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YAP is a transcriptional co-activator that acts downstream of the Hippo signaling pathway and regulates
multiple cellular processes, including proliferation. Hippo pathway-dependent phosphorylation of YAP
negatively regulates its function. Conversely, attenuation of Hippo-mediated phosphorylation of YAP
increases its ability to stimulate proliferation and eventually induces oncogenic transformation. The C-

Keywords: terminus of YAP contains a highly conserved PDZ-binding motif that regulates YAP’s functions in multiple
:_{l{\P b ways. However, to date, the importance of the PDZ-binding motif to the oncogenic cell transforming
C}%li,o pathway activity of YAP has not been determined. In this study, we disrupted the PDZ-binding motif in the YAP

TEAD (5SA) protein, in which the sites normally targeted by Hippo pathway-dependent phosphorylation are
mutated. We found that loss of the PDZ-binding motif significantly inhibited the oncogenic transforma-
tion of cultured cells induced by YAP (5SA). In addition, the increased nuclear localization of YAP (5SA)
and its enhanced activation of TEAD-dependent transcription of the cell proliferation gene CTGF were
strongly reduced when the PDZ-binding motif was deleted. Similarly, in mouse liver, deletion of the
PDZ-binding motif suppressed nuclear localization of YAP (5SA) and YAP (5SA)-induced CTGF expression.
Taken together, our results indicate that the PDZ-binding motif of YAP is critical for YAP-mediated onco-

genesis, and that this effect is mediated by YAP’s co-activation of TEAD-mediated CTGF transcription.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The Yes-associated protein (YAP) is a transcriptional co-activa-
tor that regulates multiple cellular processes by activating several
transcription factors [1]. Recently, YAP was shown to play an
important role in organ size control and to be inhibited by the Hip-
po signaling pathway [2-4]. In mouse liver, either transgenic over-
expression of YAP or knock-out of Hippo pathway genes causes
enlargement of this organ and the eventual development of hepatic
tumors [5,6]. In cultured cells, YAP overexpression promotes prolif-
eration and induces oncogenic transformation by activating TEAD-
mediated transcription of the cell proliferation gene connective tis-
sue growth factor (CTGF) [7,8]. Thus, the proper control of YAP
activity is critical for maintaining tissue homeostasis in animals.

Abbreviations: YAP, Yes-associated protein; CTGF, connective tissue growth
factor; TEAD, TEA domain family member; TAZ, transcriptional co-activator with
PDZ-binding motif.
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YAP functions are regulated by multiple post-translational
modifications, including phosphorylation, SUMOylation, acetyla-
tion, and methylation [9-13]. Among these, phosphorylation is
the best characterized regulatory event. For example, cell-cell con-
tact triggers the Hippo pathway to phosphorylate YAP and thereby
inactivate it, inhibiting cell proliferation. This phosphorylation is
mediated by Lats kinases, which are essential components of the
Hippo pathway. Lats-mediated phosphorylation of serine 127
(Ser-127) of human YAP (hYAP) promotes its recognition and cyto-
plasmic retention by 14-3-3 protein [9], while phosphorylation of
hYAP Ser-381 induces hYAP ubiquitination and degradation [10].
Thus, the Hippo pathway negatively regulates the transcriptional
co-activation capacity of YAP by inducing its cytoplasmic localiza-
tion and protein degradation.

YAP contains a highly conserved PDZ-binding motif in its C-ter-
minal domain, and this motif reportedly contributes to the regula-
tion of YAP’s functions. For example, Oka et al. showed that the
interaction of the tight junction protein zonula occludens 2 (Z02)
with YAP’s PDZ-binding motif facilitates nuclear localization of
YAP [14]. In another study, it was reported that YAP stabilizes
p73 to promote apoptosis, and that YAP’s PDZ-binding motif is re-
quired for this proapoptotic function [15]. Although these studies
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demonstrate that the PDZ-binding motif is important for regulat-
ing YAP’s normal functions, the role of this motif in controlling
the oncogenic cell transforming activity of YAP has not been
characterized.

