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ABSTRACT GRAPHICAL ABSTRACT
Alternative pre-mRNA splicing is key to proteome di- TEAD1

versity; however, the biological roles of alternative ‘ A pre-mRNA /\
splicing (AS) in signaling pathways remain elusive. 4155 7 1L B (TEe N B

Here, we focus on TEA domain transcription factor 1

(TEAD1), a YAP binding factor in the Hippo signaling * *
pathway. Public database analyses showed that ex- =T 1 C T 1
pression of YAP-TEAD target genes negatively corre- TEAD1 FL. TEAD1 AE6
lated with the expression of a TEAD1 isoform lacking

exon 6 (TEAD14E®) put did not correlate with over- e CTGF D CTGF
all TEAD1 expression. We confirmed that the tran- CYRe1 e
scriptional activity and oncogenic properties of the DOOCOBODDOA

full-length TEAD1 isoform were greater than those

of TEAD14E®, with the difference in transcription re- High [ TE— LoV

lated to YAP interaction. Furthermore, we showed Oncogenic property
that RNA-binding Fox-1 homolog 2 (RBFOX2) pro-
moted the inclusion of TEAD1 exon 6 via binding to
the conserved GCAUG element in the downstream in- INTRODUCTION
tron. These results suggest a regulatory mechanism Alternative pre-mRNA  splicing (AS) is a post-
of RBFOX2-mediated TEAD1 AS and provide insight transcriptional mechanism of gene expression in higher
into AS-specific modulation of signaling pathways. eukaryotes. It plays an important role in expanding pro-
teome diversity by generating multiple functional RNAs
from a single gene (1-3). More than 95% of human
genes comprising multiple exons express various isoforms
through AS (4,5). Abnormal regulation of AS can cause
various diseases. According to the Human Gene Mutation
Database (HGMD), 15% of genetic diseases, including
cancer in humans, are related to abnormal AS regulation by
mutation (6,7). Exonic and intronic enhancers and silencers
have been defined in pre-mRNAs using various model sys-
tems of regulated AS, which identified RNA-binding
proteins (RBPs) that could be recruited to these RNA
elements, and genome-wide analysis of AS has defined a
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number of potential cis-elements for splicing regulation
(8,9). Moreover, systemic identification of RNA targets of
splicing factors enabled prediction of the target-element
positions and splicing patterns of RBPs (10,11).

A well-known intronic enhancer element involved in cell-
type or tissue-specific regulation of AS is the GCAUG
element (12). The RNA-binding Fox (RBFOX) family
includes RNA-binding splicing factors (RBFOX1/2/3)
harboring an RNA-recognition motif that binds to this
GCAUG clement and affects the regulation of various AS
events (13-17). RBFOX proteins can act as activators and
repressors of AS depending on the location of its binding
to pre-mRNA based on the alternative exon. Specifically,
RBFOX proteins enhance exon inclusion when binding to
the GCAUG element located downstream of the alternative
exon, whereas binding to this element located upstream of
the alternative exon enhances exon skipping (18,19). RB-
FOX1 exhibits restricted expression in neurons, heart, skele-
tal muscle myocytes, and RBFOX3 is expressed only in neu-
rons, whereas RBFOX2 is widely expressed in various tis-
sues and cell types (20,21). Many genes that participate
in biological processes, including human diseases, report-
edly generate alternatively-spliced isoforms through signal-
ing pathways (22-26). Moreover, although some of these
genes are candidate targets of RBFOX regulation, the influ-
ence of RBFOX-mediated splicing events on signaling path-
ways in human diseases remains largely unknown.

Maintaining cellular homeostasis in the face of external
stimuli requires the regulation of various biological pro-
cesses, including gene expression, associated with signaling
pathways (27,28). Abnormal regulation of signaling path-
ways can lead to the initiation and/or progression of dis-
eases, such as cancer (29-31). The Hippo signaling path-
way is an evolutionarily conserved size-control mechanism
that regulates cell survival, growth, and proliferation (32—
35). Among the components of this pathway, the TEA do-
main transcription factor (TEAD) is a DNA-binding pro-
tein that plays a pivotal role in regulating the expression of
target genes through interaction with YAP/TAZ in the nu-
cleus (36-40). All members of the TEAD family (TEADI1-
4) share a highly conserved DNA-binding domain called the
TEA domain, which includes a consensus DNA-binding se-
quence (5-CATTCCA/T-3') (41). The TEAD domain con-
tains three a-helices (H1, H2 and H3), with the H3 respon-
sible for DNA-recognition. Additionally, the C-terminus
contains the conserved YAP/TAZ-binding domain (42).
However, despite its critical role in regulating gene expres-
sion, the influence of TEADs in the Hippo signaling path-
way is not well understood.

Here, we investigated the role of RBFOX2 in AS reg-
ulation in the Hippo signaling pathway. We propose that
RBFOX2-dependent AS of TEADI, which encodes a tran-
scription factor associated with Hippo signaling, drives the
cell to acquire YAP-dependent oncogenic properties during
cancer progression.

MATERIALS AND METHODS

Cell culture

The human cervical carcinoma cell line HelLa and human
embryonic kidney cell line HEK293A were obtained from
ATCC (Manassas, VA, USA). LATS1/2-DKO HEK293A
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cells were generously provided by Dr Kun-Liang Guan, the
Department of Pharmacology and Moores Cancer Cen-
ter at University of California San Diego (43). The cells
were maintained in Dulbecco’s modified Eagle medium
(DMEM; WELGENE, Gyeongsan, Korea) supplemented
with 10% fetal bovine serum (FBS; Gibco, Gaithersburg,
MD, USA), 100 U/ml penicillin, and 100 wg/ml strepto-
mycin (WELGENE). The cells were incubated at 37°C in a
humidified atmosphere containing 5% CO,.

Construction of expression plasmids and minigenes

The expression plasmids for Myc-tagged TEAD1 and Myc-
tagged RBFOX2 were cloned into the pCS3 + MT vec-
tor, and the expression plasmid for C-terminal Flag-tagged
RBFOX2 was cloned into pCMV6. The expression plas-
mid for YAP was purchased from Addgene (#19045; Wa-
tertown, MA, USA). The constructs of the TEADI mini-
gene contained the sequence required to bind the spliceo-
some components for RNA splicing. The 5’ splice site of
intron 5 contained 107 nucleotides (nts), and the 3’ splice
site contained 161 nts. The minigene constructs were ob-
tained by overlap extension (OE)-PCR using four primers
(F1, R1, F2 and R2) (Supplementary Table S1). Two frag-
ments containing an overhanging sequence were generated
by the first PCR, after which two fragments containing
complementary sequences were annealed, followed by a sec-
ond PCR using minigene F1 and R2 primers. The ampli-
fied TEADI genomic DNA was cut with EcoRI and Sall
restriction enzymes and cloned into the pEGFP-C3 vector.
The deletion and mutation constructs of the minigenes were
obtained by OE-PCR using four primers (F1, R2, F3 and
R3) (Supplementary Table S1). The bold sequences repre-
sent the restriction enzyme sites. The underlined nts in the
primer sequences targeting TEADI (upstream and down-
stream) represent overhanging nts containing complemen-
tary sequences for annealing the PCR products. The under-
lined nts in the TEAD minigene mutation primers indicate
nts for specific mutations. All constructs were verified by se-
quencing analysis.

