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FIG 1 MCF10A cells form mammospheres depending on TAZ activity. (A)
Parent MCF10A cells, TAZ-expressing MCF10A cells (MCF10A-TAZ), and
TAZ SA-expressing MCF10A cells (MCF10A-TAZ SA) were cultured under
mammosphere-forming conditions. Only MCF10A-TAZ SA formed spheres.
(B) LATS1 and LATS2 were knocked down in parent MCF10A and MCF10A-
TAZ cells. LATSI and LATS2 knockdown (KD) provided MCF10A-TAZ cells
with the capacity to form mammospheres. Parent MCF10A cells could not
form mammospheres even with LATS1 and LATS2 knockdown. (C) Addi-
tional knockdown of TAZ in MCF10A-TAZ cells with LATS1 and LATS2
knockdown abolished the mammosphere formation induced by LATS1 and
LATS2 knockdown. si Cont, control dsRNA; si TAZ, TAZ dsRNA. Bars, 200
pm. (D) Validation of LATS1, LATS2, and TAZ knockdowns in MCF10A cells.
Data are means and standard errors of the means. *, P < 0.05; ***, P < 0.001.

compound named IBS008738, which showed the most significant
effect (Fig. 2A). IBC008738 facilitated myogenesis and enhanced
MHC expression (Fig. 2B). The effect was also detectable at 1 M
(Fig. 2C).
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1BS008738 enhances protein expression of myogenic differ-
entiation, and its effect depends on TAZ. When C2C12 cells were
cultured with 1BS008738 under growth conditions for 24 h and
transferred to differentiation conditions, MyoD expression was
slightly higher at 0 h (Fig. 2D). This finding suggests that
IBS008738 has some ability, if not a significant one, to promote
MyoD expression under growth conditions. MyoD expression
more clearly increased at 24 and 48 h and declined at 72 h. Myo-
genin became detectable at 24 h in both control and IBS008738-
treated cells, and IBS008738 increased its expression. An MHC
signal started to be visible at 24 h in IBS008738-treated cells and
was more apparent at 48 and 72 h than in control cells. IBS008738
also enhanced TAZ expression, with a peak at 24 h. It slightly
facilitated the decrease in Pax7 but had no effect on Pax3. We
knocked down endogenous TAZ with a dsRNA or shRNA retro-
virus vector and confirmed that TAZ knockdown abolished the
effect of IBS008738 (Fig. 2E and F).

IBS008738 enhances mRNAs of myogenic markers but not of
myofusion markers. In a quantitative real-time PCR assay, the lev-
els of transcription of the genes for myogenin and MyoD at 24 h
under differentiation conditions were higher in IBS008738-treated
cells but the differences were no more significant at 72 h (Fig. 3A). In
contrast to TAZ protein expression, TAZ gene expression was not
changed at 24 h and was reduced at 72 h. We tested the effect of
IBS008738 on the expression of the genes that are regarded as TAZ
targets in epithelial cells. The connective tissue growth factor
(CTGF)- and cyclin Dl-encoding genes were not increased in
C2C12 cells by IBS008738 treatment (Fig. 3A). IBS008738 did not
enhance but rather suppressed the genes for myofusion markers,
including M-cadherin, calpain 1, and caveolin 3, which suggests
that the enhanced myofusion observed in IBS008738-treated
C2C12 cells reflects the facilitation of myogenesis at an early stage
and is not directly driven by an enhanced fusion process (Fig. 3A).

IBS008738 enhances the MyoD-responsive myogenin pro-
moter reporter in C2C12 cells. We tested whether and how
IBS008738 affects the reporter activities regulated by various
TAZ-interacting transcriptional factors in C2C12 cells. We exog-
enously expressed each reporter and TAZ in C2C12 cells and
treated them with DMSO or IBS008738. TAZ overexpression en-
hanced the activities of all reporters, including the MyoD, TEAD,
SMAD, and Pax3 reporters (Fig. 3B, first and the second col-
umns). IBS008738 further enhanced only the MyoD reporter in
C2C12 cells (Fig. 3B, second and third columns). In contrast to the
result in HEK293 cells, IBS008738 did not enhance TEAD reporter
activity in C2C12 cells. It did not enhance the effect of TAZ on the
SMAD or Pax3 reporter either.

IBS008738 increases the association of MyoD with the myo-
genin promoter. MyoD, TEAD4, and Pax3 were immunopre-
cipitated from differentiated C2C12 cells treated with the con-
trol DMSO or IBS008738, and ChIP assays were performed.
IBS008738 enhanced MyoD binding to the myogenin promoter
but had no effect on the association of TEAD4 with the CTGF
promoter (Fig. 3C). IBS008738 reduced the binding of Pax3 to the
Myf5 promoter (Fig. 3C).