In this study, we investigated whether the PDZ-binding motif of
hYAP is involved in its ability to transform cultured cells using the
hYAP (5SA) mutant, which is not under the negative control of the
Hippo pathway due to mutation of key phosphorylation sites [9].
As a result, hYAP (5SA) is constitutively activated and abnormally
increased in a cell’s nucleus. YAP co-transcriptional activity is thus
elevated, inducing the oncogenic transformation of cultured cells.
We found that disruption of the PDZ-binding motif strongly inhib-
ited these properties of hYAP (5SA) both in cultured cells and
mouse liver. Our results thus provide several lines of evidence indi-
cating that the PDZ-binding motif is involved in regulating the nu-
clear localization of YAP and its co-activator function. In particular,
we show that loss of this motif reduces TEAD-mediated transcrip-
tion of CTGF, damping down YAP’s oncogenic transforming activity.

2. Materials and methods
2.1. Plasmids

The mouse CTGF gene promoter was amplified by PCR and
cloned into the pGL3-Basic vector (Promega). The CTGF promoter
region spans codons —708 to —220 (+1 is the start codon) and con-
tains the TEAD-binding element. Mutations were introduced into
Myc-hYAP/pCS2 using PCR-based site-directed mutagenesis to
generate mutant forms of hYAP described in each Figure. To inac-
tivate the PDZ-binding motif, the hYap cDNA sequences corre-
sponding to the last five amino acids of the hYAP protein were
deleted. Other plasmids used in this study have been described
elsewhere [12].

2.2. Cells, transfection, and luciferase assay

293T and NIH3T3 cells were grown in Dulbecco’s modified Ea-
gle’s medium (Invitrogen) supplemented with 10% fetal bovine ser-
um. For luciferase reporter assays, 293T cells were transfected with
40 ng firefly luciferase reporter plasmid, 20 ng sea pansy luciferase
reporter plasmid [pRL-SV40 (Promega)], and the appropriate
expression plasmids (indicated in each Figure) using Fugene HD
(Promega). At 24 h post-transfection, cell lysates were prepared
and dual luciferase assays performed using the dual-luciferase re-
porter assay system (Promega). Firefly and sea pansy luciferase
activities were quantified by means of a luminometer, with the
firefly luciferase activity normalized for transfection efficiency
based on the sea pansy luciferase activity.

2.3. Antibodies

Anti-Myc, anti-lamin A/C, and anti-actin antibodies were pur-
chased from Santa Cruz; rat anti-HA antibody from Roche Diagnos-
tics Corp.; rabbit anti-HA antibody from Immunology Consultants
Laboratory; and anti-B-tubulin antibody from Cell Signaling
Technology.

2.4. Co-immunoprecipitation

Co-immunoprecipitation was performed as previously de-
scribed [16], with some modifications. 293T cells were transfected
with the expression plasmids described in each Figure. Transfected
cells were washed with phosphate-buffered saline, homogenized
in binding buffer (150 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40,
5% glycerol and 20 mM Tris-HCl, pH 7.4) containing protease

inhibitor, and clarified by centrifugation. Total protein from the
supernatant was incubated at 4 °C with rabbit anti-HA antibody
and 20 pl protein G-Sepharose beads. The beads were washed four
times with binding buffer, boiled in SDS sample buffer. The super-
natant was fractionated by SDS-PAGE and analyzed by Western
blotting as described below.

2.5. Western blotting

Immunoprecipitated materials and total cell extracts obtained
as described above were fractionated by SDS-PAGE and transferred
electrophoretically onto polyvinylidene difluoride membranes.
Membranes were blocked with Blocking One (Nacalai Tesque) or
2% skim milk and incubated for 10 h at 4 °C with the antibodies
indicated in each Figure. The blots were then incubated with the
appropriate secondary antibodies plus peroxidase-conjugated
anti-mouse, anti-rabbit, anti-rat, or anti-goat IgG antibodies (Santa
Cruz) and developed with the ECL Western blotting detection sys-
tem (Amersham Biosciences).

2.6. Immunofluorescence

Frozen sections of mouse liver were attached to APS-coated
glass slides (Matsunami Glass). After blocking with 5% BSA in
TBS, the slides were incubated with primary antibodies followed
by fluorescent tag-conjugated secondary antibodies. Nuclei and
plasma membranes were counterstained with Hoechst 33342 or
phalloidin (both from Invitrogen), respectively.

