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Overexpression of autotaxin, a lysophosphatidic acid-producing
enzyme, enhances cardia bifida induced by hypo-sphingosine-1-
phosphate signaling in zebrafish embryo
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Lysophosphatidic acid (LPA) and sphingosine-1-phos-
phate (S1P) are second-generation lysophospholipid
mediators that exert multiple biological functions
through their own cognate receptors. They are both
present in the blood stream, activate receptors with
similar structures (endothelial differentiation gene re-
ceptors), have similar roles in the vasculature and are
vasoactive. However, it is unclear whether these lyso-
phospholipid mediators cross-talk downstream of each
receptor. Here, we provide in vivo evidence that LPA
signaling counteracted S1P signaling. When autotaxin
(Atx), an LPA-producing enzyme, was overexpressed in
zebrafish embryos by injecting azx mRNA, the embryos
showed cardia bifida, a phenotype induced by down-
regulation of S1P signaling. A similar cardiac pheno-
type was not induced when catalytically inactive Atx
was introduced. The cardiac phenotype was synergistic-
ally enhanced when antisense morpholino oligonucleo-
tides (MO) against S1P receptor (sIpr2/mil) or S1P
transporter (spns2) was introduced together with arx
mRNA. The Atx-induced cardia bifida was prominently
suppressed when embryos were treated with an Iparl
receptor antagonist, Kil6425, or with MO against
Iparl. These results provide the first in vivo evidence
of cross-talk between LPA and S1P signaling.

Keywords: lysophosphatidic acid/sphingosine-1-phos-
phate/autotoxin/zebrafish/cardia bifida.

Abbreviations: Atx, autotaxin; c¢mic2, cardiac myosin
light chain 2; Edg, endothelial differentiation gene;
hpf, hours post fertilization; LPA, lysophosphatidic
acid; LPC, lysophosphatidylcholine; MO, antisense
morpholino oligonucleotides; ROCK, Rho kinase;
SIP, sphingosine-I-phosphate.

Lysophosphatidic acid (LPA) and sphingosine-I-phos-
phate (S1P) are lysophospholipid mediators with a
number of similar characters. First, the structures of
LPA and SIP are quite similar. Second, they are both
present in various biological fluids such as plasma,
serum and cerebrospinal fluids (/—4). Third, they
share similar receptors: three LPA receptors
(LPA,_3) and all five SIP receptors (S1P,_s) belong
to the endothelial differentiation gene (Edg) family
and share ~35% sequence similarity with each other,
although LPA has an additional three receptors be-
longing to the P2Y family (5). Fourth, they have sev-
eral similar functions that have been demonstrated
both in vivo and in vitro. They both stimulate cell pro-
liferation and motility of various cell types (6). They
also have critical roles in the vasculature (7—9) and are
vasoactive (10, 11). Indeed, LPA and S1P regulate
blood pressure, both positively and negatively
(12, 13). Thus, LPA and SIP appear to share
common features and have similar biological roles.
However, it is unclear whether there is an interaction
between LPA and SIP signaling. Genes involved in
LPA and S1P signaling including receptors, producing
enzymes, degrading-enzymes and transporters are
highly conserved in vertebrates. For example, zebrafish
and mammalian autotaxin (Atx) have ~65% amino-
acid identity and have similar biochemical and biolo-
gical roles (/4). Recent studies of zebrafish and mouse
mutants revealed the essential cardiovascular functions
of S1P signaling through the SIP transporter spns2 are
conserved from fishes to mammals (/5—79). These stu-
dies have indicated that zebrafish is a useful model
organism for elucidating LPA and SIP functions. It
may be possible to examine the interaction between
LPA signaling and S1P signaling in zebrafish embryos
by manipulating the expressions of several genes sim-
ultaneously. In this study, we investigated the func-
tional interaction between LPA signaling and SIP
signaling by manipulating LPA- and S1P-related
genes in zebrafish. Here, we describe the first in vivo
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evidence showing that LPA signaling affects S1P
signaling.

Materials and Methods

Maintenance of zebrafish and drug treatment

Wild-type strain (AB, TU) and transgenic (¢mlc2:mRFP) were
obtained from the Zebrafish International Resource Center
(University of Oregon, Eugene, OR) and National BioResource
Project, Zebrafish (Riken Brain Research Institute, Wako, Japan).
Fish were maintained at 27-28°C under a controlled 13.5-h light/
10.5-h dark cycle. Embryos were obtained from natural spawnings
and staged according to morphology as described (20). Kil6425
was diluted in embryo media supplemented with 1% DMSO and
added to zebrafish embryos between 12-h post-fertilization (hpf)
and 24 hpf.

mRNA and morpholino injection

The sequences of antisense morpholino oligonucleotides (MO)
(Gene Tools, LLC, Corvallis, OR) were designed as previously
described (74, 16, 21). The mRNAs for zebrafish wild-type arx, cata-
lytically inactive arx (T205A) and mouse wild-type atx were synthe-
sized using mMESSAGE MACHINE kit (Ambion, Austin, TX).
Morpholinos and synthetic mRNAs were dissolved in water with
0.2% phenol red. Synthetic mRNAs were injected into the
blastomere of one cell stage embryos. Morpholinos were injected
into the yolk of 1-8 cell stage embryos.

Whole-mount in situ hybridization

An antisense RNA probe labeled with digoxigenin for cmlc2 was
prepared with an RNA labeling kit (Roche Applied Science,
Penzberg, Germany). Whole-mount in situ hybridization was
performed as previously described (22).

Evaluation of LPA receptor activation

Activation of LPA receptor was evaluated by a transforming growth
factor-o. (TGFo) shedding assay as described previously (23, 24).
Briefly, each zebrafish LPA receptor gene was introduced into
HEK 293T cells together with DNA encoding TGF« fused to alka-
line phosphatase. Upon the addition of a ligand for LPA receptors,
the TGFo proform expressed on the plasma membrane was cleaved
by tumour necrosis factor o converting enzyme (TACE) proteases
endogenously expressed in HEK293T cell and thereby released into
the culture medium. Then, the activation of LPA receptor was eval-
uated by measuring the alkaline phosphatase activity in the condi-
tioned medium of the cells.

