line, HCC364, has been previously reported but
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FIGURE 3 | BIRCS5/Survivin is a functional antiapoptotic gene/molecule in KTORS8]1 cells. (A) qRT-PCR analysis of apoptosis-related genes in
KTORS1 cells treated with DMSO, dabrafenib, VT103, or dabrafenib + VT103 for 72h. (B) Immunoblotting analysis of YAP1, TEADI, and survivin
in KTORS]1 cells transfected with siRNA targeting scrambled control, YAP1, or TEAD1 and treated with dabrafenib for 72h. (C) Immunoblotting
analysis of YAP1, TEAD], and survivin in KTORS1 cells treated with indicated doses of dabrafenib and/or VT103 for 72h. (D) Cell proliferation assay
of KTORSI cells transfected with siRNA targeting scrambled control or BIRCS and treated with DMSO or dabrafenib for 72h. (E) Caspase-3/7 activ-
ity in KTORS1 cells transfected with siRNA targeting scrambled control or BIRC5 and treated with dabrafenib for 24 h. Asterisks indicate statistical
significance: *p <0.05, **p <0.01, ***p <0.001 and ****p <0.0001.
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FIGURE 4 | Dabrafenib + VT103 combination therapy is effective and tolerable in xenograft models. (A) Tumor volume of KTOR81xeno xeno-
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per group). (D) Schematic summary of the proposed mechanism by which the combination of dabrafenib and VT103 enhances therapeutic efficacy
in BRAF V600E-mutated LUAD cells. Asterisks indicate statistical significance: *p <0.05.

appears to have been used exclusively in the United States and
is not commercially available [13]. Therefore, our KTORS1 cell
line provides a valuable resource for investigating BRAF V600E-
mutated LUAD.

The Hippo pathway, with YAP1-TEAD complexes as key down-
stream effectors, has attracted considerable interest in can-
cer biology since its discovery in developmental studies [8, 9].

Numerous reports have implicated YAP1 and TEADs in re-
sistance to targeted therapies [14-19]. However, verteporfin, a
classical YAP1 inhibitor, has shown limitations in clinical ap-
plications due to photosensitivity and short half-life [20-22].
Recently, several novel YAP1-TEAD inhibitors have been devel-
oped to address these limitations. For example, IAG933, which
disrupts YAP1-TEAD interaction, demonstrated efficacy against
RAS-MAPK altered cancer cells when combined with MAPK
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pathway inhibitors [23]. Similarly, GNE-7883 proved effective
against KRAS G12C mutated cells when used with KRAS G12C
inhibitors [24]. Adding to these developments, VT103,a TEAD1-
selective autopalmitoylation inhibitor, has shown promising
efficacy against NF2-deficient mesothelioma in preclinical
models [11]. In the current study, VT103 was effective in com-
bination with dabrafenib against BRAF V600E-mutated LUAD
cells. No adverse effects of VT103, as measured by body weight,
were observed in the preclinical studies using xenograft mod-
els. These findings highlight the potential of TEAD inhibitors as
a promising strategy for targeting the YAP1-TEAD pathway in
cancer treatment, particularly in BRAF V600E-mutated LUAD.
Although our study is limited to a single cell line model, multi-
ple independent studies have consistently shown that combining
MAPK pathway inhibitors with YAP1/TEAD inhibitors yields
promising results in various driver oncogene-positive cancers
[13, 15, 18, 19, 23, 24]. This collective evidence across different
research contexts supports the validity of our approach, despite
the constraints of our experimental model.

Survivin, encoded by the BIRC5 gene, is a well-known antiapop-
totic molecule transcriptionally regulated by the YAP1/TEAD1
complex, and it functions through direct or indirect binding to
caspases [25, 26]. Survivin is overexpressed in a wide range of
human cancers [27], and its overexpression has been associated
with poor prognosis in several malignancies [28-30] and chemo-
therapy resistance [31, 32]. These findings suggest that survivin
is a promising target for cancer therapy. Several clinical trials
have investigated the inhibition of survivin as a therapeutic
strategy; however, these attempts have yielded negative results.
For example, YM155, a small-molecule inhibitor of survivin that
disrupts the interaction between the upstream transcription
factor specificity protein 1 and the promoter region of BIRC5
[33, 34], has been evaluated in several clinical trials. Despite its
promising mechanism of action, YM155 has failed to demon-
strate significant clinical benefits [35-37], possibly because of
the uncertainty of its molecular target and its short half-life [33].
In the current study, we demonstrated that inhibiting the up-
stream YAP1/TEADI complex with VT103 suppressed survivin
transcription, thereby enhancing the antitumor effects of dab-
rafenib in a BRAF V600E-mutated LUAD cell line. Our findings
suggest that indirect inhibition of survivin by targeting YAP1/
TEADI could be a more effective approach.

