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ABSTRACT

The Hippo-TEAD pathway regulates cellular prolif-
eration and function. The existing paradigm is that
TEAD co-activators, YAP and TAZ, and co-repressor,
VGLL4, bind to the pocket region of TEAD1 to en-
able transcriptional activation or repressive func-
tion. Here we demonstrate a pocket-independent
transcription repression mechanism whereby TEAD1
controls cell proliferation in both non-malignant ma-
ture differentiated cells and in malignant cell mod-
els. TEAD1 overexpression can repress tumor cell
proliferation in distinct cancer cell lines. In pancre-
atic � cells, conditional knockout of TEAD1 led to a
cell-autonomous increase in proliferation. Genome-
wide analysis of TEAD1 functional targets via tran-
scriptomic profiling and cistromic analysis revealed
distinct modes of target genes, with one class of tar-
gets directly repressed by TEAD1. We further demon-
strate that TEAD1 controls target gene transcription
in a motif-dependent and orientation-independent
manner. Mechanistically, we show that TEAD1 has
a pocket region-independent, direct repressive func-
tion via interfering with RNA polymerase II (POLII)
binding to target promoters. Our study reveals that
TEAD1 target genes constitute a mutually restricted
regulatory loop to control cell proliferation and un-
covers a novel direct repression mechanism involved
in its transcriptional control that could be leveraged
in future studies to modulate cell proliferation in tu-
mors and potentially enhance the proliferation of nor-
mal mature cells.

INTRODUCTION

The Hippo pathway is an evolutionarily-conserved mech-
anism from Drosophila to mammals in tissue develop-
ment and growth processes by modulating cell prolifera-
tion, differentiation, and death (1). Yes-associated protein
(YAP) and WW domain-containing transcription regula-
tor protein 1 (WWTR1, TAZ) are critical effector com-
ponents in the Hippo signaling cascade. YAP and TAZ,
as co-regulators, do not have DNA binding domains and
associate with TEAD transcription factors (TEA domain)
to modulate transcription for target gene regulation (2–3).
Thus, TEAD factors link upstream and downstream sig-
nals in the Hippo pathway. In mammals, there are four
genes encoding homologous members of the TEAD fam-
ily, TEAD1–4, which recognize the MCAT sequence mo-
tif (GGAATG) on its gene targets (4). In addition to YAP
and TAZ co-activators for TEADs, VGLL4 was reported
to be a TEAD co-repressor (5). Interestingly, YAP and
TAZ could also function as TEAD co-repressors to sup-
press DDIT4 (DNA-damage-inducible transcript 4) and
Trail (TNF-related apoptosis-inducing ligand) transcrip-
tion (6). To date, cofactors are considered to be necessary
for TEAD to control target genes involved in the regu-
lation of cell growth and cell proliferation. Crystallogra-
phy analyses revealed that TEAD N-terminus binds with
MCAT elements while its C-terminus is responsible for in-
teraction with cofactors (7–8). Structural analysis indicates
that a pocket area within TEAD is the interface that me-
diates cofactor binding, formed by �4, �11, �12, �1 and
�4 of TEAD (7). The majority of available TEAD path-
way inhibitors target this domain (8–11), although many
molecules display poor potency (12). We hypothesized that
an alternative regulatory mechanism may exist for TEAD
modulation independent of its pocket structure, based on
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our recent finding that TEAD1 had transcriptional regula-
tory functions independent of YAP and TAZ (Feng Li et al.
in press).

Many recent studies suggest the importance of TEAD
in the development of human cancers. To date, in cancer
research, most studies on TEAD activity are limited to
serving as the functional readout of the Hippo-YAP/TAZ
pathway. In hepatocellular carcinoma (HCC), dominant-
negative TEAD reversed YAP-induced hepatomegaly and
tumorigenesis in vivo. Moreover, VGLL4-mimicking pep-
tide and verteporfin (a small YAP-binding chemical) were
demonstrated to harbor therapeutic effects against YAP-
induced tumorigenesis by interrupting TEAD-YAP interac-
tion (8,13–14). However, YAP/TAZ-independent functions
of TEAD factors in tumorigenesis remain elusive.

In contrast to its role in oncogenesis, TEAD1’s function
in mature differentiated cells is even less understood. Re-
cent evidence highlights its role in the normal function of
cardiomyocytes (15) and vascular smooth muscle (16). Pan-
creatic �-cell failure to compensate for the metabolic needs
underlies all diabetes. While there is autoimmune-mediated
�-cell destruction in Type 1 diabetes, in the late stages of
type 2 diabetes, �-cell failure and reduction in functional
�-cell mass lead to diabetes with hyperglycemia with conse-
quent morbidity and mortality (17). Increasing �-cell func-
tional mass through augmenting proliferation is a promis-
ing approach to ameliorating �-cell deficiency in diabetes.
Pancreatic islets are post-mitotic unique mature cell types
with dedicated insulin-secretion function and regulation,
and many genes within the Hippo pathway, including YAP,
are selectively repressed (18–19). In mature � cells, YAP
expression is not detectable (20–21), suggesting repression
of YAP could be involved in maintaining �-cell matura-
tion. However, the mechanisms of YAP repression in adult
� cells remain unknown. Among TEAD family members,
TEAD1 is the most abundant in islets (22). Despite our
current understanding of Hippo signaling, the roles of the
TEAD pathway in regulating � cell proliferation remain un-
clear.

In the current study, to dissect the mechanisms un-
derlying the potential role of TEAD1 in prolifera-
tion, we utilize three model systems with extremes of
proliferation/differentiation function, with the pancreatic �
cell being a highly differentiated cell type with low prolif-
erative capacity, insulinoma-derived INS (INS1 and INS2)
cells having a high proliferation with some retained function
and HeLa cancer cell line with a high proliferative capacity.
We demonstrate that conditional TEAD1 deletion in pan-
creatic � cells leads to an increase in proliferation with a
loss of repression of a subset of target genes involved in en-
hancing proliferation, including YAP, while TEAD1 over-
expression led to a repression of proliferation in both INS
and HeLa cells with repression of a similar subset of tar-
get genes. Mechanistically we demonstrate that TEAD1 re-
presses transcription in a pocket-independent manner for
these genes, in part by preventing the binding of POLII to
the TSS on the promoter. Taken together, we identify a tran-
scriptional repressive mechanism of TEAD1 that is widely
prevalent in cells that are normal, highly differentiated cells,
and those that are malignant.

MATERIALS AND METHODS

Transgenic mouse generation and osmotic pumps implanta-
tion

All animal experiments were approved by the Insti-
tutional Animal Care and Use Committee of Univer-
sity of Pittsburgh. To generate pancreatic �-cell-specific
TEAD1 knockout (TKO) transgenic line, TEAD1flox/flox

mice (22) were bred with the mice carrying murine Ins1
promoter-driven Cre recombinase (#026801; The Jackson
Laboratory). TEAD1 floxed alleles were confirmed us-
ing the genotyping PCR primers: forward (GCCTTCT-
GAGTGCTGGCATTAAAGG) and reverse (AAGGCA-
GACTCCTTCATTGGAATGG). Osmotic pumps (#1002;
ALZET®) (delivery rate at 0.2 U/day for 14 days) that
contain human insulin (Humulin® R REGULAR In-
sulin Human Injection U-100; Lilly) or vehicle (0.9%
NaCl solution) were implanted subcutaneously in 4-week-
old TKO or control mice (TEAD1flox/flox/Cre−). All the
mice were housed under standard 12 h light–dark cycles
with ad lib access to food and water unless otherwise
specified.