IBS008738 enhances the interaction of TAZ and MyoD. We
tested the effect of IBS008738 on the interaction between TAZ and
MyoD by immunoprecipitating endogenous TAZ from C2C12
cells. When MyoD was immunoprecipitated from C2C12 cells,
1BS008738 slightly increased the amount of TAZ coimmunopre-
cipitated (Fig. 4A). However, as IBS008738 increased the expres-
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FIG 2 The TAZ activator candidate compound IBS008738 facilitates C2C12 myogenesis. (A) Chemical structure of IBS008738. (B) Phase-contrast images and
immunofluorescence assays of C2C12 cells treated with DMSO or IBS008738. IBS008738 at 10 M was added after the cells were switched to differentiation
conditions. Cells were fixed at the time points indicated and immunostained with anti-MHC (green) and antimyogenin (red) antibodies (lower panels). Nuclei
were visualized with Hoechst 33342. Bars, 100 pm. (C) C2C12 cells were treated with various doses of IBS008738. Myogenesis was evaluated by determining the
myofusion index at 72 h. Data are means and standard errors of the means. ***, P < 0.001. (D) C2C12 cells were treated with DMSO or IBS008738 under growth
conditions for 24 h, switched to differentiation conditions, and cultured for the indicated time periods with IBS008738 under differentiation conditions. The cells
were harvested immediately after culture under growth conditions (0 h) or after 24, 48, or 72 h of culture under differentiation conditions. The lysates were
immunoblotted with the antibodies indicated. a-Tubulin was used as the loading control. (E) C2C12 cells were transfected with control dsRNA (si Cont) or TAZ
dsRNA (si TAZ). The cells were treated with DMSO or IBS008738 and fixed at 72 h under differentiation conditions. MHC was immunostained (red). The lysates
were immunoblotted with anti-MHC and anti-TAZ antibodies. TAZ knockdown suppressed MHC expression in cells treated with DMSO (lane 3). TAZ
knockdown abolished the effect of IBS008738 (lane 4). Immunoblotting with anti-TAZ antibody demonstrates that TAZ was efficiently knocked down. Bars, 100
pm. (F) Endogenous TAZ was suppressed by using shRNA in DMSO- and IBS008738-treated C2C12 cells. The retrovirus shRNA vectors harbor GFP as a tracer.
MHC (red) expression is reduced in cells transfected with TAZ shRNA (green, arrowheads). The panel on the right shows the validation of shRNA.

sion of endogenous MyoD, the amount of MyoD immunoprecipi-
tated itself increased. To circumvent this issue, we expressed
FLAG-TAZ and HA-MyoD in HEK293 cells and performed im-
munoprecipitation with anti-FLAG M2 affinity gel. Under
IBS008738 treatment, the interaction of HA-MyoD with FLAG-
TAZ was enhanced (Fig. 4B, arrowhead). In the immunofluores-
cence of C2C12 cells, both endogenous MyoD and TAZ were dif-
fusely distributed in the nucleus under growth conditions but
formed dots under differentiation conditions (Fig. 4C, DMSO,
top and middle). Interestingly, the expression of TAZ and MyoD
was not the same in all of the cells. Some cells strongly expressed
TAZ (red), whereas other cells expressed more MyoD (green) at

May 2014 Volume 34 Number 9

24 h after differentiation (Fig. 4C, middle). This finding is remi-
niscent of the previously reported heterogeneity of Myf5 expres-
sion and may suggest that MyoD and TAZ expression fluctuates
like that of Myf5 in C2C12 cells (53). At 72 h in single-nucleus
cells, TAZ expression decreased but MyoD was still expressed,
while in multinuclear cells, both TAZ and MyoD were expressed
and colocalized (yellow) in the nuclei (Fig. 4C, DMSO, bottom).
IBS008738 did not have a significant effect under growth condi-
tions. However, at 24 h under differentiation conditions,
IBS008738 promoted the colocalization of TAZ and MyoD in sin-
gle-nucleus cells and generated cells with two or three nuclei (Fig.
4C, 1BS008738, middle, arrowheads). At 72 h, IBS008738 signifi-
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FIG 3 (A) IBS008738 enhances mRNAs of myogenic markers but not of myofusion markers. Quantitative RT-PCR was performed with mRNAs from C2C12
cells just before myogenesis induction (0 h) and from C2CI12 cells treated with DMSO or IBS008738 for 24 or 72 h after myogenesis induction (24 h and 72 h).
PCR was performed for myogenic markers (myogenin and MyoD), TAZ, putative targets of TAZ (CTGF and cyclin D1), and myofusion markers (M-cadherin,
calpain 1, and caveolin 3). (B) IBS008738 enhances the MyoD-responsive myogenin promoter reporter in C2C12 cells. C2C12 cells were transfected with the
pGL3 Myo-184-(MyoD), 8 X GT-IIC-851Lucll (for TEAD), 9X CAGA-MLP (for SMAD), and p(PRS-1/-4)3 (for Pax3) luciferase reporters alone (Cont) or with
TAZ (TAZ-WT). The cells were grown to confluence and cultured for 24 h under differentiation conditions with DMSO or 10 uM IBS008738. (C) IBS008738
increases the association of MyoD with the myogenin promoter. C2C12 cells were cultured for 24 h under differentiation conditions. ChIP assay was performed
with anti-MyoD (MyoD ChIP), anti-TEAD4 (TEAD ChIP), and anti-Pax3 (Pax3 ChIP) antibodies. PCR was performed to detect the promoters of myogenin,
CTGF, and Myf5, respectively. Protein G-Sepharose was used as the control (Mock ChIP). In panels A to C, the data are means and standard errors of the means.