Small-interfering (si)RINA and transfection

A non-targeting control siRNA was obtained from Bioneer
(Daejeon, Korea). The siRNAs targeting human RBFOX2
were purchased from Dharmacon (Lafayette, CO, USA)
and Thermo Fisher Scientific (Waltham, MA, USA). The
target sequences for the siRNA duplexes were as follows:
siRBFOX2-#1, 5-GGG AUU CGG GUU CGU AAC U-
3’; and siRBFOX2-#2, 5-AAU GAA CGU GGC UCU
AAG GGA UU-3. Cells were transfected with siRNA
using PolyMag transfection reagent (OZ Biosciences, San
Diego, CA, USA) according to the manufacturer’s instruc-
tions. Transfection of plasmids was performed using jetPEI
(Polyplus-transfection SA, Illkirch-Graffenstaden, France)
according to the manufacturer’s instructions. Transfected
cells were incubated for 48 h.

Reverse transcription (RT)-PCR and quantitative (q)RT-
PCR

Total RNA was extracted using a Hybrid-R RNA extrac-
tion kit (GeneAll, Seoul, Korea) according to the man-
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ufacturer’s instructions and reverse transcribed using M-
MLYV reverse transcriptase (Promega, Madison, WI, USA)
with random hexamers. qRT-PCR was performed using
SYBR Green fluorescent dye (GENET BIO, Daejeon, Ko-
rea) and the AriaMx PCR system (Agilent Technologies,
Santa Clara, CA, USA). Normalization was performed us-
ing B-actin as an internal control. RT-PCR was performed
with GoldHotStart Taq PCR master mix (Bioneer) us-
ing a SimpliAmp thermal cycler PCR machine (Applied
Biosystems, Waltham, MA, USA). The specificity of each
PCR product was assessed by agarose gel electrophoresis,
and band intensities were quantified using ImagelJ software
(NIH, Bethesda, MD, USA). The ratio of TEADI tran-
scripts derived from AS was calculated using the following
formula:

Percentage of inclusion (%)

= [intensity of inclusion band/intensity of

(inclusion band + N x exclusion band)] x 100

where N is the skipped-isoform product size/inclusion iso-
form product size. The primer set used in this experiment is
shown in Supplementary Table S2.

Dual-luciferase assay

Cells were co-transfected with the 8§ x GTIIC-Luc re-
porter plasmid (#34615; Addgene), pRL-null control plas-
mid (#E2271; Promega), and each indicated plasmid or
siRNA. At 48 h post-transfection, luciferase activity was
measured using a dual-luciferase reporter assay (Promega)
according to the manufacturer’s instructions. Luciferase
signals were detected using a Luminoskan microplate lu-
minometer (Thermo Fisher Scientific), and the Firefly lu-
ciferase signal was normalized to that of Renilla luciferase.

Immunoblot analysis

Whole-cell extracts were prepared with Tris-Triton ly-
sis buffer [10 mM Tris—=HCI (pH 7.5), 100 mM NaCl,
1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 10%
glycerol and 0.1% sodium dodecyl sulfate (SDS)] con-
taining a protease inhibitor cocktail (Roche Applied Sci-
ence, Basel, Switzerland). Protein lysates were denatured
and reduced by SDS and B-mercaptoethanol, respectively,
followed by separation via SDS-polyacrylamide gel elec-
trophoresis, and transfer to nitrocellulose membranes (Pall
Life Science, Port Washington, NY, USA). The mem-
branes were blocked with 5% (w/v) skim milk (Rock-
land Immunochemicals, West Grove, PA, USA) dissolved
in 0.05% Tween-20 in phosphate-buffered saline (PBS),
followed by overnight incubation with the primary an-
tibody at 4°C. After washing, the blots were incubated
with horseradish peroxidase-conjugated secondary anti-
bodies (Cell Signaling Technology, Danvers, MA, USA)
for 1 h at 25°C. The proteins were detected using WSE-
6200H LuminoGraph II (ATTO, Tokyo, Japan) with a
SuperSignal system (Thermo Fisher Scientific). The pri-
mary antibodies used in this study were anti-Flag (Sigma-

Aldrich, St. Louis, MO, USA), anti-Myc (Invitrogen, Carls-
bad, CA, USA), ani-RBFOX2 (Bethyl Laboratories, Mont-
gomery, TX, USA), anti-phospho-YAP(Ser127), anti-YAP
(Cell Signaling Technology), anti-TAZ (BD Bioscience, San
Jose, CA, USA), and anti-GAPDH (Meridian Life Science,
Memphis, TN, USA).

Chromatin immunoprecipitation (ChIP) assay

ChIP assays were performed using a ChIP Express kit (Mil-
lipore Biotechnology, Billerica, MA, USA) according to
the manufacturer’s instructions. Briefly, cells were fixed with
1% formaldehyde for 10 min and then harvested and lysed in
SDS lysis buffer (50 mM Tris—=HCI pH 8.0, 10 mM EDTA,
1% SDS and 1 mM PMSF) supplemented with protease
inhibitor cocktail (Roche Applied Science). Cross-linked
cells were sonicated and diluted 10-fold with ChIP dilu-
tion buffer [16.7 mM Tris—-HCI (pH 8.0), 167 mM NacCl,
1.1% Triton X-100 and 1.2 mM EDTA]. The supernatants
were incubated with 5 g of anti-Myc antibody (Invit-
rogen) or control mouse IgG (Sigma-Aldrich) for 4 h at
4°C. The antibody/protein-DNA complexes were then in-
cubated at 4°C for 1 h with protein A agarose/salmon sperm
DNA. Immunocomplexes were washed with low-salt wash
buffer [0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris-HCI (pH 8.1), and 150 mM NacCl], high-salt wash
buffer [0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris—HCI (pH 8.1) and 500 mM NacCl], LiCl wash buffer
[0.25 M LiCl, 1% IGEPAL-CA630, 1% deoxycholic acid,
1 mM EDTA and 10 mM Tris (pH 8.1)] and then twice
with TE [10 mM Tris-HCI, and 1 mM EDTA (pH 8.0)].
DNA was eluted with elution buffer (1% SDS and 0.1 M
NaHCOs3), and crosslinks were reversed overnight at 65°C
with 200 mM NaCl. After treatment with RNase A and pro-
teinase K, the DNA was purified. gPCR was performed us-
ing SYBR Green fluorescent dye and the AriaMx PCR sys-
tem. The primer set used in this experiment is shown in Sup-
plementary Table S3.