While previous studies using HCC364 cells identified Bcl-xL as
a key mediator of antiapoptotic effects through the YAP/TEAD
pathway [13], our study highlighted survivin as the most signif-
icant mediator. This discrepancy could be attributed to differ-
ences in cell lines or specific inhibitors used and underscores
the importance of further validation in additional BRAF V600E-
mutated LUAD models.

Immunohistochemical analysis of TMA revealed a strong cor-
relation between the expression levels of YAP1, TEADI, and
survivin, suggesting that the YAP1/TEADI1-survivin axis may
be active in LUAD beyond BRAF V600E-mutated cases. This
was further supported by transcriptome analysis of the TCGA-
LUAD dataset, which demonstrated a significant positive
correlation between Hippo-YAP pathway activity and BIRCS
expression. These findings suggest that YAP1/TEADI inhibi-
tion strategies, such as the combination of VT103 with targeted

therapies, may be effective in a broader subset of patients with
LUAD. Although the expression levels of these proteins were
not prognostic indicators in our entire LUAD cohort, we sug-
gest that survivin expression could be a prognostic biomarker,
especially in patients with driver oncogene-positive LUAD.
Consistently, analysis of the TCGA-LUAD cohort showed
that high BIRCS5 expression was associated with poor survival
in the entire cohort, with a similar trend observed in driver
oncogene-positive cases, although not reaching statistical sig-
nificance. Previous studies on the prognostic significance of
YAP1 and survivin have shown variable results [38-41]. The
lack of correlation in our entire cohort might reflect our unique
study design using early-stage surgical specimens to evaluate
postrecurrence survival, unlike previous studies that focused
on advanced-stage tumors and palliative treatment outcomes.
Given that driver oncogene-positive tumors represent a biolog-
ically distinct population [42, 43], our observation that high
survivin expression may be associated with poor progno-
sis specifically in the driver oncogene-positive population is
reasonable. This finding suggests that targeting the YAP1/
TEAD1-survivin axis could be particularly promising for pa-
tients with driver oncogene-positive LUAD. While multiple
factors are known to regulate survivin expression, our compre-
hensive analyses using both TMA and TCGA-LUAD dataset
demonstrate that Hippo-YAP pathway activation substantially
contributes to survivin expression regulation in LUAD. This
mechanistic insight provides a rational basis for exploring
TEADI inhibition as a therapeutic strategy.

Our study had several limitations. First, we used only one cell
line, which is a constraint given the rarity of BRAF V600E mu-
tations and the lack of commercially available cell lines. Second,
we used dabrafenib monotherapy in preclinical models, which
differs from the clinical combination with MEK inhibitors that
was developed after early melanoma trials revealed paradoxi-
cal secondary malignancies with BRAF inhibitor monotherapy
[44-46]. Although this combination therapy has become stan-
dard for BRAF V600E-mutated cancers, preclinical studies,
including ours, often use BRAF inhibitor monotherapy as a
baseline to avoid off-target effects and experimental complex-
ity [13, 47-49]. Third, we focused solely on apoptosis, although
other pathways such as epithelial-mesenchymal transition and
metabolic regulation could be involved in the antitumor ef-
fects of YAP1/TEADI inhibition. Despite these limitations, our
findings provide a foundation for future studies to validate the
efficacy of YAP1/TEADI inhibition in combination with BRAF-
targeted therapy in a broader context and to investigate addi-
tional mechanisms of action.

In conclusion, we established a new clinically derived BRAF
V600E-mutated LUAD cell line and validated the additive ef-
fects of the novel YAP1/TEADI inhibitor VT103 on standard
BRAF inhibition therapy with possible involvement of survivin.
While our study's primary limitation lies in the use of a single
cell line model, our TMA analyses revealed the fundamental
role of the YAP1/TEADI1-survivin axis across a broader range
of LUAD cases. These findings, demonstrated through our ex-
perimental model, TM A analyses, and supported by previous re-
ports, suggest that targeting this pathway may have therapeutic
implications beyond BRAF-mutated cases and provide a founda-
tion for future therapeutic developments.
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