2.7. Quantitation of nuclear protein in cultured cells

Levels of YAP localized in cellular nuclei were calculated as fol-
lows. The signal intensities of bands of YAP proteins appearing on
Western blots were measured using the Quantity One (Bio-Rad)
and normalized to the signal intensity of the band representing
the nuclear protein laminA/C (value 1). The signal intensities of to-
tal hYAPs were normalized for protein loading based on the signal
intensity of the band representing actin (value 2). Value 1 was di-
vided by value 2 to obtain the value for nuclear hYAP protein.

2.8. Mice

All mice used in this study were of the C57BL/6] genetic back-
ground. All experimental procedures in this study were approved
by the Institutional Animal Care and Use Committee of Tokyo Med-
ical and Dental University.

2.9. Plasmid injections into living mice

Manipulated genes were expressed in hepatocytes of living
mice by the hydrodynamic tail vein injection (HTVi) system.
Briefly, each gene of interest was cloned into the pLIVE vector
and suspended in TransIT-EE Hydrodynamic Delivery Solution
(Mirus Bio). Plasmids were injected into tail veins of mice.

3. Results

3.1. Deletion of the PDZ-binding motif of hYAP (5SA) abolishes its
oncogenic transforming activity

We first compared the effects of transient expression of Myc-
tagged plasmids expressing wild type hYAP [hYAP (WT)] or several
mutant forms of hYAP in NIH3T3 cells. NIH3T3 cells transfected
with hYAP (WT) and cultured for an extended period stopped pro-
liferating when they reached saturation density (Fig. 1A). Similar
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Fig. 1. The PDZ-binding motif of hYAP (5SA) is required for its oncogenic activity. (A) The cell transforming activity of wild type hYAP and various mutant forms of hYAP were
determined by colony formation assays. Vectors expressing GFP (control), wild type hYAP (WT), WT hYAP lacking its PDZ-binding motif (APDZ), the hYAP (5SA) mutant (5SA),
or the hYAP (5SA) mutant lacking its PDZ-binding motif (5SA/APDZ), were transiently expressed in NIH3T3 cells. At 18 days post-transfection, colonies were visualized by
crystal violet staining (upper panels). The corresponding phase-contrast images of these NIH3T3 cells are also shown (lower panels). (B) The numbers of colonies in the plates
in (A) were counted. Values are the mean * S.E. (n =3 plates/group). *P < 0.05. (C) Protein levels of WT hYAP and its mutant forms in the cells in (A) were confirmed by
Western blot (WB). (D) Transcriptional co-activation capacities of WT hYAP and its mutant forms were determined by luciferase reporter assays. Wild type hYAP, hYAP (5SA)
or hYAP (5SA/APDZ) was co-expressed in 293T cells with TEAD, and transactivation of a luciferase reporter plasmid containing the mouse CTGF promoter was examined.
Values are the mean * S.E. (n = 3) of luciferase activity relative to that in the sample containing only the reporter plasmid (set to 1). The difference between the results shown
inlanes 2 and 5,3 and 6, 5 and 8, 6 and 9, or 7 and 10 is statistically significant (P < 0.01). The difference between the results shown in lanes 4 and 7 is statistically significant
(P<0.05). (E) HA-tagged TEAD was co-expressed in 293T cells with Myc-tagged WT hYAP or its mutant forms. Lysates were immunoprecipitated (IP) with anti-HA antibody
and analyzed by WB with anti-Myc antibody to detect hYAP proteins, or with anti-HA antibody to detect TEAD. Input: Total cell extracts were analyzed by WB with anti-Myc
to detect WT hYAP and its mutant forms, or with anti-HA antibody to detect TEAD. 5SA/TEAD*, hYAP (5SA) with a mutated TEAD-binding domain; 5SA/WW1.2*, hYAP (5SA)
with mutated WW domains.

results were observed for cells expressing GFP (control), or hYAP
(WT) missing its PDZ-binding motif (hYAP-APDZ). However, when
NIH3T3 cells were transiently transfected with the hYAP (5SA) mu-
tant, some of these cells re-initiated proliferation after confluence
was reached. Nodules were formed in which the cells began to pile
up, a feature of the oncogenic transformation phenotype (Fig. 1A-
C). These findings are consistent with a previous report [10] and
confirm that Hippo pathway-dependent suppression of hYAP activ-
ity inhibits its ability to transform cells. Strikingly, the oncogenic
transforming activity of hYAP (5SA) was significantly reduced by
deletion of its PDZ-binding motif [hYAP (5SA/APDZ)] (Fig. 1A and
B), suggesting that this motif plays an important role in the cell
transforming activity of hYAP (5SA).

