Hamaratoglu et al., 2006). The Hippo signaling cascade is a
critical regulator of organ size in Drosophila as well as in mam-
mals (Dong et al., 2007). In the conditional transgenic mouse
model, the dysregulation of the pathway leads to tumorigen-
esis (Zhang et al., 2010). Considering Merlin and downstream
components of the Hippo cascade, SAV1 (Salvador 1) and
LATS2 (large tumor suppressor 2), 75% of MM cell lines had
genetic inactivation of at least one of these three proteins
(Murakami et al., 2011). Metlin inhibits the transcriptional
coactivation activity of Yes-associated protein (YAP) by in-
ducing phosphorylation and cytoplasmic retention of YAP
(Yokoyama et al., 2008). YAP accumulation in the nucleus is
also observed in MMs accompanied by mutation or deletion
of LATS2 (Murakami et al., 2011). YAP is a possible onco-
gene that associates with TEAD (TEA domain family mem-
ber), a transcription factor, and exerts biological functions
such as gene expression stimulation, cell growth, anchorage-
independent cell growth, and epithelial-mesenchymal transi-
tion (Vassilev et al., 2001; Zhao et al., 2008, 2009).

TGF-f3 was originally identified as a protein that mediates
the transformation of nonneoplastic rat kidney and murine
AKR-2B fibroblasts (de Larco and Todaro, 1978; Moses et al.,
1981; Anzano et al., 1983). TGF-B can induce extremely
variable responses depending on the cell type, mainly through
the Smad2/3-dependent pathway. For example, TGF-f in-
duces growth arrest and apoptosis in epithelial cells; it can also
activate fibroblasts. Subsequent studies further revealed that
TGEF- acts as a tumor suppressor in premalignant cells as
well as cells progressing through the early stages of carcino-
genesis; furthermore, it exerts prooncogenic effects in meta-
static tumors (Roberts and Wakefield, 2003; Massagué, 2008).
TGF-f is a powerful cytokine produced by many different
cell types, with effects on multiple cell types, and because of
this complexity, signaling in each cell and context should
be carefully studied.

Upon TGF-f stimulation, Smad2 and Smad3 form com-
plexes with Smad4 and accumulate in the nucleus (Massagué
et al., 2005). p300, a transcriptional co-activator, binds with
Smad3 and Smad?2 and enhances Smad-induced transactivation
of target genes (Nishihara et al., 1998). Recruitment of p300
frequently plays a core role not only in enhancing transacti-
vation but also in binding other proteins to stabilize protein
complexes (Fujii et al., 2006).

Mesothelial cells were reported to demonstrate an in-
crease in DNA synthesis after TGF- stimulation (Gabrielson
et al., 1988), and both normal human mesothelial cells and
MM cell lines secrete TGF-B (Gerwin et al., 1987). Further-
more, a soluble TGF-f type II receptor inhibitor and a TGF-3
type I receptor kinase inhibitor (SM16) were shown to inhibit
the growth of murine MM tumors injected into the flanks
of mice through the reactivation of antitumor immune re-
sponses (Suzuki et al., 2004, 2007).

Given the involvement of genetic inactivation of compo-
nents of the Hippo pathway in 75% of mesotheliomas and
previous evidence for a protumorigenic role for the TGF-B
pathway, we examined the relationship between these two