Measurement of lysophospholipase D activity and Western
blotting

Twenty-eight hours after injection. embryos were deyolked as
described previously (/4) and homogenized in lysis buffer {10 mM
Tris-HCI (pH 7.4), 10% Triton X-100, 10 pug/ml PMSF, 50 jug/ml
Leupeptin, 50 pg/ml Aprotinin] using an ultrasonic homogenizer
(Smurt NR-50M; Microtec Nition, Funabashi, Japan). The hom-
ogenate was sequentially centrifuged at 21,500 x g and the resulting
supernatant was collected. Protein concentration was measured with
BCA Protein Assay Reagent (Thermo, Waltham, MA) and 5pg of
protein was used for each of lysophospholipase D assay and Western
blotting. Lysophospholipase D activity was measured as described
previously (25). Briefly, the extracts were mixed with 14:0 lysopho-
sphatidylcholine (LPC) (100 mM Tris-HCl, SmM MgCl,, 500 mM
NaCl, 0.05% Triton X-100, pH 9.0) and incubated for 66 h at 37°C.
Liberated choline was quantified using choline oxidase (Wako,
Osaka, Japan), peroxidase (TOYOBO, Osaka, Japan) and TOOS
reagent (Dojindo, Kumamoto, Japan). The activity was indicated
by the generation rate of choline per unit time and protein mass
(pmol/ug/h). Western blotting was performed using anti-zebrafish
Atx rat polyclonal antibody that was generated as previously
described (74). Proteins bound to the antibody were visualized
with an enhanced chemiluminescence kit (GE Healthcare,
Waukesha, WI).

236

Microscopic analysis and live imaging

Embryos were positioned in 3% methylcellulose (Sigma) on slide
glass. Images were captured with a Leica M80 stereomicroscope
equipped with Leica DFC425 digital camera (Leica Microsystems,
Wetzlar, Germany).

Results

Overexpression of Atx enhances the cardia bifida
phenotype in zebrafish embryos

We previously showed that down-regulation of Atx in
zebrafish embryos resulted in malformation of the
vasculature (/4). When we tried to rescue the pheno-
type by injecting mRNA encoding zebrafish atx in the
embryos, we accidentally found that introduction of
arx mRNA resulted in an abnormal heart formation
(Supplementary movies S1 and S2). Compared with
control embryos, blood flow and heart beating were
severely impaired at 36 hpf. This phenotype is known
as a two-heart or cardia bifida phenotype. In addition,
at 54 hpf the tail region of the embryos frequently had
blisters (Fig. 1E and F). These are the most character-
ized phenotypes in previous studies when S1P signal
via either S1P receptor (s/pr2/mil) or S1P transporter
(spns2) is attenuated (/5—17). To examine the cardia
bifida phenotype in more detail, we visualized cardio-
myocytes by whole-mount in situ hybridization using

zebrafish atx
(T205A)

control

zebrafish atx  mouse atx

| 29 45 62 87 32 44 38 32
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Fig. 1 Overexpression of Atx causes cardia bifida phenotype and tail
blisters in zebrafish. Effect of Atx overexpression on the heart for-
mation was examined by whole-mount in situ hybridization using
cmle2 probe (A—D). The phenotypes of cardia bifida (arrowheads) at
24 hpf and tail blister (arrows) at 54 hpf were observed in embryos
injected with either wild-type zebrafish «zx mRNA (B, F) or mouse
atx mRNA (C, G), which was not observed for catalytically inactive
zebrafish arx (T205A) mRNA (D, H). (I) Percentage of embryos
with cardia bifida phenotype. The number of tested embryos and the
amount of mRNA per embryo are listed above and below the graph,
respectively. Figures were selected as representative data from three
independent experiments.
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Fig. 2 Expression of Atx in zebrafish embryos injected with arx
mRNA. Atx enzymatic activity (A) and protein (B) in embryos in-
jected with arzx mRNA were examined. The enzymatic activity and
the protein levels were analyzed by measuring the lysophospholipase
D activity in the total lysate of the embryos using LPC as a substrate
and Western blot analysis using zebrafish Atx-specific antibody, re-
spectively. The intensity of the bands was determined by densito-
metrical analysis and the results were shown as the mean =+ standard
derivation of Atx/tubulin ratios (arbitrary units, n=3).

cardiac myosin light chain 2 (¢mlfc2) probe. At 24 hpf,
in control embryos, cardiomyocytes were detected in
one cluster in the center of the embryos, whereas two
clusters of cardiomyocyte were detected in azx mRNA-
treated embryos (Fig. 1A and B). Similar cardia bifida
and tail blister phenotypes were also observed in em-
bryos treated with mouse azx mRNA (Fig. 1C and G).
Both lysophospholipase D activity and zebrafish Atx
protein increased with the dose of injected atx mRNA
(Fig. 2A and B) and the phenotype was observed when
atx mRNA higher than 0.03 ng was employed (Fig. 11).
The cardia bifida phenotype required catalytic activity
of Atx because either the cardia bifida phenotype or
tail blister phenotype was not induced when mRNA
for catalytically inactive zebrafish arx (T205A) was in-
jected (Fig. 1D, H and I), suggesting that the cardia
bifida phenotype was induced via the product of Atx,
that is LPA.

Down-regulation of S1P signaling enhances the
Atx-induced cardia bifida phenotype

To address the possible link between SIP and LPA
signaling, we examined the Atx-induced cardia bifida
phenotype when SIP signal was attenuated. We in-
jected atx mRNA simultaneously with mil or spns2
MO. First we injected MO for either mil or spns2
and confirmed that significant cardia bifida phenotype
was induced at MO concentrations 3.2ng or more
(mil), and 5.0ng or more (spns2), but rarely observed
at MO concentrations lower than these dosages
(Fig. 3A—E and K). Intriguingly, injection of a low
dosage of mil (1.6ng) or spns2 (1.0ng) MO with arx
mRNA (0.1ng) induced an even more severe bifida

Cross-talk between LPA and S1P signaling in zebrafish

phenotype (Fig. 3F, G, I, L and M). Indeed, only
7.0% and 3.0% of embryos displayed the cardia
bifida phenotype in mi/ and spns2 MO-treated em-
bryos, respectively, whereas 90% and 60% of embryos
displayed the phenotype when atx mRNA was co-
injected. We observed that the tail blister phenotype
was also synergistically induced when arzx mRNA was
co-injected (data not shown). This synergistic effect by
atx mRNA was catalytically dependent since mRNA
for catalytically inactive zebrafish arx (T205A) did not
show such effect (Fig. 3H, J and N).