In vivo tumorigenesis using J:NU nude mice

Upon reaching ∼80% confluence, TEAD1-overexpressed
or vehicle lentiviral transduced HeLa cells were rinsed
twice with phosphate buffered saline and detached from
the culture dishes with 0.25% trypsin–EDTA solution
(#25200056; Thermo Fisher Scientific). For in vivo tumori-
genesis, 8 × 106 cells were resuspended in 100�l ice-cold
culture medium (DMEM supplemented with 10% FBS;
# 11965092; Thermo Fisher Scientific), which were in-
jected subcutaneously into 5-week-old male J:NU nude
mice (#007850; The Jackson Laboratory) (n = 3 each
group) using 1ml syringes with 25G needles. Nodule forma-
tion was monitored by weekly palpations on the injection
sites. Tumor size was assessed by external measurement of
the length and width of the tumors in two dimensions using
a caliper as soon as tumors reached measurable size. The tu-
mor volume was calculated by the formula: volume = 1/2
× length (mm) × (width [mm])2.

Bioinformatics analysis

TCGA database (https://genome-cancer.ucsc.edu/) (23) was
employed to study the association between TEAD1 mRNA
expression levels and any clinical outcomes. 33 cancer types
were analyzed. All transcript counts were normalized to
TPM or log2 converted when necessary. R (V3.6.3) was used
for the statistical analysis. R package ggplot2 were used to
analyze functional enrichment and visualize expression dif-
ferences. The survival curve was constructed using the KM
method and the log-rank test.

Plasmid construction and subcloning

Human NR4A3L, NR4A3S, VGLL4 and WTIP expression
plasmids were purchased from Genescript (#OHu15070,
#OMu68325, #OHu15880, and #OHu29047). Human

https://genome-cancer.ucsc.edu/
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WWC2 cDNA ORF clone was purchased from Sino Bi-
ological Inc. (#HG19486-U). The Human PRKCI vector
was a gift from Luke McCaffrey (#35387; Addgene). Hu-
man AMOTL2 vector was a gift from Tomasz Prószyński
(#112833; Addgene). YAP5SA was a gift from Kunliang
Guan (#27371; Addgene). Myc-tagged human TEAD1 vec-
tor was a gift from Kunliang Guan (#33109; Addgene).
The CDS regions of human TEAD1, WWC2, PRKIC,
AMOTL2, WTIP, YAP5SA, NR4A3L and NR4A3S were
subcloned into the lentiviral backbone. The �TEAD1 vec-
tor was subcloned using the full-length TEAD1 vector as
a template. All plasmids utilized in this study were vali-
dated by Sanger sequencing. Most of the lentiviral plas-
mids generated in this study will be deposited in Addgene
(http://www.addgene.org/).

Modified split-GFP system

In the classical split-GFP system, the GFP is divided into
three individual components, GFP1-9, GFP10 and GFP11.
In the presence of GFP1–9, when proteins of interest fused
to GFP10 and GFP11 interact, the assembly of the three
parts of GFP enables fluorescence emission. We put
GFP10 and GFP11 on both terminals of the bait and prey
proteins, respectively, as an ‘all-in-one’ plasmid, including
mCherry as a transfection tracking reporter to show the
transfection efficiency. The backbone vector used for split-
GFP system is pLenti-smURFP-T2A-mCherry (pLenti)
(#80347; Addgene). The sequence for GFP10 is GGCA
TGGATTTACCAGACGACCATTACCTGTCAACACA
AACTATCCTTTCGAAAGATCTCAAC, and GFP11
is GAAAAGCGTGACCACATGGTCCTTCTTGAG
TATGTAACTGCTGCTGGGATTACAGATGCTAGC.
The sequences for ‘GFP11-linker-Myc tag-XbaI:SgsI-
linker-GFP11-T2A-GFP10-linker-Pfl23II:SfaAI-Flag tag-
linker-GFP10’ were synthesized by Integrated DNA Tech-
nologies (IDT). The fragment was inserted into pLenti via
BamHI:EcoRI sites. The sequences for ‘bait’ proteins, in-
cluding TEAD1 and �TEAD1, were inserted via XbaI:SgsI
sites using In-Fusion® HD Cloning Kit (#638946; Takara
Bio). The sequences for ‘prey’ proteins including YAP1,
TAZ and VGLL4, were inserted via Pfl23II:SfaAI sites.
The fragment EF1a-mCherry-P2A, subcloned from an
Addgene plasmid (#135003), was ligated with GFP1-9 by
overlapping PCR followed by insertion into pLenti via
XhoI:Acc65I sites using In-Fusion® HD Cloning Kit. All
plasmids utilized in this study were validated by Sanger
sequencing.

Cell lines and plasmid transfections

Pancreatic � cell lines, INS1 and INS2, were cultured as
previously described (22). HeLa and NT2 cell lines were
purchased from ATCC (#CRM-CCL-2, #CRL-1973) and
cultured following the recommended protocols by ATCC.
For HEK293T cells, vector transfection was performed us-
ing the Lipofectamine 3000 kit (L3000015; Thermo Fisher)
according to the manufacturer’s instructions. For the INS1,
INS2, HeLa and NT2 cells, vector transduction was per-
formed with lentivirus.

Mouse islet isolation and culture

Mouse islets were isolated and purified as previously de-
scribed (24). Briefly, 2–3 ml collagenase XI (1 mg/ml;
#C7657; Sigma) dissolved in Hank’s buffered saline solu-
tion (#55037C; Sigma) was injected into the mouse pan-
creas via the bile duct. The perfused pancreas was then
incubated in collagenase buffer for 18 min at 37 ◦C and
further dissociated by mechanical pipetting. Islets were
hand-picked under a dissecting microscope. Islet were cul-
tured in a modified culture medium (25): Minimum es-
sential medium (#12492013; Thermo fisher) with 1× Glu-
taMAX (#17504044; Gibco), 11mM glucose, 5% FBS,
10 mM HEPES (#15630080; Thermo fisher) and 1× B-
27 Supplement (#17504044; Gibco). Before transduction
with lentivirus, islets were dissociated with a trypsin EDTA
solution (#25200056; Thermo Fisher Scientific) for 3 min
and cultured overnight. Islets were treated with 5�M
Verteporfin (# SML0534; Sigma) or DMSO vehicle for
48hrs, and then continued to detect Ki67 signals by im-
munostaining.

Lentivirus packaging

8 × 106 HEK293T cells cultured in DMEM/10%FBS
medium were incubated at 37◦C, 5% CO2 for 20 h. A
mixture of the three-plasmid system [psPAX2 (1.3 pmol),
pMD2.G (0.72 pmol), and transfer plasmid (1.64 pmol)]
was prepared and transfected into 293T cells using Lipofec-
tamine 3000 kit. After replenishment with antibiotics-free
medium 12 h post-transfection, the lentivirus-contained
medium was harvested at 48hrs post-medium-replenish and
filtered throu gh a 0.45�m PES filter and further concen-
trated using Lenti-X Concentrator (#631232; Takara Bio)
according to the manufacturer’s instructions.

