Articles

YAP1 activation is associated with the progression and N
response to immunotherapy of non-muscle invasive
bladder cancer

Seung-Woo Baek,*® Jeong-Yeon Mun,* In-Hwan Jang,*® Gi-Eun Yang,“ Mi-So Jeong,® Seon-Kyu Kim,%¢ Jong-Kil Nam,"”
In-Sun Chu,%** and Sun-Hee Leem “9%*

4Genome Editing Research Center, Korea Research Institute of Bioscience and Biotechnology (KRIBB), Daejeon 34141,
Republic of Korea

PDepartment of Bioinformatics, KRIBB School of Bioscience, Korea University of Science and Technology, Daejeon 34113,
Republic of Korea

“Department of Biomedical Sciences, Dong-A University, Busan 49315, Republic of Korea

dDepartment of Health Sciences, The Graduated of Dong-A University, Busan 49315, Republic of Korea

®Personalized Genomic Medicine Research Center, KRIBB, Daejeon 34141, Republic of Korea

fDepartment of Urology, Research Institute for Convergence of Biomedical Science and Technology, Pusan National Univer-
sity Yangsan Hospital, Yangsan 50612, Republic of Korea

Summary

Background Despite the availability of several treatments for non-muscle-invasive bladder cancer (NMIBC), many
patients are still not responsive to treatments, and the disease progresses. A new prognostic classifier can differenti-
ate between treatment response and progression, and it could be used as a very important tool in patient decision-
making regarding treatment options. In this study, we focused on the activation of Yes-associated protein 1 (YAP1),
which is known to play a pivotal role in tumour progression and serves as a factor contributing to the mechanism of
resistance to various relevant therapeutic agents. We further evaluated its potential as a novel prognostic agent.
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Methods We identified YAPi-associated gene signatures based on UC3-siYAP1 cells (n=8) and NMIBC cohort
(n=460). Cross-validation was performed using 5 independent bladder cancer patient cohorts (n=1006). We also
experimentally validated the changes of gene expression levels representing each subgroup.

Findings The 976-gene signature based on YAP1-activation redefined three subgroups and had the benefits of Bacil-
lus Calmette-Guérin (BCG) treatment in patients with NMIBC (hazard ratio 3.32, 95% CI 1.29-8.56, p = o.01). The
integrated analysis revealed that YAP: activation was associated with the characterization of patients with high-risk
NMIBC and the response to immunotherapy.

Interpretation This study suggests that YAP1 activation has an important prognostic effect on bladder cancer pro-
gression and might be useful in the selection of immunotherapy.
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Introduction
Bladder cancer accounts for 150,000 cancer-related
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deaths annually.” Of patients with newly diagnosed
bladder cancer, approximately 70 to 80% present with
non-muscle-invasive bladder cancer (NMIBC), which
comprises Ta tumours located in the mucosa only, T1
tumours with submucosal invasion, and carcinoma in
situ (CIS) with flat and high-grade dysplasia lesions.”
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Research in context

Evidence before this study

Non-muscle invasive bladder cancer (NMIBC) is clinically
heterogeneous. Many NMIBC patients do not respond
to Bacillus Calmette-Guérin (BCG) immunotherapy and
often experience disease progression. Improving the
patient diagnosis is a major challenge, and various treat-
ment options suggested to NMIBC patients need further
development. Immune checkpoint inhibitors (ICls) are
already used for the treatment of muscle invasive blad-
der cancer (MIBC), but only a limited number of patients
respond to treatment. YAP1 is emerging as a key gene
in the response to various therapies, including ICls.
Although several predictive markers have been pro-
posed, the underlying mechanisms controlling the
response to ICls have not been fully elucidated.

Added value of this study

With the gene signature associated with YAP1 activa-
tion, the benefit of BCG therapy was discovered in a
subgroup of NMIBC patients, and the potential of ICls
therapy for high-risk NMIBC patients was confirmed by
integrated analysis with the IMvigor210 cohort.

Implications of all the available evidence

The newly established classification system supports
BCG and ICIs treatment options for high-risk NMIBC
patients. These findings could contribute to precision
medicine in NMIBC patients by classifying optimal
patient subgroups and determining the appropriate
course of treatment.

Approximately 10 to 20% of patients with NMIBC prog-
ress to muscle-invasive bladder cancer (MIBC).> As a
clinical approach for patients with NMIBC, transure-
thral resection (TUR) followed by adjuvant intravesical
therapy (IVT) with Bacillus Calmette-Guérin (BCG) is
recognized as the best treatment option for patients
with high-risk features.* However, due to the clinical
heterogeneity of bladder cancer, many patients fail to
respond to BCG treatment and progress to MIBC,’ indi-
cating that effective second-line treatment options are
needed. Several immunotherapy trials are currently
ongoing, and much more effort is still needed to better
evaluate the oncologic outcomes of immunotherapy for
patients with NMIBC.® Although clinical variables,
such as the T stage, tumour size, and tumour grade,
were identified as independent prognostic factors, the
usefulness of these prognostic factors to predict patient
outcomes after treatment is limited.* As part of preci-
sion medicine, studies performing a genome-wide anal-
ysis of bladder cancer strongly indicated that
heterogeneity is well reflected in the gene expression
profile, confirming that tumour heterogeneity has a
molecular basis.”"" However, despite these efforts, the

ability to predict the response of patients with NMIBC
to various treatments is still insufficient, and further
analysis of a different aspect of tumour heterogeneity is
required.”