LPA,; mediates Atx-induced cardia bifida

To confirm the involvement of LPA signaling in Atx-
induced cardia bifida, we next tried to identify the LPA
receptor mediating the Atx-induced cardia bifida.
Addition of a LPA,_; antagonist Kil6425 in embryo
medium, which also worked on zebrafish Lparl—3 (/4),
significantly decreased the occurrence frequency of the
cardia bifida phenotype induced by injecting atx
mRNA and mil MO in a dose-dependent manner
(Fig. 4A). We recently showed that (R)-Kil6425 was
more potent in antagonizing mammalian LPA; 3 than
(S)-Ki16425 (26). We also confirmed that this is also
true for zebrafish Lparl—3 (Fig. 5). Consistent with
this, the cardia bifida phenotype was effectively rescued
by (R)-Kil16425, but not by (S)-Kil6425 (Fig. 4B). We
further confirmed that the Iparl MO partially rescued
the cardia bifida phenotype induced by co-injection of
atx mRNA and mil MO (Fig. 4C). The rescue was not
observed with Ipar2—6 MO (data not shown). Together,
these findings indicate that the cardia bifida phenotype
induced by Atx overexpression in zebrafish embryos is
mediated by overproduction of LPA and consequent
activation of mainly Lparl. Thus, these results
showed that arzx mRNA treatment affected cardiomyo-
cyte migration that is regulated by SIP signaling in
zebrafish embryos at least through Lparl.

Discussion

In this study, we found that excess LPA signal in
zebrafish embryos led to cardia bifida (two heart)
phenotype. Because the same phenotype was induced
when S1P signaling was down-regulated, we explored
the functional interaction between LPA and S1P sig-
naling in the zebrafish heart morphogenesis and found
that LPA signaling down-regulated the SIP signaling
that led to the cardia bifida phenotype. To our know-
ledge, this is the first to demonstrate the functional
interaction between LPA and SIP signaling.

Among various LPA receptors Lparl appeared to be
involved in the LPA-induced cardia bifida phenotype.
First, the cardia bifida phenotype induced by the co-
administration of azx mRNA and mil MO was almost
completely rescued by Kil6425 (Fig. 4A and B), which
were found to antagonize all Edg LPA receptors in zeb-
rafish including Lparl, Lpar2a, Lpar2b and Lpar3 (Fig.
5). Unlike Ipar2a, lpar2b and [par3, down-regulation of
Iparl alone rescued the cardia bifida phenotype, show-
ing that Lparl is the major LPA receptor involved.
Second, we speculate that the functional interaction be-
tween LPA and SIP signaling occurs downstream of

237

—744 -



K. Nakanaga et al.

control

atx mRNA

low mil MO +
atx mRNA

high mil MO

low mil MO
Slerend

low mil MO +

low spns2 MO
atx mRNA (T205A) + atx mRNA

high spns2 MO

low spns2 MO +
atx mBNA (T205A)

[[1 Normal [l Cardia bifida
K 35 19 18 30 21 67 20 80 46 L 17 27
. T ﬂ - - 00r
80 I 80
60 | g 60
B 2
40 + 40
20 20
0 0
= [y} o o o (=] o
2 26 & 8- & @ S axmNAL g, 0 o1
£ - (ng)
© mil MO spns2 m(';;")o 0 0 1.6 1.6
(ng) MO (ng)
M * kK — N
31
32 31
w2 3 2 w2 2 s 2
80 80 |
60 L
2 °\° 60
40 40
20 20
o 0
atx mRNA atx mRNA
(ng) 0.1 N 0:1 (T205A) 0 1.4 0 14
(ng)
spns2 MO 0 1.0 1.0 ]
(ng) . . mil MO
g (ng) 0 0 1.6 1.6

low spns2 MO

Fig. 3 Cardia bifida phenotype induced by overexpression of Atx was dramatically enhanced when S1P signaling was attenuated. Effect of mil and
spns2 down-regulation on cardia bifida phenotype induced by overexpression of Atx was examined. The cardia bifida phenotype was evaluated
by whole-mount in siru hybridization using cmlc2 probe at 24 hpf. Cardia bifida phenotype was induced at high concentration of mil (8.0 ng) or
spns2 (5.0ng) MO (B, D). Low mil (1.6 ng). low spns2 (1.0 ng) MO and low azx mRNA rarely induced cardia bifida phenotype (C, E, F), whereas
co-injection of low mif or spns2 together with arx mRNA induced significant cardia bifida phenotype (G, 1). These synergistic effects were not
observed when catalytically inactive arx (T205A) mRNA was co-injected (H, J). (K—N) Percentage of embryos with cardia bifida phenotype was
shown. The number of tested embryos, and types of mRNA and MO injected were listed above and below the graph, respectively. K. Dose-
dependent increase in the occurrence frequency of the cardia bifida phenotype showing that the phenotype was rarely induced at low dose of MO
[1.6 ng (mily and 1.0 ng (spns2)]. (L, M) Effect of S1P signal down-regulation on Atx-induced cardia bifida phenotype. Down-regulation of S1P
signal was induced either by injecting MO for mil (L) or spns2 (M). Percentage of embryos with cardia bifida phenotype was dramatically
increased when arx mRNA was injected with MO for mil (L) or spns2 (M) (***P<0.001 by x*-test). (N) The synergistic effect of azx mRNA and
S1P-related genes (mil and spns2) requires catalytic activity of arx as catalytically inactive azx mRNA did not show the synergistic effect. Figures
were selected as representative data from three independent experiments.
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Fig. 4 Cardia bifida phenotype induced by Atx overexpression was mainly mediated by Lparl. (A, B) Effect of Ki16425 on Atx-induced cardia
bifida phenotype in embryos injected with ary mRNA (0.1 ng) and mil MO (1.6 ng). Kil6425 attenuated cardia bifida phenotype in dose-
dependent (A) and enantio-selective (B) manners. (C) Cardia bifida was also recovered by injection of fparl MO (¥#*P <0.001 by x*-test). NS,
not significantly different between the two (P>0.05). The number of tested embryos was listed above the graph. Figures were selected as
representative data from three independent experiments.
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Fig. 5 (R)-Kil6425 is potent in antagonizing zebrafish LPA receptors. Activation of the four zebrafish Edg LPA receptors was evaluated by a
TGFa shedding assay, in which the activation of each receptor is transduced into TGFo ectodomain shedding. Briefly, HEK293T cells were
transfected with cDNAs for each LPA receptor (Lparl, Lpar2a, Lpar2b and Lpar3), and the amount of alkaline phosphatase (AP)-tagged TGFo
released upon LPA stimulation in the presence or absence (open circle) of Ki16425 compounds was determined by measuring AP activity of the
culture cell supernatant. (R)-Kil6425 (open square) was more potent in antagonizing each LPA receptor than (S)-Kil16425 (closed square). The
activity of racemic Ki16425 [(RS)-Ki16425, closed circle] was also shown. Data represent the means =+ standard derivation of triplicate values and
are representative of three independent experiments.
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each LPA (lparl) and SIP (mil) receptor. Mil is the
zebrafish ortholog of mammalian s/pr2. A body of evi-
dence showed that LPA | mainly activates Go;-Racl sig-
naling whereas SIP, mainly activates Ga,5/3-RhoA
signaling (5, 27). Interestingly, Go;-Tiaml1-Racl path-
way downstream of LPA; was shown to inhibit Goty5;13-
mediated RhoA activation in various cell types (28—30).
Moreover, RhoA and its downstream effector Rho
kinase (ROCK) were shown to be essential in cardiac
cell migration in both mice and zebrafish (37, 32). Thus,
excess Racl activation downstream of LPA;-Gg; sig-
naling might interfere with the RhoA-ROCK activation
downstream of mil-Gu, 515 signaling, leading to the car-
diac cell migration defect and the two heart phenotype.
Third, we speculate that endoderm cells are the cells in
which the functional interaction occurs. It was reported
that the endoderm cells that are associated with migrat-
ing cardiac cells expressed significant amount of s/pr2/
mil mRNA (15, 27). In addition, the endoderm cells are
in the vicinity of yolk syncytial layer that expresses
spns2 and thus produces S1P (/6). Lparl and slpr2/
mil showed a similar expression pattern in the heart
field of developing zebrafish embryos (27), supporting
the hypothesis.