Co-immunoprecipitation (Co-IP) assay

Whole-cell lysates were prepared with IP lysis buffer [25
mM Tris—HCI (pH 7.5), 150 mM NacCl, 1 mM EDTA, 1%
NP-40 and 5% glycerol) supplemented with a protease in-
hibitor cocktail (Roche Applied Science), ] mM PMSF and
1 mM Na3VO, (Sigma-Aldrich). For IP using the anti-
Myec antibody (Invitrogen), cell lysates containing 1 mg pro-
tein were incubated with the anti-Myc antibody or con-
trol mouse IgG (Sigma-Aldrich) for 4 h at 4°C, followed
by further incubation with Dynabeads Protein G (Invitro-
gen) for 2 h at 4°C with rotation. The Dynabeads Protein
G/antibody/protein complexes were washed six times with
IP buffer, followed by the addition of 1x Laemmli sample
buffer (Bio-Rad, Hercules, CA, USA) to the immune com-
plexes, which were then subjected to immunoblot analysis.

RNA-IP (RIP)-qPCR

Cells were lysed with RIP buffer [150 mM KCIl, 25 mM Tris
(pH 7.4), 5mM EDTA, 0.5 mM DTT, 0.5% NP40 and 100



U/ml RNase inhibitor (Enzynomics, Daejeon, Korea)] con-
taining a protease inhibitor cocktail (Roche Applied Sci-
ence). Cell lysates containing 600 wg of protein were incu-
bated with the anti-RBFOX2 antibody (Bethyl Laborato-
ries) or control rabbit IgG (Sigma-Aldrich) for 4 h at 4°C,
and the lysate was centrifuged at 10,000 x g for 10 min.
Dynabeads® Protein G (50 ul; Invitrogen, CA, USA) was
washed three times with RIP buffer and incubated with the
cell lysate for 2 h at 4°C, after which the beads were washed
six times with RIP buffer. Total RNA was extracted using a
Direct-zol RNA miniprep kit (Zymo Research, Irvine, CA,
USA) and reverse-transcribed using M-MLV reverse tran-
scriptase (Promega) with random hexamers. The primer
set for the TEADI and TEADZ2 intronic region used in
this experiment is shown in Supplementary Table S3. RIP-
qPCR was performed using SYBR Green fluorescent dye
(GENET BIO) and the AriaMx PCR system (Agilent Tech-
nologies). Normalization was performed using (3-actin as
an internal control.

Wound-healing and transwell migration assay

Cell motility was measured using both wound-healing and
transwell migration assays. Cells were grown to a confluent
monolayer on 6-well plates, and wounds were made on the
surface of the cultured cells using a 200-pwm micropipette
tip. After wounding, the detached cells were removed by
washing with PBS. Phase-contrast images of the wound
were captured 24 h after wounding using an inverted light
microscope (Nikon, Tokyo, Japan). Wound areas were mea-
sured using ImageJ software (NIH).

Transwell migration assays were performed using tran-
swell migration chambers (8-pwm pore size; BD Falcon,
Franklin Lakes, NJ, USA). The transfected cells were
treated with trypsin/EDTA solution and resuspended as
single-cell solutions in serum-free DMEM. Cells in serum-
free DMEM were seeded into the upper chamber of each
insert, and DMEM containing 10% FBS was added to the
lower chambers. After incubation for 24 h, cells that mi-
grated to the bottom surface of the insert were fixed in 100%
methanol for 20 min, stained with Giemsa solution, and
rinsed in PBS. Cells on the top surface of the insert were re-
moved by wiping with a cotton swab. Images were captured
using an inverted light microscope (Nikon), and the num-
ber of cells in each photo fiecld was counted using Imagel
software (NIH).

Colony formation assay

After transfection, cells were plated in 6-well plates at
300 cells/well. After 10 days, the cells were fixed with
4% paraformaldehyde and stained with a staining solution
(95% MeOH, 0.5% acetic acid and 0.5% crystal violet). Im-
ages were captured under a microscope. The sizes and num-
bers of the colonies were counted using Image] software
(NIH).

Cell-free protein expression

The TnT® Quick Coupled Transcription/Translation Sys-
tem (Promega) was used for in vitro cell-free protein expres-
sion according to the manufactures’ instructions with DNA
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containing the SP6 promoter. TEAD1-expressing plasmids
(myc-TEAD1-pCS3 + MT) and RBFOX2-expressing plas-
mids (myc-RBFOX2-pCS3 + MT) were used in this exper-
iment. The reactions were carried out in 25 wl volumes by
adding 1 g of plasmid DNA to the TnT mixture and incu-
bated at 30°C for 90 min.

Electrophoretic mobility shift assay (EMSA) for protein—
DNA complexes

Electrophoretic mobility shift assays were performed us-
ing the LightShift™ chemiluminescent EMSA kit (Thermo
Fisher Scientific) according to the manufacturer’s instruc-
tions. DNA binding reactions were performed in 20 .l
system containing biotinylated DNA probe (I1XGT: 5'-
[biotin] TTCGATACACTTGTGGAATGTGTTTGATT
TGTTAGCCCCG-3, 20 fmol) and myc-TEAD1 TnT pro-
teins. DNA probes used for EMSA contained double-
stranded DNA made of two complementary strands, and
sample preparation included binding buffer and 50 ng/.l
poly (dI-dC). After incubation for 20 min at 25°C, the re-
action mixture was separated by electrophoresis using an
8% native DNA polyacrylamide gel. Thereafter, the protein-
DNA complexes were transferred onto a Zeta-Probe@®) GT
Membrane (Bio-Rad) and detected by chemiluminescence.

Pull-down assay

The biotinylated DNA (450 pmol) or RNA (500 pmol)
probes and TnT proteins used for EMSA were incubated in
NP-40 buffer [5S0 mM Tris—HCI (pH 7.4), 150 mM NaCl,
5 mM EDTA, 0.1% NP-40, and protease inhibitor cock-
tail] for 3h at 4°C with gentle rotation. DNA-protein
or RNA-protein complexes were further incubated with
streptavidin-conjugated agarose beads (Invitrogen) for 1 h
at 4°C with gentle rotation. The pulled-down complex was
washed 5 times with NP-40 buffer, then separated on an
SDS-polyacrylamide gel and analyzed by immunoblot anal-
ysis.

In vitro binding assay

The Flag-YAP construct (Addgene, #19045) was over-
expressed in LATS1/2-DKO HEK293A cells and then
lysed with M-PER Mammalian Protein Extraction Reagent
(Thermo Fisher Scientific) containing a protease inhibitor
cocktail (Roche Applied Science). The lysate was incubated
with ANTI-FLAG® M2 Affinity Gel (Sigma) for 1h 30
min at 4°C with gentle rotation. After washing 5 times with
NP-40 buffer, myc-TEAD1 TnT proteins were added and
incubated for 3 h at 4°C with gentle rotation. After that, it
was additionally washed 5 times with NP-40 buffer, and the
interaction of Flag-YAP and myc-TEAD1 was analyzed by
immunoblot analysis.

TCGA data and analysis

Multiple datasets obtained from TCGA were used for
cancer patient analysis (Supplementary Excel File. TCGA
data set). We downloaded mRNA-expression values and
overall survival data from the UCSC XENA data portal
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(https://xenabrowser.net/datapages/) for TCGA patients.
The inclusion ratios of alternative exons were represented
as percent spliced in index (PSI) values. PSI values of
TEADI alternative exons were obtained from the Splice-
Seq database (https://bioinformatics.mdanderson.org/
TCGASPDliceSeq/index.jsp) and used to compare CTGF
and CYR61 mRNA-expression levels in individual TCGA
patient samples.