*, P < 0.05; **, P << 0.01; ***, P < 0.001; n.s., not significant.
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FIG 4 IBS008738 enhances the interaction between TAZ and MyoD. (A) MyoD was immunoprecipitated (IP) from DMSO- or IBS008738-treated C2C12 cells.
The inputs and the precipitates were immunoblotted (1B) with anti-TAZ and anti-MyoD antibodies. TAZ immunoprecipitated from the IBS008738-treated cells
increased (arrowhead). (B) HA-MyoD and FLAG-TAZ were expressed in HEK293 cells. Immunoprecipitation was performed with anti-FLAG M2 affinity gel.
HA-MyoD was coimmunoprecipitated with FLAG-TAZ (third lane). IBS008738 increased the MyoD level in immunoprecipitates (arrowhead). (C) Endogenous
MyoD and TAZ were immunostained in C2C12 cells at various stages. MyoD and TAZ were detected in the nuclei at all stages. Under growth conditions, both
MyoD and TAZ were distributed diffusely in the nuclei. Under differentiation conditions, MyoD and TAZ formed dots in the nuclei. At 24 h after myogenesis
induction, not all of the control cell nuclei expressed MyoD (green) and TAZ (red) equally. During treatment with IBS008738, the merged images are more
yellowish, showing that MyoD and TAZ are better colocalized. Arrowheads indicate cells with two or three nuclei. Bar, 50 pm.

cantly increased the percentage of multinuclear cells (Fig. 4C,
IBS008738, bottom).

1BS008738 increases the level of unphosphorylated TAZ in
C2C12 cells. In epithelial cells, subcellular localization is impor-
tant in TAZ activity regulation. However, consistent with the im-
munofluorescence results, in C2C12 cells, TAZ was detected
mainly in the nuclear fraction and IBS008738 showed no signifi-
cant effect on subcellular localization (Fig. 5A). To further char-
acterize the effect of IBS008738 on TAZ, we analyzed TAZ by
phosphate affinity SDS-PAGE. TAZ with serine 89 unphosphoryl-
ated, which was detected by anti-TAZ antibody (Fig. 5B, left) but
not with antibody specific for TAZ with serine 89 phosphorylated
(Fig. 5B, right), slightly increased (Fig. 5B, an arrow). However,
phosphorylated TAZ also slightly increased, which means that
IBS008738 increases the total amount of TAZ. Moreover, phos-
phorylated and unphosphorylated TAZ from IBS008738-treated
cells exhibited mobility different from that of TAZ from control
C2C12 cells (Fig. 5B, arrowhead). This finding suggests that in
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C2C12 cells, even TAZ with serine 89 unphosphorylated is local-
ized in the nucleus and that IBS008738 induces some modification
of TAZ, which is distinct from the phosphorylation at serine 89.
We also tested the stability of TAZ. In control C2C12 cells, TAZ
gradually decreased when protein synthesis was blocked by cyclo-
heximide (Fig. 5C, DMSO). In IBS008738-treated C2C12 cells,
TAZ expression was increased and degradation was delayed (Fig.
5C, IBS008738). IBS008738 is likely to stabilize TAZ.