We also examined if endogenous LPA signaling
down-regulates SIP signaling. However, the mil or
spns2 MO-induced cardia bifida phenotype was not
rescued by lpar!/ MO or Kil6425 (data not shown),
suggesting that endogenous LPA, signaling does not
suppress the S1P signaling in zebrafish cardiac cell mi-
gration. Recently, several studies have indicated that
excessive Atx-LPA; signaling leads to the development
of several chronic diseases such as lung fibrosis
and arthritis (33—35). It is interesting to examine if
SI1P signaling is suppressed in such diseases and
up-regulation of S1P signaling leads to the treatment.

In conclusion, we found two opposite effects of LPA
and SIP signaling in zebrafish cardiomyocyte migra-
tion. The present results raise the possibility that LPA
signaling acts as a modulator of SIP signaling in vivo.
Further analyses will be necessary to elucidate the pre-
cise molecular mechanism of the interaction between
LPA and SI1P signaling at the cellular level.
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Screening with a Novel Cell-Based Assay for TAZ Activators Identifies
a Compound That Enhances Myogenesis in C2C12 Cells and
Facilitates Muscle Repair in a Muscle Injury Model

Zeyu Yang,*P Kentaro Nakagawa,® Aradhan Sarkar,® Junichi Maruyama,® Hiroaki Iwasa,? Yijun Bao,®¢ Mari Ishigami-Yuasa,®
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The transcriptional coactivator with a PDZ-binding motif (TAZ) cooperates with various transcriptional factors and plays vari-
ous roles. Immortalized human mammalian epithelial MCF10A cells form spheres when TAZ is overexpressed and activated. We
developed a cell-based assay using sphere formation by TAZ-expressing MCF10A cells as a readout to screen 18,458 chemical
compounds for TAZ activators. Fifty compounds were obtained, and 47 were confirmed to activate the TAZ-dependent TEAD-
responsive reporter activity in HEK293 cells. We used the derived subset of compounds as a TAZ activator candidate minilibrary
and searched for compounds that promote myogenesis in mouse C2C12 myoblast cells. In this study, we focused on one com-
pound, IBS008738. IBS008738 stabilizes TAZ, increases the unphosphorylated TAZ level, enhances the association of MyoD with
the myogenin promoter, upregulates MyoD-dependent gene transcription, and competes with myostatin in C2C12 cells. TAZ
knockdown verifies that the effect of IBS008738 depends on endogenous TAZ in C2C12 cells. IBS008738 facilitates muscle repair
in cardiotoxin-induced muscle injury and prevents dexamethasone-induced muscle atrophy. Thus, this cell-based assay is useful
to identify TAZ activators with a variety of cellular outputs. Our findings also support the idea that TAZ is a potential therapeu-

tic target for muscle atrophy.

he transcriptional coactivator with a PDZ-binding motif

(TAZ, also called WWTR1) was identified as a 14-3-3-binding
protein (1-3). Itis similar to Yes-associated protein 1 (YAP1) inits
molecular structure, which consists of an N-terminal TEAD-
binding domain, one or two WW domains, and a transcriptional
activation domain (4). The Hippo pathway is a tumor suppressor
signaling pathway that was initially identified in Drosophila (2, 5,
6). TAZ is phosphorylated at four sites by large tumor suppressor
kinase 1 (LATS1) and LATS2, which are core kinases of the Hippo
pathway (1-3). Phosphorylated TAZ is trapped by 14-3-3, is re-
cruited from the nucleus to the cytoplasm, and undergoes protein
degradation (1-3). In this way, the Hippo pathway negatively reg-
ulates TAZ. In addition to the Hippo pathway, TAZ is regulated by
cell junction proteins such as ZO-1, ZO-2, and angiomotin (7-
10). Recent studies have revealed that TAZ is under the control of
the actin cytoskeleton and the mechanical stretch (11-13). More-
over, Wnt signaling stabilizes TAZ (14~16). Conversely, cytoplas-
mic TAZ binds B-catenin and Dishevelled (DVL) and inhibits
B-catenin nuclear localization and DVL phosphorylation to neg-
atively regulate the Wnt pathway. This shows that TAZ plays a
pivotal role in the cross talk between the Hippo pathway and the
Wnt pathway.