Yes-associated protein 1 (YAP1) is an important onco-
gene whose biological activity is regulated by the Hippo
pathway. When Hippo signalling is active, MST1/2,
SAV1, LATS1/2, and MOB1 form core complexes that
inactivate YAP1 and TAZ by phosphorylation; in con-
trast, phosphorylated YAP: and TAZ enter the nucleus
and induce the transcription of genes that regulate
tumorigenesis, cell growth, and the suppression of apo-
ptosis. YAP1 is thus an important oncoprotein that plays
a pivotal role in the progression of numerous tumour
types.” Furthermore, emerging evidence indicates that
YAP1 activation may be a major mechanism underlying
the resistance to various therapies."* Although a num-
ber of studies have been conducted on NMIBC, research
on the correlation between YAP:1 activation and the
prognosis of patients with NMIBC is needed.’>"®

Here, we investigated distinct molecular subgroups
stratified according to YAP1 activation that displayed dif-
ferent prognoses and treatment responsiveness, and
generated a gene signature that stratified patients with
NMIBC into these subgroups. Using multiple patient
cohorts and various experiments, we validated whether
our signature showed prognostic or therapeutic rele-
vance. The YAP1 signature provided evidence to classify
high-risk patients with NMIBC who were responsive to
BCG treatment. Through an integrated analysis of the
NMIBC and MIBC cohorts, we propose that a subgroup
of patients with NMIBC may benefit from immune
checkpoint inhibitor (ICI)-based treatment.

Methods

Ethics
There are no ethical issues in this study because stan-
dard cell lines and clinical cohort data of the public
domain were used. All experiments were conducted in
accordance with the relevant regulations and guide-
lines.

Patient cohorts and gene expression profile data

A breast epithelial cell line (MCF10A) and 30 bladder
cancer cell lines were used in a preliminary study to
select the appropriate bladder cancer cell lines
(GSE70506, n=6; GSEg97768, n=30).""” The URO-
MOL cohort was used as a discovery dataset and to
refine the prognostic gene expression signature (E-
MTAB-4321; n=460).° The Korean (GSE13507, n=165)""
and Lund cohorts (GSE32894, n=308)” were used for
the validation dataset. For characterization, Yonsei
(GSE120736, n=145),° TCGA (n=407),"° and IMvi-
gorz21o (n=298) cohorts’™ were used. All of the gene
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expression data and clinical information are available in
the Gene Expression Omnibus (GEO) database from
NCBI, the European Bioinformatics Institute (EBI)
Array Expression database, the IMvigor2roCoreBiolo-
gies R package,” and the Cancer Browser (https://
xenabrowser.net). The clinical characteristics of patients
with bladder cancer in six independent cohorts are
described (Supplementary Table 1). For RNA-seq data,
the read counts per million fragments mapped (CPM)
of each sample were used to estimate the expression
level of each gene. All gene expression data were sepa-
rately log2 transformed and quantile normalized. We
illustrate a schematic workflow for the bioinformatics
analysis (Supplementary Figure 1).

RNA isolation and RNA-seq data processing

RNA samples for sequencing were isolated using the
Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol. Total RNA
was subjected to a reverse transcription reaction with
poly (dT) primers using PrimeScript™ reverse tran-
scriptase (Takara, Shiga, Japan) according to the man-
ufacturer’s protocol. The library quality and quantity
were measured using a Nanodrop spectrophotometer
(ND-1000; Thermo Scientific, MA, USA). Paired-end
reads were sequenced using the NovaSeq-6ooo plat-
form (Illumina, CA, USA). Reference genome sequence
data from Homo sapiens were obtained from the Ensem-
ble genome browser (assembly ID: GRCh38). Reference
genome indexing and read mapping of samples were
performed using STAR software (ver. 2.6.1a).>° Feature-
Counts (ver. 1.6.2) software was then used to calculate
the generated binary alignment map files.”” The RNA-
seq dataset generated in this study is available in the
GEO public database under data series accession num-
ber GSE186043.

Cell culture

The human bladder cancer cell lines RT4 (Cat#30002,
RRID: CVCL_oo036, Korea Cell Line Bank, Seoul,
Korea), T24 (Cat#30004, RRID: CVCL_o554, American
Type Culture Collection, MD, USA), UM-UC-3 (UC3;
#CRL_1749, RRID: CVCL_1783, American Type Cul-
ture Collection, MD, USA), and UM-UC-14 (UCi4;
Cat#08090509, RRID: CVCL_2747, European Collec-
tion of Authenticated Cell Cultures, UK) were pur-
chased. RT4, T24, and UCi14 cell lines were cultured in
DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin (Cat# FBS, Cat# PS-B, Capricorn Scien-
tific GmbH, Ebsdorfergrund, Germany), while the UC3
cell line was cultured in MEM (Cat# LMooy-54, WEL-
GENE, Korea) supplemented with 10% FBS and 1%
penicillin/streptomycin at 37 °C with 5% CO,. These
cells were validated by the results of a short tandem
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repeat (STR) DNA profiling assay, cytochrome C oxi-
dase I assay, and mycoplasma contamination assay.