480

pathways to further understand the molecular mechanisms
underlying mesothelioma genesis. Cross talk between the
Hippo and TGF-B and BMP (bone morphogenetic protein)
signaling pathways has been previously reported (Varelas
et al., 2008, 2010; Alarcén et al., 2009). TAZ controls nucleo-
cytoplasmic localization of Smad2/3—Smad4 complexes
and regulates the nuclear accumulation of Smad complexes
(Varelas et al., 2008). Furthermore, TAZ and YAP dictate the
localization of active Smad complexes during mouse embryo-
genesis (Varelas et al., 2010). YAP is also known to strongly
bind to Smadl and support Smadl-dependent transcription
and is required for BMP suppression of neural differentiation
in mouse embryonic stem cells (Alarcédn et al., 2009). How-
ever, whether the cross talk between Hippo and TGF-B sig-
naling plays an important role in tumorigenesis has not been
elucidated. We found that YAP and Smad3 interact at the
transcription regulation level through participants of other
related transcription cofactors, forming a complex in the con-
nective tissue growth factor (CTGF) promoter region and thereby
enhancing CTGF expression. This evidence shows that the
cross talk between the Hippo and TGF-§ pathway directly
controls prooncogenic effects in malignancy. We further show
that antagonism of the TGF-8 pathway and CTGF expres-
sion can prolong the survival of mice with MM tumor xeno-
grafts, suggesting new approaches for the treatment of MM.

RESULTS

The TGF-B-Smad pathway is activated in clinical samples
of human mesothelioma and regulates proliferation and
extracellular matrix (ECM) production in MM celis in vitro
To assess the involvement of the TGF-$ pathway in MM
tumor growth, we performed immunohistochemical analy-
sis in 24 tissue specimens obtained from patients to deter-
mine the p-Smad2 level and evaluate whether MM cells
receive TGF-f signaling during their growth. In all 24 sam-
ples, which were subtyped into three major categories, epi-
thelioid (12 patients), biphasic (3 patients), and sarcomatoid
(7 patients), p~-Smad2 staining was strongly observed in nu-
clei. This suggested that the constitutive activation of TGF-8
is important for MM tumor development (Fig. 1 A and see
Table 2). Histological subtype is a significant prognostic fac-
tor associated with longer survival because the median sur-
vival for patients with epithelioid tumors is 16.3 mo, which
is longer than that for patients with biphasic tumors (9.5 mo)
and sarcomatoid tumors (6.1 mo; Flores et al., 2007). Samples
from all three subtypes exhibited the same level of p-Smad2
nuclear staining, indicating that the activation of the TGF-3
pathway is maintained across different grades of malignan-
cies, whereas normal pleural mesothelial cells did not ex-
hibit significant p-Smad2 signals (Fig. 1 B, top, arrowheads).
Interestingly, the nuclei of reactive pleural mesothelial cells,
which were adjacent to the mesothelioma, having cuboidal
appearance may be under serosal stimulation and were
positively stained by p-Smad?2, suggesting that the surround-
ing tissues were also affected by paracrine TGF-f signaling
(Fig. 1 B, bottom).
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TGF-B promotes proliferation and ECM production

in normal and malignant mesothelial cells

To examine whether TGF-f3 signaling affects monolayer cell
growth, we compared cell growth by counting cell number
after exposing cells to a TGF-f type I receptor kinase inhibi-
tor, SD-208. MeT-5A is a nonmalignant human pleural me-
sothelial cell line immortalized by SV40 early region DNA