Annexin-PI apoptosis assay and EDU proliferation assay

HeLa cells were trypsinized into single cells and stained
with Annexin-V (APC labeled), and Propidium Iodide for
15min at room temperature in the dark; cellular apopto-
sis was assessed by flow cytometry on BD LSRII, and data
was analyzed on FlowJo software (TreeStar Inc). EDU (5-
ethynyl-2′-deoxyuridine) was detected by the Click-iT Plus
EDU flow cytometry Kit (#C10646; Thermo Fisher) ac-
cording to the manufacturer’s instructions. Briefly, EDU
were incorporated in the culture medium at the final con-
centration of 10 �M for 1hr, followed by 15 min fixation and
15 min permeabilization. After 30 min incubation in 0.5ml
Click-iT® Plus reaction cocktail, the cells were rinsed and
analyzed using a flow cytometer.

GFP-positive cell counting and relative proliferation rate

To reduce the potential cytotoxicity from lentiviral
transduction, the titers of lentiviruses were adjusted to
achieve approximately 50% GFP-positive rate by 24 h
post-transduction. Target-gene-P2A-GFP lentiviruses were
transduced at the MOI of 1 into HeLa and NT2 cells, 0.5
into INS1 cells and 10 into INS2 cells. Flow cytometry was
adopted to determine the percentage of GFP-positive cells.
At different time points, GFP-positive rate was used to
demonstrate the relative proliferation rate.

http://www.addgene.org/
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Immunostaining

Immunostaining was performed as previously described
(24). Primary antibodies used were TEAD1 (#ab133533;
rabbit polyclonal, Abcam), TEAD1 (#12292; rabbit mon-
oclonal, Cell Signaling), Ki67 (#ab15580; rabbit poly-
clonal, Abcam), Insulin (#ab181547; rabbit monoclonal,
Abcam), Insulin (#ab6995; mouse monoclonal, Abcam),
Insulin (#PA1-26938; guinea pig ployclonal, Thermo
fisher), MAFA (#ab264418; Rabbit monoclonal, Abcam),
GLUT2 (#ab54460; Rabbit polyclonal, Abcam), Proinsulin
(#ab243141; mouse monoclonal, Abcam), YAP1 (#14074;
rabbit monoclonal, Cell Signaling), NR4A3 (#sc-393902;
mouse monoclonal, Santa Cruz Biotechnology). Tyramide
SuperBoost Kits (#B40943; Thermo fisher) were used for
YAP1 staining in the islets according to the manufacturer’s
instructions. The images were captured by the Nikon con-
focal microscope.

Western blotting

Western blotting was performed as previously described
(22). The following antibodies were used: TEAD1
(#ab133533; Abcam), YAP1 (#14074; Cell signaling),
NR4A3 (#sc-393902; Santa Cruz Biotechnology), WWC2
(#24750–1-AP; Proteintech), PKCiota (#NBP1-84959;
Novus Biologicals), POLII (#NB200-598; Novus Biologi-
cals), Myc-Tag (#2278; Cell signaling), �-tubulin (#3873;
Cell signaling) and GAPDH (#MA1-16757; Thermo
Fisher). The blots were imaged using Licor Odyssey Clx.

Realtime PCR

Total RNA was extracted and cleaned up using Direct-zol
RNA Kit (#R2051; Zymo Research) according to man-
ufacturer’s protocol. Complementary DNA (cDNA) were
synthesized using cDNA Synthesis Master Mix (#R6200;
GenDEPOT). Realtime qPCR was carried out using am-
fisure qGreen qPCR Master Mix (#Q5603; GenDEPOT)
in a Roche 480 Light Cycler machine. 18S or GAPDH
served as an internal control. The qPCR primers were de-
signed by IDT PrimerQuest Tool (https://www.idtdna.com/
Primerquest/Home/Index) and checked if they span exon-
exon junctions by CLC Sequence Viewer 8.

Luciferase assay

HOPFLASH reporter was a gift from Barry Gumbiner
(26). We also subcloned 8x MCAT sequence from the orig-
inal HOPFLASH into a lentiviral vector to facilitate islet
transduction. The following sequences cloned from the pro-
moter region were used to drive Firefly luciferase expres-
sion for luciferase reporter construction: human CTGF be-
tween −600 and 0, mouse YAP1 between −1400 and +660,
human YAP1 between −500 and +400, human LATS2
between −420 and +100, human NR4A3 between −500
and +300, human TEAD3 between −900 and +250, hu-
man WWC2 between −450 and +450, human KNTC1
between −500 and +200, human PRKCI between −500
and +285, and human Ki67 between −1207 and +316. PCR
and overlap PCR were performed using primers with the
MCAT mutation and the mYAP1 reporter as a template to

generate the �mYAP1 reporter. Luciferase assays were per-
formed with a Dual-Luciferase® Kit (#E1960; Promega)
according to the manufacturer’s instructions. Renilla lu-
ciferase activities or total protein content served as internal
controls. Total protein content was measured by the BCA
method (#23225; Thermo Fisher). All reporter plasmids
utilized in this study were validated by Sanger sequencing.

RNA-SEQ

Total RNA samples with RNA integrity number (RIN) ≥8
were used for transcriptome sequencing. For each group,
two pooled islet RNA samples (10ng) isolated from one-
year-old mice (three mice in each pooled sample; six mice in
total) were amplified and synthesized into double-stranded
cDNA, which were sheared into 200–300bp fragments and
ligated with Illumina paired-end adaptors using the Illu-
mina TruSeq DNA library preparation kit according to
the manufacturer’s instructions (Illumina, San Diego, CA).
PCR amplification was performed to obtain the final cDNA
library using Illumina kits. Bioanalyzer 2100 (Agilent Tech-
nologies, Santa Clara, CA) analysis was used to verify frag-
ment size after amplification, library size, and concentra-
tion before clustering. A total of 10 pM of the library was
then used for paired-end sequencing on the HiSeq 2500 at
the Sequencing core at Brigham Young University. Further
analyses were performed using the CLC genomics work-
bench 22. Raw reads were mapped to the mouse refer-
ence genome build 10 (UCSCmm10/GRCm38). Mapped
reads were counted using the feature counts, and dif-
ferential expression between the samples analyzed us-
ing multiple hypothesis testing. Significance was assessed
by analyzing signal-to-noise ratio and gene permutations
based on 1000 permutations. Molecular signature database
(MSigDB) 3.0 curated gene sets for hallmark and canon-
ical pathways were used for the analysis. Significant gene
sets with enrichment score and a q-value cutoff of 0.05 are
presented.