Statistical analysis

All in vitro experiments were performed in triplicate. Data
are expressed as mean &+ SD and compared using GraphPad
Prism software (v.5.0; GraphPad Software, San Diego, CA,
USA). Comparisons between groups were assessed using
unpaired z-tests. Statistical significance was set at P < 0.05.

RESULTS

Correlation in expression between TEADI isoforms and
YAP-TEAD target genes

The TEAD family includes four highly homologous pro-
teins (TEAD1-4) that share a conserved DNA-binding
TEA domain located at the N-terminus of the proteins
(36,44). As TEAD family genes (except for TEAD3) include
cassette exons, we investigated the effect of each splicing iso-
form on the Hippo signaling pathway. First, we compared
the expression level of each TEAD splicing isoform ex-
hibiting cassette-exon inclusion with the expression profile
of connective tissue growth factor (CTGF), a representative
YAP-TEAD target gene, according to The Cancer Genome
Atlas (TCGA) data. Among the cassette exons, TEADI
exon 6 exhibited the greatest correlation with CTGF expres-
sion level, with correlation coefficients for breast invasive
carcinoma (BRCA) and stomach adenocarcinoma (STAD)
of 0.43 and 0.47, respectively (Figure 1A). In addition, we
compared the expression profile of cysteine-rich angiogenic
inducer 61 (CYRG61), another YAP-TEAD target gene. As a
result, as with CTGF, TEADI exon 6 and CYR61 expres-
sion level exhibited the greatest correlation coefficients in
BRCA and STAD were 0.42 and 0.36, respectively (Figure
1B). Therefore, we focused on the role of TEADI exon 6 in
the Hippo signaling pathway.

We examined the expression of the exon 6-inclusion iso-
form of TEADI in various human-derived cell lines using
RT-PCR. We used primer pairs designed with sequences lo-
cated in exons 5 (ES5) and 7 (E7) to identify the inclusion or
exclusion of exon 6. TEAD1L and TEADI12E¢, which in-
dicate the inclusion and exclusion of exon 6, respectively,
were expressed in all cell lines (Figure 1C). Additionally,
we observed TEAD1F! and TEAD12F¢ expression in var-
ious murine tissues, as well as various human-derived cell
lines (Figure 1D). TEADI, which exhibits DNA-binding
activity in the Hippo signaling pathway, regulates the tran-
scription of genes, such as CTGF, CYR61, and ankyrin re-
peat domain 1 (ANKRDI). To determine the effect of exon
6 inclusion on the transcriptional activity of TEADI1, we
classified patients with different tumor types in TCGA ac-
cording to the PSI value of exon 6 inclusion and analyzed
CTGF or CYR61 expression. We found that exon 6 in-
clusion was proportional to CTGF or CYR61 expression

(Figure 1E, F; upper graphs, Supplementary Figure S1A-
D; left graphs). Interestingly, TEAD1 expression did not
correlate with CTGF or CYRG61 expression (Figure 1E, F;
lower graphs, Supplementary Figure S1A-D; right graphs).
Moreover, in most tumor types, the correlation coefficients
between CTGF- or CYR61-expression levels and exon 6 in-
clusion by TEADI were higher than those between CTGF-
or CYRG61-expression levels and TEA DI expression (Figure
1G). Moreover, the expression of TEADI with exon 6 inclu-
sion did not correlate with TEADI levels (Supplementary
Figure S1E).

As TEADs are associated with the progression of vari-
ous types of human cancers, such as colon, lung, breast,
and liver (45-47), we investigated the effect of exon 6 in-
clusion on the survival rate of patients using TCGA data.
We found that the survival rate of patients with high exon
6 inclusion was lower than that of patients with low exon 6
inclusion (Figure 1H). These results suggest that the tran-
scriptional activity of TEADI1 in the Hippo-YAP signaling
pathway might be correlated with exon 6 inclusion through
AS regulation rather than its expression level.

The differential transcription activities and oncogenic prop-
erties of two TEADI1 isoforms

Next, we directly confirmed the differential transcription
activities of the two TEADI splicing isoforms (TEAD1FL-
and TEADI12E®) using the 8 x GT-IIC luciferase reporter
containing TEAD response elements (5-GGAATG-3') in
the HEK293A cells. HEK293A cells are a cell line char-
acterized by being flatter and more contact-inhibited than
HEK293 cells (48). As contact inhibition activates large
tumor-suppressor kinases (LATS), the HEK293A cell line
is the most widely used to study the Hippo signaling path-
way (48-52). Immunoblot analysis showed comparable ex-
pression between TEAD14E6 and TEAD1FL, although the
increase in reporter activity by TEAD14E¢ was significantly
lower than that by TEAD1FL (Figure 2A, Supplementary
Figure S2A). Additionally, overexpression of YAP, a cofac-
tor involved in TEADI transcription activity, resulted in
markedly lower TEAD12E¢ reporter activity (Figure 2A).
Moreover, we confirmed that the differences in reporter ac-
tivity between the two isoforms were similar to observed dif-
ferences in the expression of endogenous YAP-TEAD tar-
get genes (Figure 2B). LATS1/2 are known to regulate up-
stream signaling in the Hippo signaling pathway and in-
duce YAP phosphorylation, resulting in YAP sequestra-
tion from the cytoplasm, and promoting YAP inactivation
(53,54). Therefore, LATS1/2 double-knockout (LATS1/2-
DKO) blocks phosphorylation of YAP, leading to YAP
nuclear translocation and constitutive activation of YAP-
TEAD target gene expression (43). Since it was confirmed
that the transcriptional activity of the TEAD1 isoform was
varied further due to overexpression of YAP, we next con-
ducted an experiment with LATS 1/2-DKO cells where
YAP inactivation was blocked. As expected, endogenous
mRNA expression levels of CTGF, CYR61 and ANKRDI
were stronger in the LATS1/2-DKO cell line than in the
wild-type cell line (Figure 2D). The TEADI1 exon 6 inclu-
sion rate in the LATS1/2-DKO HEK293A cell line was
not significantly different from that in WT (Supplementary
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Figure 1. Expression of an isoform of TEAD12EC is inversely proportional to the expression of genes related to the Hippo signaling pathway. (A, B)