A Sarcomatoid Biphasic

(Ke et al.,, 1989). Phosphorylation of Smad3 by TGF-§
peaked around 1 h and gradually decreased later in the MeT-5A
cells and MM cell lines (Fig. St A). The proliferation and the
activation of MeT-5A cells and MM cell lines, as well as the
Smad-dependent pathway induced by TGF-f in these cells
were effectively suppressed by TGF- type I receptor kinase
inhibitor (Fig. 1 C and Fig. S1, B and C). To further assess
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Figure 1. TGF-B signaling affects the growth of human MM cells. (A} Immunohistochemical staining for p-Smad2 of MM tissues derived from pa-
tients. Three representative sections, namely sarcomatoid, biphasic, and epithelioid subtype tumors, are shown. Azan staining was performed to visualize col-
lagen fibers. H&E, hematoxylin and eosin. (B) Immunohistochemical staining for p-Smad2 in normal mesothelial cells (closed arrowheads) from normal lungs
and reactivated normal mesothelial cells (open arrowheads) adjacent to MM tumors. Asterisks show cells with positive nuclear staining in normal mesothelial
cells. (C) Cell numbers were counted 3 d after treatment with TGF-B type | receptor kinase inhibitor (SD-208). Results are expressed as mean + SEM and are
representative of three independent assays. (D) Soft agar colony formation assay was performed using MeT-5A cells treated with 4 ng/ml TGF- for 7 d. The
panel is representative of three independent assays. (E) NCI-H290 cells were infected with the indicated lentiviral expression vectors and stained with Giemsa
after 14 d. HA-tagged luciferase (luc) was used as a control. The panel is representative of three independent assays. TBRIDNR, dominant-negative form of
the TGF-B type Il receptor; ALKSKR, dominant-negative form of the TGF-B type | receptor; ALK5TD, constitutively activated TGF-{3 type | receptor.
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Table 1. Common genes responsive to TGF-B in MeT-5A and Table 1. Common genes responsive to TGF-B in MeT-5A and
Y-MESQ-27 cells Y-MESQ-27 cells (Continued)
Symbol Description Symbol Description
MeT-5A and Y-MES0-27 common genes up (>1.5fold) NEDD4L neural precursor cell expressed, developmentally down
CSFIR colony-stimulating factor 1 receptor regulated 4-like
SNAIT snail homologue 1 COL24AT* collagen, type XXIV, alpha 1
LoX* lysyl oxidase TGFA transforming growth factor, alpha
RASGRP1 RAS guanyl-releasing protein 1 CAMK2D calcium/calmodulin-dependent protein kinase Il delta
MMP2* matrix metallopeptidase 2 TLR3 toll-like receptor 3
ITGA11* integrin, alpha 11 BCL2 B-cell CLL/lymphoma 2
SERPINE1 plasminogen activator inhibitor type 1 MeT-5A and Y-MESO-27 cells were treated with TGF- for 24 h. Total RNA was
BMP6 bone morphogenetic protein 6 extragted aqd gubjected to micrqarray analysis. The genes encoding ECM-related
GDF6 growth differentiation factor 6 protein are indicated by an asterisk.
COL1AT* Prepro-alpha1(l) collagen
EDN1 endothelin 1 the biological activity of TGF-f in mesothelial cells, we per-
COL1AZ collagen, type |, alpha 2 formed an anchorage-independent cell proliferation assay
MFAP4 microfibrillar-associated protein 4 with MeT-5A cells. After 7 d, colony formation was observed,
SERPINE2 plasminogen activator inhibitor type 1, member 2 showing the innate response of MeT-5A cells to TGF-8,
COL20AT* collagen, type XX, alpha 1 which promotes colony formation similarly to that observed
COL5AT* collagen, type V, alpha 1 in fibroblasts (Fig. 1 D). Using a lentiviral vector system, we
ITGB3* integrin, beta 3 examined whether TGF-f signaling could modulate focus