Previous work has demonstrated that YAP-dependent co-acti-
vation of TEAD-mediated transcription of the cell proliferation
gene CTGF is an important step in the oncogenic cell transforma-
tion induced by hYAP (5SA) [7]. We then used a luciferase reporter

assay to test whether the PDZ-binding motif of hYAP (5SA) could
drive TEAD-mediated transcription from the CTGF promoter. As re-
ported elsewhere [9], co-expression of hYAP (WT) enhanced TEAD-
mediated CTGF transcription in a dose-dependent manner (Fig. 1D).
As expected, CTGF transcription was significantly increased above
this enhanced level when hYAP (5SA) was co-expressed. In con-
trast, the co-transcriptional activity of co-expressed hYAP (5SA/
APDZ) was markedly diminished, indicating that deletion of the
PDZ-binding motif impairs the ability of hYAP (5SA) to co-activate
TEAD-mediated CTGF transcription.

One explanation for our observations could be that deletion of
hYAP (5SA)‘s PDZ-binding motif affected its interaction with TEAD.
To test this possibility, we used co-immunoprecipitation to exam-
ine the ability of WT and mutant forms of hYAP to interact with
TEAD. HA-TEAD was co-expressed in cultured cells with Myc-hYAP
(WT), Myc-hYAP (5SA), Myc-hYAP (5SA/WW1. 2*), or Myc-hYAP
(5SA/APDZ), all of which possess an intact TEAD-binding domain.
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When cell lysates were subjected to immunoprecipitation with
anti-HA antibody, we found that all four forms of hYAP successfully
co-immunoprecipitated with HA-TEAD (Fig. 1E). In contrast, hYAP
(5SA) bearing a mutated TEAD-binding domain (5SA/TEAD*; nega-
tive control) [8] did not co-immunoprecipitate with HA-TEAD. Be-
cause hYAP (5SA/APDZ) maintained its TEAD-binding ability, we
concluded that the reduced co-transcriptional capacity of hYAP
(5SA/APDZ) is not due to an inability to interact with TEAD.

3.2. Deletion of the PDZ-binding motif induces the cytoplasmic
localization of hYAP (5SA)

We next tested the effect of PDZ-binding motif deletion on the
subcellular localization of hYAP (5SA). Myc-hYAP (WT), Myc-hYAP
(5SA) or Myc-hYAP (5SA/APDZ) was expressed in cultured cells
and hYAP sub-cellular localization was determined by cell fraction-
ation and Western blotting. hYAP (WT) was detected in both the
nucleus and cytoplasm (Fig. 2). Nuclear localization of hYAP
(5SA) was significantly increased compared to that of hYAP (WT).
These results are consistent with previous reports showing that
Hippo-mediated YAP phosphorylation is necessary for its cytoplas-
mic retention [5,9]. Importantly, compared to Myc-hYAP (5SA), a
higher concentration of Myc-hYAP (5SA/APDZ) was present in
the cytoplasm than in the nucleus (Fig. 2). Thus, deletion of the
PDZ-binding motif blocks the nuclear localization of hYAP (5SA),
an event that would account for its impaired promotion of TEAD-
mediated CTGF transcription.
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3.3. Addition of NLS does not rescue nuclear localization of hYAP
(APDZ)

To examine whether the addition of a nuclear localization se-
quence (NLS) to hYAP (APDZ) could restore its nuclear localization,
we generated a series of constructs in which the SV40 NLS se-
quence was inserted into the N-terminus of hYAP (WT) or hYAP
(APDZ). The subcellular localization of each of these NLS-fused
hYAP proteins was then determined after transfection into 293T
cells. We found that the addition of SV40 NLS significantly in-
creased the nuclear localization of hYAP (WT) (Fig. 3A and B), indi-
cating that the NLS was indeed functional. However, NLS addition
did not increase the nuclear localization of hYAP (APDZ) (Fig. 3A
and B). We also investigated whether NLS fusion altered the co-
transcriptional activity of hYAPs during TEAD-mediated CTGF tran-
scription. As expected, the activity of NLS-fused hYAP (WT) was
significantly greater than that of hYAP (WT) (Fig. 3C). On the other
hand, the addition of SV40 NLS had no effect on the already limited
co-transcriptional activity of hYAP (APDZ). These results indicate
that NLS-dependent nuclear import is insufficient to compensate
for the defect in hYAP nuclear localization imposed by loss of its
PDZ-binding motif.