Chromatin immunoprecipitation (ChIP) assay

ChIP was performed with EZ-Magna ChIP™ HiSens
Chromatin Immunoprecipitation Kit (#17-10461; Sigma)
according to the manufacturer’s instructions. Chromatin
immunoprecipitations were performed using POLII an-
tibody (# NB200-598; Novus Biologicals) or mouse IgG
(#MAB002; R&D) in 293T and HeLa cells lysates. Im-
munoprecipitated DNA was then used as the template for
qPCR. Primers, 5’-CGGACCGGATTAACCTTAGTG-
3′ (CK1F), 5′- GCGAGGAATCGGGACAAC-3′
(CK1R), 5’- GGAGGAGTTGTGTTTGTGGA -3′
(CK2F), and 5′- CGATCTTTCCGCCCTTCTT-3′
(CK2R), were used to amplify POLII-bound DNA
sequences. Primers, 5’-GGGCGCTTCTCCTAACTTT-
3′, and 5’-GTTCCTTCCTTCCTCCCTTTC-3′, were
used to amplify POLII-bound DNA sequences in
the promoter region of YAP1 in HeLa cells. Primers,
5’-CATAAATGACGTGCCGAGAGA-3′, and 5’-
CTGTGTGTGCGAGTGAGG-3′, were used to amplify
POLII-bound DNA sequences in the promoter region of
NR4A3 in HeLa cells.

https://www.idtdna.com/Primerquest/Home/Index
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TEAD1-ChIP sequencing

Frozen tissue sections were sent to Active Motif Services
(Carlsbad, CA) for Chip-seq processing. In brief, the tissue
section was submerged in 1% formaldehyde/PBS, chopped
into small pieces, and incubated at room temperature for
15min. Fixation was stopped by the addition of 0.125M
glycine (final). The tissue pieces were then treated with a
Tissue Tearer and finally spun down and washed 2× in PBS.
Chromatin was isolated by the addition of lysis buffer, fol-
lowed by disruption with a Dounce homogenizer. Lysates
were sonicated, and the DNA sheared to an average length
of 300–500 bp. Genomic DNA (Input) was prepared by
treating aliquots of chromatin with RNase, proteinase K,
and heat for de-crosslinking, followed by ethanol precip-
itation. Pellets were resuspended, and the resulting DNA
was quantified on a NanoDrop spectrophotometer. Extrap-
olation to the original chromatin volume allowed quantita-
tion of the total chromatin yield. An aliquot of chromatin
(10�g for islets) was precleared with protein G agarose
beads (Invitrogen). Genomic DNA regions of interest were
isolated using 20 �l TEAD1 antibody. Complexes were
washed, eluted from the beads with SDS buffer, and sub-
jected to RNase and proteinase K treatment. Crosslinks
were reversed by incubation overnight at 65◦C, and ChIP
DNA was purified by phenol-chloroform extraction and
ethanol precipitation. Quantitative PCR (qPCR) reactions
were carried out in triplicate on specific genomic regions us-
ing SYBR Green Supermix (Bio-Rad). The resulting signals
were normalized for primer efficiency by qPCR for each
primer pair using Input DNA.

Illumina sequencing libraries were prepared from the
ChIP-DNA and input DNAs by the standard consecutive
enzymatic steps, including end-polishing, dA-addition, and
adaptor ligation. The procedure was performed in an auto-
mated system (Apollo 342, Wafergen Biosystems/Takara).
After a final PCR amplification step, the resulting DNA
libraries were quantified and sequenced on Illumina’s
NextSeq 500 (75 nt reads, single end). Reads were aligned
to the mouse genome (mm10) using the BWA algorithm
(default settings). Duplicate reads were removed, and only
uniquely mapped reads (mapping quality ≥ 25) were used
for further analysis. Alignments were extended in silico at
their 3’-ends to a length of 200 bp, which is the average ge-
nomic fragment length in the size-selected library, then as-
signed to 32-nt bins along the genome. The resulting his-
tograms (genomic ‘signal maps’) were stored in bigWig files.
Peak locations were determined using the MACS algorithm
(v2.1.0) with a cutoff of P-value = 1e−7. Peaks that were
on the ENCODE blacklist of known false ChIP-Seq peaks
were removed. Signal maps and peak locations were used as
input data to Active Motifs proprietary analysis program,
which would output Excel files containing detailed infor-
mation, including sample comparison, peak metrics, peak
locations and gene annotations.

Published ChIP-seq and RNA-seq data accession and reanal-
ysis

BED and WIG files were obtained from Chip-atlas (http:
//chip-atlas.org/) (27). WIG files were opened in UCSC
Genome Browser (https://genome.ucsc.edu/) or integrative

genomics viewer (IGV) to generate the ‘peak’ graphs.
TEAD target gene information, such as ‘peak score’, anno-
tation and nearby genes, were processed and obtained using
CLC Genomics Workbench 22 (Qiagen). TEAD1 Chip-seq
data in pancreatic progenitor cells were obtained from Ar-
rayExpress (E-MTAB-1990 and E-MTAB-3061) (28).

Statistical analysis

The data are presented as means ± SEM. The in vitro data
is representative of at least three independent experiments.
Significance tests were determined by the two-tailed, un-
paired Student’s t-test, or two-way ANOVA followed by
Sidak’s multiple comparisons test. p < 0.05 was consid-
ered statistically significant and labeled with *P < 0.01,
**P < 0.001, ***GraphPad Prism 7.04 software was used
for statistical analyses and data graphing.

RESULTS

TEAD1 can repress tumor cell proliferation

Analysis of RNA-sequencing (RNA-seq) data from The
Cancer Genome Atlas (TCGA) showed that TEAD1 was
significantly reduced in 15 of 33 tumors compared with nor-
mal tissues (Figure 1A). In patients with clear cell renal cell
carcinoma (KIRC), the survival rate with low TEAD1 ex-
pression was significantly reduced (P < 0.001), as indicated
by analysis via Kaplan–Meier (KM) curves (Supplementary
Figure 1A), suggesting TEAD1 may have anti-oncogenic ef-
fects. In this study, we generated a uniform lentiviral back-
bone to overexpress target genes (Supplementary Figure
1B), the advantage of which was that the GFP levels par-
alleled the target protein levels. TEAD1 overexpression had
a strong effect on inhibiting the growth of HeLa (cervical
cancer), NT2 (teratocarcinoma), and a moderate effect on
PANC-1 (pancreatic ductal carcinoma) cells, while no sig-
nificant effect was observed in 293T cells (Figure 1B, Sup-
plementary Figure 1C). TEAD1 protein was successfully
overexpressed by lentivirus, validated in 293T cells (Sup-
plementary Figure 1D). In HeLa cells with TEAD1 over-
expression, the percentage of EDU-positive cells was sig-
nificantly reduced, as indicated by flow cytometry analysis
(Figure 1C). In addition, cells going through early- or late-
apoptosis stages were significantly increased with TEAD1
forced expression (Figure 1D). We next implanted HeLa
cells into nude mice subcutaneously to evaluate the effects
of TEAD1 overexpression on tumorigenesis. At 14 days af-
ter xenograft, the size of the tumors dissected was signifi-
cantly smaller in TEAD1-overexpressing HeLa xenografts
than in the controls (Figure 1E). This demonstrated that in
many cell types that display high proliferation, especially
cancer cell models, TEAD1 overexpression leads to a re-
striction on proliferation. However, whether TEAD1 also
significantly restricted proliferation in adult differentiated
cells with inherent low proliferation rates needed to be as-
certained.