In human cancers, the Hippo pathway is frequently compro-
mised, resulting in TAZ hyperactivity (6). TAZ gene amplification
is also detected in cancers (17-21). TAZ hyperactivity causes epi-
thelial-mesenchymal transitions (EMT) and provides cancer cells
with stemness (22-26). Hence, TAZ is considered a potential can-
cer therapeutic target. The transforming ability of TAZ is attrib-
uted mostly to the interaction with TEAD and Wbp2 (22, 27-29).

May 2014 Volume 34 Number 9

Molecular and Cellular Biology p. 1607-1621

Besides TEAD and Wbp2, TAZ interacts with numerous tran-
scriptional factors. TAZ interacts with thyroid transcription factor
1, Pax8, and T-box transcription factor 5 and is important for
lung, thyroid, heart, and limb development (30, 31). It also inter-
acts with p300 (31). In human embryonic stem cells, TAZ inter-
acts with SMAD?2, -3, and -4 and is essential for the maintenance
of self-renewal (16, 32, 33). In mesenchymal stem cells, TAZ in-
teracts with peroxisome proliferator-activated receptor y and
Runx2 to suppress adipogenesis and promote osteogenesis (34,
35). In skeletal muscles, TAZ interacts with transcriptional factors
that are implicated in myogenesis. It binds the key myogenic reg-
ulators Pax3 and MyoD (36, 37). TEAD binds to the so-called
MCAT elements (muscle C, A, and T; 5'-CATTCC-3") in muscle-
specific genes such as that for myogenin (38). Although SMAD2
and -3, which are TAZ interactors, mediate the inhibitory signal of
myostatin in muscle cells (39), TAZ is overall regarded as a myo-
genesis-promoting factor. This makes a sharp contrast with YAP1,
whose activation induces muscle atrophy (40, 41).
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Sarcopenia is a skeletal muscle atrophy associated with ageing
(42). Sarcopenia deprives elderly populations of the ability to live
independently and will be a major health concern in industrialized
countries. Appropriate exercise and nutrition are key factors in the
prevention and treatment of sarcopenia. However, the development
of drugs to increase skeletal muscles is also required. Satellite cells are
considered skeletal muscle progenitor cells and a major source to
regenerate muscle tissue in adults. Although the role of TAZ in the
maintenance of muscle satellite cells remains to be clarified, consid-
ering the potential role of TAZ in myogenesis, we expected that TAZ
activators are beneficial for the therapy of sarcopenia. We established
a cell-based assay for TAZ activators, screened 18,458 chemical com-
pounds, and obtained 50 TAZ activator candidates. We subsequently
selected compounds that promote myogenesis in mouse C2C12
myoblast cells and finally focused on one compound that facilitates
muscle repair in an injury model and prevents dexamethasone-in-
duced muscle atrophy.

MATERIALS AND METHODS

DNA constructs and virus production. The pLenti-EF-ires-blast,
pClneoFH, and pClneoHA vectors were described previously (43-45). A
TAZ SA mutant, in which serine 89 is mutated to alanine, was prepared by
the PCR method. pLenti-EF-FH-TAZ and TAZ SA-ires-blast were prepared
by subcloning Nhel/Sall fragments from pClneoFH-TAZ and pClneoFH-
TAZ S89A into the pLenti-EF-ires-blast vector. The BLOCK-iT Pol I miR
RNA interference (RNAI) expression vector kit (Invitrogen) was used to
generate pcDNA knockdown constructs for human LATS1 and LATS2.
The target sequences were a 1,074-bp site of LATS1 (AF104413.1) and a
1,598-bp site of LATS2 (AF207547.1). The annealing oligonucleotides
were ligated into the pcDNA 6.2-GW/miR vector according to the man-
ufacturer’s protocol to generate pcDNA 6.2 LATS1 KD and pcDNA 6.2
LATS2 KD. A BamHI/Xhol fragment was isolated from pcDNA 6.2
LATS2 KD and ligated into the Bglll/Xhol sites of pcDNA 6.2 LATS1 KD
to generate pcDNA 6.2 LATS1/2 KD. PCR was performed on pBudCE
with primers H1674 (5'-ATCGATGTCGAGCTAGCTTCGTGAG-3')
and H1675 (5'-ACTAGTCTCGAGACCACGTGTTCACGACACC-3') to
amplify the elongation factor (EF) promoter. The PCR product was di-
gested with Clal and Spel and ligated into the same sites of pLenti4/TO/
V5-DEST to replace the pCMV/VO promoter with the EF promoter and
to generate pLenti4-EF/V5-DEST. The pLenti-EmGFP LATS1/2 KD vec-
tor was generated by using the ViraPower T-REx lentiviral expression
system from pcDNA 6.2 LATS1/2 KD and pLenti4-EF/V5-DEST. The
Nhel/Notl fragment from pBudCE4.1 was ligated into the Xbal/Notl sites
of pQCXIP (Clontech) to generate pQCXIP EF. The linker (H3142 [5'-G
GCCGCTCGAGTTTAAACAATTGGATCC-3'] and H-3143 [5'-AATTG
GATCCAATTGTTTAAACTCGAGC-3']) was subcloned into the Notl/
EcoRI sites to generate pQCXIP EF H3142/H3143. The Bglll/Notl
fragment from pClneo mCherry was ligated into the BgllI/NotI sites of
pQCXIP EF H3142/H3143 to generate pQCXIP mCherry, which was di-
gested with BamHI/EcoRYV, filled in, and religated to remove the internal
ribosome entry sites and the puromycin resistance gene. The resulting
vector was named pQCXI mCherry. pLenti-siRNA-GFP (Applied Biolog-
ical Materials Inc.) was digested with Spel/Mlul. The isolated green fluo-
rescent protein (GFP)-2A-puro fragment was subcloned into Nhel/Mlul
sites of pClneo to generate pClneo GFP-2A-puro, which was subsequently
digested with BglII/Mlul. The isolated fragment was ligated into the BglIl/
Mlul sites of pQCXI mCherry to generate pQCXI GFP2A-puromycin.
WWTR1 mouse pRFP-RS short hairpin RNA (shRNA) (TF505533,
561750; OriGene) was purchased, and PCR was performed with prim-
ers H3163 (5'-CAATTGAATTCCCCAGTGGAAAGACGCGCA-3") and
H3164 (5'-ACGCGTCTCGAGCCTGGGGACTTTCACAC-3') to am-
plify the U6 promoter and the target sequence. The PCR product was
subcloned into the TAKN2 vector (BioDynamics Laboratory Inc.) and
digested with Mlul/Notl. The isolated fragment was ligated into the Mlul/
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Notl sites of pQCXI GFP2A-puromycin. The vector was cotransfected
with the pCL10A-1 retrovirus packaging vector into HEK293 cells to gen-
erate retrovirus for mouse TAZ knockdown. Lentivirus was generated as
described previously (46).