Heatmaps (top) of individual patient samples profiled based on events and according to changes in CTGF (A) and CYR61 (B) mRNA level and the percent
spliced in index (PSI) of TEAD family alternative exons. Pearson’s correlation coefficient of the PSI versus CTGF and CYR6! expression and statistical
analyses are shown at the bottom of the heatmaps. (C, D) Nucleotide-sequence alignments of the regions encoding TEAD1FL- and TEADI12E®, Red nts
representing the exon 6 region. The splicing patterns of TEA DI exon 6 in human cell lines (C) and mouse tissues (D) were analyzed by RT-PCR. The upper
and lower bands represent results for regions encoding TEAD1FL and TEAD12ES, respectively. (E, F) Comparison of CTGF and CYR61 mRNA levels
versus the ratio of TEADI mRNA level to TEADI exon 6 inclusion in BLCA and KIRC. (G) Heatmaps of CTGF and CYR6/ mRNA levels according
to the PSI value of TEADI exon 6 or TEADI mRNA level in TCGA datasets. Pearson’s correlation coefficients are shown at the top of the heatmaps.
(H) Kaplan—-Meier survival plot showing survival rates of patients with TEADI exon 6 high PSI (purple) and low PSI (green) in KIRC and LUAD.
BLCA, Bladder Urothelial Carcinoma; BRCA, Breast invasive carcinoma; COAD, Colon adenocarcinoma; ESCA, Esophageal carcinoma; HNSC, Head
and Neck squamous cell carcinoma; KIRC, Kidney renal clear cell carcinoma; KIRP, Kidney renal papillary cell carcinoma; LIHC, Liver hepatocellular
carcinoma; LUAD, Lung adenocarcinoma; LUSC, Lung squamous cell carcinoma; PRAD, Prostate adenocarcinoma; READ, Rectum adenocarcinoma;
STAD, Stomach adenocarcinoma; THCA, Thyroid carcinoma; UCEC, Uterine corpus endometrial carcinoma.
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Figure 2. The transcriptional activity of TEAD1F is greater than that of TEADI2E®, (A) Transient transfection of HEK293A cells with the 8 x GT-
IIC luciferase and the indicated amounts of Myc-TEAD1 constructs in the absence or presence of Flag-YAP. After 48 h, Firefly luciferase activity was
normalized to that of Renilla luciferase activity. (B) Transient transfection of HEK293A cells with the indicated amounts of Myc-TEAD] constructs in
the absence or presence of Flag-YAP. After 48 h, mnRNA levels of the indicated genes were measured using qRT-PCR and normalized to B-actin level. (C)
Transient transfection of WT and LATS1/2-DKO HEK293A cells with 8 x GT-11C luciferase and the indicated amounts of Myc-TEAD1 constructs. After
48 h, Firefly luciferase activity was normalized to that of Renilla luciferase activity. (D) Transient transfection of WT and LATS1/2-DKO HEK293A cells
with the indicated amounts of Myc-TEADI constructs. After 48 h, mRNA levels of the indicated genes were measured using qRT-PCR and normalized to
B-actin level. All data are expressed as fold values relative to the sample transfected with the mock vector into WT HEK293A cells. (-) in the graph means
mock vector transfection. Data represent the mean + SD (rn = 3). *P < 0.05, **P < 0.01, ***P < 0.001.

Figure S2B). We found that the transcriptional activity of
TEADI12E¢ was significantly lower than that of TEAD1FL:
according to reporter activity and target gene expression
LATS1/2-DKO HEK293A cells (Figure 2C, D, Supple-
mentary Figure S2C), indicating that TEAD1F! exhibited
stronger transcription activity than TEAD14E¢, These re-
sults suggest that AS-regulated exon 6 inclusion of TEAD1
is a critical post-transcription mechanism regulating YAP-
dependent transcription activity.

TEAD:s influence oncogenic properties, such as cell pro-
liferation and migration, through their transcription activ-
ity during cancer progression (55-57). Therefore, we in-
vestigated whether differences in the transcriptional activ-
ities of TEAD12F¢ and TEAD1FL would result in differ-
ential cell proliferation and migration. We used LATS1/2-
DKO HEK293A cells transfected with Myc-TEAD1"L or
Myc-TEADI14F®, respectively, to evaluate cell proliferation
and perform colony formation assays. The results showed
greater increases in cell proliferation due to TEADI1FL
overexpression compared to TEADI2E® overexpression
(Figure 3A), and colony formation assays revealed that
TEADI"Y had a greater effect enhanced colony size
and number relative to a greater degree than TEAD14F®
(Figure 3B). Moreover, wound-healing and transwell cell-
migration assays on LATS1/2-DKO cells revealed signif-
icantly faster wound closure and transwell migration fol-

lowing TEAD1FL overexpression relative to that observed
following TEAD12E® overexpression (Figure 3C, D). These
results suggest that differences in TEAD]1 transcription ac-
tivity mediated by exon 6 inclusion influence cell growth and
motility.

The differential YAP interaction of two TEAD]1 isoforms

Exon 6 of TEADI encodes a four-amino-acid peptide,
VTSM, located in the DNA-binding domain (Figure 4A).
Therefore, we performed a ChIP assay to investigate bind-
ing activity at the promoter region of YAP-TEAD target
genes to identify differences in transcriptional activity ac-
cording to exon 6 inclusion in TEADI. In LATS1/2-DKO
cells transfected with Myc-TEAD1FL or -TEAD124E¢ con-
structs, measurement of TEAD1 occupancy by immuno-
precipitation using the anti-Myc antibody and qPCR of
promoter sites of YAP-TEAD target genes revealed similar
Myc-TEADI1FL and Myc-TEAD14E¢ expression and IP ef-
ficiency, and that TEAD1FL binding activity was greater
than that of TEAD12F¢ to the promoter regions of YAP-
TEAD target genes (Figure 4B). To confirm whether this
result is due to the difference in DNA binding affinity of
TEADI, DNA pull-down assay and EMSA were performed
with TEADI protein obtained using in vitro transcription
and translation in cell-free conditions (TnT). Contrary to
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Figure 3. The oncogenic properties of TEAD 1L are greater than those of TEAD12E®_ (A) Transient transfection of LATS1/2-DKO HEK293A cells with
the indicated amounts of Myc-TEADI constructs. Cell counts were obtained for each indicated day using a hemocytometer. Data represent the mean 4+ SD
(n =9). (B) Transient transfection of LATS1/2-DKO HEK293A cells with the indicated amounts of Myc-TEAD1 constructs. Colony-forming efficiency
(colony size and number) at day 7 was quantified. Data represent the mean + SD (n = 4). Data are expressed as fold values relative to the sample transfected
with the mock vector into LATS1/2-DKO HEK293A cells. (C) Quantification of cellular migration via measurement of wound closure rate in LATS1/2-
DKO HEK293A cells expressing Myc-TEAD1 constructs. Images obtained at 24 h are representative of three independent experiments. Data represent the
mean + SD of nine fields of images from cells expressing Myc-TEADI constructs. (D) Quantification of transwell migration of LATS1/2-DKO HEK293A
cells expressing Myc-TEADI constructs. Images obtained at 24 h are representative of four independent experiments. Data represent the mean & SD (n =
3). Scale bar, 100 pm. (-) in the data means mock vector transfection. *P < 0.05, **P < 0.01, ***P < 0.001.