3.4. Deletion of the PDZ-binding motif suppresses hYAP (55A)-
mediated co-activation of CTGF transcription in mouse liver

To determine if our results in cultured cells could be extended
to the tissues of living mice, we used HTVi to test the effect of
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Fig. 2. The PDZ-binding motif of hYAP (5SA) is required for its nuclear localization in cultured cells. (A) Vectors expressing Myc-tagged hYAP (WT), hYAP (5SA), or hYAP (5SA/
APDZ) were individually transfected into 293T cells. Lysates were prepared, with some set aside (Total) and the rest subjected to subcellular fractionation to generate
cytoplasmic and nuclear fractions. In each case, protein levels of Myc-tagged hYAP (WT) and the indicated mutant hYAP forms were determined by WB with anti-Myc
antibody. The presence of the cytoplasmic marker p-tubulin and the nuclear marker lamin A/C in the appropriate fractions was confirmed by WB with the corresponding
antibodies. Results shown are representative of three experiments. (B) Quantitative analysis of the nuclear localization of WT hYAP and its mutant forms in the cells in (A).
The signal intensities in each lane of the “Nucleus” panel of (A) were measured as described in Section 2. Data are expressed relative to the value of the hYAP (WT) sample (set

to 1). Values are the mean = S.E. (n=3). *P<0.05, *P<0.01.
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Fig. 3. The SV40 NLS has no effect on the cytoplasmic localization of hYAP (APDZ). (A) Vectors expressing Myc-tagged hYAP (WT), hYAP (APDZ), NLS-fused hYAP (WT), or
NLS-fused YAP (APDZ) were individually transfected into 293T cells and subcellular fractionation and analysis were performed as for Fig. 2A. (B) Quantitative analysis of the
nuclear localization of hYAP (WT) and the indicated mutant hYAP forms was performed as for Fig. 2B. *P < 0.05,"*P < 0.01. (C) The transcriptional co-activation capacities of
hYAP (WT) and the indicated mutant forms were determined by luciferase reporter assay as for Fig. 1D. The difference between the results shown in lanes 7 and 9 is
statistically significant (P < 0.01). The difference between the results shown in lanes 2 and 6, 3 and 7, or 6 and 8 is statistically significant (P < 0.05).

PDZ-binding motif deletion on YAP’s subcellular localization in
mouse liver. This system results in the safe and efficient delivery
of naked nucleic acids to the liver of living mice. Myc-tagged plas-
mids expressing hYAP (WT), hYAP (5SA) or hYAP (5SA/APDZ) were
introduced into mouse liver by HTVi, and nuclear or cytoplasmic
localization of each hYAP form was determined by immunofluores-
cence. When exogenously expressed in mouse liver, Myc-hYAP
(WT) was almost exclusively localized in the cytoplasm (Fig. 4A
and B). In contrast, Myc-hYAP (5SA) was concentrated in the nu-
cleus and gave only a weak diffuse signal in the cytoplasm. These
results confirm that, as in cultured cells, the Hippo pathway regu-
lates YAP subcellular localization in mouse liver. Importantly, hYAP
(5SA/APDZ) was mainly located in the cytoplasm, replicating our
earlier findings and showing that the PDZ-binding motif of hYAP
is crucial for YAP nuclear localization in vivo.

We then examined expression levels of CTGF in livers of mice
that had received HTVi introduction of hYAP (WT) or its mutant
forms. As shown in Fig. 4C, levels of CTGF mRNA in mouse liver
expressing exogenous hYAP (5SA) were much higher than in
mouse liver expressing exogenous hYAP (WT). Once again, deletion
of the PDZ-binding motif abolished the induction of CTGF expres-
sion by hYAP (5SA). Taken together, our results clearly demon-
strate that the PDZ-binding motif of YAP is required for YAP's
nuclear translocation in vivo and thus its ability to co-activate CTGF
transcription.