LTBP2 latent transforming growth factor beta binding formation in NCI-H290 cells, an MM cell line (Fig. 1 E).
protein 2 Examination of the foci formed after 14 d showed a promi-
SMAD7 SMAD family member 7 nent decrease in the number of foci formed in cells expressing
COL7AT* collagen, type VI, alpha 1 dominant-negative forms of the TGF-f type I and type I
SKiL SKi-like oncogene receptors. Conversely, cells with constitutive activation of
COL4AT* collagen, type IV, alpha 1 the TGF-B type I receptor showed aggressive formation of
TGFB1 transforming growth factor, beta 1 foci, suggesting that TGF-§ signaling affects the oncogenic
ITGAV* integrin, alpha V (vitronectin receptor) property of mesothelioma cells.
IGFBP3 insulin-like growth factor binding protein 3 To further investigate the molecular consequences of
COL4A4" collagen, type IV, alpha 4 TGF-B pathway activation in mesothelioma cells, we per-
CDH11 cadherin 11, type 2, OB-cadherin (osteoblast) formed cDNA microarray analysis to elucidate alterations in
GADD45B growth arrest and DNA-damage-inducible, beta gene expression profiles after TGF-f treatment in MeT-5A
ADAM12 ADAM metallopeptidase domain 12 and Y-MESO-27 cells (Table 1). Looking for overlap in the
BMPR2 bone morphogenetic protein receptor, type |l gene expression profiles, we found that 54 genes were regu-
ITGAT* integrin, alpha 1 lated more than 1.5-fold by TGF-p in both cell types after
COL16AT collagen, type XVI, alpha 1 24 h of treatment. 42% of the commonly up-regulated genes
MDACT MDAC1 (16/38) in TGF-B—treated MeT-5A cells and Y-MESO-27
TGFB2 transforming growth factor, beta 2 cells were classified as ECM-related proteins. Changes in the
EGR2 early growth response 2 expression profiles of representative genes (e.g., MMP2,
CTGF connective tissue growth factor CTGF, COL1A1, and TGF-B) were confirmed by real-time
D3 inhibitor of DNA binding 3 RT-PCR (Fig. S1, D and E).
FNT fibronectin
MeT-5A and Y-MESO-27 common genes down (<0.67-fold) YAP is critical for TGF-f induction
IL6R interleukin 6 receptor of a small number of target genes
VCAM1 vascular cell adhesion molecule 1 Genetic alteration of the tumor suppressor gene NF2 and
CASP1 caspase 1, apoptosis-related cysteine peptidase downstream components of the Hippo pathway, SAI'1 and
IL12A interleukin 12, alpha LATS2, were observed in 75% of MM tumors (Murakami
IL1A interleukin 1, alpha et al., 2011). This suggests that the disturbance of the Hippo
Iy interleukin 7 pathway is strongly associated with the development of meso-
FAS TNF receptor superfamily, member 6 thelioma. Merlin, a protein encoded by NF2, SAV1, or LATS,
MMP26* matrix metallopeptidase 26 negatively regulates YAP, whose oncogenic property has been
FGF23 fibroblast growth factor 23 recently reported (Wang et al., 2009). Dephosphorylated YAP
CAMK2A calcium/calmodulin-dependent protein kinase Il alpha translocates into the nucleus, where it binds to TEAD and ac-
tivates the transcription of target genes. Merlin inhibits the
482 CTGF promotes malignant mesothelioma cell growth | Fujii et al.
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transcriptional coactivation activity of YAP by inducing
phosphorylation and cytoplasmic retention of YAP (Yokoyama
et al., 2008). Furthermore, genome-wide comprehensive ge-
nomic hybridization analysis of 22 MM specimens from patients
showed that there is high copy amplification of 11q22 regions
containing the YAP oncogene (Taniguchi et al., 2007). Thus,
many genetic alterations in the Hippo pathway that have been
seen in mesothelioma converge to increase YAP activity.

