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The Hippo kinase cascade functions as a central hub that 
relays input from the “outside world” of the cell and translates 
it into specific cellular responses by regulating the activity 
of Yes-associated protein 1 (YAP1). How Hippo translates 
input from the extracellular signals into specific intracellular 
responses remains unclear. Here, we show that transforming 
growth factor β (TGFβ)-activated TAK1 activates LATS1/2, 
which then phosphorylates YAP1. Phosphorylated YAP1 
(p-YAP1) associates with RUNX3, but not with TEAD4, to form 
a TGFβ-stimulated restriction (R)-point-associated complex 
which activates target chromatin loci in the nucleus. Soon 
after, p-YAP1 is exported to the cytoplasm. Attenuation of 
TGFβ signaling results in re-localization of unphosphorylated 
YAP1 to the nucleus, where it forms a YAP1/TEAD4/SMAD3/
AP1/p300 complex. The TGFβ-stimulated spatiotemporal 
dynamics of YAP1 are abrogated in many cancer cells. These 
results identify a new pathway that integrates TGFβ signals 
and the Hippo pathway (TGFβ→TAK1→LATS1/2→YAP1 
cascade) with a novel dynamic nuclear role for p-YAP1.

Keywords: LATS1/2, restriction point, RUNX3, TAK1, TGFβ, 

YAP1

INTRODUCTION

Studies on cell fate determination during development have 

identified the classic core Hippo pathway in Drosophila (Pan, 

2010). The classic human Hippo pathway kinases are MST1/2 

(Drosophila Hippo/Hpo) and LATS1/2 (Drosophila Warts/

Wts), which control phosphorylation of Yes-associated pro-

tein 1 (YAP1) (Drosophila Yorkie/Yki) (Pan, 2010). Consider-

ing the critical importance of the Hippo pathway in regulating 

cell proliferation and organ size, there is a remarkable paucity 

of studies that have attempted to reconcile how this pathway 

is mechanistically linked to the restriction (R)-point when cells 

make the decision to initiate cell division (Malumbres and 

Barbacid, 2001; Pardee, 1974; Weinberg, 2007). Important-

ly, this R-point regulatory mechanism is disrupted in nearly 

all cancer cells (Blagosklonny and Pardee, 2002; Weinberg, 

2007) and renders cells independent of external growth fac-

tors to permit unrestricted growth. Defining how the Hippo 

pathway controls cell cycle progression in cancer cells in rela-

tion to the R-point would represent a major advance in our 

understanding of cell growth control.

 YAP1 integrates multiple pathways that play key roles in 

controlling cell fate and was initially identified as a target of 
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tyrosine protein kinases related to the SRC and YES1 onco-

genes (Hansen et al., 2015; Sudol et al., 1995). Phosphory-

lated YAP1 at Ser-127 (p-YAP1) is generated by a signaling 

relay involving the human serine/threonine kinases MST1/2 

and LASTS1/2, which sequesters p-YAP1 in the cytoplasm 

via binding to 14-3-3 proteins (Dong et al., 2007; Kanai et 

al., 2000; Ren et al., 2010). The requirement of MST1/2 for 

LATS1/2 phosphorylation is context- and cell type-depen-

dent, and additional kinases may also be involved in LATS1/2 

phosphorylation (Yin et al., 2013). The Hippo cascade can be 

regulated at the cell surface by G-protein-coupled receptors 

(Miller et al., 2012; Yu et al., 2012) and epidermal growth 

factor receptors (Fan et al., 2013; Reddy and Irvine, 2013). 

However, these signaling pathways inactivate LATS1/2. 

Therefore, there are substantial gaps in our understanding of 

the molecular mechanism that govern LATS1/2 activation by 

extracellular signals.

 One attractive candidate for LATS1/2 activation is TGFβ. 

Our current understanding is that TGFβ controls cell growth 

and differentiation by inducing phosphorylation of SMAD2/3 

(Miller et al., 2019; Nakao et al., 1997). Yet, TGFβ also acti-

vates multiple SMAD independent pathways, including the 

TGFβ-activated kinase 1 (TAK1) and mitogen-activated pro-

tein kinase (MAPK) pathways. Both SMAD dependent and 

independent pathways are rapidly attenuated by auto-feed-

back loops (within about 2 h post-stimulation) (Cheung et 

al., 2003; Denissova et al., 2000; Ishida et al., 2000; Nagara-

jan et al., 1999). YAP1 interacts with TGFβ-activated SMADs 

(Nakamura et al., 2021; Varelas et al., 2008). Importantly, 

the roles of TAK1 in the regulation of YAP1 have been report-

ed (Deng et al., 2018; Onodera et al., 2019; Santoro et al., 

2020). These findings establish cross-talk between the Hippo/

YAP1 and TGFβ pathways.

 YAP1 does not contain a DNA binding domain, but elicits 

transcriptional activation via interactions with sequence-spe-

cific DNA binding transcription factors. RUNX family tran-

scription factors (RUNXs), which represent master regulators 

of development and are often deregulated in cancers (Ito et 

al., 2015), were first identified as the cognate DNA binding 

transcription factors of YAP1 (Yagi et al., 1999). Subsequent 

studies identified additional transcription factors, including 

TEA-domain containing transcription factors (TEADs), the 

p53 tumor suppressor-related p63 protein (TP63), the PAX 

class of homeodomain proteins, the TGFβ-activated SMAD 

proteins, and the FOS/JUN related AP1 transcription factor 

(Liu et al., 2016; Varelas, 2014; Varelas et al., 2008; Zancona-

to et al., 2015). TEADs are major DNA binding transcription 

factors that support the oncogenic activity of YAP1 (Liu-Chit-

tenden et al., 2012), but the roles of RUNX proteins and oth-

er transcription factors capable of modulating YAP1 activity 

in cell growth control remain insufficiently explored.

 The association of RUNX3 with the Hippo/YAP1 pathway 

(Jang et al., 2017; Qiao et al., 2016) is particularly interesting 

because RUNX3 is a key target of TGFβ signaling (Ito and Mi-

yazono, 2003) and interacts with both YAP1 and SMAD pro-

teins. Furthermore, RUNX3 is the core component of a novel 

R-point associated mitogen-stimulated protein/protein com-

plex (Chi et al., 2017; Lee et al., 2013; 2019a; 2019b; 2020; 

2023). Therefore, we examined the regulatory mechanisms 

that unite the Hippo pathway with the TGFβ-stimulated 

R-point.

 Here, we show that TGFβ signaling triggers YAP1 phos-

phorylation through the TGFβ→TAK1→LATS→YAP1 pathway. 

Phosphorylated YAP1 forms a TGFβ-stimulated R-point-as-

sociated complex in the nucleus and induces expression of 

early target genes. Soon after, the complex disassembles and 

p-YAP1 is exported to the cytoplasm. When the TGFβ signal 

is attenuated, YAP1 re-localizes to the nucleus and associates 

with TEAD4. The YAP1-TEAD4 complex induces expression 

of late target genes. The TGFβ-stimulated spatiotemporal 

dynamics of YAP1 were abrogated in all cancer cell lines an-

alyzed in our study. Collectively, our results identify a tumor 

suppressor pathway (TGFβ→TAK1→LATS→YAP1) that con-

nects TGFβ signaling to the Hippo pathway and the R-point, 

suggesting a new role of p-YAP1 in the nucleus.

MATERIALS AND METHODS

Cell lines and culture
HEK293, NIH-3T3, PANC-1, and MKN-28 cells (ATCC, USA) 

were maintained in Dulbecco’s modified Eagle’s medium 

(Gibco BRL, Thermo Fisher Scientific, USA) supplemented 

with 10% fetal bovine serum (Gibco BRL) and 1% penicillin/

streptomycin (Invitrogen, USA). WI-38 cells (Lonza, Switzer-

land) were maintained in Dulbecco’s modified Eagle’s medi-

um (Gibco BRL) supplemented with 10% fetal bovine serum 

(Gibco BRL), 1% MEM Non-Essential Amino Acids (Gibco 

BRL), and 1% penicillin/streptomycin (Invitrogen). H460 and 

A549 cells (ATCC) were maintained in RPMI 1640 medium 

(Gibco BRL) supplemented with 10% fetal bovine serum 

(Gibco BRL) and 1% penicillin/streptomycin (Invitrogen). All 

cell lines were incubated at 37°C under 5% CO2. Lats1/2 

double KO (Lats1/2 dKO) mouse embryonic fibroblasts 

(MEFs) were kind gifts from Dr. Dae-Sik Lim (KAIST, Korea). 