Vectors and small interfering RNA

For YAP1 overexpression experiments, RT4 and UCi4
cell lines were transiently transfected with the YAP1-
S127A mutant vector and empty vector from Asan Medi-
cal Center (Seoul, Korea). For YAP1 knockdown experi-
ments, T24 and UC3 cell lines were transiently
transfected with siYAP#1 and siYAP#2 purchased com-
mercially (Integrated DNA Technologies, LA, USA) and
a scrambled siRNA control (scRNA).

Generation of stable cell lines

The shYAPr-expressing plasmid (RRID: Addg-
ene_27368) and lentiviral packaging plasmids pMD2.G
(RRID: Addgene_12259, Addgene, MA, USA) and
psPAX2 (RRID: Addgene_12260, Addgene, MA, USA)
were purchased. We used a pLKO.1-puro nontarget
shRNA plasmid (Cat#SHCo16, Sigma—Aldrich, MO,
USA) as the negative control. The shRNA-expressing
plasmid (shNTS or shYAP1), pMD2.G, and psPAX2
plasmids were cotransfected into the HEK-293T cell
line using jetPRIME reagent (Cat# 101000053, Poly-
plus-transfection Inc., NY, USA). We replaced the
medium with fresh medium containing antibiotics after
12 h. Polybrene was added to the supernatant, and
medium containing lentiviral particles was used to
transduce the UC3 cell line. Puromycin (5 wg/ml, Cat#
9620, Sigma—Aldrich, MO, USA) was used to select
cells stably expressing the shRNA against NTS (shNTS)
or YAP:1 (shYAP1). YAP1 mRNA and protein levels in
cell lines were confirmed using QRT—PCR and Western
blot analysis, respectively.

Quantitative real-time polymerase chain reaction
(qRT—PCR)

Total RNA was isolated using RNAiso Plus (Cat# 9108,
Takara, Shiga, Japan). All primers were designed and
are listed in Supplementary Table 2. The cDNA tem-
plates were synthesized using the PrimeScript™ RT
reagent kit (Cat# RRo36A, Takara, Shiga, Japan). Using
the obtained cDNAs as templates, qPCR was performed
using SYBR Premix Ex Taq (Tli RNaseH Plus, Cat#
RR420, Takara, Shiga, Japan) and CFX96™ Optical
Reaction Module (Cat# 184-5096, Bio—Rad, CA, USA).
The data were analysed using CFX Manager™ (Bio-
—Rad, CA, USA).

Western blot analysis and antibodies

Cells were collected after washes with PBS, lysed in 100
pL of radioimmunoprecipitation (RIPA) buffer contain-
ing protease inhibitors (Cat# 04693116001, Roche,
Mannheim, Germany) and sonicated. Protein
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concentrations were determined using the Pierce™

BCA Protein Assay kit (Cat# 23227, Thermo Fisher Sci-
entific, IL, USA). Primary antibodies against GAPDH
(Cat# 2118, RRID: AB_561053, Cell Signaling Technol-
ogy, MA, USA), YAP1 (Cat# 4912, RRID: AB_2218911,
Cell Signaling Technology, MA, USA), p-YAP1 (S127)
(Cat# 4911, RRID: AB_2218913, Cell Signaling Technol-
ogy, MA, USA), CYRG1 (Cat# sc-374129, RRID:
AB_10947399, Santa Cruz Biotechnology, CA, USA),
CCNA2 (Cat# NBP1-31330, RRID: AB_10003781, Novus
Biologicals, CO, USA), E2F1 (Cat# A300-766A, RRID:
AB_2096774, Bethyl Laboratories, TX, USA), and
FOXMr (Cat# Azo1-533A, RRID: AB_999586, Bethyl
Laboratories, TX, USA) were used.

Clonogenic assay

The ability to form colonies was confirmed by performing
a clonogenic assay. shNTS- and shYAPi-transfected cells
were inoculated into 12-well plates at a density of 5 x 10>
cells/well. After an incubation for 6 days, colonies were
formed, stained with 0.05% crystal violet (Cat# C38806, Sig-
ma—Aldrich, MO, USA) and counted using the Image]
program from the National Institutes of Health.

MTT assay

Cell viability was measured using the MTT assay. A total
of 2000 cells/well were seeded in 96-well plates, and
cells were incubated for o, 24, and 48 h. Then, 10 L of
MTT (5 mg/ml; Sigma—Aldrich, MO, USA) were added
to each well and incubated for 1 h. After the incubation,
the supernatant was removed, 100 pL of dimethyl sulf-
oxide (DMSO; Cat#Di1370, Duchefa, Amsterdam, Neth-
erlands) were added to each well, and the absorbance
was measured at 540 nm using a Wallac Victor 1420
Multilabel Counter (PerkinElmer Inc., MA, USA).