Effect of IBS008738 on TAZ in MCFI10A cells. As we used
MCF10A cells in the original screening, we wanted to know
whether IBS008738 has a similar effect on TAZ in MCF10A cells.
The knockdown of TAZ in MCF10A-TAZ cells blocked sphere
formation during treatment with IBS008738 (data now shown).
Therefore, IBS008738-induced sphere formation indeed depends
on TAZ. In the subcellular fractionation of MCF10A-TAZ cells
that were cultured under sphere-forming conditions, IBS008738
increased the amount of nuclear TAZ (Fig. 5D, arrowhead). In
MCF10A-TAZ cells, IBS008738 enhanced CTGF-encoding gene
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FIG 5 (A) Subcellular TAZ localization in C2C12 cells. Subcellular fractionation of C2C12 cells cultured for 24 h under differentiation conditions was
performed. TAZ was recovered mainly in the nuclear fraction. IBS008738 did not significantly influence the distribution of TAZ. PARP and a-tubulin were used
as nuclear and cytosolic markers, respectively. (B) TAZ was immunoprecipitated (IP) from lysates of DMSO- and 1BS008738-treated C2C12 cells, analyzed by
phosphate affinity SDS-PAGE, and immunoblotted with anti-TAZ antibody and anti-serine 89-phosphorylated TAZ-specific antibody, which recognizes the
phosphorylation at serine 89. The lower band, which was detected by the anti-TAZ antibody but not by the anti-serine 89-phosphorylated TAZ-specific antibody,
increased during treatment with IBS008738 (arrow). The upper bands, which were recognized by anti-serine 89-phosphorylated TAZ-specific antibody,
exhibited a different mobility shift with IBS008738 treatment (arrowhead). (C) C2C12 cells were treated with DMSO or 10 wM IBS008738 for 24 h under
differentiation conditions and then treated with 50 wg/ml cycloheximide (CHX). TAZ was immunoblotted at the time points indicated. TAZ expression
gradually decreased in DMSO-treated C2C12 cells. TAZ expression increased in IBS008738-treated cells, and the decrease was delayed. (D) TAZ in the subcellular
fractions of MCF10A-TAZ cells. TAZ was distributed equally in the cytoplasm and the nucleus. IBS008738 increased the nuclear TAZ level (arrowhead). (E)

IBS008738 increased the levels of the mRNAs of the TAZ target genes for CTGF, EDN1, and Cyr61 in MCF10A cells. Data are means and standard errors of the
means. ¥, P < 0.05.

transcription (Fig. 5E). It also enhanced EDN1 mRNA and to a
lesser extent Cyr61 mRNA (Fig. 5E). These findings suggest that

enhanced (Fig. 6C, arrowheads). In contrast, treatment at 24 to 48
h or 48 to 72 h did not have a significant effect. These findings

IBS008738 increases the nuclear TAZ level in both C2C12 and
MCF10A cells but that the genes upregulated are determined in a
cell context-dependent manner.

IBS008738 is most effective when applied for the first 24 h
under differentiation conditions. To determine the stage at
which IBS008738 influences myogenesis, we treated C2C12 cells
with the compound at various time points. First, we treated
C2C12 cells with various doses of IBS008738 under growth con-
ditions, but IBS008738 had no effect on cell proliferation (Fig.
6A). Next we treated C2C12 cells for various times under differ-
entiation conditions. Treatment during the first 24 h upregulated
MHC (Fig. 6B). The expression of myogenin and MyoD was also

1614 mcb.asm.org

suggest that IBS008738 is most effective when it is applied during
the initial phase of differentiation.

IBS008738 competes with myostatin. Myostatin is a member
of the bone morphogenetic protein/transforming growth factor §
superfamily and inhibits muscle growth and differentiation. It
binds the activin type IIB receptor and triggers SMAD2- and -3-
dependent signaling. As TAZ interacts with SMAD?2 and -3, we
wanted to know whether and how IBS008738 modulates myosta-
tin signaling. Myostatin inhibited myogenesis in C2C12 cells, but
IBS008738 restored myogenesis (Fig. 7A, si Cont). TAZ knock-
down itself inhibited myogenesis and canceled the effect of
IBS008738 (Fig. 7A, si TAZ). The myofusion index corroborated
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FIG 6 (A) C2C12 cells were cultured under growth conditions with various doses of IBS008738. Viable-cell numbers were evaluated by MTT assay. The value
on day 1 after plating was set at 1. IBS008738 had no effect on cell proliferation. (B and C) C2C12 cells under differentiation conditions were treated with 10 uM
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images of MHC (white). Bar, 100 pm. (C) Immunoblotting of MHC, MyoD, myogenin, and TAZ. IBS008738 most significantly enhanced myogenin and MyoD
when cells were treated during the first 24 h under differentiation conditions (arrowheads).

the immunofluorescence assay observation (Fig. 7B). In the im-
munoblotting assay, the MHC level decreased in myostatin-
treated cells but IBS008738 restored it (Fig. 7C, second and third
lanes). TAZ knockdown attenuated the restoration of MHC ex-
pression by IBS008738 (Fig. 7C, fifth and sixth lanes).