Other MEFs of various genotypes were obtained from mouse 

embryos at 15.5 days of gestation. All MEFs were maintained 

in Dulbecco’s modified Eagle’s medium (Gibco BRL) supple-

mented with 10% fetal bovine serum (Gibco BRL) and 1% 

penicillin/streptomycin (Invitrogen).

TGFβ stimulation
All cell lines were cultured at low cell density. Before TGFβ1 

treatment, cells were cultured under serum-free conditions 

for 1 h and then, treated with 1 ng/ml TGFβ1 (Cat No. 100-

21C; PeproTech, USA).

DNA transfection, immunoprecipitation (IP), and immu-
noblotting (IB)
Transient transfection of all cell lines was performed using 

Lipofectamine Plus reagent and Lipofectamine (Invitrogen). 

Cell lysates were incubated for 3 h at 4°C with appropriate 

mono- or polyclonal antibodies (2 µg antibody/500 µg lysate 

sample), followed by protein G–Sepharose beads (Amersham 

Pharmacia Biotech, USA) for 1 h at 4°C. For IP of endogenous 

proteins, lysates were incubated for 6-12 h at 4°C with the 

appropriate mono- or polyclonal antibodies (dilution range, 

1:1,000-1:3,000), and then with protein G–Sepharose beads 

(Amersham Pharmacia Biotech) for 5 h at 4°C. Immuno-
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precipitated samples were resolved on SDS–polyacrylamide 

gel electrophoresis (SDS-PAGE) gels and transferred to a 

polyvinylidene difluoride membrane (Millipore, USA). The 

membrane was immunoblotted with appropriate antibodies 

after blocking and then visualized by an AmershamTM Imager 

600 (GE Healthcare, USA) after treatment with ECL solution 

(Amersham Pharmacia Biotech). All the western blots were 

reproduced at least three times.

Plasmid constructs
pcDNA3.1-Flag-hYAP and pcDNA3.0-HA-LATS1 were kind 

gifts from Dr. Lim Dae Sik (KAIST). The p2xFlag CMV2-YAP2-

1st WW mutant (YAP-M1, Plasmid #19046), p2xFlag CMV2-

YAP2-2nd WW mutant (YAP-M2, Plasmid #19047), and p2x-

Flag CMV2-YAP2-1st&2nd WW mutant (YAP-M1/2, Plasmid 

#19048) were purchased from Addgene (USA). Point mutant 

plasmids of RUNX3 and YAP1 were generated by site-direct-

ed mutagenesis, and all mutations were confirmed by DNA 

sequencing. Adeno-associated virus (AAV) expressing wild-

type RUNX3 (AAV-RUNX3-WT) and RUNX3-S356A (AAV-

RUNX3-S356A) were obtained from GeneCraft (Korea).

Antibodies
Antibodies targeting BRD2 (Cat No. sc-393720), BRG-1 (Cat 

No. sc-17796, Cat No. sc-10768), Cyclin D1 (Cat No. sc-

20044), CDK4 (Cat No. sc-260), c-JUN (Cat No. sc-74543), 

CTGF (Cat No. sc-365970), HDAC4 (Cat No. sc-11418), Myc 

(Cat No. sc-40), p-c-Jun (Cat No. SC-822), p300 (Cat No. sc-

584), p21 (Cat No. sc-6246), pan 14-3-3 (Cat No. sc-1657), 

RUNX3 (Cat No. sc-101553), SMAD3 (Cat No. sc-101154), 

TAF1 (Cat No. sc-735), TBP (Cat No. sc-421), TEAD4 (Cat No. 

sc-101184), and YAP1 (Cat No. sc-101199) were obtained 

from Santa Cruz Biotechnology (USA). All antibodies from 

Santa Cruz Biotechnology were diluted to 1:1,000. Antibod-

ies targeting H2AK119-ub (Cat No. 8240S), H3K412-ac (Cat 

No. 2591S), H3K27-me3 (Cat No. 9733S), H3K4-me3 (Cat 

No. 9751S), c-FOS (Cat No. 2250S), RNF2 (Cat No. 5694S), 

EZH2 (Cat No. 5246S), p-TAK1 (Cat No. 4508), LATS1 (Cat 

No. 3477), LATS2 (Cat No. 5888), p-LATS (Cat No. 9157), 

MST1 (Cat No. 14946), and p-MST1 (Cat No. 49332) were 

obtained from Cell Signaling Technology (USA). All antibodies 

from Cell Signaling Technology were diluted to 1:1,000. An-

tibodies targeting RUNX3 (5G4) (Cat No. ab40278), SMAD3 

(Cat No. ab40854), p-SMAD3 (Cat No. ab52903), TAK1 

(Cat No. ab109526), YAP1 (Cat No. ab52771), and p-YAP1 

(Cat No. ab76252) were obtained from Abcam (UK). All 

antibodies from Abcam were diluted to 1:3,000. Antibodies 

targeting HA (12CA5, dilution 1:1,000, Cat No. 11 666 606 

001; Roche Applied Science, Germany), Flag (M2, dilution 

1:3,000, Cat No. F1804; Sigma, USA), BRD2 (M01, dilution 

1:1,000, Cat No. H00006046-M01; Abnova, Taiwan), and 

MLL1 (dilution 1:1,000, Cat No. A300-374A; Bethyl Labora-

tories Inc., USA) were used for IB and IP. Anti-RUNX3-phos-

pho-S356 (dilution 1:1,000) polyclonal anti-serum against 

synthetic RUNX3 peptide phosphorylated at Ser-356 was 

raised in rabbits.

Proximity ligation assay (PLA)
The PLA was performed using the Duolink® In Situ PLA® Kit 

(Sigma). Briefly, cells were grown, fixed, and permeabilized. 

The samples were then incubated overnight at 4°C with pri-

mary antibodies against the two proteins to be examined, 

washed (buffer A: 0.01 M Tris-HCl [pH 7.4], 0.15 M NaCl, 

and 0.05% Tween 20), incubated at 37°C for 60 min with 

specific probes, stained for F-actin to visualize the cytoplasm, 

and washed with buffer B (0.2 M Tris-HCl [pH 7.5] and 0.1 

M NaCl). Signals were visualized as distinct fluorescent spots 

under a fluorescence microscope (Carl Zeiss AXIO Zoom.V16 

and ApoTome.2; Carl Zeiss, Germany). Background correc-

tion, contrast adjustment of raw images, and quantification 

of fluorescence signals were performed using the Zen 2012 

Blue Edition software (Carl Zeiss).

Immunofluorescence staining
HEK293 cells were grown to the appropriate density on 22 

mm cover slips (Thermo Fisher Scientific, UK). Cells were se-

rum-starved for 1 h and then stimulated with TGFβ1, washed 

with phosphate-buffered saline, and then fixed in a solution 

of 4% formaldehyde for 15 min at room temperature. Cells 

were incubated for 45 min in a solution of 10% fetal bovine 

serum/phosphate-buffered saline/0.1% Triton X-100. Cells 

were incubated with the indicated primary antibody for 6-12 

h at 4°C, followed by Alexa Fluor 488 anti-mouse and Alexa 

594 anti-rabbit antibodies for 1 h at 25°C. The cells were 

then stained with DAPI for 7 min. Signals were visualized as 

distinct fluorescent spots under a fluorescence microscope 

(Carl Zeiss AXIO Zoom.V16 and ApoTome.2). Background 

correction, contrast adjustment of raw images, and quantifi-

cation of fluorescence signals were performed using the Zen 

2012 Blue Edition software (Carl Zeiss).

Inhibitors and siRNA treatment
The TGFβRI kinase inhibitor (SB431542) and TAK1 kinase 

inhibitor (5Z-7) were purchased from Sigma-Aldrich (USA). 