Invasion and migration assays

Cell invasion and migration were confirmed using a stan-
dard 48-well chemotactic chamber (Cat#AP48, Neurolob
Lobe, MD, USA). A membrane with a pore size of 8 pm
was precoated with Matrigel (Cat# 354234, Corning, MA,
USA) and collagen (Cat# C7661, Sigma—Aldrich, MO,
USA). Thirty microliters of medium containing 1% FBS
were dispensed in the bottom chamber. Cells were sus-
pended in FBS-free medium and seeded at a density of
1 x 10* cells/56 pL in the top chamber. After an incuba-
tion for 24 h, the membrane was stained with Diff Quik
reagent (Cat#38721, Sysmex, Kobe, Japan). Migrated and
invaded cells were observed under a microscope (Axiovert
40 CFL; Carl Zeiss, Oberkochen, Germany).

Statistical analysis
ConsensusClusterPlus (ver. 1.52.0) and K-means clus-
tering algorithms were used for transcriptional profiling

of patients with bladder cancer and to determine the
appropriate number of clusters.** The expression levels
of each gene in each dataset were independently stan-
dardized to a mean of zero and a standard deviation of 1
to integrate and analyse gene expression profiles
obtained from different platforms. K-means clustering
analysis was conducted using Gene Cluster 3.0 and
visualized using TreeView'™. Gene Ontology (GO)
enrichment analysis was performed using the Database
for Annotation, Visualization, and Integrated Discovery
(DAVID) tool (https://david.ncifcrf.gov) with signifi-
cance criteria (FDR < o0-25) to explore significantly
enriched functions. Kaplan—Meier plots were con-
structed to estimate associations between subgroups
and survival outcomes using the log-rank test. The com-
parisons of objective responses were estimated using
Fisher’s exact test. All statistical analyses were per-
formed in the R 4.0.2 language environment (https://
WWW.I-project.org).

Role of the funding source

The funders had no role in the study design, data collec-
tion and analysis, decision to publish, or preparation of
the manuscript.

Results

Screening of bladder cancer cell lines for analysis and
validation

YAP1 in the Hippo pathway is a particularly well-known
oncogene, but studies of YAP1 in bladder cancer are still
lacking. In this study, we analysed RNA-seq data in the
MCF10A breast epithelial cell line”” and selected 2,151
genes associated with YAP1 overexpression (p < 0-001
and 2-fold change). Using these genes, hierarchical
clustering analysis was applied by merging data from
MCF10A and bladder cancer cell lines.'> MCF10A cells
were included in each of the two subgroups of bladder
cancer cell lines stratified according to YAP1 overexpres-
sion (Figure 1a). The relative expression levels of five
genes associated with YAP1 activation (YAP1, CYRG1,
CTGF, and TEAD2)"” and FGFR3, which is associated
with tumour heterogeneity,”> were analysed in four cell
lines whose phenotype was defined as control-like BC
(control-like bladder cancer cell lines; RT4 and UCi4)
and YAP1 OE-like BC (YAP:1 overexpression-like bladder
cancer cell lines; UC3 and T24) for further experimental
study (Figure 1a and 1b).** Based on the RT4 cell line,
which is most similar to the breast epithelial cell line,
the expression of the YAP1, CYRG61, CTGF, and TEAD2
genes increased in the UC14, T24, and UC3 cell lines.
The expression of the FGFR3 gene was also significantly
decreased in the UCi4, T24, and UC3 cell lines
(Figure 1c). When transfected with YAP1-S127A, the
expression levels of CYRG61, CTGF, and TEAD2 were
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Figure 1. Clustering analysis of integrated gene expression data after YAPT overexpression in both breast epithelial cell and bladder
cancer cell lines (GSE70506 and GSE97768). (a) A heatmap providing an overview of the unsupervised hierarchical cluster analysis of
gene expression data from 36 samples (3 epithelial cells, 3 epithelial cells with YAPT overexpression, and 30 bladder cancer cell
lines). Genes whose expression was significantly (p < 0-001 and 1-5-fold changes) associated with overexpression of YAPT in the
MCF10A cell line were only used for clustering. Each cell in the matrix represents the expression level of a gene feature in an individ-
ual sample. Red and blue cells reflect high and low expression levels, respectively. The genes captured represent those that were dif-
ferentially expressed between the YAPT overexpression-like bladder cancer cell (YAPT OE-like BC) and control-like bladder cancer cell
(Control-like BC) subgroups. (b) Comparison of the 5 genes expression levels in 4 bladder cancer cells representing the YAPT OE-like
BC and Control-like BC subgroups. (c) The mRNA levels of genes downstream of YAP1, namely, CYR61, CTGF, TEAD2, and FGFR3 were
confirmed in four bladder cancer cell lines using qRT—PCR. The data are presented as the means =+ standard deviations of three
independent experiments. ¥, p < 0-05; **, p < 0-01; and ***, p < 0-001.
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increased, and FGFR3 expression was decreased in the
RT4 and UC14 cell lines (Supplementary Figure 2a).
The expression levels of CYRG61, CIGF, and TEAD2
were significantly decreased, and FGFR3 expression
was increased in the UC3 and T24 cell lines transfected
with siYAP1 (Supplementary Figure 2b). In addition,
protein levels of YAP1 and its downstream factor CYRG61
were confirmed in four cell lines, and both proteins
showed the highest expression in the UC3 cell line (Sup-
plementary Figure 2c). Based on these results, the UC3
cell line was suitable for further experiments to identify
a trend in the expression of downstream genes with
YAP1 expression.