IBS008738 facilitates muscle repair in cardiotoxin-injected
muscles. To assess the effect of IBSO08738 on muscle regenera-
tion, we injected cardiotoxin with control DMSO or IBS008738
into TA muscles. Hematoxylin-eosin staining showed that cen-
trally nucleated fibers, a hallmark of regeneration, increased in
IBS008738-injected muscles (Fig. 8A). To quantitatively evaluate
muscle fiber size, we immunostained laminin, measured the sizes
of myofibers demarcated by laminin, and confirmed the effect of
IBS008738 (Fig. 8B). Pax7-positive cells, which were detected un-
der the basal lamina, increased on day 5, decreased on day 7, and
returned to the control level on day 14, whereas the number of
MyoD-positive cells remained high on days 5 and 7 (Fig. 8C and
D). All of these findings support the idea that IBS008738 facilitates
muscle regeneration in response to injury.

IBS008738 prevents dexamethasone-induced muscle atro-
phy. We also induced muscle atrophy by dexamethasone admin-
istration in BALB/cBy]J mice (n = 6 DMSO control, n = 6 dexa-
methasone treated) and injected IBS008738 three times into one
hind limb muscle and control DMSO into the contralateral mus-
cle. The mice were sacrificed on day 14. Dexamethasone treatment
reduced muscle weights (Fig. 9A, first and third columns).
IBS008738 did not increase muscle weights in control mice but
prevented a dexamethasone-induced muscle decrease (Fig. 9A,
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second and fourth columns). Hematoxylin-eosin staining also
showed a dexamethasone-induced reduction of muscle fiber size
(Fig. 9B, upper panels). IBS008738 itself caused no significant
change but prevented dexamethasone-induced muscle atrophy
(Fig. 9B, lower panels). A quantitative evaluation of muscle fiber
size confirmed the effect of IBS008738 (Fig. 9C). To measure pro-
tein synthesis, we injected puromycin 30 min before dexametha-
sone-treated mice were sacrificed and immunoblotted muscle ly-
sates from the mice (n = 3 DMSO control, n = 3 IBS008738
treated) with antipuromycin antibody. IBS008738 significantly
increased the incorporation of puromycin, suggesting that protein
synthesis was enhanced in IBS008738-treated mice (Fig. 9D).
Muscle-specific E3 ubiquitin ligases, MuRF-1, and atrogin-1
(MAFbx) are involved in glucocorticoid-induced muscle atrophy
(54). Dexamethasone increased the MuRF-1 and atrogin-1
mRNA levels in GM muscles, but IBS008738 decreased them (Fig.
9E). These findings suggest that IBS008738 prevents dexametha-
sone-induced muscle atrophy through the inhibition of protein
degradation and enhancement of protein synthesis.

IBS008738 does not significantly influence the malignant
properties of cancer cells. We expect that IBS008738 is a promis-
ing lead compound for the development of a drug to prevent
muscle atrophy and facilitate muscle regeneration after injury.
However, TAZ is known as an oncogene and the hyperactivity of
TAZ induces EMT of cancer cells. The effects of IBS008738 on the
TEAD and SMAD reporters are not so significant in C2C12 cells,
yet we need to consider the risk of IBS008738 application. We
tested whether and how IBS008738 induces EMT in cancer cells. It
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control dsRNA (si Cont) or TAZ dsRNA (si TAZ). Cells were grown to con-
fluence and switched to differentiation conditions. Cells were cultured for 72 h
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with 10 pM IBS008738 as indicated. (A) Immunofluorescence images of
MHC. Bar, 100 wm. (B) Myofusion index. Data are means and standard errors
of the means. *, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s., not significant. (C)
Cell lysates were immunoblotted with the antibodies indicated.

did not enhance EMT marker protein expression in A431, A549,
or HCT116 cells (Fig. 10A). IBS008738 did not enhance tumor
sphere formation or the 3D Matrigel growth of A431 cells either
(Fig. 10B).

DISCUSSION

In this study, we established a cell-based assay to search for TAZ
activators. MCF10A-TAZ SA cells, which are unresponsive to neg-
ative regulation by the Hippo pathway, robustly form spheres un-

1616 mcb.asm.org

der mammosphere-forming conditions, while parent MCF10A
and MCF10A-TAZ cells lack the capacity to form spheres (Fig. 1).
However, LATS! and LATS2 knockdown makes MCF10A-TAZ
cells, but not parent MCF10A cells, form spheres. The additional
knockdown of TAZ in MCF10A-TAZ cells with LATS1 and
LATS2 knockdown abolished sphere formation. These results in-
dicate that MCF10A-TAZ cells acquire the capacity to form
spheres when TAZ is activated. Therefore, we used this assay to
identify compounds that activate TAZ. It is not clear which tran-
scriptional factor is implicated in TAZ-dependent sphere forma-
tion by MCF10A cells. Among the TAZ-interacting transcrip-
tional factors, TEAD proteins have been shown to be implicated in
TAZ-mediated EMT (29). As EMT is related to stemness in cancer
cells, genes transcribed by TEAD may be required for sphere for-
mation. Most of the compounds obtained through this assay aug-
ment TAZ-dependent upregulation of TEAD-responsive reporter
activity in HEK293 cells. The enhancement by the compounds is
only 2-fold, but as cells are exposed to the compounds for a longer
time in the sphere formation assay, the modest enhancement
might be sufficient to induce sphere formation.