Cells were treated with a TGFβRI kinase inhibitor (SB431542, 

1 µM) or a Tak1 kinase inhibitor (5Z-7, 1 µM), serum-starved 

for 1 h, and then stimulated with TGFβ1. Cells were har-

vested at the indicated time points after TGFβ1 stimulation. 

SiRNAs targeting TAK1 (6885-1), YAP1 (10413-1), and c-JUN 

(3725-3) were purchased from Bioneer (Korea). Knockdown 

analysis was performed by transfecting HEK293 cells with 50 

nM siRNA using RNAiMAX (Invitrogen) before serum starva-

tion. Cells were harvested at the indicated time points after 

TGFβ1 stimulation.

Chromatin immunoprecipitation (ChIP) and Re-ChIP assays
ChIP assays were performed using the ChIP assay kit (Cat No. 

17-295; Millipore). HEK293 cells were serum-starved for 1 

h and then stimulated with TGFβ1. Cells were harvested at 

the indicated time points and cross-linked with formaldehyde 

(1% [v/v], 10 min, 37°C). Chromatin was immunoprecipitat-

ed with the indicated antibodies. Re-ChIP assays were per-

formed using the ChIP assay kit (Cat No. 17-295). Briefly, the 

eluant of the primary immunocomplex was obtained from 

the first ChIP and then subjected to further IP with the indi-

cated second antibodies. The p21 or CTGF promoter region 

was amplified by PCR using the following primers, as report-

ed previously (Chi et al., 2017; Qiao et al., 2016):
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 (p21-forward: CACCAGACTTCTCTGAGCCCCAG)

 (p21-reverse: GCACTGTTAGAATGAGCCCCCTTTC)

 (CTGF-forward: ATATGAATCAGGAGTGGTGCGA)

 (CTGF-reverse: CAACTCACACCGGATTGATCC)

RNA sequencing
Total RNA was isolated using Trizol reagent (Invitrogen). 

RNA quality was assessed using an Agilent 2100 bioanalyzer 

(Agilent Technologies, The Netherlands) and RNA quantifi-

cation was performed using a ND-2000 Spectrophotometer 

(Thermo Fisher Scientific). Libraries were prepared from total 

RNA using the NEBNext Ultra II Directional RNA-Seq Kit (New 

England Biolabs, UK). Isolation of mRNA was performed 

using the Poly(A) RNA Selection Kit (Lexogen, Austria). The 

isolated mRNAs were used for cDNA synthesis and shearing 

in accordance with the manufacturer’s instructions. Indexing 

was performed using the Illumina indexes 1-12. The enrich-

ment step was carried out using PCR. Subsequently, libraries 

were checked using the TapeStation HS D1000 Screen Tape 

(Agilent Technologies) to evaluate the mean fragment size. 

Quantification was performed using the library quantification 

kit and a StepOne Real-Time PCR System (Life Technologies, 

USA). High-throughput sequencing was performed as paired-

end 100 sequencing using NovaSeq 6000 (Illumina, USA).

Quantification and statistical analysis
Quality control of raw sequencing data was performed us-

ing FastQC (Simon, 2010). Adapters and low-quality reads 

(<Q20) were removed using FASTX_Trimmer (Hannon Lab, 

2014) and BBMap (Bushnell, 2014). Then, the trimmed reads 

were mapped to the reference genome using TopHat (Trap-

nell et al., 2009). The Read Count data were processed based 

on a FPKM + Geometric normalization method using EdgeR 

within R (R Core Team, 2020). FPKM (fragments per kb per 

million reads) values were estimated using Cufflinks (Roberts 

et al., 2011).

Data and software availability
Data mining and graphic visualization were performed using 

ExDEGA (Ebiogen Inc., Korea). The RNA sequencing data are 

available under accession number GSE226590 at Gene Ex-

pression Omnibus (GEO).

RESULTS

TGFβ signaling phosphorylates YAP1 at Ser-127 and trig-
gers nuclear-cytoplasmic shuttling of the protein
SMAD3 is phosphorylated at S-423 and -425 (p-SMAD3) 15 

min after exposure to TGFβ (Shi and Massague, 2003). In this 

study, we asked whether YAP1 is phosphorylated by TGFβ 

stimulation. IB analysis revealed that YAP1 was also phos-

phorylated at Ser-127 (p-YAP1) at the same time as SMAD3 

in HEK293 cells (human embryonic kidney cells) (Fig. 1A). 

Both p-SMAD3 and p-YAP1 levels were maintained until 60 

min after stimulation and returned to base line at 120 min 

(Fig. 1A). SMAD3 phosphorylation occurs at the cytoplasm 

and the p-SMAD3 moves into the nucleus (Shi and Massa-

gue, 2003). By contrast, the p-YAP1 was first detected at 

the nucleus (15-30 min after TGFβ stimulation) and then 

detected at the cytoplasm (30-60 min) (Fig. 1B). These results 

suggest that YAP1 is phosphorylated at the nucleus and the 

p-YAP1 moves to the cytoplasm in response to TGFβ stimula-

tion.

 We further confirmed whether YAP1 is exported to the 

cytoplasm in response to TGFβ-stimulation. In primary em-

bryonic fibroblast cells (MEFs), SMAD3 and YAP1 were phos-

phorylated at the same time points as in HEK293 cells (Fig. 

1C). Triple immunofluorescence staining of MEFs revealed 

that p-SMAD3 localized to the nucleus 15 min after TGFβ 

stimulation and remained there until 60 min post-stimulation 

(Fig. 1D). Notably, YAP1 was exported to the cytoplasm at 30 

min post-stimulation and remained there until 60 min (Fig. 

1D). When the TGFβ signal was attenuated (120 min after 

stimulation), p-SMAD3 disappeared and YAP1 re-localized to 

the nucleus (Fig. 1D). These results, together with the results 

shown in Fig. 1B, demonstrate that TGFβ signaling phos-

phorylates YAP1 at Ser-127 and triggers nuclear-cytoplasmic 

shuttling of the protein.

 We then asked whether TGFβ-stimulated YAP1 phosphor-

ylation and its nuclear-cytoplasmic shuttling are general phe-

nomena in various cell lines. In primary MEFs and all four an-

alyzed immortalized normal cell lines (HEK293, NIH3T3, WI-

38, and HaCaT), p-YAP1, as well as p-SMAD3, was detected 

at the same time points (15-60 min) after TGFβ stimulation 

(Fig. 1C, Supplementary Fig. S1A). In all these cell lines, YAP1 

was exported to the cytoplasm 30-60 min after TGFβ stimula-

tion, after which it re-localized to the nucleus after 120 min, 

as in primary MEFs (Fig. 1E, Supplementary Fig. S1B). These 

results demonstrate that YAP1 phosphorylation/dephosphor-

ylation and subsequent nuclear-cytoplasmic shuttling of YAP1 

in response to TGFβ stimulation is a general phenomenon in 

MEFs and immortalized normal cell lines.

 Next, we examined the effect of TGFβ stimulation on YAP1 

phosphorylation in four cancer cell lines (PANC-1, MKN28, 

H460, and A549). In these cell lines, p-SMAD3 was detected 

15 min after TGFβ stimulation (Fig. 1F, Supplementary Fig. 

S1C). However, in all four cancer cell lines, p-YAP1 levels 

were base line and were unchanged by TGFβ stimulation 

(Fig. 1F, Supplementary Fig. S1C). In these cell lines, YAP1 lo-

calized to the nucleus, and its subcellular localization was not 

changed by TGFβ1 stimulation (Fig. 1G, Supplementary Fig. 