Separation of patients with NMIBC into subgroups
according to YAP1 activation

We newly generated RNA-seq data from the UC3 blad-
der cancer cell line transfected with siYAP1 to identify
differentially expressed genes associated with YAP:
inactivation (p < o-o1, 1-5-fold change, Supplementary
Figure 3a). Genes involved in YAP1 inactivation, such as
YAP1- and TAZ-stimulated gene expression, were
enriched (p < o0-05 and FDR < 0-25, Supplementary
Figure 3b). Among the 549 differentially expressed
genes, the 50 genes with the most significant differen-
ces in expression were selected (p < o-oo1, 2-fold
change; Supplementary Table 3). These genes were
combined with data from the UROMOL cohort, and K-
means clustering analysis was performed to discover
subgroups in the cohort. siYAP1-transfected cells and
YAP1-inactivated patients were closely coclustered,
while siCon-transfected cells and YAPi-activated
patients were closely coclustered (referred to as the
YAPi-activated or YA subgroup and as the YAPi-inacti-
vated or YI subgroup). However, the 50 genes only
reflect YAP1 activation under cellular experimental con-
ditions, not the biological characteristics associated with
patients with NMIBC. Therefore, a two-sample t test
was used with a stringent threshold cutoff to evaluate
gene expression data from the UROMOL cohort and
identify genes significantly related to YAP: activation.
This approach identified 9776 genes that were differen-
tially expressed between the YA and YI subgroups of
patients with NMIBC in the UROMOL cohort (p <
o-oo1 and 1-5-fold change, Supplementary Figure 3c
and Supplementary Table 4).

With the 976-gene signature, the consensus cluster-
ing method was used to determine the optimal number
of subgroups that would distinguish patients with
NMIBC, and the gene expression data were more rea-
sonable when dividing patients into three groups (Sup-
plementary Figure 4a). By applying consensus
clustering analysis, three major clusters were observed:
the YA1, YA2, and YI subgroups (Supplementary Figure
4D). The expression of well-known downstream targets
of YAP1, such as TEAD2, CTGF, and CYRG1, was

significantly elevated in the YAr and YA2 subgroups
(Supplementary Figure 4c). GO analysis using the
DAVID tool was applied to each subgroup-specific gene
to identify the biological characteristics. When analysing
YArt-specific genes, those involved in cell division, the
G1/S transition of the mitotic cell cycle, and DNA repair
were significantly enriched. In the analysis of YA2-spe-
cific genes, those involved in cell adhesion, immune
response, chemotaxis, and angiogenesis were signifi-
cantly enriched. YI-specific genes involved in embryonic
skeletal system morphogenesis and anterior/posterior
pattern specification were enriched (Supplementary
Figure 4d).

YAP1 activation is significantly associated with
progression-free survival and the benefit of intravesical
therapy (IVT) in patients with NMIBC

Among the active signalling pathways identified in each
subgroup, 32 genes were derived from the 976-gene sig-
nature for an efficient analysis (Figure 2a). The 7 genes
(GATA2, GATA3, SMAD3, SMADG6, SMADg, SHH, and
FGFR3) that showed an association with the YI sub-
group had characteristics of the luminal papillary. The
10 genes (BIRCj5, BRCAi1, BRCA2, AURKA, AURKB,
FOXMz1, E2F1, E2F2, CCNA2, and LMNB1) that showed
associations with the YA1 subgroup were involved in
the DNA damage and repair (DDR) pathway. The 6
genes (TEAD2, CTGF, CYR61, CXCLg, CXCL1o, and
CXCLi1i1) that showed associations with both the YAr
and YA2 subgroups were involved in YAP1 downstream
regulation and immune infiltration, respectively. The 9
genes (PDGFRA, VIM, ZEB1, ZEB2, CXCL12, NEGRy,
ACTA2, TAGLN, and TCF4) that showed associations
with the YA2 subgroup were involved in epithelial-mes-
enchymal transition (EMT) and TGFB pathway activa-
tion. Through an analysis of the clinical characteristics
related to the three subgroups, many high-risk patients
with bladder cancer, such as T1 stage and high grade,
were included in the YAr subgroup. Additionally, class
2 of the UROMOL cohort was subdivided into the YAr
and YA2 subgroups (Figure 2a). The progression rate of
the YA1 subgroup was significantly higher than that of
the YA2 and YI subgroups (log-rank test, p < o-oo1,
Figure 2b). Cox regression analysis was applied to deter-
mine the prognostic independence of the signature. In
the multivariate analysis, the significant prognostic indi-
cators of progression-free survival in subgroup YA1
included stage and grade, along with the 9776-gene sig-
nature in the UROMOL cohort (hazard ratio 3-32, 95%
CI 1-29-8:56, p = 0-01; Supplementary Table 5). Impor-
tantly, IVT considerably affected progression-free sur-
vival in the patients within the YA1 subgroup (log-rank
test, p = 0-05, Figure 2c), whereas no significant associa-
tion between IVT and the YA2 or YI subgroups was
observed (log-rank test, p = 0-4 and p = 0-99, Figure 2d
and e). These results reveal the predictive ability of the
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Figure 2. Transcriptional profiling of 32 genes in patients with NMIBC from the UROMOL cohort. Analysis of the associations
between YAPT activation 1 (YA1), YAPT activation 2 (YA2), and YAPT inactivation (YI) subgroups, core biological pathways, and pro-
gression-free survival. (a) Heatmap of the clinical and biological features of patients with NMIBC in the UROMOL cohort. Rows in the
heatmap show gene expression grouped by associated biological pathways. The colours in the heatmap reflect relatively high (red)
and low (blue) expression (Z score) levels. P values in the classification, stage, and grade were obtained using the chi-square test. P
values for gene expression were obtained using a two-sample t test. (b) Progression-free survival of the UROMOL cohort (p < 0-001
using the log-rank test). (c-e) Progression-free survival of the YA1, YA2, and Yl subgroups (p = 0-05, p = 0-40, and p = 0-99 using the
log-rank test). Data were plotted according to whether patients received intravesical treatment (BCG). DDR, DNA replication and
DNA damage response; EMT, epithelial-mesenchymal transition; BCG, Bacillus Calmette-Guérin.
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signature defined by YAP1 activation in classifying high-
risk patients with NMIBC who might benefit from
BCG-based immunotherapy.