Conditional knockout of TEAD1 in pancreatic � cells results
in cell-autonomous proliferation

To further investigate the role of TEAD1 on cell prolifer-
ation in vivo, we generated a �-cell conditional TEAD1

http://chip-atlas.org/
https://genome.ucsc.edu/
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Figure 1. TEAD1 can repress cell proliferation in tumor cells. (A) TEAD1 transcript in 33 tumor lines and the adjacent normal tissues. (B) Visualization
and quantification of cell growth in TEAD1 overexpressed cells by TEAD1-P2A (2A self-cleaving peptides)-GFP. (C) Quantification of cell proliferation
by EDU incorporation assay. (D) Quantification of apoptosis and cell death by Annexin V and propidium iodide staining. (E) In vivo tumorigenesis in
nude mice. The arrows show the tumor xenograft. *P < 0.05, **P < 0.01 and ***P < 0.001; error bars represent standard error of the mean (SEM).
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knockout (TKO) mouse model. Random blood glucose lev-
els were significantly increased in TKO mice (Figure 2A). In
isolated islets, Glucose-stimulated insulin secretion (GSIS)
revealed that insulin secretion in response to 25 uM glucose
stimulation was significantly reduced in TKO mice (Figure
2B). Immunostaining and Western analysis of islets indi-
cated that TEAD1 was ablated selectively in �-cells in TKO
mice (Figure 2C, D). Examination of proliferation via Ki67
detected significantly increased numbers of �-cells in TKO
mice (Figure 2E). As hyperglycemia can also induce �-cell
proliferation, we used an insulin pump to lower glucose lev-
els to test whether the elevated proliferation of TKO �-cells
is a cell-autonomous effect (Figure 2F). As expected, the
Ki67-positive rate was lowest in mice receiving insulin and
normal controls. However, it remained high in TKO with
Insulin treatment compared to TKO receiving saline con-
trol (Figure 2G), suggesting that proliferation in TKO is not
driven by the potential confounding effect of hyperglycemia
but a direct consequence of loss of TEAD1 function. With
the same insulin dose, TKO mice with an Insulin pump had
the lowest non-fasting blood glucose level measured on Day
7 and Day 14 (Figure 2H). Fasting serum C-peptide lev-
els were low in Con + insulin mice, but was significantly
increased in both TKO + NaCl and TKO + insulin mice
(Figure 2I), suggesting that the increase in �-cell prolifera-
tion after TEAD1 knockout is cell-autonomous and could
not be repressed by treatment of hyperglycemia with exoge-
nous insulin. Immunostaining showed that proinsulin was
located close to the nucleus in control mice, while it spread
throughout the cytoplasm in TKO mice, which could not
be reversed by exogenous insulin treatment (Supplementary
Figure 1D), suggesting that TEAD1 knockout resulted in
reduced processing of proinsulin into mature insulin. Ma-
ture �-cell markers, MAFA and GLUT2, were also signifi-
cantly reduced in TKO mice (Supplementary Figure 1E-F).
Consistent with findings of increased Ki67-positive �-cells,
the relative nuclear number in islets was higher in TKO islets
compared to controls (Figure 2J and Supplementary Figure
1G), although relative insulin-positive areas were compara-
ble (Figure 2K). These data collectively demonstrate that
TEAD1 deletion in TKO �-cells increased cell-autonomous
proliferation with immature phenotype.

This raised the interesting question of whether TEAD1
also played a role in � cells that already have an increase
in proliferation, such as in insulinoma-derived INS2 cells.
In INS2 cells with TEAD1 overexpression, EDU-positive
cells were markedly lower than the controls (Figure 2L), in-
dicating that TEAD1 gain-of-function in �-cell suppresses
proliferation consistent with the loss-of-TEAD1 function
leading to increased �-cell proliferation in TKO islets.

Screening of TEAD1 target genes

�-cells of TKO display some phenotypic characteristics
of immature neonatal �-cells, including impaired glucose-
stimulated insulin secretion (GSIS) and a high rate of pro-
liferation (29). To identify potential target genes directly re-
pressed by TEAD1, we examined genes upregulated in the
TKO islets that were also identified as direct TEAD1 target
genes in �-cell progenitors. Among 955 up-regulated genes
in the TKO RNA-seq data with a fold change >2 and ad-

justed P-value <0.05 as compared to controls, we found 59
genes overlapped with TEAD1 target genes identified by
ChIP-seq in pancreatic progenitor cells (Figure 3A). Since
the proximity of the binding site to the transcription start
site (TSS) is strongly correlated to the strength of the regula-
tion by the transcription factor (30), among the 59 genes, we
selected 8 potential TEAD1 target genes (TTG), based on
regulatory sequence proximity to TSS (<1000 bp), for de-
tailed functional analysis: NR4A3, WWC2, YAP1, Amotl2,
KNTC1, LATS2, PRKCI and WTIP. We also noticed that
a TEAD1 binding peak was observed in the promoter re-
gion of TEAD3, although the fold change of TEAD3 was
1.3 in the TKO RNA-seq (Figure 3B). TEAD1 binding
peaks were identified in these genes in pancreatic progen-
itor ChIP-seq analysis (Figure 3C). Furthermore, we per-
formed ChIP-seq using wild-type mouse islets, and TEAD1
binding peaks were also identified within the promoter re-
gions of WWC2, NR4A3, Amotl2 and LATS2 (Figure 3D).
As RNA-seq was performed using islets from 1-year-old
mice, TTG expression levels were also assessed in young
mouse islets. All TTGs analyzed except PRKCI were sig-
nificantly increased in 3-month-old TKO islets (Figure 3E).
As YAP is a key effector in the Hippo pathway for the
co-activation of TEAD, it was intriguing that YAP1 was
identified as a TEAD1 direct target gene in �-cells. Analy-
sis of YAP1 promoter demonstrated the presence of three
MCAT motifs located close to the TSS in mouse YAP1,
and an MCAT was found in the human YAP1 promoter
region. TEAD-binding motifs were also present near TSS
in mouse and human TEAD3 promoters (Supplementary
Figure 2A), as were the other TTGs identified (Supplemen-
tary Figure 2B). To test whether TEAD1 regulation of its
target genes was MCAT motif orientation/strand depen-
dent, two constructs of the promoter of human CTGF, a
known TEAD1 target, were used to generate luciferase re-
porters, one containing the two endogenous MCAT ele-
ment (hCTGF) and the other with two MCAT in a re-
versed orientation (�hCTGF). Luciferase activity was com-
parable between hCTGF and �hCTGF (Figure 3F), sug-
gesting that TEAD1 DNA binding and transcription via
the MCAT motif was not orientation dependent. Fur-
thermore, we generated a luciferase reporter to directly
test TEAD1 regulation of YAP1 using the sequence be-
tween −1300 and +660 of mouse YAP1 (mYAP1r). A lu-
ciferase assay showed that TEAD1 repressed YAP1 pro-
moter activity in the basal state, as indicated by mYAP1r.
When co-expressed with YAP5SA (a constitutively active
form of YAP) or VGLL4 (a co-repressor), YAP1 promoter
activity was significantly promoted or further repressed,
respectively (Figure 3G). The TEAD1 protein pocket re-
gion is known for mediating co-activator/co-repressor in-
teraction, including YAP, TAZ and VGLL4, to drive the
transcription response. To determine whether the TEAD1-
mediated repression mechanism that we observed depends
on its pocket region, we generated a truncated TEAD1
(�TEAD1) with deletion of aa 358–426 to disrupt the bind-
ing of pocket structure with co-regulators. A split-GFP sys-
tem (31), particularly suited to studying protein-protein in-
teractions via live cell imaging, was adopted to determine
�TEAD1 interaction with YAP1, TAZ and VGLL4. In
this study, we present a modified split-GFP system that has