S1D). These results demonstrate that TGFβ-dependent YAP1 

phosphorylation and subsequent cytoplasmic export are me-

diated through a SMAD-independent pathway, and that this 

pathway is disrupted in many cancer cell lines.

 Studies show that YAP1 retains TGFβ-activated SMAD3 in 

the nucleus (Varelas et al., 2008; 2010). However, a recent 

report shows that nuclear localization of TGFβ-activated 

SMAD2/3 is not affected by the presence or absence of 

YAP1/TAZ (Labibi et al., 2020). Our results show that 

p-SMAD3 localized to the nucleus 15 min after TGFβ stimu-

lation and remained there, even when YAP1 was exported to 

the cytoplasm (30-60 min after stimulation) (Fig. 1D). When 

the TGFβ signal was attenuated (120 min after), p-SMAD3 

disappeared (Fig. 1C), but dephosphorylated SMAD3 was 

still detected in the nucleus (Supplementary Fig. S2). These 

results, together with those of previous reports, suggest that 

p-SMAD3 localizes to the nucleus without the aid of YAP1, 
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Fig. 1. TGFβ signaling phosphorylates YAP1 at Ser-127 and triggers nuclear-cytoplasmic shuttling of the protein. (A) HEK293 cells were 

stimulated with TGFβ1. Time-dependent phosphorylation of SMAD3 and YAP1 was analyzed by immunoblotting (IB) at the indicated time 

points. (B) HEK293 cells cultured at low cell density were stimulated with TGFβ1 (1 ng/ml). Cells were harvested at the indicated time 

points. The levels of p-YAP1, YAP1, and RUNX3 were measured by IB in the cytoplasmic and nuclear fractions of the samples. (C) Primary 

MEF and immortalized MEF (NIH3T3) were stimulated with TGFβ1. Time-dependent phosphorylation of SMAD3 and YAP1 was analyzed 

by IB at the indicated time points. (D) Primary MEFs were stimulated with TGFβ1. Time-dependent subcellular localization of YAP1 and 

p-SMAD3 was analyzed by triple immunofluorescence staining at the indicated time points (green, YAP1; red, p-SMAD3; blue, DAPI). (E) 

Immortalized normal cell lines (HEK293 [human embryonic kidney] and NIH3T3 [MEF]) were stimulated with TGFβ1. Time-dependent 

subcellular localization of YAP1 was analyzed by double immunofluorescence staining (green, YAP1; blue, DAPI). (F) Cancer cell lines 

(MKN28 [human gastric cancer] and PANC-1 [human pancreatic cancer]) were stimulated with TGFβ1. Time-dependent phosphorylation 

of SMAD3 and YAP1 was analyzed by IB at the indicated time points. (G) MKN28 and PANC-1 cell lines were stimulated with TGFβ1, and 

time-dependent subcellular localization of YAP1 was analyzed by double immunofluorescence staining (green, YAP1; blue, DAPI). TGFβ, 

transforming growth factor β; YAP1, Yes-associated protein 1; MEF, mouse embryonic fibroblast.
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but dephosphorylated SMAD3 remains in the nucleus via in-

teraction with unphosphorylated YAP1, which re-localizes to 

the nucleus after the TGFβ signal is attenuated.

TGFβ signaling facilitates YAP1 phosphorylation through 
TAK1→LATS pathway activation
We then investigated how the TGFβ signal is transduced to 

YAP1. Analysis of the time-dependent activation of TGFβ 

signaling pathways and the Hippo pathway in HEK293 cells 

revealed that TAK1 was activated by phosphorylation 5 min 

after TGFβ1 stimulation, which is a little bit earlier than that of 

YAP1 and SMAD3 (Fig. 2A). MST1 was also activated, but at 

the later time points than YAP1 phosphorylation (60 min af-

ter) (Fig. 2A), suggesting a possibility that TAK1 is involved in 

TGFβ-stimulated phosphorylation of YAP1. To investigate this 

possibility, we analyzed the effect of TGFβ receptor I or TAK1 

overexpression. Overexpression of Flag-tagged TGFβ receptor I  

(Flag-TGFβRI) increased p-YAP1 levels (Fig. 2B). Overexpres-

sion of Myc-tagged TAK1 (Myc-TAK1) also increased p-YAP1 

levels and facilitated interaction between YAP1 and 14-3-3 

(Fig. 2C). These results demonstrate that TAK1 is involved in 

TGFβ-stimulated YAP1 phosphorylation.

 Notably, LATS1, a core Hippo pathway kinase that phos-

phorylates YAP1 directly, was also activated at the same time 

point as TAK1 after TGFβ-stimulation (Fig. 2A). IP/IB analysis 

revealed that TAK1 associated with LATS1 at 5-15 min post-

TGFβ1 stimulation, and then dissociated (Fig. 2D). Overex-

pression of Myc-TAK1-WT (wild-type), but not Myc-TAK1-KD 

(kinase dead TAK1 mutant at Lys-63 to Trp), activated LATS1 

(Figs. 2E and 2F). Consistent with this, co-expression of Myc-

TAK1 and HA-LATS1 acted synergistically to increase phos-

phorylation of YAP1 (Fig. 2G). In addition, TGFβ-stimulated 

YAP1 phosphorylation was markedly reduced by knockout of 

Lats1/2 in MEFs (Lats1/2 dKO MEF, p-Yap1) (Fig. 2H). These 

results demonstrate that TGFβ signaling facilitates YAP1 

phosphorylation mainly through TAK1→LATS pathway activa-

tion.

The TGFβ→TAK1→LATS→YAP1 pathway regulates nucle-
ar-cytoplasmic shuttling of YAP1
Next, we examined whether TAK1 and LATS1/2 are essential 

for TGFβ-stimulated nuclear-cytoplasmic shuttling of YAP1. 

For this purpose, we obtained MEFs from Tak1f/f;Cre-ERT2 

mouse embryos. In these MEFs, Tak1 was targeted com-

pletely 24 h after treatment with 4-hydroxytamoxifen (4-

OHT) (Supplementary Fig. S3A). The 4-OHT treated Tak1f/f; 

Cre-ERT2 MEFs proliferated normally up until 24 h after treat-

ment, and their viability was reduced then after (Supplemen-

tary Fig. S3B). Therefore, we used Tak1f/f MEFs and Tak1f/f; 

Cre-ERT2 MEFs treated with 4-OHT for 24 h as WT and Tak1 

KO MEFs, respectively. We then compared TGFβ-stimulated 

nuclear-cytoplasmic shuttling of YAP1 in WT, Tak1 KO, and 

Lats1/2 dKO MEFs. Under low cell density culture conditions 

without TGFβ1, YAP1 localized mainly to the nucleus in all 

three cell lines (Fig. 3A). When WT MEFs were stimulated 

with TGFβ1, YAP1 began to be exported to the cytoplasm 

15 min later, but still localized mainly to the nucleus (Fig. 

3A). YAP1 localized mainly in the cytoplasm 30-60 min after 

stimulation and then re-localized to the nucleus 120 min after 

(Fig. 3A), as seen for HEK293 cells and other untransformed 

cell lines. However, in Tak1 KO and Lats1/2 dKO MEFs, YAP1 

was not exported to the cytoplasm until 120 min after TGFβ 

stimulation (Fig. 3A). These results demonstrate that the 

TGFβ→TAK1→LATS→YAP1 pathway regulates nuclear-cyto-

plasmic shuttling of YAP1 (Fig. 3B).

 Unexpectedly, the levels of p-Lats1 and p-YAP1 in Tak1 

KO MEFs in the absence of TGFβ were as high as those in 

TGFβ-stimulated WT MEFs (15 min after) (Fig. 3C). Interest-

ingly, the level of Mst1 phosphorylation was increased when 

Tak1 was dephosphorylated in WT MEFs (Fig. 3C). Consis-

tently, the level of p-Mst1 was increased by Tak1 deletion in 

the absence of TGFβ (Fig. 3C). Although it is unclear how the 

levels of p-Lats1 and p-YAP1 are increased in Tak1 KO MEFs 

in the absence of TGFβ, our results suggest a possibility that 

Tak1 may inhibit Mst1 activity under normal cell culture con-

ditions (Fig. 3B).