This assay gives compounds with disparate targets. The regu-
lation of TAZ is multifaceted. The Hippo pathway, junction pro-
teins, the actin cytoskeleton, and the Wnt pathway regulate TAZ.
The compounds may upregulate TAZ through these regulatory
mechanisms. Our preliminary experiments suggest that the com-
pounds show different effects on the differentiation of mouse
mesenchymal stem cells (data not shown). Some compounds
strongly promote osteogenesis, while others do not. The inhibi-
tory effects on adipogenesis are also unequal. These findings sup-
port the idea that each compound activates TAZ through a dis-
tinct mechanism. YAP1 is a paralog of TAZ. The molecular
structures of YAP1 and TAZ are similar. YAP1 is regulated by the
Hippo pathway, junction proteins, and the actin cytoskeleton in a
manner similar to that of TAZ regulation (3, 12, 13). If the com-
pounds work through the same regulatory mechanisms, the com-
pounds should activate YAPI too. Indeed, some of them enhance
YAPI-dependent TEAD-responsive reporter activity, but not all
of the compounds are active for YAP1. This observation also im-
plies that the targets of 50 TAZ activator candidates are not the
same. Thus, this new cell-based assay provided us with a collection
of 50 TAZ activator candidate compounds that exhibit various
cellular outputs and have distinct molecular targets.

As TAZ promotes osteogenesis and inhibits adipogenesis in
mesenchymal stem cells, it is tempting to use TAZ activators ther-
apeutically against osteoporosis and obesity. The osteogenic and
antiadipogenic effects of kaempferol, a dietary flavonoid, depend
on TAZ, supporting the notion that TAZ can be a therapeutic
target in osteoporosis and obesity (55). Accordingly, the TAZ ac-
tivator TM-25659 has been proposed to be beneficial in the con-
trol of osteoporosis and obesity (56). However, in the treatment of
osteoporosis, the patients are females after menopause and rela-
tively young. Once drug application starts, it is not easy to stop it.
The oncogenic property of TAZ is an obstacle in the application of
TAZ activators to osteoporosis. In the treatment of sarcopenia, the
patients are extremely old. Once sufficient muscles are acquired
for the rehabilitation program, the drug can be withdrawn. As the
recovery of lower limb muscles is the most important, local appli-
cation to those muscles by injection or percutaneously might be
sufficient and systemic application could be avoided. Therefore,
we expect that the treatment of sarcopenia with TAZ activators is
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FIG 8 1BS008738 facilitates the repair of cardiotoxin-injected muscles. (A) Cardiotoxin was injected into TA muscles with control DMSO or IBS008738. The
muscles were fixed at the time points indicated. The centrally nucleated fibers in nine independent fields of each muscle were counted at X 20 magnification. (B)
Tissues were immunostained with antilaminin antibody. Cross-sectional areas (CSA) of myofibers were measured. Five hundred myofibers in each mouse sample
were analyzed. Data from three mice are shown. (C and D) Tissues were immunostained with anti-Pax7 (red) and antilaminin (green) antibodies in panel C and
with anti-MyoD antibody (red) in panel D at the time points indicated. In panel C, the marked fields are shown at higher magnification in the insets. The Pax7-
and MyoD-positive cells in six independent fields of each muscle were counted at X20 magnification. The data summarize the results obtained from three mice.
In panels A, C, and D, the data are means and standard errors of the means. *, P < 0.05; **, P < 0.01. Bar, 50 pm.
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FIG 9 IBS008738 prevents dexamethasone-induced muscle atrophy. Dexamethasone (Dexa; 25 mg/kg/day) was intraperitoneally injected into 6-week-old
female BALB/cBy] mice for 1 week. Control DMSO or IBS008738 was injected into their hind limbs every other day. On day 14, muscles were fixed. (A) Weights
of GM and TA muscles. (B) Tissues were stained with hematoxylin and eosin. Dexamethasone induced muscle atrophy (upper panels). IBS008738 partially
blocked atrophy (lower panels): Bar, 50 pm. (C) Cross-sectional areas (CSA) of myofibers were analyzed as described in the legend to Fig. 8B. (D) Puromycin was
injected intraperitoneally 30 min before dexamethasone-treated mice were sacrificed. Puromycin-labeled proteins in GM muscles were detected with antipu-
romycin antibody (left panel). Samples of three DMSO-treated and three IBS008738-treated muscles were run side by side. A sample from a mouse with no
injection of puromycin was run in the first lane. To confirm that the same amount of proteins was run in each lane, the membranes were stained with Coomassie
brilliant blue (right panel). (E) Quantitative RT-PCR was performed with mRNAs from GM muscles. IBS008738 partially suppressed the dexamethasone-
induced increase in the MuRF-1 and atrogin-1 mRNAs. In panels A and E, the data are means and standard errors of the means. ¥, P < 0.05; **, P << 0.01; ***,
P < 0.001.