Independent validation and characterization of the
prognostic value of YAP1 activation in bladder cancers
A cohort was created by combining the gene expression
profile and clinical data from patients with NMIBC in
the Lund and Korean cohorts to validate the association
between YAP1 activation and patient prognosis. Consis-
tent with previous results from the UROMOL cohort,
most high-risk patients with NMIBC were included in
the YA1 and YA2 subgroups (Supplementary Figure s5a).
Our previous study presented two subtypes of NMIBC,
the high CCNBI1 cluster (HC) and the low CCNB1 clus-
ter (LC), as a result of tumour heterogeneity defined by
the CCNB: signature.” The HC of the CCNB1 cluster
was subdivided into YAr and YA2 subgroups (Supple-
mentary Figure 5a). The ratio of NMIBC progression in
patients within the YAr and YA2 subgroups was signifi-
cantly higher than that in patients within the YI sub-
group (Supplementary Figure sb). In the multivariate
analysis, the significant prognostic indicators of pro-
gression-free survival in the YA1 subgroup included
stage and grade along with the 976-gene signature (haz-
ard ratio 4-65, 95% CI 1-61-13-4, p < 0-001; Supplemen-
tary Table 5).

In addition, multiple cohorts (the Lund, Korean, and
Yonsei cohorts), including patients with NMIBC and
MIBC, were analysed according to the 976-gene signa-
ture to determine the association between YAP1 activa-
tion and the prognosis (Supplementary Figures 6a, 7a,
and 8a). As expected, a significantly higher rate of dis-
ease progression was observed in patients within the
YA1 and YAz subgroups than in those within the YI
subgroup (Supplementary Figures Gb and 7b), and
most high-risk patients with NMIBC were included in
the YAr and YA2 subgroups (Supplementary Figures
6¢, 7c and 8b). Thus, the 9776-gene signature produces
consistent outcomes for cohorts of both patients with
NMIBC and MIBC.

Experimental validation of YAP1 activation

YAP1 knockdown experiments were performed to inves-
tigate its effect on the proliferation and muotility of the
UC3 cell line and to verify the results in vitro. Using two
types of siRNAs, siYAP1#1 and siYAP1#2, cells with
over 70% reductions in YAP1 mRNA and protein levels
were generated (Supplementary Figure o9a). As
expected, reduced cell viability, colony formation, inva-
siveness, and migration was observed in siYAPi1-trans-
fected cells compared to those transfected with the
scRNA (Supplementary Figure gb-d). The expression
levels of CCNA2, TEAD2, CTGF, CYRG61, SMAD3, and
SMADG were altered in the UC3 «cell line

(Supplementary Figure 9ge). Additionally, CTGEF,
CYRO1, and CCNA2 protein levels were reduced (Sup-
plementary Figure of). Based on these results, we
thought that a reasonable approach would be to observe
phenotypic shifts and gene expression levels under sta-
ble conditions. Using the UC3 cell line stably trans-
fected with shRNA-YAP1 (shYAP1), a cell line with
reduced mRNA and protein expression levels of YAP:
was generated (Figure 3a). As expected, reduced cell via-
bility, colony formation, invasiveness, and migration
was observed in shYAP1-expressing cells compared to
shNTS-expressing cells (Figure 3b and 3c). The results
showed that the gene expression levels associated with
the YA and YA2 subgroups were decreased, whereas
the gene expression level associated with the YI sub-
group was increased in the shYAP1 group (Figure 3d).
Additionally, levels of the CTGF, CYRG1, E2F1, and
FOXMI1 proteins were reduced (Figure 3e). After trans-
fecting the YAP1 vector into shYAP1 cells, the expres-
sion of subgroup-related genes was restored (Figure 3f).
These results suggest that YAP1 knockdown inhibited
the proliferation and migration of bladder cancer cells
and was associated with the expression of genes associ-
ated with the YA1 and YA2 subgroups.