Biphasic role of YAP1 in response to TGFβ stimulation
It has been reported that 2 h after TGFβ stimulation, SMADs 

interact with YAP1 (Fujii et al., 2012; Nakamura et al., 2021; 

Varelas et al., 2008). At the time point, TGFβ signal is attenu-

ated. Therefore, we examined whether YAP1-SMAD3 inter-

action occurs while TGFβ signal is activated. TGFβ stimulation 

followed by IP/IB analysis at various time points revealed 

that YAP1 interacted with SMAD3 15 min after stimulation 

(Fig. 4A). YAP1 also interacted with TAK1 and LATS1 at the 

time point (Fig. 4A). Then, the complex was destroyed, and 

p-YAP1 associates with 14-3-3 (30-60 min) (Fig. 4A). When 

the TGFβ signal was attenuated, unphosphorylated YAP1 

formed a complex with SMAD3 again, but not with TAK1 

and LATS1 (Fig. 4A). These results demonstrate that YAP1-

SMAD3 interaction is biphasic: YAP1 associated with SMAD3 

15 min after TGFβ-stimulation, dissociated 30 min after, and 

re-associated 120 min after.

 TGFβ-activated SMADs interacts with YAP1, which inter-

acts with TEADs (Fujii et al., 2012; Nakamura et al., 2021; Va-

relas et al., 2008). TGFβ-activated SMADs also interact with 

RUNX3 (Ito and Miyazono, 2003), which interacts with YAP1 

(Chi et al., 2005; Ito and Miyazono, 2003; Jang et al., 2017; 

Li et al., 2002; Qiao et al., 2016). Therefore, we investigated 

whether TGFβ-stimulation affects interactions among YAP1, 

SMAD3, TEAD4, and RUNX3. Interestingly, YAP1 interacted 

with TEAD4 and RUNX3 at distinct time points after TGFβ 

stimulation. YAP1 interacted with RUNX3 as well as SMAD3, 

15 min after TGFβ-stimulation (Fig. 4B). The YAP1-TEAD4 

interaction occurred 120 min after TGFβ-stimulation, when 

the TGFβ signal was attenuated and YAP1 was unphosphory-

lated (Fig. 4B). The TGFβ-stimulated time-dependent change 

in YAP1 partners was further confirmed in a PLA (Fig. 4C). 

The results demonstrated that soon after TGFβ-stimulation, 

both YAP1 and SMAD3 were phosphorylated; p-YAP1 and 

p-SMAD3 then formed a complex with RUNX3 (p-YAP1/

p-SMAD3/RUNX3). When the TGFβ signal was attenuated, 

unphosphorylated YAP1 and SMAD3 formed a complex with 

TEAD4 (YAP1/SMAD3/TEAD4).

 To understand the mechanism for the changing partners 

of YAP1, we transfected HEK293 cells with Myc-TAK1, Flag-

YAP1, HA-TEAD4, and Myc-RUNX3. IP/IB analysis showed 
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Fig. 2. TGFβ-activated TAK1 activates LATS1/2, which phosphorylates YAP1 at S127. (A) HEK293 cells were stimulated with TGFβ1. 

Cells were harvested at the indicated time points and expression of the indicated proteins was measured by immunoblotting (IB). (B) 

HEK293 cells were transfected with increasing amounts of Flag-TGFβRI. Cells were harvested and the level of p-YAP1-S127 was measured 

by IB. (C) HEK293 cells were transfected with Flag-YAP1, HA-14-3-3-γ, and increasing amounts of Myc-TAK1. Cells were harvested and 
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that TAK1 associated with YAP1, and reduced the YAP1-

TEAD4 interaction and enhanced YAP1-RUNX3 interaction 

markedly (Fig. 4D). In addition, a phosphorylation-defective 

YAP1 mutant, YAP1-S127A (Ser-127 to Ala), failed to inter-

act with RUNX3 after TGFβ-stimulation (Fig. 4E). This YAP1 

mutant interacted with TEAD4 15 min after TGFβ-stimulation 

and the complex was maintained for long time (see below). 

These results suggest that TGFβ-activated TAK1 facilitates the 

YAP1-RUNX3 interaction and inhibits the YAP1-TEAD4 inter-

action through YAP1 phosphorylation at Ser-127.

 Since YAP1 interacted with TAK1 and RUNX3 simultane-

ously (Fig. 4D), we mapped the regions of YAP1 that are 

involved in each interaction. For the purpose, we construct-

ed Flag-YAP1-M1 (a WW1 domain-disrupted YAP1 point 

mutant; W199A and P202A), Flag-YAP1-M2 (a WW2 do-

main-disrupted YAP1 point mutant; W258A and P261A), 

or Flag-YAP1-M1/2 (a mutant in which the YAP1 WW1 

and WW2 domains are disrupted) (Supplementary Fig. S4). 

Transfection of the constructs with Myc-TAK1 or Myc-RUNX3 

followed by IP/IB analysis showed that YAP1 interacts with 

TAK1 and RUNX3 through its WW1 and WW2 domains, re-

spectively (Fig. 4F).

 YAP1 interacted with TAK1, LATS1, and SMAD3 15-

30 min after stimulation (Fig. 4A). RUNX3 also interacted 
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ml). Cells were harvested at the indicated time points and expression of the indicated proteins, as well as interactions among proteins, 

were measured by immunoprecipitation (IP) and immunoblotting (IB). (C) PLA showing YAP1-SMAD3, YAP1-TEAD4, and YAP1-RUNX3 

interactions at the indicated time points after TGFβ1 stimulation. Green or yellow fluorescence indicates associations between indicated 
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to the cytoplasm. When the TGFβ signal is attenuated by auto-feedback inhibitory mechanisms at 120 min, YAP1 re-localizes to the 

nucleus and associates with TEAD4 and SMAD3. TGFβ, transforming growth factor β.
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with TAK1 and LATS1 at the same time point (Fig. 4B), 

demonstrating that YAP1, TAK1, LATS1, SMAD3, and 

RUNX3 form a single complex. These results suggest that 

early after TGFβ1 stimulation, SMAD3 is phosphorylated 

by TGFβR kinase, and YAP1 is phosphorylated through the 

TGFβ→TAK1→LATS pathway; p-YAP1 then forms a complex 

with p-TAK1, p-LATS, p-SMAD3, and RUNX3 in the nucleus. 

Then, the complex is destroyed, and p-YAP1 associates with 

14-3-3 and is exported to the cytoplasm. After the TGFβ 

signal is attenuated, unphosphorylated YAP1 relocalizes to 

the nucleus and forms a complex with SMAD3 and TEAD4 

(Fig. 4G). These results identify a new signaling pathway 

(TGFβ→TAK1→LATS→YAP1) connecting the TGFβ and Hippo 

pathways.

TGFβ-stimulated phosphorylation of YAP1 triggers forma-
tion of an R-point-associated activator complex
In response to extracellular signals, the cell makes a critical 

decision for cell fate (commitment) at R-point. Once the 

R-point decision is made, extracellular signals are no longer 

required to execute subsequent cell-autonomous programs 

(Malumbres and Barbacid, 2001; Pardee, 1974; Weinberg, 

2007). To understand when the TGFβ-stimulated R-point de-

cision is made, we treated HEK293 cells with TGFβ1 for only 

a short time (10 or 20 min) and measured time-dependent 

interactions among YAP1, RUNX3, SMAD3, and TEAD4. The 

results revealed that 10 min of TGFβ1 treatment was insuf-

ficient to induce interaction among the proteins (Fig. 5A, 

left). However, a 20 min treatment triggered all the sequen-

tial protein-protein interactions, just like continuous TGFβ1 

stimulation (Fig. 5A, right). These results suggest that the 

TGFβ-stimulated commitment is made between 10 and 20 

min after stimulation; therefore, the complex formed 15 min 

after TGFβ stimulation might be associated with the R-point.