To analyze the possible alteration in TGF- response in
mesothelioma cells caused by defects in the Hippo pathway,
we suppressed endogenous YAP expression using short hair-
pin RNA (shRINA) vectors in NCI-H290 cells, which have a

genetic deletion of NF2. YAP messenger RNA (mRNA) ex-
pression was successfully down-regulated in shY AP-transfected
cells without any alteration after treatment of TGF-8 for
either 2 or 24 h. YAP expression was not affected by TGF-3
treatment in MM cells (Fig. 2 A). Because YAP is a known
transcriptional modulator, we investigated the effect of YAP
down-regulation on mRNA levels of genes regulated by
TGF-B. Interestingly, genes regulated by TGF-B could be
categorized into one of three groups. The expression of fibro-
nectin and COL1A1 did not immediately change; however,
these genes were later activated by TGF-$, suggesting that
they may be the target of a secondary response to TGF-f.
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Figure 2. The CTGF expression level was modulated by the TGF- and Hippo pathways in MM cells. (A) NCI-H290 cells, which show homolo-
gous deletion of NF2 with concomitant YAP translocation to the nucleus, were transfected with plasmids containing shYAP. After 48 h of puromycin se-
lection, TGF-B was added, followed by mRNA extraction after 2 and 24 h to perform real-time RT-PCR to evaluate gene expression. A plasmid with a
nontarget sequence (NT) was used as the control. (B) Lentiviral vectors containing full-length and truncated NF2 that lack the ability to phosphorylate
YAP on Ser 127 were used to infect NCI-H290 cells. Real-time RT-PCR was performed using mRNA extracted 2 h after TGF-B treatment. —, untreated or
uninfected; NF2tr, truncated NF2. (A and B) Results are expressed as mean + SEM and are representative of three independent assays.
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Figure 3. Smad3 interacts with YAP and enhances the transactivation activity of the CTGF promoter. (A) The human CTGF promoter region contains a
Smad-binding site (—227 to —220) and a TEAD-binding site (—219 to —214) adjacent to each other. A luciferase reporter plasmid was linked to the CTGF promoter
with (CAGA, —245 to 16) or without (wjo CAGA, —206 to 16) the Smad/TEAD-binding sites indicated. (B-D) NCI-H290 cells were transfected with CTGFluciferase
reporter plasmids with or without the Smad/TEAD-binding sites, together with the indicated plasmids. After 24 h, either the TGF-B or TBRI inhibitor was added to
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Smad7 and MMP2 were up-regulated by TGF-B within 2 h,
but YAP depletion did not affect this activation. CTGF and
endothelin-1 were activated by TGF-3 within 2 h, and this ac-
tivation was suppressed by knockdown of endogenous YAP.
Surprisingly, the number of functionally known genes identified
by expression microarray, up-regulated in control versus TGF-3
by >1.5-fold and also down-regulated in nontarget sShR NA
with TGF-f3 versus shYAP with TGF-f by <0.67-fold, was
limited to these two genes in NCI-H290 cells (unpublished
data). The aforementioned observations suggest that YAP
does not influence the expression of all TGF-3 target genes
but does affect the transactivation of select genes. To confirm
this result, NCI-H290 cells were infected with lentivirus vec-
tor carrying GFP, full-length NF2, or NF2 with the truncated
FERM (four-point-one/ezrin/radixin/moesin) domain. FERM
truncation resulted in loss in the ability to phosphorylate YAP
on Ser 127 (Yokoyama et al., 2008). Although neither Smad7
up-regulation nor IL-18 down-regulation was affected, irre-
spective of TGF-B treatment, CTGF was greatly suppressed
by NF2 overexpression (Fig. 2 B).

YAP associates with Smad2/3 and synergistically enhances
the transactivation of CTGF

TGF-B is known to posttively regulate CTGF expression
through Smad activation in NIH 3T3 fibroblasts (Holmes
et al., 2001) and induces fibrosis in vivo.YAP binds to TEAD,
and it 1s recruited to the putative TEAD-binding site that re-
sides on the CTGF promoter (Zhao et al., 2008). We found
that the CTGF promoter contains both a TEAD-binding site
and a consensus Smad-binding site adjacent to each other
(Fig. 3 A). Smad3 is a crucial mediator of TGF-3 signaling,
directly activating genes through Smad3/Smad4 DNA-binding
motifs in mouse embryo fibroblasts (Yang et al., 2003; Roberts
et al., 2006). To examine whether the TGF- pathway and
YAP may regulate the transcriptional activity of CTGF,
we generated CTGF promoters containing or lacking this
Smad/TEAD-binding site linked to luciferase. Treatment
with TGF-B as well as overexpression of YAP enhanced the
transcriptional activity of the CTGF promoter with the
Smad-binding site in NCI-H290 cells. Deletion of the Smad/
TEAD-binding site weakened basal promoter activities and
responses to YAP (Fig. 3 B). The slight induction by TGF-3
was possibly through TEAD-binding sites and might be the
effects of the complex formation described in Fig. 4. Merlin,