Integrated analysis of the association with the
response to immunotherapy

An integrated analysis of the IMvigor210 cohort and the
UROMOL cohort based on the 976-gene signature was
performed to determine how YAP1 activation affected
the response to immunotherapy (Supplementary Figure
10). The previous analysis of the gene expression profile
was consistent based on 32 selected genes representing
each subgroup (Figure 4a). We performed a survival
analysis and estimated the prognostic value using a log-
rank test to investigate the prognostic effect on the three
subgroups. As a result, patients in the YA1 subgroups
experienced prolonged survival after treatment with a
PD-L1 inhibitor (Figure 4b). When the objective
response rate (ORR) was compared among these sub-
groups, the YAt subgroup exhibited a higher response
rate than the other subgroups (chi-square test, p <
o-oo1, Figure 4¢). When using the hazard ratio of the
response to analyse the interaction between the sub-
groups and drug treatments, the interaction of the 9776-
gene signature reached a significant level in the YA
subgroup for immunotherapy (hazard ratio 0-66, 95%
CI 0:46-0-96, p = 0-02; Supplementary Table 6).

The PD-L1 protein was expressed at relatively high
levels in immune and tumour cells in the YA1 subgroup
(Supplementary Figure 11a and 11b). The tumour muta-
tion burden (TMB) was significantly different between
the YA1 and YI subgroups (Supplementary Figure 11c).
Regarding TCGA classification, most of the luminal,
basal, and neuronal subtypes were included in the YA:
subgroup, the luminal infiltrated subtype was included
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in the YA2 subgroup, and luminal papillary subtypes
were included in the YI subgroup (Supplementary
Figure 11d). In the Lund classification, the genomically
unstable (GU) subtype was evenly distributed, the
basal/SCC-like and urobasal B subtypes were included
in the YA1 subgroup, the infiltrated subtype was
included in the YA2 subgroup, and the urobasal A sub-
type was included in the YI subgroup (Supplementary
Figure 11€). Class 2 of the UROMOL cohort was divided
into the YAT and YA2 subgroups, and classes 1 and 3 of
the UROMOL cohort were included in the YI subgroup
(Supplementary Figure 11f). Additionally, most high-
risk patients with NMIBC were included in the YA sub-
group (Supplementary Figure 11g and 11h). Using the
976-gene signature, an integrated analysis with TCGA
and UROMOL cohorts was performed to determine
how YAP: activation affected the prognosis of patients
with MIBC. Analyses of gene expression profiles and
survival were consistent across 32 selected genes repre-
senting each subgroup (data not shown). These results
indicate the predictive value of the 976-gene signature
for classifying both patients with MIBC and NMIBC
responding to immunotherapy.

Discussion

NMIBC is clinically heterogeneous and frequently
exhibits progression to an aggressive phenotype. A pre-
vious study presented various subtypes of NMIBC, such
as the UROMOL classification and the CCNB1 cluster,
as a result of tumour heterogeneity.*"" Despite consid-
erable efforts to elucidate the molecular characteristics
and establish prognostic models of patients with
NMIBC, a study proposing various treatment decisions
for precision medicine to treat patients with NMIBC,
particularly focusing on YAP1, remains a major clinical
challenge. In our previous study, YAP: activation was
significantly correlated with heterogeneity in patients
with advanced bladder cancer and was also closely
related to the response to immunotherapy.”> Experi-
ments related to the expression of YAP1 in bladder can-
cer cells showed that the efficiency of YAP1 knockdown
in the UC3 cell line was higher than that in other cell
lines, and the reduction in the expression of

downstream genes was significant (Figure 1). Therefore,
new transcriptomic data for UC3-siYAP1 cells were gen-
erated to observe changes in downstream genes in a
bladder cancer cell line. From the combined analysis of
UC3-siYAP1 and the UROMOL cohort, a 976-gene sig-
nature was identified considering the activation of YAP:
and heterogeneity of tumours that showed a distinct
prognostic difference in three subgroups of patients
with NMIBC (YA1, YA2, and YI; Supplementary Fig-
ures 3 and 4).

Important biological characteristics of the YA1 sub-
group are the activation of DDR-related genes (BIRCS,
BRCA1, BRCA2, AURKA, AURKB, FOXM1, E2F2, E2F1,
CCNA2, and LMNB1) and the large number of high-risk
patients with NMIBC. Briefly, the YA1 subgroup was
strongly correlated with the response to immunother-
apy, such as BCG (Figure 2¢) and ICIs, and exhibited
better survival rates than the other subgroups
(Figure 4b). The tumour DNA replication and repair
landscape clearly has an important role in driving the
response to ICIs.>® The activation of EMT and TGFg
pathway activation-related genes (PDGFRA, VIM,
ZEB1, ZEB2, CXCLi2, NEGR1, ACTA2, TAGLN, and
TCF4) are significant biological characteristics of the
YA2 subgroups. Overexpression of YAP1 in epithelial
cells suppressed TGFpi-induced apoptosis, which
shifted the cellular response predominantly toward the
EMT and contributed to cancer invasion and
migration.””*® Furthermore, the EMT provides an
explanation for whether diverse cancer phenotypes are
promoted, and these characteristics are important
causes of varying treatment outcomes.”® The overex-
pression of PDGFs and PDGFRs, as well as the onco-
genic alterations in these receptors, has been implicated
in human cancers and is significantly correlated with
poor outcomes.’® These biological properties have been
identified as a therapeutic target in the YA2
subgroup.’”** In addition, the YA2 subgroup exhibited
a relatively poor prognosis compared with other sub-
groups in the integrated cohort. The biological charac-
teristic of the YI subgroup is the activation of luminal
papillary-related genes (GATA2, GATA3 SMADo,
SMADG, SHH, and FGFR3). Typically, the FGFR3 gene
is a target for drug therapy in patients with MIBC. In