 Previously, we identified a mitogen-stimulated R-point-as-

sociated RUNX3 containing activator (RPA-RX3-AC) complex 

that activates R-point-associated gene expression (Lee et al., 

2019a). Interaction between p300, RUNX3, and BRD2 play 

key roles in formation of the RPA-RX3-AC complex. p300 

acetylates RUNX3 and histone 4. Next, BRD2 binds simul-

taneously to RUNX3 and histone 4 through its two bromo-

domains. Then, BRD2 recruits SWI-SNF (chromatin remod-

eling complex), MLL1 (activating chromatin by methylating 

histone, H3K4), and TFIID (basal transcriptional machinery) 

to trigger expression of R-point associated genes, including 

p21 (Lee et al., 2019a). p21 plays a key role in R-point reg-

ulation by activating Cyclin D-CDK4/6 and inhibiting Cyclin 

E-CDK (Chi et al., 2017; Malumbres and Barbacid, 2001; 

Pardee, 1974; Weinberg, 2007). When the mitogen-stimu-

lated R-point decision is made, the RPA-RX3-AC complex is 

destroyed by CDK4-mediated RUNX3 phosphorylation at Ser-

356.

 Therefore, we investigated whether the complex formed 

15 min after TGFβ stimulation is similar to the mitogen-stim-

ulated R-point-associated complex (RPA-RX3-AC). IP/IB anal-

ysis revealed that YAP1 and RUNX3 associated with BRD2 

15-30 min after TGFβ1 stimulation (Fig. 5B). At these time 

points, RUNX3 interacted with SMAD3, p300, MLL1, BRG-1 

(a component of SWI-SNF), and TAF1 (a component of TFIID) 

(Fig. 5B). All of these RUNX3-interacting proteins are compo-

nents of the RPA-RX3-AC complex (Lee et al., 2019a). At 30 

min after TGFβ stimulation, CDK4 associated with the com-

plex and phosphorylated RUNX3 at Ser-356 (Fig. 5B). Then, 

the complex was destroyed (Fig. 5B). Destruction of the 

complex was inhibited by expression of Myc-RUNX3-S356A, 

a CDK4-mediated phosphorylation-defective RUNX3 mutant 

(Fig. 5C). As the result, p21 expression was maintained for 

long time (Fig. 5C). These results suggest that the structure 

and mechanism responsible for dissociation of the complex 

are very similar to those of the RPA-RX3-AC complex. There-

fore, we named the complex formed 15 min after TGFβ 

stimulation the “TGFβ-stimulated R-point associated activator 

(TGFβ-RPA-AC) complex”.

 To understand the role of the TGFβ-stimulated R-point-as-

sociated activator (TGFβ-RPA-AC) complex in cell cycle reg-

ulation, we obtained an AAV expressing wild-type RUNX3 

(AAV-RUNX3-WT) or RUNX3-S356A (AAV-RUNX3-S356A). 

HEK293 cells were infected with AAV-RUNX3-WT, AAV- 

RUNX3-S356A, or control AAV-empty and the proliferation 

rates of the cells were measured. The results revealed that the 

proliferation rate of the RUNX3-S356A expressing cells was 

significantly lower than that of the control and RUNX3-WT 

expressing cells (Supplementary Fig. S5). This result may sug-

gest that the TGFβ-stimulated R-point-associated complex 

inhibits cell cycle progression by inducing p21 as long as the 

integrity of the complex is maintained.

 SiRNA-mediated knockdown of TAK1 or YAP1 abol-

ished the interactions between RUNX3, BRD2, and SMAD3 

(Figs. 5D and 5E). These results demonstrate that the 

TGFβ→TAK1→LATS1/2→YAP1 pathway is essential for for-

mation of the TGFβ-RPA-AC complex.

YAP1 and RUNX3 play key roles in TGFβ-stimulated gene 
expression regulation
CDKN1A (cyclin-dependent kinase inhibitor 1, referred to 

hereafter as p21) is one of the major targets of TGFβ signal-

ing, and RUNX3 plays a key role in TGFβ-stimulated induction 

of p21 (Chi et al., 2005). CTGF is a major target of the YAP1/

TEAD complex (Zhao et al., 2008), and its expression is in-

duced by TGFβ stimulation (Kothapalli et al., 1998). Notably, 

p21 was induced 15 min after TGFβ stimulation (when the 

TGFβ-RPA-AC complex was formed), and CTGF was induced 

120 min after stimulation (when the YAP1/SMAD3/TEAD4 

complex was formed) (Figs. 5A and 5B).

 Next, we investigated the roles of YAP1 and RUNX3 in 

TGFβ-stimulated gene expression regulation by mRNA se-

quencing analysis. The results revealed that TGFβ-induced 

genes were categorized into two groups, early (3,163 genes) 

and late (2,287 genes), which are induced at 15 min after 

and 120 min after stimulation, respectively (Fig. 6A). Notably, 

siRNA-mediated knockdown of YAP1 led to significant dis-

ruption with respect to induction of both early and late genes 

(Figs. 6A and 6B). Consistent with the IB analysis shown in 

Figs. 5A and 5B, p21 was included in the early group, and 

CTGF was included in the late group (Fig. 6B). These results 

suggest that YAP1 forms distinct complexes (TGFβ-RPA-AC 

and YAP1/SMAD3/TEAD4), and that these complexes play 

roles in time-dependent induction of distinct target genes 
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Figure 5
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Fig. 5. p-YAP1 and RUNX3 form a TGFβ-dependent R-point-associated complex. (A) HEK293 cells were stimulated with TGFβ1 for 10 or 

20 min. Then, the medium was replaced with TGFβ1-free medium. Cells were harvested at the indicated time points and the interactions 

among YAP1, RUNX3, SMAD3, TEAD4, and 14-3-3 were measured by immunoprecipitation (IP) and immunoblotting (IB). (B) HEK293 

cells were stimulated with TGFβ1. Cells were harvested at the indicated time points and time-dependent interactions among the indicated 

proteins were measured by IP and IB. (C) HEK293 cells were transfected with Myc-RUNX3-WT or Myc-RUNX3-S356A (a CDK4-mediated 

phosphorylation-defective RUNX3 mutant) and then stimulated with TGFβ1. Cells were harvested and the time-dependent interactions 
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after TGFβ signaling. In this study, we used p21 and CTGF as 

representative early and late targets, respectively, induced by 

TGFβ-activated YAP1.

 Interestingly, knockdown of RUNX3 disrupted induction of 

genes in both groups (Fig. 6A), although RUNX3 formed a 

TGFβ-RPA-AC complex only at 15 min after TGFβ-stimulation. 

These results suggest that early group genes induced by the 

complex affect induction of late group genes by regulating 

late group genes. The TGFβ-induced YAP1-dependent genes 

involved in the TGFβ pathway, Hippo pathway, cell cycle reg-

ulation, and epithelial-mesenchymal transition (EMT) are list-

ed in Supplementary Fig. S6. Detailed RNA sequencing data 

is provided in the Excel file (Supplementary Data 1).

Dynamic regulation of target chromatin loci by the TGFβ- 
stimulated complexes
ChIP analysis revealed that all components of the TGFβ-RPA-

AC complex (YAP1, RUNX3, TAK1, LATS1/2, SMAD3, p300, 

BRD2, CDK4, MLL1, SWI/SNF, and TFIID) were recruited to 

the p21 locus 15-30 min after TGFβ1 stimulation (Fig. 6C). At 

these time points, the p21 locus was marked with activating 

histone modifications (H4K12-ac and H3K4-tri-met) (Fig. 

6C) and p21 expression was induced (Figs. 5A, 5B, and 6B). 

Thus, p300 and MLL1 of the TGFβ-RPA-AC complex might 

contribute to H4K12 acetylation and H3K4 tri-methylation, 

respectively.