more realistic. Hence, we selected compounds that facilitate myo- The effects of IBS008738 on sphere formation by MCF10A-
genesis in mouse C2C12 myoblast cells and expected that such TAZ cells and myogenesis of C2C12 cells are both abolished by
compounds may also promote satellite cell proliferation and dif- TAZ knockdown. This indicates that the effect of IBS008738 de-
ferentiation. In this study, we focused on one compound, pends on TAZ. In MCF10A-TAZ cells, IBSO08738 increases the
IBS008738. nuclear TAZ level (Fig. 5). In C2C12 cells, IBS008738 increases the
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FIG 10 Effect of IBS008738 on cancer cells. (A) Human epidermal cancer
A431, lung cancer A549, and colon cancer HCT116 cells were treated with
IBS008738. Cell lysates were immunoblotted with the antibodies indicated. (B
and C) A431 cells were cultured under sphere-forming conditions (B) orin 3D
Matrigel (C). The maximum diameters of 30 cell aggregates with diameters of
>150 wm were measured. IBS008738 did not enhance tumor sphere forma-
tion or the growth of A431 cells in 3D Matrigel. Bar, 200 um. In panels B and
C, the data are means and standard errors of the means. n.s., not significant.

unphosphorylated TAZ level. These changes also support the idea
that IBS008738 indeed works on TAZ. Phosphate affinity SDS-
PAGE analysis suggests that IBS008738 induces modifications of
TAZ other than phosphorylation at serine 89. It will be intriguing
and necessary to determine the molecular modifications by mass
spectrometry. Phosphate affinity SDS-PAGE has additionally re-
vealed that almost 50% of the TAZ in C2CI2 cells is phosphory-
lated but that most of the TAZ is localized in the nucleus. This
finding implies that the phosphorylated TAZ in C2C12 cells can-
not be captured in the cytoplasm or is retained by the nucleus.
This might be due to the limited amount of 14-3-3 or the abun-
dance of nuclear transcriptional factors such as MyoD that inter-
act with TAZ. The effects of IBS008738 on gene transcription
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are different in MCF10A and C2C12 cells. IBS008738 increases
CTGF mRNA in MCF10A cells but not in C2C12 cells (Fig. 3).
Likewise, IBS008738 enhances TEAD-responsive reporter activity
in HEK293 cells but not in C2C12 cells. These discrepancies may
reflect the different expression of TEAD and MyoD in these cells,
and TAZ may select the interacting partners in a cell context-
dependent manner. On the basis of our reporter and ChIP assays,
we speculate thatin C2C12 cells, MyoD is the main partner of TAZ
under differentiation conditions and that consequently MyoD-
mediated cellular outputs are most prominent in IBS008738-
treated C2C12 cells.

IBS008738 enhances MyoD expression in C2C12 cells under
growth conditions and accelerates myogenesis under differentia-
tion conditions (Fig. 2). The in vitro interaction experiment and
the immunofluorescence assay support the idea that IBS008738
augments the association of TAZ with MyoD (Fig. 4). IBS008738
stabilizes TAZ and increases its protein expression (Fig. 5).
IBS008738 promotes the association of MyoD with the myogenin
promoter (Fig. 3C). The binding of Pax3 to the Myf5 promoter
decreased in IBS008738-treated cells. This finding is understand-
able, because Myf5 is known to be downregulated early in differ-
entiation (53). As the ChIP assay was performed 24 h after differ-
entiation, we speculated that this decrease may mirror the rapid
myogenesis that occurs during IBS008738 treatment. The compe-
tition of IBS008738 with myostatin is equivocal. As SMAD2 and -3
mediate myostatin signaling and TAZ cooperates with SMAD2
and -3 in human embryonic stem cells and mouse embryos, TAZ
activators are postulated to enhance myostatin signaling but
IBS008738 competes with myostatin in the myogenesis of C2C12
cells (Fig. 7). We here infer again that the effect of IBS008738 on
MyoD is more prominent because MyoD is more abundant than
SMAD?2 and -3 in C2C12 cells.