our expectation that the DNA binding affinities accord-
ing to the TEAD1 isoforms would differ, the DNA binding
affinities of the two isoforms were similar (Figure 4C, D).
Next, to determine whether the observed TEADI1FL:
binding activity was a consequence of increased nuclear lo-
calization relative to that of TEAD14F¢, we performed im-
munofluorescence microscopy analysis of cells overexpress-
ing Myc-TEADI1FL or -TEAD12E¢, which showed that
both TEAD isoforms demonstrated similar nuclear local-
ization (Supplementary Figure S3A). In addition, we over-
expressed each of the TEADI isoforms in 293A cells, and
then fractionated the nucleus and cytoplasm (Supplemen-
tary Figure S3C). It was confirmed that TEAD] isoforms
were present in similar amounts in the nuclear and cyto-
plasmic fractions, and it was verified that there is no dif-
ference in intracellular location between TEAD1 isoforms.
However, the intracellular location of YAP varied signif-
icantly with the TEADI isoforms. When TEAD1FL was
overexpressed, quantification of the immunofluorescence

intensity and immunoblot band intensity of protein in the
nuclear fraction confirmed that there was more YAP in
the nucleus than TEAD14F® (Supplementary Figure S3A—~
D). We thought that the retention of YAP in the nucleus
could be indirect evidence indicating that the interaction be-
tween the TEAD1FY and YAP is stronger than that of the
TEADI12F¢, Therefore, we next investigated the interaction
of TEADI isoforms with YAP. To confirm that TEADI iso-
forms have differential interacting activity with YAP, myc-
TEAD1 was overexpressed in LATS1/2-DKO HEK293A,
and then immunoprecipitation was performed using anti-
myc antibody. We found that TEADIFL exhibits higher
affinity for YAP relative to TEAD14E¢ (Figure 4E). The in-
teraction between TEAD1 and YAP was reconfirmed us-
ing the TEAD1 TnT protein. After overexpressing Flag-
tagged YAP in cells, YAP was purified using Flag resin. Af-
ter that, the myc-TEAD1 proteins obtained by TnT were
bound to YAP. As a result, as seen in Figure 4E, it was con-
firmed that the interaction between TEADIFY and YAP
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exon 6. (B) ChIP assay using LATS1/2-DKO HEK293A cells transiently transfected with Myc-TEAD1 constructs. The anti-Myc antibody was used to
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was stronger than that between TEAD124E and YAP (Fig-
ure 4F). Although exon 6 encodes part of the N-terminal
TEAD1 DNA-binding domain, whether exon 6 exclusion
results in conformational change of the YAP/TAZ-binding
domain in the C-terminus remains to be verified. We com-
pared the protein structure of the TEADI isoforms using

the AlphaFold program. As a result, the helix part of the
TEADI14F® was long, but it became flexible due to exon 6
inclusion in the TEAD1"Y (Supplementary Figure S3E).
This conformational change due to exon 6 is expected to
facilitate interaction with YAP. These results suggest that
exon 6 inclusion affected the interaction with YAP.



RBFOX2 regulates TEADI AS

To investigate regulation of TEADI cis-regulatory elements
by RBPs, we first analyzed the correlation between the PSI
value of TEADI exon 6 and the expression level of 151 splic-
ing factors in 10 cancer types in the TCGA data set. The top
5 genes with high mean correlation values among 10 cancer
types were RBFOX2, KH Domain Containing RNA Bind-
ing (QKI), Muscleblind Like Splicing Regulator I (MBNLI),
NOVA Alternative Splicing Regulator 2 (NOVA2) and AH-
NAK Nucleoprotein 2 (AHNAK?) (Figure 5SA). Next, we in-
vestigated the degree of sequence conservation of upstream
and downstream intronic regions, including exon 6, accord-
ing to the UCSC PhastCons conservation score. The results
identified two highly conserved elements in the downstream
intronic region of exon 6, which contained the GCAUG se-
quence (Figure 5B). Further analyses identified a GCAUG-
binding element as the binding consensus sequence of RB-
FOX2, which reportedly regulates the AS of many genes via
the GCAUG element. Therefore, we focused on RBFOX2
and analyzed its correlation with the YAP-TEAD target
gene. In TCGA data pertaining to various cancer types, the
expression level of RBFOX2 was not only correlated with
the TEADI exon 6 PSI value, but also exhibited a high cor-
relation with the expression levels of the YAP-TEAD tar-
get genes CTGF and CYR61 (Supplementary Figure S4A).
Next, we verified whether this RBFOX2-induced AS regu-
lation was due to binding to the GCAUG element present in
the intron region downstream of TEADI exon 6. To inves-
tigate the interaction between RBFOX2 and TEADI pre-
mRNA, we performed RIP assays using HEK293A cells
and the anti-RBFOX2 antibody. RT-PCR of RNA isolated
from RNA-RBFOX2 complexes using primers capable of
detecting the flanking regions of the GCAUG elements
yielded the predicted products, confirming that RBFOX2
interaction with TEADI pre-mRNA (Figure 5C). However,
RBFOX2 did not interact with the negative control TEAD?2
pre-mRNA. To determine whether the binding of RBFOX2
to the downstream intronic region of TEADI exon 6 di-
rectly affects exon 6 inclusion, we evaluated the effects of
RBFOX2 overexpression and siRNA knockdown of RB-
FOX2. To maximize the effect of RBFOX2 on TEADI exon
6 splicing, the U-2 OS cell line, exhibiting a high TEADI
exon 6 inclusion ratio, was used for RBFOX2 knockdown
evaluation. We found that RBFOX2 overexpression dose-
dependently promoted exon 6 inclusion, whereas RBFOX2
depletion decreased exon 6 inclusion. (Figure 5D, E). Then,
we used biotinylated RBFOX2 TnT protein and TEAD] in-
tron 6 RNA in which GCAUG, the RBFOX2 binding site,
was mutated, and confirmed that RBFOX2 directly binds to
the GCAUG site in the TEADI intron 6 sequence through
RNA pull-down assay and RNA EMSA (Figure 5F, Sup-
plementary Figure S4B). Next, we investigated which of the
two GCAUG elements plays a functional role in exon 6 in-
clusion using a minigene construct containing exon 6 and
flanking exons 5 and 7, as well as TEADI introns (Fig-
ure 5G). The minigene system is a useful tool for study-
ing AS mechanisms to identify specific cis-regulatory ele-
ments and trans-acting factors (RBPs) that bind to these el-
ements. We co-transfected HEK293A cells with the TEAD1
minigene and RBFOX2, followed by RT-PCR using primer
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pairs targeting the EGFP sequence and exon 7 within the
minigene construct. We found that exon 6 inclusion within
the minigene construct was increased by RBFOX2 over-
expression (Figure 5H). To determine the GCAUG cle-
ments targeted by RBFOX2, we mutated the sequences of
the RBFOX2-binding motifs using transversion mutations
(Figure 5G) and verified changes in exon 6 inclusion by RB-
FOX2 overexpression. For the Mut2 constructs (mutation
of the second GCAUG element to CCTAC), we observed
similar exon 6 inclusion between RBFOX2-overexpressing
cells and wild-type (WT) cells. In contrast, the Mutl con-
structs (mutation of the first GCAUG element to CCTAC)
exhibited significantly reduced exon 6 inclusion relative to
WT (Figure 5I). For the Mutl/2 constructs (mutation of
both GCAUG elements to CCTAC), the increase in exon
6 inclusion by RBFOX2 overexpression was similar to that
observed in the Mutl constructs, showing that the GCAUG
element located in close proximity to exon 6 is critical for
RBFOX-mediated exon 6 inclusion.