 Polycomb group (PcG) complexes are classified into two 

categories: Polycome repressor 1 and 2 (PRC1 and PRC2). 

Ring finger protein 2 (RNF2), which ubiquitinates H2A at 

lysine 119 (H2A-K119-ub), is a component of PRC1 (Wang 

et al., 2004) and enhancer of zeste homologs (EZH2), which 

trimethylates histone 3 at lysine 27 (H3K27-tri-met), is a 

component of PRC2 (Bracken et al., 2003). H2A-K119-ub 

and H3K27-tri-met histone marking by PRC1 and PRC2 are 

characteristics of inactive chromatin (Cao et al., 2002). Sixty 

minutes after TGFβ1 stimulation, RUNX3 associated with 

Cyclin D1, RNF2, EZH2, and HDAC4 (Fig. 5B). These results 

demonstrate that the RUNX3-Cyclin D1-PRC1-PRC2-HDAC4 

complex (hereafter named the TGFβ-stimulated R-point as-

sociated repressor [TGFβ-RPA-RE] complex) is formed after 

the TGFβ-RPA-AC complex is destroyed. The TGFβ-RPA-RE 

complex is very similar to the RPA-RX3-RE complex, which 

is formed after the mitogen-stimulated R-point (Lee et al., 

2019a).

 ChIP analysis revealed that the TGFβ-RPA-RE complex was 

recruited to the p21 locus 60 min after TGFβ1 stimulation 

(Fig. 6C). At that time point, H4K12-ac and H3K4-tri-met (ac-

tivatory histone marks) were erased, and H2A-K119-ub and 

H3K27-tri-met (inhibitory histone marks) were enriched, at 

the locus (Fig. 6C). Consistent with this, p21 expression was 

suppressed markedly 60 min after stimulation (Figs. 5A, 5B, 

and 6B). These results suggest that the p21 locus is activated 

by the TGFβ-RPA-AC complex early after TGFβ1 stimulation, 

and that the locus is subsequently inactivated by RPA-RX3-

RE. HDAC4, PRC1, and PRC2 of TGFβ-RPA-RE might contrib-

ute to inactivation of the locus by deacetylating H4K12-ac, 

ubiquitinating H2A-K119-ub, and methylating H3K4-tri-met, 

respectively.

 As TEAD4 was not included in the TGFβ-RPA-AC complex, 

the protein was not recruited to the p21 locus at any time 

point (Fig. 6C). Rather, TEAD4 was recruited to the CTGF lo-

cus 60-120 min after TGFβ stimulation (Fig. 6D). Then, YAP1, 

SMAD3, and p300 were recruited to the locus 120 min 

after stimulation (Fig. 6D). At that time point, the histone 

markers of the CTGF locus changed from inhibitory modifi-

cations (H3K27-tri-met) to activating modifications (H3K4-

tri-met) (Fig. 6D). Consistent with this, CTGF expression was 

induced 120 min after TGFβ stimulation (Figs. 5A, 5B, and 

6B). However, RUNX3, TAK1, LATS1/2, and BRD2 were not 

recruited to the CTGF locus at any time point, demonstrat-

ing that the TGFβ-RPA-AC complex is not recruited to the 

locus (Fig. 6D). These results suggest that the TGFβ signal 

activates a distinct set of target genes through formation 

of different complexes at different time points. When the 

TGFβ→TAK1→LATS1/2→YAP1 pathway was activated (15 

min after stimulation), YAP1 formed a TGFβ-RPA-AC complex 

and activated early group genes, including p21. Then, the 

complex was destroyed and the RPA-RX3-RE complex was 

formed, which suppressed early group genes (Fig. 6E). When 

the TGFβ signal was attenuated (120 min after stimulation), 

YAP1 formed a different complex with TEADs, SMADs, and 

p300, and then activated late group genes, including CTGF 

(Fig. 6E).

AP1 is an essential component of the TGFβ-RPA-AC com-
plex
 TGFβ activates AP1 (c-JUN/c-FOS heterodimeric transcrip-

tion factor) through the MAPK pathway, after which acti-

vated AP1 associates with SMADs to mediate TGFβ-induced 

transcription (Zhang et al., 1998). AP1 also associates with 

YAP1 (Zanconato et al., 2015). Therefore, we investigated 

whether AP1 contributes to TGFβ-RPA-AC complex forma-

tion. TGFβ stimulation followed by IP/IB analysis revealed 

that YAP1 and AP1 associated 15-30 min after stimulation, 

dissociated 60 min after stimulation, and re-associated 120 

min after stimulation (Fig. 7A). By contrast, RUNX3 and AP1 

associated 15-60 min after stimulation and then dissociated 

(Fig. 7A). ChIP analysis revealed that AP1 was recruited to 

the p21 locus 15-60 min after stimulation, and to the CTGF 

locus 120 min after stimulation (Supplementary Fig. S7A). 

These results suggest that AP1 is recruited to the p21 locus as 

a component of the TGFβ-RPA-AC complex, and to the CTGF 

locus through interaction with YAP1/TEAD.

 We then examined the role of AP1 in TGFβ-RPA-AC com-

plex formation. SiRNA-mediated knockdown of c-JUN did 

not affect the YAP1-RUNX3 interaction, but it abolished the 

RUNX3-p300, RUNX3-BRD2, YAP1-p300, and YAP1-BRD2 

interactions, which are essential for TGFβ-RPA-AC complex 

formation (Fig. 7B). p300 is essential for recruitment of BRD2 

to the R-point-associated complex (Lee et al., 2019a). p300 

also associates with AP1 (Goodman and Smolik, 2000). 

These results suggest that AP1 associates with the YAP1/

RUNX3 complex and plays a role in recruiting p300, which 

enables subsequent association of BRD2.

 RUNX3-R122C (Arg-122 to Cys) is an inactive RUNX3 

mutant found in a gastric cancer patient (Li et al., 2002). 

Exogenously-expressed Myc-RUNX3-R122C interacted with 

YAP1, but failed to interact with AP1, p300, and BRD2 (Fig. 
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Figure 7
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Fig. 7. AP1 is an essential component of the TGFβ-RPA-AC complex. (A) HEK293 cells were stimulated with TGFβ1. Cells were harvested 

at the indicated time points and expression of the indicated proteins and time-dependent interactions among proteins were measured by 

immunoprecipitation (IP) and immunoblotting (IB). (B) HEK293 cells were transfected with control siRNA (si-Con) or c-Jun-specific siRNA 

(si-c-JUN), and then stimulated with TGFβ1. Cells were harvested and the time-dependent interactions between proteins was measured 

by IP and IB. (C) HEK293 cells were transfected with Myc-RUNX3-WT or Myc-RUNX3-R122C (an inactive form of RUNX3 mutant) and 

then stimulated with TGFβ1. Cells were harvested and the time-dependent interactions between proteins were measured by IP and IB. (D) 
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7C). These results suggest that RUNX3-R122C fails to form 

a TGFβ-RPA-AC complex due to failure of the interaction 

with AP1. These results together suggest that the p-TAK1/

p-LATS/p-YAP1/RUNX3/p-SMAD3 complex is formed 15 min 

after TGFβ stimulation, and then associates with MAPK path-

way-activated AP1. p300 is recruited to the complex through 

interaction with AP1 and then facilitates recruitment of BRD2 

by acetylating RUNX3 and histone 4. Subsequently, BRD2 

recruits MLL1, SWI/SNF, and TFIID to form the TGFβ-RPA-AC 

complex (Supplementary Fig. S7B).

Oncogenic mutation of YAP1 disrupts the TGFβ-stimu-
lated gene expression program.
We then examined whether oncogenic mutation of YAP1 

affects the TGFβ-stimulated gene expression regulation. 

YAP1-S127A is an oncogenic mutant of YAP1 (Schlegelmilch 

et al., 2011; Zhang et al., 2009; 2011; Zhao et al., 2007). 