4. Discussion

YAP can act as an oncoprotein that promotes excessive cell pro-
liferation and induces tumorigenic transformation in both in vitro
and in vivo systems [5,7,17]. It is known that the TEAD family of
transcription factors plays an essential role in this YAP-induced
proliferation and oncogenic transformation [8]. YAP activates
TEAD-mediated transcription of CTGF, a cell proliferation gene,
which triggers cell growth and eventually oncogenic transforma-
tion. Thus, in studies of the constitutively active YAP (5SA) mutant,
disruption of either its TEAD-binding domain or transactivation
domain suppresses tumorigenic cell transformation [8,9]. We have
shown here that the PDZ-binding motif is also required for YAP’s
oncogenic cell transforming activity (Fig. 1A-C). Deletion of the
PDZ-binding motif inhibited the nuclear translocation of hYAP
(5SA), reducing its ability to co-activate TEAD-mediated transcrip-
tion in the nucleus (Fig. 1D, Fig. 2). In addition, CTGF expression
was significantly decreased in cells expressing hYAP (5SA/APDZ)
compared with cells expressing hYAP (5SA) in vivo (Fig. 4). Our re-
sults therefore imply that dysfunction of the PDZ-binding motif
disrupts YAP/TEAD-dependent transcription of the CTGF gene in
the nucleus, suppressing hYAP (5SA)-induced oncogenic
transformation.

Previous studies have established that Hippo-mediated phos-
phorylation of hYAP promotes its recognition by 14-3-3 protein
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Fig. 4. The PDZ-binding motif is important for the nuclear localization and transcriptional co-activation capacity of hYAP (5SA) in mouse liver. (A) Vectors expressing Myc-
tagged hYAP (WT), hYAP (5SA), or hYAP (5SA/APDZ) were individually introduced into mouse liver by HTVi (see Section 2). Myc-tagged hYAPs were detected by staining with
anti-Myc followed by fluorescein-conjugated secondary antibody (red). Nuclei and plasma membranes were counterstained with Hoechst 33342 (blue) or phalloidin (green),
respectively. (B) Quantitative analysis of the subcellular localization of the exogenous hYAP proteins in (A). For each experimental group, 50-60 cells were evaluated to
determine if the fluorescent hYAP protein was predominantly nuclear (black bars) or cytoplasmic (white bars) in localization. Data shown are the percentage of cells showing
nuclear vs. cytoplasmic hYAP. (C) Extracts of livers from the mice in (A) were examined by RT-PCR analysis to detect CTGF mRNA levels. Data were normalized to expression of
mouse Gapdh mRNA and are expressed relative to the value of the hYAP (WT) sample (set to 1). Results shown are the mean + SEM (n = 3). *P < 0.05. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

and consequently its cytoplasmic retention [9]. We found that
deletion of the PDZ-binding motif induced cytoplasmic localization
of hYAP (5SA) (Fig. 2 and Fig. 4), suggesting that PDZ-binding mo-
tif-dependent nuclear localization of YAP is independent of Hippo-
mediated regulation. TAZ is a paralog of YAP, and deletion of the
PDZ-binding motif of TAZ inhibits its nuclear localization induced
by disruption of Lats-mediated phosphorylation [18]. It is possible
that the same subcellular localization control mechanisms operate
for both TAZ and YAP.

It has been reported both that the tight junction protein ZO2
binds to YAP’s PDZ-binding motif, facilitating YAP’s nuclear locali-
zation, and that the NLS of Z02 is required for the ZO2-mediated
nuclear localization of YAP [14]. Our results indicate that this
NLS-mediated mechanism is insufficient for PDZ-binding motif-
dependent nuclear translocation of YAP (Fig. 3). Conceivably, ZO2
binding to YAP's PDZ-binding motif mediates the interaction of
YAP with the other factor(s) promoting nuclear localization, or in-
duces a conformational change in YAP that promotes its nuclear
translocation. The identification of novel proteins interacting with
the PDZ-binding motif of YAP and the delineation of their roles in
the control of YAP activity will lead to a clearer understanding of
YAP’s biological functions.
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