RBFOX2 regulates the expression of YAP-TEAD target
genes

We then assessed the direct effect of RBFOX2 on the ex-
pression of YAP-TEAD target genes in the Hippo signal-
ing pathway. RBFOX2 overexpression in the presence of
YAP overexpression caused a dose-dependent increase in
TEAD]1-mediated transcription activity, as shown in a lu-
ciferase reporter assay containing the TEAD consensus
binding sequences (Figure 6A). Additionally, we confirmed
elevated transcription activities of endogenous YAP-TEAD
target genes following RBFOX2 overexpression (Figure
6B, Supplementary Figure S5A). We then determined re-
porter and transcriptional activities following RBFOX2
knockdown with siRBFOX2 and in the presence of YAP
overexpression, revealing decreases in both activities (Fig-
ure 6C, D, Supplementary Figure S5B). Furthermore, we
confirmed dose-dependent increases in RBFOX2-mediated
YAP-TEAD target gene expression in LATS1/2-DKO cells
under YAP overexpression conditions. (Figure 6E, F, Sup-
plementary Figure S5C), as well as commensurate decreases
in these activities following RBFOX?2 silencing (Figure 6G,
H, Supplementary Figure S5D). These results suggest that
RBFOX2-regulated exon 6 inclusion regulates the expres-
sion of YAP-TEAD target genes in the Hippo signaling
pathway.

DISCUSSION

In this study, we identified RBFOX2 as a splicing regula-
tor and demonstrated the mechanism underlying AS regu-
lation in the Hippo signaling pathway. RBFOX2 is an RBP
that plays an important role in AS regulation, mRNA sta-
bility, and translation (58,59). RBFOX2 exhibits differen-
tial AS regulation activity depending on the binding site
where the GCAUG element is located. In regulating exon
6 inclusion of TEADI, RBFOX2 bound to one of two
GCAUG eclements in the downstream intronic region of
exon 6; however, mutation of the functional GCAUG el-
ement only partially attenuated RBFOX2-induced exon 6
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The red line indicates the amplification region for RIP-PCR. (C) RIP was performed using the anti-RBFOX2 antibody, followed by RT-qPCR. PCR using
non-reverse-transcribed RNA confirmed that the extracted RNA was not contaminated with genomic DNA (right). Immunoprecipitated proteins were
verified by immunoblot analysis using the anti-RBFOX2 antibody (left). (D) RT-PCR analysis of endogenous TEADI exon 6 AS following transfection
of the increasing amount of the RBFOX2-Flag construct into HEK293A cells. (E) Transfection of U-2 OS cells with non-targeting control siRNA (-)
or two individual siRNAs targeting RBFOX2. At 48 h post-transfection, endogenous TEADI exon 6 AS was analyzed by RT-PCR. (F) The biotinylated
TEADI intron 6 RNA probe (WT) sequence used for RNA pull-down and the RBFOX2 binding site mutated RNA probe (Mut) sequence are shown
(upper image). Immunoblots show RBFOX2 protein binding to biotinylated TEADI intron 6 RNA probe (lower blot). (G) Diagram showing the TEADI
minigene constructs, which include the WT or mutant GCAUG elements. (H) RT-PCR analysis of exogenous TEADI exon 6 AS following co-transfection
of the increasing amount of the RBFOX2-Flag construct with the WT TEADI minigene into HEK293A cells. (I) The TEADI minigenes, including the
mutations described in (G), were co-transfected into HEK293A cells along with RBFOX2-Flag. AS of the TEADI minigene was analyzed by RT-PCR.
RBFOX2 overexpression or knockdown (D, E, H, I) was confirmed by immunoblot analysis using anti-Flag and anti-RBFOX2 antibodies. (-) in the
data (D, H, I) means mock vector transfection. GAPDH served as a loading control. Data represent the mean &+ SD (n = 3). *P < 0.05, **P < 0.01,
***P < 0.001.



Nucleic Acids Research, 2022, Vol. 50, No. 15 8669

90, BXGT-IIC-Luc B CTGF

*%

* CYR61 ANKRD1

Luciferase activity (fold)
-
N wW B [4)]

mRNA expression (fold)

0 0
-Flag- sl - sl RBFOX2-Flag- el - sl - ol - sl - sl - il

RBFOX2
Mock Flag-YAP Mock Flag-YAP Mock Flag-YAP Mock Flag-YAP
C . 8XGTIC-Luc D . creF CYR61 ANKRD1
=} <}
Ke) o
S 2 3
s 3 )
o
2 2 5 2
2 1 <ZE 1
o o
3 €
-0
SiRBFOX2 - #1#2 - #1#2 SIRBFOX2 - #1#2 - #1#2 - #1#2 - #1#2 - #1#2 - #1#2
Mock Flag-YAP Mock Flag-YAP  Mock Flag-YAP  Mock Flag-YAP
E o 8XGT-IC-Luc F . CTGF _, CYR61 |  ANKRDT
=) kK k°) I I
o L
< 8 <, I I
.g S | |
= 6 @ | |
3 g 2 I I
£ 2 Z | |
e x I I
-0 0
RBFOX2-Flag- sl - el RBFOX2-Flag- et - sl - ol - sl - sl - el
LATS1/2-DKO LATS1/2-DKO LATS1/2-DKO LATS1/2-DKO
G, exGTC-Luc H . c16F CYR61 ANKRD1
s s
z 9 *x S 2
2 % 7]
“5 0
& 2K g
2 5 1
L 2
S 4
2 £

0 0
siRBFOX2 - #1#2 - #1#2 SiRBFOX2 - #1#2 - #1#2 - #1#2 - #1#2 - #1#2 - #1#2
LATS1/2-DKO LATS1/2-DKO LATS1/2-DKO LATS1/2-DKO

Figure 6. RBFOX2 regulates the expression of target genes related to the Hippo signaling pathway. (A) Transient transfection of HEK293A cells with
the 8 x GT-IIC luciferase construct and the increasing amounts of RBFOX2-Flag in the absence or presence of Flag-YAP. After 48 h, Firefly luciferase
activity was normalized to that of Renilla luciferase. (B) Transient transfection of HEK293A cells with the increasing amounts of RBFOX2-Flag in
the absence or presence of Flag-YAP. After 48 h, mRNA levels of the indicated genes were measured using qRT-PCR and normalized to B-actin level.
(C) Transient transfection of HEK293A cells with 8 x GT-IIC luciferase along with non-targeting control siRNA or two individual siRNAs targeting
RBFOX2 in the absence or presence of Flag-YAP. (D) Transient transfection of HEK293A cells with non-targeting control siRNA or two individual
siRNAs targeting RBFOX?2 in the absence or presence of Flag-YAP. (E) Transient transfection of WT and LATS1/2-DKO HEK293A cells with 8xGT-11C
luciferase with the increasing amount of RBFOX2-Flag. (F) Transient transfection of WT and LATS1/2-DKO HEK293A cells with the increasing amount
of RBFOX2-Flag. (G) Transient transfection of WT and LATS1/2-DKO HEK293A cells with 8 x GT-1IC luciferase with non-targeting control siRNA or
two individual siRNAs targeting RBFOX2. (H) Transient transfection of WT and LATS1/2-DKO HEK293A cells with non-targeting control siRNA or
two individual siRNAs targeting RBFOX?2. (-) in the graph means mock vector (A, B, E, F) or non-targeting control siRNA (C, D, G, H) transfection. All
data are expressed as fold values relative to the sample transfected with the mock vector into HEK293A WT cells. Data represent the mean + SD (n = 3);
*P < 0.05, **P < 0.01, ***P < 0.001.
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inclusion. Recent studies report that RNA-binding by RB-
FOX2 is not limited to the GCAUG sequence (60-62), sug-
gesting that RBFOX2 likely exerts its regulatory activity
through other putative binding elements associated with
exon 6 inclusion of TEADI. In addition to RBFOX2, QKI,
MBNLI1, NOVA2, and ANHAK?2 also exhibited a high cor-
relation with TEADI exon 6 splicing in TCGA data (Fig-
ure 5A). QKI, MBNL1 and NOVA2 are known to compete
with or cooperate with the RBFOX family to synergistically
regulate alternative splicing (63-69). Since the mechanism
controlling splicing is very complex, it is difficult to com-
pletely abolish splicing by one splicing factor or one bind-
ing site. Therefore, there is also the possibility that splicing
of TEADI exon 6 might be regulated by other splicing fac-
tors.