analysed at 0, 24, and 48 h with the MTT assay to determine the proliferation of the UC3 cell line. The data are presented as the
means =+ standard deviations of three independent experiments. (c) A clonogenic assay was performed with control and YAP1
knockdown UC3 cells. Cells were stained with a crystal violet solution, and colonies were counted in three independent experi-
ments. Invasion and migration assays of UC3 cells transfected with shNTS and shYAP1 for 24 h were performed using Boyden cham-
ber assays. Data are presented as the means + standard deviations of three experiments. (d) The YAPT activation 1 (YA1) genes
FOXM1, E2F1, CCNA2, AURKA, BIRC5, LMNB1, and TEAD2 were validated at the mRNA level after YAPT knockdown in the UC3 cell line.
The mRNA levels of CTGF, CYR61, and ZEBT included in YAPT activation 2 (YA2) group were verified using gRT—PCR. The YAPT inacti-
vation (YI) genes GATA2, SMAD3, and SMAD6 were validated in YAP1 knockdown cells using qRT—PCR. The data are presented as
the means =+ standard deviations of three independent experiments. (e) Levels of the YAP1, CTGF, CYR61, E2F1, and FOXM1 proteins
were detected using Western blotting. (f) In qRT—PCR experiments, the levels of YA1 and YA2 subgroup genes were detected fol-
lowing YAPT overexpression, and the levels of YA1 and YA2 subgroup genes were restored by YAP1 overexpression. This experiment
was performed three times. ns, not significant; *, p < 0-05; **, p < 0-01; and ***, p < 0-001.
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Figure 4. Integrated transcriptional profiling of 32 genes in patients within the merged cohort (UROMOL and IMvigor210 cohort,
n=758). Associations between YA1, YA2, and YI subgroups, core biological pathways, cancer-specific survival, and objective response
to immunotherapy. (a) Heatmap of the clinical and biological features of the integrated cohort. Rows of the heatmap show gene
expression levels grouped by associated biological pathways. The colours in the heatmap reflect relatively high (red) and low (blue)
expression (Z score) levels. P values for gene expression were obtained using a two-sample t test. (b) Overall survival in the IMvi-
gor210 cohort (p = 0-04 by the log-rank test). (c) The objective response rate to immunotherapy was stratified into the three sub-
groups (p < 0-001 using the chi-square test). IC PD-L1, PD-L1 protein expression on immune cells; TC PD-L1, PD-L1 protein
expression on tumour cells; DDR, DNA replication and DNA damage response; PD, progressive disease; SD, stable disease; PR, partial

response; CR, complete response.
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Figure 5. Schematic diagram of the characteristics of patients with NMIBC. Clinical and biological characteristics related to sub-
groups were mentioned, and suggestions for therapeutic options with potential benefits were listed. DDR, DNA replication and

DNA damage response; BCG, Bacillus Calmette-Guérin.

patients with NMIBC, the prognosis is not as severe as
that in patients with MIBC, but studies have suggested
that activation or alteration of the FGFR3 gene is a
potential cause for progression to MIBC.**?* Therefore,
shYAP1 experiments in the UC3 cell line were per-
formed to verify the expression levels of representative
proteins and genes (BRCA1, AURKA, FOXM1, CCNA2,
CTGF, CYRG61, and TEAD?2) of each subgroup identified
by the 976-gene signature (Figure 3). Interestingly,
class 2 of the UROMOL cohort and HC of the CCNB:
cluster were reconstructed into the YA1 and YA2 sub-
groups, and most of classes 1 and 3 of the UROMOL
cohort and LC of the CCNB1 cluster were reconstructed
into the YI subgroup.

Taken together, the integrated analysis showed the
therapeutic relevance of immunotherapy, such as BCG
and ICIs, in patients within the YA1 subgroup, and a
relative benefit was predicted for patients within the YI
subgroup treated with standard chemotherapy and
FGFR3-targeted therapy. In addition, targeted therapy,
such as the TGFB pathway and PDGFRA gene, was
likely to be more advantageous for patients in the YA2
subgroup (Figure 5). Despite the conclusions regarding
the prognostic effect, we also highlight the limitations
of the study. Most of the studies have investigated
NMIBC and MIBC separately, but our previous study
investigated both bladder cancers together.” Therefore,
a similar idea was applied in this study, and our results
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provided only indirect evidence for the possibility of
therapeutic drugs through an integrated analysis.

In conclusion, we suggest that three new prognostic
subgroups of NMIBC reflect YAPs activation and exhibit
significant differences in the progression of patients.
Our investigations provide additional insights into the
biological determinants of the response to various treat-
ments after transurethral resection. These findings may
contribute to precision medicine in patients with
NMIBC by classifying optimal patient subgroups and
determining an appropriate therapeutic course.
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