IBS008738 increases the numbers of Pax7-positive cells in the
early phase and centrally nucleated fibers in injured muscles.
Later, the number of Pax7-positive cells decreases while that of
MyoD-positive cells increases (Fig. 8). Pax7 is thought to play dual
roles in the regeneration of skeletal muscles (57). Pax7 promotes
progenitors to commit to the skeletal muscle lineage but blocks
terminal differentiation. Heterogeneity of satellite cells has also
been discussed (58). Ten percent of quiescent satellite stem cells
are Pax7" Myf5~, whereas 90% of committed quiescent satellite
cells are Pax7* Myf5 ™" and are activated to subsequently coexpress
MyoD, undergo limited proliferation, and then differentiate into
Pax7~ MyoD™ cells (58, 59). We could not identify which Pax7-
positive cells IBS008738 increased in the early phase after injury.
We speculate the IBS008738 promotes both self-renewal of satel-
lite stem cells and the commitment to Pax7" Myf5™" satellite cells
in response to injury and that it also promotes myogenic differen-
tiation to Pax7* Myf5" MyoD™ cells, which further differentiate
to Pax7”~ MyoD™ cells and at the same time harbor the subpopu-
lation that returns to quiescent satellite cells. Thus, IBS008738
overall facilitates muscle repair with the replenishment of satellite
cells. However, in order to understand how IBS008738 works, a
more detailed analysis of the role of TAZ in satellite cells is neces-
sary. IBS008738 also prevents dexamethasone-induced muscle at-
rophy. IBS008738 suppresses the expression of MuRF-1 and
atrogin-1 and increases protein synthesis (Fig. 9). On the other
hand, IBS008738 does not significantly induce EMT in the cancer
cells tested (Fig. 10). These observations imply that IBS008738
may be useful for the treatment and prevention of muscle atrophy.
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In this paper, we have introduced a novel cell-based assay to
screen for TAZ activators. As compounds with various targets and
a wide spectrum of cellular phenotypes are obtained with this
assay, the collection works as a minilibrary of TAZ activators.
Researchers can perform further selection based on the different
cellular outputs as readouts and obtain compounds that function
according to their interests.
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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
YAP ways. However, to date, the importance of the PDZ-binding motif to the oncogenic cell transforming
Hippo pathway

activity of YAP has not been determined. In this study, we disrupted the PDZ-binding motif in the YAP

CTGF . ) . . .

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 CIGF 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 (55SA) 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

— 192 —



918 T. Shimomura et al./ Biochemical and Biophysical Research Communications 443 (2014) 917-923

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 (55SA) 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 (55A) 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 (55A) 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 (55A)
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 (55A) 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
(4PDZ)

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

W

25¢ **

Relative level of nuclear YAP protein

58A/
APDZ

WT 58A

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

— 196 —



922 T. Shimomura et al./Biochemical and Biophysical Research Communications 443 (2014) 917-923

A a-Myc

Hoechst

[e23 o]
[« (=]

EN
o

Percentage of cells

N
o

5SA/
APDZ

WT 5SA

Phalloidin Merge

Cc

Relative CTGF mRNA level

WT 5SA

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 (55A/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 ocalization 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 ZO2 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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Introduction

In the vertebrate embryonic nervous system, multipotent ncural
progenitor cells proliferate and differentiate into diverse neuronal
and glial cell types that eventually build up functional neural
circuits such as the retina [1,2]. The retina is a delicate
multilayered neural epithelium composed of six types of neurons
and one major type of glial cell [3]. During the course of retinal
development, retinal progenitor cells (RPCs) either continue to
proliferate or exit mitosis and differentiate into various neuronal
cell types. This process is tightly regulated and ensures that the
proper numbers and types of differentiated cells needed to
assemble a functional retinal circuitry are produced [1,2]. A
fundamental mystery in retinal development has been the identity
of the molecular mechanism controlling the developmental switch
between RPC self-renewal and differentiation. Although rodent
models have provided valuable insights into the molecular basis of
vertebrate retinal development [4], the zebrafish (Danio rerio) is a
good alternative in which to seek the definitive answer to this
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question [5,6]. Fertilized zebrafish eggs rapidly develop ex utero into
transparent embryos, facilitating retinal observations and exper-
imental manipulations such as morpholino knockdown and the use
of transgenic technology. In addition, aspects of retinal morpho-
genesis and histology, as well as the molecular components
governing retinal development, are highly conserved between
zebrafish and mammals.

The FGF, Shh, Wnt and Notch signaling pathways have all
been identified as affecting retinal cell proliferation and differen-
tiation [7]. For instance, the Notch pathway normally suppresses
photoreceptor cell production in the mammalian retina, whereas
inhibition of Notch signaling enhances the expression of the Otx2
and Crx genes, which encode transcription factors (TTs) expressed
exclusively in photoreceptor cells [8-10]. Another important
pathway recently shown to be involved in regulating the balance
between RPC maintenance and differentiation is the Hippo
signaling cascade [11]. Hippo signaling plays fundamental roles in
organ size control, stem cell maintenance, and progenitor
differentiation m a variety of tissues, including the central nervous
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