We used a TEADI minigene construct containing a ge-
nomic segment of alternatively-spliced exon 6 and its flank-
ing exons and introns to identify an RBFOX2 response ele-
ment involved in regulating TEADI AS. We found that exon
6 inclusion in the TEADI minigene following RBFOX2
overexpression was stronger than that observed with en-
dogenous TEADI. AS is affected by the speed of RNA poly-
merase 1 elongation, promoter architecture, the secondary
structure of pre-mRNA, and cis-regulatory elements on
pre-mRNA and trans-acting splicing factors (70-72). Thus,
AS patterns in the endogenous TEADI gene mediated by
RBFOX2 might differ from those of a minigene comprising
a promoter region and genomic segments of specific genes.
Although the minigene reporter system does not allow full
reproducibility of endogenously-regulated AS for all genes,
it remains a useful tool for verifying the cis-regulatory el-
ements and their splicing factors. Therefore, these findings
elucidated the role for RBFOX2 in regulating TEADI AS
through the GCAUG element downstream of exon 6.

TEADI exon 6 consists of 12 nts and encodes only four
amino acids. These small exons in the range of 3-30 nts are
called microexons, and can change protein properties by af-
fecting interactions with partner proteins, enzymatic activ-
ity, and protein localization (73). In particular, they tend
to be neuron-specific, and have been proposed to play a
key regulatory role during brain development. Therefore,
research on microexons has primarily focused on the brain
(74-77). In this study, we reported for the first time that the
interaction with YAP is changed by the inclusion of exon
6, a microexon of TEADI. The peptide encoded by exon 6
is located in the DNA-binding domain of the TEAD1 N-
terminus. In an in vitro DNA binding assay using TEADI
TnT protein, there was no significant difference in DNA
binding activity according to the different TEAD]1 isoforms
(Figure 4C, D). However, in a ChIP assay using whole cell
lysate, more TEAD1" was bound to the promoter regions
of the target genes than TEAD12E¢ (Figure 4B). Therefore,
we cannot exclude the possibility that there may be other ex-
ternal factors that are differentially changed depending on
the isoform of TEAD1 bound to DNA. Phosphorylation
of TEAD by PKA and PKC is known to inhibit TEAD1
binding to DNA (78,79). There is a possibility that the de-
gree of phosphorylation differs depending on the TEADI1
isoforms, thereby affecting DNA binding. In addition, the
binding of partner proteins, including YAP, which is depen-
dent on the TEAD1 isoform, may have influenced the bind-

ing of TEADI to DNA. The mechanism by which TEAD1
recognizes and binds to DNA is still unclear and thus re-
quires further studies. Contrary to our expectations, exon 6
of TEADI, which is located in the DNA-binding domain,
also affected the interaction with YAP. TEAD1 is known to
interact with YAP through the YAP binding domain located
in C-terminus. The fact that the interaction with YAP is
changed by only four amino acids located in the DNA bind-
ing domain is a very interesting result. Based on the present
results, we speculate that exon 6 exclusion in TEADI also
affects YAP interaction via conformational changes in the
YAP/TAZ-binding domain. We found that the conforma-
tional change of TEAD1 by exon 6 may affect the interac-
tion with YAP using AlphaFold protein structure predic-
tion, but the precise conformational change and detailed
mechanism must be elucidated through additional experi-
ments.

Since human multi-exon genes undergo alternative splic-
ing to encode proteins with various functions, most key
components in the Hippo signaling pathway also undergo
AS regulation (4). The human YAPI gene consists of nine
exons and generates at least 8 splicing variants (80,81). The
full-length YAP isoform contains two WW domains, and
one of the WW domains is encoded by exon 4. The isoform
in which exon 4 of YAPI is skipped has only one WW do-
main, and its transcription activity is reduced compared to
the isoform containing exon 4. SRSF1 is a splicing factor
that regulates alternative splicing of TEADI exon 5 (82).
Although TEADI exon 5 is also an alternative exon, ex-
clusion of exon 5 was not confirmed in the TCGA data
or at least in the cell line used in this experiment, and the
splicing pattern of exon 5 did not change depending on the
expression level of RBFOX2 (unpublished data). TEADA4,
a TEAD family member, possesses the exon 3 skipping
isoform and generates a truncated protein with an alter-
native translation start site from exon 6 (83). The exon 3
skipping isoform of TEAD4 lacks an N-terminal DNA-
binding domain and exerts a dominant-negative function
on YAP activity. Although the transcriptional activity of
the Hippo signaling pathway reportedly drives cell pro-
liferation, only a few reports have shown the difference
in transcriptional activity of several gene isoforms in the
Hippo signaling pathway. To the best of our knowledge,
our study is the first to report a correlation between the
expression levels of YAP-TEAD target genes and isoform-
specific expressions of Hippo pathway components in a
human tissue database. Therefore, this study proposes a
new paradigm in which AS isoforms rather than total ex-
pression levels enable fine-tuning of complex transcription
programs.

The Hippo signaling pathway plays an important role in
various biological processes, including cancer development
(84,85). We found that the expression of Hippo-YAP target
genes did not correlate with total TEADI1-expression lev-
els. Transcription factors generally dose-dependently regu-
late the expression of target genes; however, the expression
of TEADI isoforms is regulated by AS, subsequently regu-
lating target gene expression and enabling sophisticated reg-
ulation of cellular homeostasis via Hippo signaling. These
findings indicate the role of AS regulation in modulating the
status of diseases related to Hippo signaling. Of note, this



approach can potentially be extended to promote a deeper
understanding of biological processing by other signaling
pathways.

In summary, we determined the functional importance
of RBFOX2 in AS regulation of TEADI in the Hippo
signaling pathway. We demonstrated differences between
TEADI1"L and TEAD12F¢ in promoting target gene tran-
scription, cell growth, and migration. Altogether, these re-
sults offer critical insight into RBFOX2-mediated regula-
tion of TEADI AS and a broader understanding of the role
of Hippo signaling in cancer progression.
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