a protein encoded by NF2, suppresses TGF-B—induced acti-
vation, indicating the involvement of the Hippo signaling
pathway in CTGF promoter activation by TGF-f (Fig. 3 C).
On the contrary, TGF-B type I receptor kinase inhibitor
blocked the transactivation by YAP (Fig. 3 D). Transfection of
vectors carrying Smad2, Smad3, and Smad4 together with
YAP enhanced the transcriptional activity of the CTGF pro-
moter, which was further activated by TGF-f treatment
(Fig. 3 E).The data suggest that Smad3 and YAP can synergize
to up-regulate CTGF expression.

To confirm these results at the protein level, we over-
expressed YAP in MM cells and investigated whether CTGF
protein expression was modulated by the TGF-f8 pathway
and YAP. Depletion of endogenous YAP suppressed CTGF
protein expression in both cell lines, irrespective of TGF-$
treatment (Fig. 3 F). Conversely, TGF-f type I receptor ki-
nase inhibitor suppressed YAP-enhanced CTGF expression
(Fig. 3 G). These results further support the possible involve-
ment of two distinct pathways in CTGF regulation.

Functional and physical associations between Smads and
WW domain—containing proteins such as TAZ and YAP have
been demonstrated, and these associations were implicated in
the transcription of multiple target genes (Varelas et al., 2008,;
Alarcdn et al., 2009). We found that YAP binds to Smad3 but
not to Smad4 (Fig. 3 H). To identify the requisite domain in
the Smad3—YAP interaction, we used YAP deletion constructs,
which lacked either WW or coiled-coil (CC) domains (Fig. 3 I).
Smad3 could be coimmunoprecipitated with YAP-ACC, but
a prominent decrease in binding was observed with YAP-AWW,
suggesting that the WW domain is important for YAP bind-
ing to Smad3 (Fig. 3 ], top). In agreement with this result,
although YAP-ACC could enhance the transcriptional activ-
ity of the CTGF promoter, YAP-AWW failed to augment
this activity (Fig. 3 J, bottom). These data suggest the func-
tional interaction through the YAP-WW domain with Smad3
in regulating CTGF expression.

YAP, Smad3, TEAD, and p300 comprise a common complex

Although the aforementioned results suggest physical binding
and functional interactions between YAP and Smad3, the
affinity of these proteins are not strong compared with the
interaction of YAP with Smad1, as previously shown in
HEK293T cells (Alarcédn et al., 2009).To address this issue, we
assessed the possible involvement of components in complex