Antibodies and reagents. The rat anti-YAP monoclonal antibody
used was described previousty (43). The following antibodies and reagents
were obtained from commercial sources. The mouse anti-TAZ (560235),
mouse anti-MyoD (554130), mouse anti-poly(ADP-ribose) polymerase
(anti-PARP) (51-6639GR), mouse antifibronectin (610077), mouse anti-
E-cadherin (610181), and mouse anti-N-cadherin (610921) antibodies
and Matrigel were from BD Pharmingen. The rabbit antimyogenin (sc-
576), rabbit anti-MyoD (sc-760), and mouse antivimentin (sc-6260) an-
tibodies were from Santa Cruz. The mouse anti-myosin heavy chain (anti-
MHC) (MF20), mouse anti-Pax7, and mouse anti-Pax3 antibodies were
from the Developmental Studies Hybridoma Bank, University of Iowa.
The rabbit antilaminin (L9293), mouse anti-a-tubulin (T9026), and
mouse anti-FLAG M2 (F3165) antibodies; Hoechst 33342; Naja mossam-
bica cardiotoxin; dexamethasone (C9759); epidermal growth factor
(E9644); insulin (I5500), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) were from Sigma-Aldrich. Basic fibro-
blast growth factor (064-04541) and Phos-tag acrylamide were from
Wako Chemicals. The mouse antimyogenin antibody (ab1835) was
from Abcam. The mouse antihemagglutinin (anti-HA) antibody was
from Roche. The mouse antiactin (clone 4) and mouse antipuromycin
(clone 12D10) antibodies were from Millipore. The rabbit anti-TEAD4
antibody (APR38726_P050) was from Aviva. The goat anti-Pax3 antibody
(GWB-3AE0a5) was from Genway Biotech Inc. The recombinant myo-
statin (788-G8-010) was from R&D Systems.

Cell culture and transfection. HEK293, A431, and HCT116 cells were
cultured in Dulbecco’s modified Eagle medium (DMEM) containing 10%
fetal bovine serum (FBS) and 10 mM HEPES-NaOH at pH 7.4 under 5%
CO, at 37°C. MCF10A cells were cultured in DMEM-F-12 supplemented
with 5% horse serum (Invitrogen), 20 ng/ml epidermal growth factor, 0.5
pg/ml hydrocortisone, and 10 pg/ml insulin. DNA transfection was per-
formed with Lipofectamine 2000 (Invitrogen). MCFI0A-TAZ and
MCF10A-TAZ SA cells were prepared with pLenti-EF-FH-TAZ-ires-blast
and pLenti-EF-FH-TAZ SA-ires-blast lentivirus vectors with blasticidin
selection. C2C12 cells were passaged in growth medium (DMEM contain-
ing 10% FBS) and differentiated in C2C12 differentiation medium con-
taining DMEM and 2% horse serum (Invitrogen). C2C12 cells in which
TAZ was.stably knocked down were prepared with pQCXI-GFP-2A-sh
mouse TAZ retrovirus. To stably knock down LATS1 and LATS2 in
MCF10A-TAZ cells, the cells were infected with pLenti-EmGFP-LATS1/2
KD lentivirus and GFP-positive cells were collected by fluorescence-acti-
vated cell sorting.

Quantitative RT-PCR. Quantitative RT-PCR analysis was performed
with SYBR green (Roche) and the ABI7500 real-time PCR system (Ap-
plied Biosystems) (44). For the primers used, see Table S1 in the supple-
mental material.

RNAi. Human TAZ and mouse TAZ were knocked down in MCF10A
and C2C12 cells as described previously (44). The double-stranded RNAs
(dsRNAs) used were human TAZ s24789 (Ambion) and mouse TAZ
siRNA D-041057 (Dharmacon). Knockdown was confirmed by quantita-
tive RT-PCR or immunoblotting.

Myofusion index. C2CI12 cells were fixed and immunostained with
anti-MHC antibody. Nuclei were visualized with Hoechst 33342. The fu-
sion index was calculated as a percentage of the nuclei detected within
MHC-positive multinuclear cells.

Reporter assay. The TEAD reporter assay was performed with
HEK293 cells as described previously (43). C2C12 cells were plated at 1 X
10°/well in 12-well plates and cultured overnight. The cells were trans-
fected with the pGL3 Myo-184 (MyoD), 8XGT-IIC-851Lucll (for
TEAD), 9X CAGA-MLP (for SMAD), and p(PRS-1/-4), (for Pax3) lucif-
erase reporter vectors alone or with TAZ. These reporter vectors were
from Kenji Miyazawa (Yamanashi University), Hiroshi Sasaki (Ku-
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mamoto University), and Hiroki Kurihara (The University of Tokyo) (37,
47, 48). Dimethyl sulfoxide (DMSO) or 10 uM IBS008738 was added 6 h
after transfection. The cells were grown to confluence, transferred to dif-
ferentiation medium with DMSO or 10 pM IBS008738, and cultured for
24 h before luciferase assays were performed.