12730 Nucleic Acids Research, 2022, Vol. 50, No. 22

Figure 2. TEAD1 ablation in pancreatic � cells induces proliferation and an immature phenotype. (A) Random blood glucose levels in �-cell specific
TEAD1 knockout (TKO) mice. (B) Glucose (2 mM versus 25 mM) induced insulin secretion in mouse islets isolated from TKO and control mice. (C) TEAD1
immunostaining on pancreas sections from TKO and control mice. (D) Immunoblotting using pancreatic islet lysates isolated from TKO and control mice.
(E) Ki67 staining and quantification on pancreas sections from TKO and control mice. (F) Experimental scheme for insulin pump implantation. (G) Ki67
staining and quantification on pancreas sections from insulin pump implanted TKO or control mice. (H) Random blood glucose levels on dpi (days post
insulin pump implantation) 7 and 14. (I) Fasting C-peptide levels on dpi 14. (J) Nuclei quantification per islet in TKO and control mice. (K) Relative insulin-
positive area (insulin positive area / total area of the pancreas) analysis in TKO and control mice. Total of 32 pancreatic sections from four TKO and four
control mice were analyzed. (L) Quantification of cell proliferation by EDU incorporation assay in TEAD1-overexpressed mouse INS2 insulinoma line.
*P < 0.05, **P < 0.01 and ***P < 0.001; error bars represent SEM. Con, control.
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Figure 3. The identification of bona fide TEAD1 target genes. (A) Venn graph showing potential TEAD1 targets (59 genes) by cross-referencing TKO
RNA-seq (955 upregulated genes) and TEAD1-ChIP-seq (392 genes) datasets. (B) Narrowing down to nine TEAD1 direct target genes (TTG) based on
regulatory sequence proximity to transcription start sites (TSS) (<1000 bp). (C) TEAD1-ChIP-seq in pancreatic progenitor cells showing strong TEAD1-
bound signals that are close to TSS of the candidate TTGs. (D) TEAD1-ChIP-seq in wild-type mouse islets showing TEAD1-bound signals that are close
to TSS on WWC2, NR4A3, Amotl2, and LATS2 genes. (E) Quantitative PCR showing the expression of TTGs in TKO and control islets isolated from
12-week-old male mice. (F) Illustration of human CTGF promoter (hCTGF) driven luciferase reporter and mutant human CTGF promoter (�hCTGF)
driven luciferase reporter on which the MCAT motif was moved to the reverse strand. A luciferase assay showing no difference in activity between �hCTGF
and hCTGF promoters with co-transfection of YAP5SA and TEAD1. (G) Luciferase assays using mouse YAP1 promoter reporter (mYAP1r) show that
TEAD1 and TEAD1 + VGLL4 repress YAP1 transcription, while YAP5SA promotes YAP1 transcription. (H) Split-GFP system showing no binding as
indicated by GFP signal between �TEAD1 (truncated TEAD1) and YAP1/TAZ/VGLL4. mCherry signal indicate transfection efficiency. Nuclei were
counterstained with diamidino-2-phenylindole (DAPI) (blue). (I) mYAP1r-promoter luciferase assays show both TEAD1 and �TEAD1 repress YAP1
transcription. (J) �mYAP1r (MCATs mutant)-promoter luciferase assays show absent repression of YAP1 transcription by TEAD1 or �TEAD1 whereas
YAP5SA transcriptional activation of YAP1 is impaired. (K) Human YAP1 promoter and (L) Human TEAD3 promoter luciferase assays show TEAD1
and �TEAD1 repression and YAP5SA activation of transcription. (M) �TEAD1 inhibit HeLa cell growth. GFP positivity demonstrate �TEAD1 or
backbone (empty vector) lentiviral transduction. (N) YAP1 protein expression by Western blotting after TEAD1 and �TEAD1 overexpression in Hela
cells. (O) Human TTGs promoter luciferase assay show TEAD1 and �TEAD1 repress the transcription of most TTGs except KNTC1, while YAP5SA
promotes the transcription of all TTGs. *P < 0.05, **P < 0.01 and ***P < 0.001; error bars represent SEM.
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improved sensitivity and overcomes inefficiencies (Supple-
mentary Figure 2C). As compared to full-length TEAD1,
�TEAD1 failed to bind YAP1, TAZ or VGLL4, as indi-
cated by the split-GFP system (Figure 3H), suggesting that
the pocket region is critical for the binding of TEAD1 and
its cofactors, as expected. Western blotting confirmed that
�TEAD1, YAP1, TAZ and VGLL4 were expressed prop-
erly in the split-GFP system (Supplementary Figure 2D).
Surprisingly, �TEAD1, when transfected with mYAP1r
promoter, was able to repress YAP1 transcription similarly
as the full-length TEAD1 (Figure 3I). To determine whether
TEAD1 repression depends on MCAT, we mutated all
three motifs in mYAP1r (�mYAP1r). TEAD1 or �TEAD1
could no longer repress transcription of �mYAP1r, but
YAP5SA still induced luciferase activity (Figure 3J), sug-
gesting that YAP5SA can function in a TEAD-independent
manner. Furthermore, we obtained similar results using hu-
man YAP1 and TEAD3 promoter regions (hYAP1r and
hTEAD3r) (Figure 3K–L), suggesting that a similar mode
of TEAD pocket-independent repression mechanism was
conserved between human and mouse promoter regula-
tion. In HeLa cells, �TEAD1 inhibited cell growth sim-
ilarly observed with the full-length TEAD1 (Figure 3M).
YAP1 expression was significantly reduced in TEAD1 and
�TEAD1-overexpressing HeLa cells (Figure 3N). We fur-
ther screened all the TTG promoter regions, including
LATS2, NR4A3, PRKCI, WWC2 and KNTC1 via lu-
ciferase reporters, and found that LATS2, NR4A3, PRKCI,
and WWC2, can be similarly repressed by both TEAD1 and
�TEAD1 and induced by YAP5SA. KNTC1 was not re-
pressed by TEAD1 or �TEAD1, although it can be ac-
tivated by YAP5SA (Figure 3O). Similarly, CTGF cannot
be repressed by TEAD1, while TEAD1 + VGLL4 can re-
press its expression (Supplementary Figure 2E). Collec-
tively, these results revealed two regulatory mechanisms in-
volved in TEAD1 transcription control in distinct subsets
of target genes. One set of genes is repressed by TEAD1 di-
rectly in a pocket-area-independent manner, as represented
by LATS2, NR4A3, PRKCI and WWC2, while another
set, such as KNTC1 and CTGF, requires TEAD1 cofactor
binding.