Exogenously-expressed Flag-YAP1-WT formed a TGFβ-RPA-

AC complex 15-30 min after TGFβ1 stimulation, dissociated 

60 min after, and formed the YAP1/TEAD4/SMAD3/p300/

AP1 complex 120 min after (Fig. 7D). Re-ChIP analysis re-

vealed that the TGFβ-RPA-AC complex was recruited to the 

p21 locus 15-30 min after stimulation (Fig. 7E), and that the 

YAP1/TEAD4/SMAD3/p300/AP1 complex was recruited to 

the CTGF locus 120 min after TGFβ stimulation (Fig. 7F). p21 

and CTGF were induced when the TGFβ-RPA-AC or YAP1/

TEAD4/SMAD3/p300/AP1 complex was recruited to each 

locus, respectively (Fig. 7D). However, exogenously-expressed 

Flag-YAP1-S127A failed to form a TGFβ-RPA-AC complex 

at any time point after TGFβ1 stimulation (Fig. 7D), nor was 
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it recruited to the p21 locus (Fig. 7E). Instead, Flag-YAP1-

S127A formed a YAP1/TEAD4/SMAD3/p300/AP1 complex 

15 min after stimulation and the complex was maintained 

until 120 min after (Fig. 7D). The complex was recruited to 

the CTGF locus (Fig. 7F), where it induced CTGF expression 

at the time points (15-120 min after) (Fig. 7D). These results 

demonstrate that the oncogenic YAP1 mutation disrupts the 

TGFβ-stimulated regulatory program by inhibiting TGFβ-RPA-

AC complex formation and facilitating YAP1/TEAD4/SMAD3/

p300/AP1 complex formation.

The TGFβ-stimulated regulatory program is disrupted in 
cancer cell lines
In HEK293 and WI-38 cells (immortalized normal cell lines), 

the TGFβ-RPA-AC complex was formed 15 min after TGFβ 

stimulation and the YAP1/TEAD4/SMAD3/AP1/p300 com-

plex was formed 120 min after (Figs. 8A and 8B). However, 

in the MKN28 and PANC1 cell lines (cancer cell lines), the 

TGFβ-RPA-AC complex was not formed at any time point, 

and the YAP1/TEAD4/SMAD3/AP1/p300 complex was 

formed 15 min after TGFβ stimulation and maintained for 

a long time (Figs. 8A and 8B). This failure of the TGFβ-RPA-

AC complex formation in cancer cells is essentially the same 

as those observed for Flag-YAP1-S127A-expressed HEK293 

cells (Fig. 7D). Notably, in all four cancer cell lines (H460, 

A549, PANC1 and MKN28), TAK1 was normally activated, 

but LATS1 was not activated by TGFβ stimulation (Figs. 8C 

and 8D). These results demonstrate that abrogation of the 

TGFβ→TAK1→LATS1/2→YAP1 pathway leads to failure of 

TGFβ-RPA-AC complex formation, which is associated with 

malignant transformation. The TGFβ-stimulated regulatory 

program in immortalized normal cell lines, and abrogation of 
Figure 9
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the program in cancer cell lines, are summarized in Figs. 9A 

and 9B, respectively.

DISCUSSION

The key unknowns about the Hippo pathway are which ex-

tracellular signals activate LATS1/2, and what are the molec-

ular mechanisms underlying commitment to specific cellular 

responses? In this study, we show that TGFβ-activated TAK1 

activates LATS1/2, which phosphorylates YAP1; p-YAP1 then 

forms a TGFβ-RPA-AC complex, which plays a role in gene 

expression regulation in the nucleus. These results identify 

a new pathway (TGFβ→TAK1→LATS→YAP1) that connects 

TGFβ signals, the Hippo pathway.

 It is thought that YAP1 phosphorylation inactivates its nu-

clear activity. However, our results demonstrate that YAP1 

phosphorylation in fact activates its nuclear activity by trig-

gering the p-YAP1-RUNX3 interaction, leading to TGFβ-RPA-

AC complex formation. To modulate chromatin accessibility 

and regulate gene transcription, a special transcription factor 

is required to activate a complex network of other proteins, 

including coactivators, histone-modifying complexes, chro-

matin remodeling complexes, and the basal transcription 

machinery. Such special transcription factors that have the 

capacity to associate with condensed chromatin and mod-

ulate chromatin accessibility are known as pioneer factors 

(Jozwik and Carroll, 2012). RUNX3 is a pioneer factor of the 

mitogen-stimulated R-point (Lee et al., 2019a). Our results 

show that the p-YAP1-RUNX3 interaction is essential for for-

mation of the TGFβ-RPA-AC complex, which opens closed 

target chromatin loci and activates target gene expression. 

These results identify a new role for p-YAP1 in the nucleus: 

an essential partner of pioneer factor RUNX3 for regulation 

of the TGFβ-stimulated gene expression regulation.

 Although RUNX proteins were the first identified DNA 

binding partners of YAP1, the biological meaning of the 

YAP1-RUNX interaction was insufficiently studied in relation 

to the YAP1-TEADs interaction. One explanation is because 

the p-YAP1 interaction with RUNX3 is transient and occurs 

only for a limited time after TGFβ stimulation in normal cells, 

while this interaction does not occur in cancer cells. In con-

trast, unphosphorylated YAP1 interacts with TEADs and the 

resulting complex persists for a long time in cancer cells.

 We show that the TGFβ-TAK1-LATS-YAP1 pathway triggers 

a precise sequence of molecular events. First, YAP1 phos-

phorylation in the nucleus and supports formation of a tran-

sient TGFβ-induced RPA-AC complex and subsequent export 

of p-YAP1 to the cytoplasm. After dephosphorylation or new 

synthesis in the absence of a TGFβ signal, unphosphorylat-

ed YAP1 relocalizes to the nucleus to form a stable YAP1/

TEAD4/SMAD3/p300/AP1 complex. These spatiotemporal 

dynamics of YAP1 regulation appears to be associated with 

the R-point program that determines cell proliferation versus 

alternative cell fates (e.g., differentiation, and apoptosis). 

The R-point program is disrupted in nearly all cancer cells 

(Malumbres and Barbacid, 2001; Pardee, 1974; Weinberg, 

2007). Indeed, the TGFβ-stimulated spatiotemporal dynamics 

of YAP1 were disturbed in all cancer cell lines we analyzed 

due to failure of TGFβ–TAK1-LATS-YAP1 pathway activation. 

The spatiotemporal dynamics of YAP1 were also disturbed by 

the oncogenic YAP1 mutation (YAP1-S127A). These results 

suggest that the TGFβ–TAK1-LATS-YAP1 pathway is a tumor 

suppressor pathway.

 It is worth mentioning that SWI/SNF, a chromatin remod-

eling complex that functions in tumor suppression (Kadoch 

and Crabtree, 2015), forms a complex with YAP1 and inhibits 

the pro-oncogenic activity of YAP1 (Chang et al., 2018). The 

complex does not contain TEADs (Chang et al., 2018). These 

results are consistent with our observations that the TGF

β-RPA-AC complex, which contains YAP1, RUNX3, and SWI/

SNF, but not TEAD, functions as a tumor suppressor. There-

fore, SWI/SNF may inhibit (at least partly) the pro-oncogenic 

activity of YAP1 and function as a tumor suppressor by form-

ing the TGFβ-RPA-AC complex.

 Although YAP1 plays essential roles in initiation or progres-

sion of various cancers (Zanconato et al., 2016), it was rec-

ognized recently as a tumor suppressor as well (Cottini et al., 

2014; Pearson et al., 2021). TGFβ also elicits completely op-

posite responses under different physiological conditions. At 

the early stage of tumorigenesis, TGFβ has tumor suppressive 

functions, primarily through cell cycle arrest and apoptosis. 

At the late stage, TGFβ acts as a driver of tumor progression 

and metastasis (Ikushima and Miyazono, 2010; Massague, 

2008). Our results suggest that the opposite roles of YAP1 

and TGFβ may occur because their roles are not determined 

by their own activity, but determined in a context- and/or cell 

type-dependent manner at the R-point.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).
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