ChIP analysis. Chromatin immunoprecipitation (ChIP) experiments
were based on the protocol described by Nelson et al. (49). In brief, C2C12
myoblasts were cultured to confluence and then treated with DMSO or 10
M IBS008738 in differentiation medium for 24 h. Cells were cross-
linked in 1.42% (vol/vol) formaldehyde for 15 min, and the reaction was
quenched for 5 min with 125 mM glycine. Cross-linked cells were lysed in
buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 5 mM EDTA, 0.5%
[vol/vol] Nonidet P-40, 1% [vol/vol] Triton X-100), and chromatin was
sheared by 25 consecutive rounds in a sonicator bath (Bioruptor; Diag-
enode) at maximum output and cycles of 30 s on and 60 s off. Shearing was
analyzed by agarose gel electrophoresis. Chromatin from about 2 X 10°
cells was incubated for 3 h at 4°C with 2 pg of antibodies. Immunopre-
cipitation was done with 20 pl of protein G-Sepharose beads. Protein
G-Sepharose without antibody was used as the control (mock ChIP). The
immunoprecipitated DNA fragments were isolated with Chelex-100 resin
and diluted 1:2.5 for quantitative PCR analysis. Input-normalized relative
abundance was determined. For the sequences of the primers used, see
Table S1 in the supplemental material.

Subcellular fractionation. Subcellular fractionation was performed as
described previously (43).

Myostatin inhibition assay. C2C12 cells were transfected with control
or TAZ dsRNA. Forty-eight hours later, the cells were plated in growth
medium at 2 X 10°/well in 12-well plates. When grown to confluence, the
cells were transferred to differentiation medium with DMSO, 100 ng/ml
myostatin, 10 wM IBS008738, or a combination of myostatin and
IBS008738 and cultured for 3 days. The differentiation medium contain-
ing the reagents was changed every day.

Cell proliferation and viability assessment. Cell proliferation and
viability were assessed by MTT formazan dye conversion.

Sphere formation assay and 3D Matrigel culture. MCF10A and A431
cells were plated at 300/well in 96-well Ultra Low Attachment plates
(Corning) and cultured for 10 days in serum-free DMEM-F-12 (Invitro-
gen) containing 10 ng/ml basic fibroblast growth factor, 20 ng/ml epider-
mal growth factor, 5 pg/ml insulin, and 0.4% (wt/vol) bovine serum al-
bumin. A cell aggregate with a diameter of more than 150 m was defined
as a sphere. For three-dimensional (3D) Matrigel culture, 96-well plates
were precoated with 30 wl of Matrigel per well. Cells were suspended at
2.1 X 10%/liter in medium containing 2% Matrigel. Cell suspension vol-
umes of 140 pl containing 300 cells were plated into each well and cul-
tured for 10 days with DMSO or 10 ..M IBS008738.

Animals. All experimental procedures were approved by the Institu-
tional Animal Care and Use Committee. Six-week-old female BALB/cBy]
mice (Clea Japan Inc.) were used. N. mossambica cardiotoxin was dis-
solved in phosphate-buffered saline (PBS) at a final concentration of 10
wM. A 100-pl volume of cardiotoxin solution was injected with either
control DMSO or 3 nmol of IBS008738 (0.3 wl of DMSO or 0.3 pl of 10
mM IBS008738 was diluted in 100 pl of PBS) into the tibialis anterior
(TA) muscle of mice (n = 6) under anesthesia. Mice were sacrificed on
days 2, 5, 7, and 14. For dexamethasone-induced muscle atrophy, dexa-
methasone (25 mg/kg/day) or DMSO was injected intraperitoneally from
day 1 to day7. A 100-pl volume of 30 M IBS008738 or DMSO in PBS was
injected into the TA and gastrocnemius (GM) muscles on days 9, 11, and
13. Mice were sacrificed on day 14.

Skeletal muscle histology. TA and GM muscles were fixed in 4%
formalin and embedded in paraffin. Muscle sections 5 wm thick were
stained with hematoxylin and eosin. For the immunostaining of Pax7,
MyoD, and laminin, 10-pm frozen sections were fixed with acetone at
~20°C for 10 min, incubated with primary antibodies at 4°C overnight,
and then visualized with secondary antibodies. To quantify the extent of
muscle regeneration, four sections of each muscle at 100-pm intervals
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were analyzed and the total number of centrally nucleated myofibers per

visual field was determined manually. To assess muscle atrophy, muscles
were sectioned at a 10-pwm thickness and immunostained with anti-
laminin antibody. The cross-sectional areas of myofibers were analyzed by
using the Image]J software.

Phosphate affinity SDS-PAGE. Phosphate affinity SDS-PAGE was
performed with Phos-tag acrylamide (Wako Chemicals) and polyvi-
nylidene difluoride (PVDF) membranes.

In vivo SUnSET technique. I vivo SUnSET was used according to the
previously reported protocol (50). Briefly, mice were anesthetized and
intraperitoneally injected with 0.04 jumol/g puromycin in 100 pl of PBS.
Thirty minutes later, GM muscles were removed and frozen in liquid N,,.
Frozen tissues were homogenized in buffer containing 40 mM Tris-HCl at
pH 7.5, 0.5% (wt/vol) Triton X-100, 1 mM EDTA, 5 mM EGTA, 25 mM
B-glycerophosphate, 25 mM NaF, 1 mM Na;VO,, 10 mg/liter leupeptin,
and 1 mM phenylmethylsulfony! fluoride. Sixty-microgram samples of
total proteins were analyzed by SDS-PAGE, and immunoblotting with
antipuromycin antibody was performed with PVDF membranes. The
membranes were stained with Coomassie brilliant blue.

Statistical analysis. Statistical analyses were performed with Student’s
t test for the comparison of two samples and analysis of variance with
Dunnett’s test for multiple comparisons with GraphPad Prism 5.0
(GraphPad Software).

Other procedures. Immunoprecipitation and immunofluorescence
assay were performed as described previously (51).

RESULTS

Cell-based assay to screen for the chemical compounds that ac-
tivate TAZ. We used immortalized human mammary epithelial
MCF10A cells to screen for TAZ activators. LATS1- and LATS2-
dependent phosphorylation at serine 89 is the key event in the
regulation of TAZ. Neither parent MCF10A cells nor MCF10A
cells expressing TAZ (MCF10A-TAZ) survive under mammo-
sphere-forming conditions, while MCF10A cells expressing S89A
mutant TAZ (MCF10A-TAZ SA) do form spheres (Fig. 1A). How-
ever, with LATS1 and LATS2 knockdown, MCF10A-TAZ cells,
but not parent MCF10A cells, form spheres (Fig. 1B). The addi-
tional knockdown of TAZ abolished the effect of LATS1 and
LATS2 knockdown in MCF10A-TAZ cells (Fig. 1C and D). These
findings indicate that sphere formation by MCF10A-TAZ cells
reflects the activity of overexpressed TAZ.