Function validation of TTGs

Certain TTGs, such as LATS2, WWC2, Amotl2 and WTIP,
were reported to have functions in regulating the Hippo
pathway (32–35). To determine the potential roles of these
TTG on TEAD1 activity, we used lentiviral expression
and validated their protein levels (Supplementary Figure
3A). Interestingly, we found that WWC2 inhibited, while
Amotl2, WTIP and YAP5SA activated TEAD1 pathway
activity, as indicated by the HOPFLASH reporter (Fig-
ure 4A), suggesting that these target genes of TEAD1, to-
gether with additional components of Hippo-TEAD1 path-
way, form a potential feedback regulatory loop to main-
tain the homeostasis of this pathway. We further interro-
gated the roles of these TTGs in modulating proliferation
using a luciferase reporter driven by a human Ki67 pro-
moter (hKi67r) (Figure 4B). YAP5SA significantly pro-
moted Ki67 promoter transcription, while PKCiota (en-
coded by the PRKCI gene), Amotl2, WTIP and WWC2 re-

pressed this activity (Figure 4C). Following forced expres-
sion of WWC2 and Amotl2, HeLa cells rounded up and
detached at 48 hours, suggesting WWC2 and Amotl2 play
important roles in the apoptosis process in HeLa cells (Sup-
plementary Figure 3B). EDU-positive cells were markedly
induced by YAP5SA but reduced by overexpression of
WTIP, PKCiota, WWC2, Amoltl2 and NAR4A3 (Figure
4D). Similar effects of these genes were obtained in INS2
cells (Figure 4E). Given that the TEAD1 binding peak was
identified in NR4A3 promoter in both pancreatic progen-
itor cells and mature � cells, NR4A3 may play important
roles in �-cell differentiation and proliferation. There are
two isoforms of NR4A3, full-length (NR4A3L) and trun-
cated (NR4A3S) (Figure 4F), both of which are widely ex-
pressed (36–37). NR4A3 functions in �-cell proliferation
remain controversial while the truncated isoform is yet to
be studied (38–39), and NR4A3L and NR4A3S share the
same promoter. In TKO islets, both NR4A3L and NR4A3S
were up-regulated (Figure 4G). Furthermore, in INS2 cells,
TEAD1 forced expression induced Ins1 and Ins2 expres-
sion, while Ki67, NR4A3L and NR4A3S were suppressed
(Figure 4H). Immunostaining showed that Ki67-positive
� cells were significantly reduced after overexpression of
NR4A3L or NR4A3S in mouse islets (Figure 4I). NR4A3L
and NR4A3S were robustly expressed using lentiviral trans-
duction in normal mouse islets (Supplementary Figure 3C).
In INS1 cells, its growth was inhibited by NR4A3L and
NR4A3S (Supplementary Figure 3D). In INS2 cells, both
NR4A3L and NR4A3S repressed Ki67 and markers of
differentiated function such as Ins1, Ins2, and PDX1 ex-
pression, while both induced NKX6.1. NR4A3S, but not
NR4A3L, also up-regulated UCN3 (another marker of
mature �-cells), a �-cell maturation marker (Figure 4J).
Thus two NR4A3 isoforms have broadly similar transcrip-
tion repression functions in primary islets and �-cell lines,
while they might exert distinct regulation in �-cell differ-
entiation. Analysis of public RNA-seq data (GSE86924)
revealed that NR4A3 loss-of-function led to inductions
of Ki67 and INS in human � cells (Supplementary Fig-
ure 3E). We also co-expressed YAP5SA with other TTGs
in HeLa cells at a 1:1 ratio to examine the net prolifera-
tion effects. YAP5SA promoted proliferation, while WTIP,
WWC2, Amotl2, PKCiota and NR4A3 antagonized its pro-
liferative effect, as indicated by the hKi67r-driven luciferase
assay (Figure 4K).

YAP1 expression was reactivated after TEAD1 knockout in
�-cells

YAP1 is not expressed in adult �-cells. Interestingly, RNA-
seq revealed that YAP1 and TEAD3 expression were sig-
nificantly induced in TKO � cells, and YAP1 protein was
markedly elevated in TKO islets compared to a nearly unde-
tectable level in controls (Figure 5A). A few YAP1-positive
� cells were observed after TEAD1 knockout, as shown by
immunostaining (Figure 5B). Since YAP1 stimulates robust
cell proliferation of human islets (40), elevated YAP1 levels
may contribute in part to the induction of �-cells prolifer-
ation in TKO mice. To test this, we used verteporfin (41) to
block YAP1 function in TKO islets ex vivo and found that
� cells positive for Ki67 were significantly reduced (Figure
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Figure 4. Function validation of TTGs. (A) HOPFLASH reporter luciferase assay show WWC2, AMOTL2, WTIP and YAP5SA regulation of Hippo sig-
naling activity. (B) Human Ki67-promoter reporter (hKi67r) construct. (C) hKi67r reporter activities suggest differential regulatory effects of proliferation
by TTGs. (D) Flow cytometry analysis of proliferative (EDU+) HeLa cells after TTGs overexpression (GFP+); double positives are indicated by grey dots.
(E) Quantification of flow cytometry analysis in TTGs overexpressed INS2 cells. (F) Schematic representation of NR4A3 isoforms: NR4A3L, full-length
NR4A3; NR4A3S, short form of NR4A3. (G) Quantitative PCR showing NR4A3L and NR4A3S mRNA expression in TKO islets. (H) Quantitative PCR
showing Ins1, Ins2, Ki67, NR4A3L and NR4A3S mRNA expression in INS2 cells after TEAD1 overexpression (TEAD1OV). (I) Immunostaining and
quantification of Ki67 + Insulin + cells in NR4A3L- and NR4A3S-overexpressing mouse islets. (J) Quantitative PCR showing Ki67, Ins1, Ins2, PDX1,
MAFA and UCN3 mRNA expression in NR4A3L- and NR4A3S-overexpressed INS2 cells. (K) hKi67r reporter activity show WTIP, WWC2, AMTOL2,
PKCiota and NR4A3 antagonize the proliferation effect of YAP5SA while co-transfecting with YAP5SA at a 1:1 molar ratio in HeLa cells. *P < 0.05,
**P < 0.01 and ***P < 0.001; error bars represent SEM.
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Figure 5. TEAD1 knockout in mouse pancreatic � cells results in elevated YAP1 expression. (A) Western blotting demonstrating YAP1 expression in
TKO mouse islets. (B) Detection of YAP1 expression on TKO and control mouse pancreas sections (the arrows indicate YAP1 nuclear staining). (C)
Immunostaining on isolated TKO islets showing ex vivo verteporfin effects on proliferation, with quantification showing in the bar chart. (D) Luciferase
promoter assay showing TEAD pathway activities in TKO islets. (E) Volcano plot highlighting CCN2 (CTGF) transcript expression in TKO islets. (F)
Volcano plot highlighting YAP1 transcript expression in the myocardium of TEAD1 cardiomyocyte-specific knockout mice. *P < 0.05, **P < 0.01 and
***P < 0.001; error bars represent SEM.



Nucleic Acids Research, 2022, Vol. 50, No. 22 12735

Figure 6. TEAD1 prevents RNA-polymerase II (POLII) from binding to DNA. (A) Two potential POLII binding sites (checkpoints, CK) in YAP1 reporter
vector were chosen to perform POLII-ChIP experiments. (B) ChIP assay showing lower POLII binding on the two CKs after TEAD1 overexpression. (C)
ChIP assay showing lower POLII binding on the endogenous YAP1 and NR4A3 promoter region after TEAD1 overexpression in HeLa cells. (D) Western
blotting showing POLII expression in TEAD1-overexpressing or empty vector transduced HeLa cells. (E) Schematic representation showing the TEAD1-
TTG regulatory loop in pancreatic � cells. *P < 0.05, **P < 0.01 and ***P < 0.001; error bars represent SEM.

5C), demonstrating that YAP1 induction by loss of TEAD1
contributes to increased �-cell proliferation. TEAD path-
way activities were enhanced in TKO islets, as indicated by
the HOPFLASH reporter (Figure 5D) in islets, which could
be due to signaling activation through other TEADs with
YAP1 induction. This finding is in line with RNA-seq, in-
dicating that CTGF, the canonical target gene in the Hippo
pathway implicated in �-cell proliferation (42), was signifi-
cantly increased in TKO islets (Figure 5E). In our previous
study with TEAD1 ablation in cardiomyocytes (15), YAP1
expression was also increased (Figure 5F). Together, these
data indicate that TEAD1 deletion led to a re-expression of
YAP1, suggesting a de-repression of TEAD1-mediated re-
pression of YAP1 in adult �-cells that was correlated with
an increase in �-cell proliferation.

TEAD1 can repress RNA polymerase II (POLII) DNA bind-
ing

Since the MCAT motif was close to the TSS in TTGs
(–100 bp to +400 bp), we hypothesized that TEAD1 might
affect POLII-TSS binding to reduce the transcription of
these TEAD1-repressed target genes. We selected two posi-
tions henceforth referred to as checkpoints (CKs), one close
to the TSS and the other at the downstream site of mYAP1r
(Figure 6A). After sonication, the lengths of most DNA
fragments were 200–500 bp (data not shown). ChIP exper-
iments showed that TEAD1 repressed POLII-DNA bind-
ing on both CK1 and CK2 (Figure 6B) when TEAD1 and

mYAP1r were overexpressed in 293T cells. Similarly, ChIP
showed that TEAD1 repressed POLII-DNA binding to the
endogenous TSS region of YAP1 and NR4A3 after TEAD1
overexpression in HeLa cells (Figure 6C). We also show that
TEAD1 does not repress POLII expression directly (Figure
6D).

In summary, TEAD1 restricted proliferation in distinct
cancer cell lines and mature differentiated �-cells with low
proliferation potential. Mechanistically TEAD1 repressed
a set of TTGs, including YAP1, in mature � cells to restrict
proliferation (Figure 6E) in a pocket-independent manner.

DISCUSSION

The hippo-TEAD1 pathway has been closely linked to tu-
morigenesis, with increased Yap-TEAD1 activity leading
to malignant proliferation. Inhibitors of YAP, TEAD, or
the YAP-TEAD interaction are being developed for can-
cer therapy (43). In this study, we uncovered a surprising
effect of TEAD1 overexpression on suppressing tumor cell
growth, while loss of TEAD1 results in enhanced cell prolif-
eration in a non-tumor model of mature pancreatic �-cells.
Recent studies identified feedback loops in the Hippo path-
way involving YAP and TEAD, especially related to tumori-
genesis (44–46). In this study, we screened all TEAD1 target
genes and found a negative feedback regulatory loop medi-
ated by TEAD1’s repressive activity. However, the strength
of TEAD1 repression was dependent on cell type, so the
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repression effect of TEAD1 may also be tumor-cell type de-
pendent.

In vascular smooth muscle cells, TEAD1 was found to
be induced following arterial injury, and its overexpres-
sion can repress the smooth muscle-specific genes, includ-
ing smooth muscle �-actin (16). In the heart, TEAD1 over-
expression promotes age-dependent dysfunction by regulat-
ing target genes, including SERCA2a, p-CX43, p-GSK3/�,
GATA4 and NFATc3/c4 (47). However, whether these
are directly controlled by TEAD1 or secondary changes,
such as regulation via TEAD1 cofactors, YAP1, TAZ and
VGLL4, remains unclear.

Although TEAD1-4 are evolutionarily conserved, each
TEAD factor has tissue-specific roles (48). ChIP-seq anal-
ysis of C2C12 myoblasts demonstrated that TEAD4 occu-
pancy of 2940 sites was predominantly distant from TSS,
while TEAD1 had only 1400 binding sites. Interestingly my-
oblast differentiation involved a switch from TEAD1 and
TEAD4 occupancy in proliferating progenitors to predomi-
nantly TEAD4 binding in differentiated myocytes (49), sug-
gesting that different TEAD factors regulate distinct tar-
gets. Compared to TEAD1, TEAD2-4 have low expression
in �-cells; thus, � cells are particularly suited for studying
TEAD1 regulation.

In mature � cells, YAP1-TEAD1 pathway activity is min-
imal due to the absence of YAP expression. TEAD1 loss-
of-function leads to distinct findings in � cells compared
to cardiomyocytes and most cancer cell lines. In cardiomy-
ocytes, TEAD1 ablation decreased YAP1-TEAD1 path-
way activity with reduced proliferation. In contrast, loss of
TEAD1 increased YAP1-modulated transcriptional activ-
ity in � cells. This specific effect and mechanism in �-cells
suggest a unique approach to reactivate proliferation for po-
tential diabetes disease applications. YAP1-positive �-cell
clusters were observed in the periphery TKO islets, although
the lineage or identity of these cells, whether via trans-
differentiation from other islet lineages, such as delta cells,
or dedifferentiated from �-cells, warrants further study.

TEAD1-suppressed genes that we identified in this study
share a common characteristic of having the MCAT ele-
ments close to TSS. Since TEAD1 has a relatively weak
repression effect, as indicated by the 8x MCAT-driven
synthetic HOPFLASH reporter, the outcome of TEAD1-
MCAT binding is context-dependent. YAP1 and CTGF
promote proliferation, while the TTGs we examined mainly
antagonize this effect of YAP1. Overexpression of YAP1
promotes islet proliferation (40); however, YAP1 has po-
tential oncogenic effects, limiting its translational potential.
Our study demonstrates that blocking TEAD1-DNA bind-
ing may be a novel approach to reactivate �-cell prolifera-
tion, although its efficacy and safety will need further in-
vestigation. Transient blocking of TEAD1-DNA binding
to reactivate �-cell proliferation with subsequent matura-
tion with the restoration of TEAD1 activity could be a
potential route to achieve an increase in functional �-cell
mass. To translate this, identifying a reversible TEAD1 in-
hibitor could be crucial. The pocket area lies within the C-
terminus of TEAD1, which is targeted by currently avail-
able inhibitors. Inhibitors of the three �-helices within the
N-terminus of TEAD1 (50) could be important in modulat-
ing TEAD1 action, given our findings of the pocket-area-

independent TEAD1 function. Recently, Aptamers were
reported to be ideal candidates for diagnostic and ther-
apeutic applications (51). Screening and finding a stable
Aptamer with high binding affinity may enable ‘sequen-
tial therapy’ targeting TEAD1 to promote �-cell functional
mass, while dCas9-mediated activation of specific TEAD1-
binding MCAT elements may have value in restricting tu-
mor proliferation.

In conclusion, the identification of this TEAD1-mediated
orientation and a pocket-independent repressive mecha-
nism that is generally applicable to malignant and non-
malignant cell proliferation will lead to a better mechanis-
tic understanding of physiological compensation in diseases
such as diabetes and tumorigenesis.
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