Thescreening 0f 18,458 chemical compoundsyielded 50 TAZ
activator candidates. We cultured MCF10A-TAZ cells under
sphere-forming conditions with 18,458 chemical compounds
at 10 wM for 14 days. Fifty compounds enabled MCF10A-TAZ
cells to form spheres (we defined a cell aggregate with a longest
diameter of >150 pm as a sphere). We next performed the
TEAD reporter assay with these 50 compounds. Forty-seven
compounds enhanced TAZ-dependent TEAD reporter activity
(data not shown).

TAZ activators enhanced myogenesis in C2C12 cells. TAZ
plays important roles in the regulation of osteogenesis, adipogen-
esis, and myogenesis (34, 52). Here we focused on myogenesis and
applied 50 compounds to mouse C2C12 myoblast cells. C2C12
cells were cultured under growth conditions. After grown to con-
fluence, the cells were switched to differentiation conditions and
cultured for 72 h in differentiation medium containing 10 uM
each compound. We evaluated myogenesis by determining the
myofusion index (the number of nuclei detected in multinuclear
MHC-positive cells divided by the total number of nuclei). Cells
treated with 43 compounds exhibited higher myogenesis than
control cells (data not shown). In this study, we focused on one
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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. LATS1 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
wm. (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 pM
(Fig. 2C).

1610 mcb.asm.org

IBS008738 enhances protein expression of myogenic differ-
entiation, and its effect depends on TAZ. When C2C12 cells were
cultured with IBS008738 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 dsSRNA or shRNA retro-
virus vector and confirmed that TAZ knockdown abolished the
effect of IBS008738 (Fig. 2E and F).

1BS008738 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 D1-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
resultin 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 1BS008738, 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).

1BS008738 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,
IBS008738 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 wM 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 um. (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
wm. (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
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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-

mcb.asm.org 1611

—753 -



ok n.s. Jok n.s ns
® 0. | e B | o 20 ® ©
Q Q Q Q
§ ~01 §~15 5§~ 5~
g gz gx2 o
50 50 50 3 E
€ %010 £%10 e R+
£Q gQ £Q £Q
© ~70.05 05 i 2
£ £ £ £
9, 0 K ° Y, Qo Y,
O & %, <, 2,
s, 08, e, S, RN o, O, o O,
N 0% % 00(9 ON 00:9 ON 00@ % 00@ N 000
2, D, 2. 2, £, 2,
3 3 e 3 3
® 9 4 & s
L — | - R | | S— Rk — et L
Oh 24h 72h Oh 24h 72h Oh 24h 72h Oh 24h 72h
Cyclin D1 M-cadherin Calpain1 Caveolin3
ok n.s. ok
. ns. n.s. o 20- n.s. el o 20 n.s. . 3 [ T s |
2 e 2 2
G © —~ & ~15 Q@ —~
= ol T I 1.54 T I T T
50 50 50 54
a0 a0 2010 o0
© < © < 1.0 @ < ® <
<0 <0 <0 <3
Z2Z zZ= zZ= Z2=
& 0. X 054 x 05 [
€ £ £ £
0 0 0 y A .
y7 Y/ 24 2, 2, 2,
2085, Y8, U85, U, 5 %, 0 %, %, %5 %,
(@] Od’ (0] 0(9 0] Qg’ (e} 0(9 0) Cs. S Y
. . > 3 e 3 3
2 «.?d; _ k%x k%) — (4 4 — @ (4
on 24h 72h oh 24n  72h oh 24h 720 oh 24h 720
B MyoD reporter TEAD reporter Pax3 reporter
40m 8-
s 5304 5 5 64
] ° ° °
3 =} 3 _g
e 22 2 £ 4
ke T e T
£ £ 104 i3 £ 24
L= 1 oL, i 0
DMSO DMSO 1BS008738 DMSO DMSO IBS008738 DMSO DMSO IBS008738 DMSO DMSO IBS008738
N . . . .t N . . . . - ;
Cont. TAZ-WT Cont. TAZ-WT Cont. TAZ-WT Cont. TAZ-WT
. 3 DMSO
C Myogenin CTGF Myf5 £ 1BS008738
u——
0.6 0.6= 0.6
0.4 0.4~ 0.4
8 X X
5 5 5
Q. Q Q
£ £ £
0.2+ 0.2~ 0.2
n.s.
0d ' 0
)
%O 4'7)/0 %, é\? 004. Qf‘&
"FO 0 o 'f‘o © o [e) Cs

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 C2C12 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 (IB) 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 um.

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

IBS008738 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

May 2014 Volume 34 Number 9

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 MCF10A 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 IBS008738-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 uM IBS008738 for 24 h under
differentiation conditions and then treated with 50 g/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
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
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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
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 8
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
1BS008738 during the time periods indicated (0 to 24, 24 to 48, and 48 to 72 h). Cells were harvested after treatment (at 24, 48, or 72 h). (B) Immunofluorescence
images of MHC (white). Bar, 100 p.m. (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 IBS008738 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
1BS008738-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] 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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FIG 7 1BS008738 competes with myostatin. C2C12 cells were transfected with
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
with DMSO, 100 ng/ml myostatin (MSTN) alone, or 100 ng/ml myostatin
with 10 uM IBS008738 as indicated. (A) Immunofluorescence images of
MHC. Bar, 100 pm. (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-
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der mammosphere-forming conditions, while parent MCF10A
and MCF10A-TAZ cells lack the capacity to form spheres (Fig. 1).
However, LATS1 and LATS2 knockdown makes MCF10A-TAZ
cells, but not parent MCF10A cells, form spheres. The additional
knockdown of TAZ in MCF10A-TAZ cells with LATS] 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 enliancement 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 YAP1 too. Indeed, some of them enhance
YAPI1-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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8 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
ata from three mice are shown. (C and D) Tissues were immunostained with anti-Pax7 (red) and antilaminin (green) antibodies in panel C and
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 X 20 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 um. (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, IBS008738 increases the
IBS008738. nuclear TAZ level (Fig. 5). In C2C12 cells, IBS008738 increases the
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