the medium and incubated for an additional 24 h. Fold induction of transcriptional response relative to untreated cells is shown. Results are expressed as mean +
SEM and are representative of three independent assays. (E) Effects of TGF-@ treatment on the activation of the CTGF promoter by YAP and Smads in NCI-H290
cells. Fold induction of transcriptional response relative to untreated cells is shown. Results are expressed as mean + SEM and are representative of three indepen-
dent assays. (F) Y-MESO-27 celis were lentivirally infected with either nontarget (NT) or YAP ShRNA (shYAP) vector, followed by treatment with TGF-B type | receptor
kinase inhibitor. Protein levels were determined by Western blotting. (G) Y-MESO-27 cells were lentivirally infected to express YAP protein and were treated with
TGF-B. A lentivirus vector containing HA-luciferase was used as a control. Protein levels were determined by Western blotting. (H) HEK293 cells were transiently
transfected with flag-tagged Smad vectors, and lysates were subjected to immunoprecipitation (IP), followed by Western blotting (WB) with anti-YAP antibody.
Expression levels of exogenous Smads were confirmed in the bottom panel. (I} Schematic representation of the deletion constructs of YAP. CC, CC domains; FL, full
length; TB, TEAD-binding domain; WW, WW domains. {J) HEK293 cells were transiently transfected with the indicated plasmids and subjected to immunoprecipita-
tion. Western blotting was performed to confirm the expression level of YAP and Smad3 {top). NCI-H290 cells were transfected with the CTGF-luciferase reporter
plasmid and combinations of Smad3 and YAP deletion constructs (bottom). Results are mean + SEM and are representative of three independent assays.
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Figure 4. Smad3, YAP, TEAD, and p300 are components of a functional complex on the CTGF promoter. (A and B) HEK293 cells were transiently co-
transfected with indicated plasmids, and lysates were subjected to immunoprecipitation (IP) followed by Western blotting (WB). (C) HEK293 cells were transfected
with expression vectors as indicated. Cell lysates were divided and subjected to immunoprecipitation using p300, YAP, and TEAD4 antibodies. Samples subjected to
Western blot are shown in the lowest panels. (D) Interaction between endogenous TEAD4 and p-Smad3 was examined using TGF-B~treated Y-MESO-27 cells.

(E) Y-MES0-27 cells were infected with a TEAD4 lentiviral vector. After 4 d, the cells were treated with TGF-B, and lysates were immunoprecipitated with Smad2/3
antibodies and detected by YAP antibodies. (F) NCI-H290 cells were transfected with the CTGF-luciferase reporter plasmid and combinations of TGF-@, YAP, and
p300. Results are expressed as mean + SEM and are representative of three independent assays. (G) NCI-H290 cells were transfected with the CTGFluciferase
reporter together with the indicated plasmids. Luciferase activity (top) and protein levels (bottom) are shown. Results are expressed as mean + SEM and are repre-
sentative of three independent assays. (H) ChIP analysis was performed using MST0-211H cells by pulling down endogenous Smad2/3, p300, YAP, and TEAD4.
CTGF promoter with Smad- and TEAD-binding adjacent regions was amplified by PCR. The value was normalized by input. The results shown are representative of
three independent assays. () ChiP-reChiP assay was performed using TGF-B-treated MSTO-211H cell lysates, followed by quantitative PCR (qPCR). The first and second
primary antibodies used for immunoprecipitation are indicated. (H and 1) Results are expressed as mean + SEM and are representative of three independent assays.
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formation to further demonstrate both binding and func-
tional activity.

Transient transfection experiments with HEK293 cells
revealed that Smad3, p300, and YAP coprecipitate with both
TEAD3 and TEADA4, although binding affinity was much
stronger for TEAD4, compared with TEAD3 (Fig. 4,A and B).
An immunoprecipitation assay using HEK293T cells with ec-
topic expression of Smad3 and p300 showed that the binding
between ectopic p300 and endogenous YAP was enhanced in
the presence of ectopic Smad3 (Fig. 4 C, second panel). The
interaction of endogenous YAP with ectopic Smad3 was en-
hanced in the presence of ectopic p300 (Fig. 4 C, third panel),
and on the contrary, the binding of ectopic p300 to endoge-
nous YAP was much stronger in the presence of Smad3 (Fig.4 C,
fourth panel). Furthermore, endogenous TEAD4 bound to ec-
topic p300 in the presence of ectopic Smad3 and with ectopic
Smad3 in the presence of ectopic p300 (Fig. 4 C, fifth and sixth
panels). Using Y-MESO-27 cells, an MM cell line in which
LATS2 has been deleted (Murakami et al., 2011), we con-
firmed the endogenous interactions between TEAD4 and
phosphorylated Smad3. TGF-f treatment further increased the
amount of p-Smad3 that was immunoprecipitated with TEAD4
(Fig. 4 D). Consistent with the aforementioned results, interac-
tion between endogenous Smad2/3 and YAP was observed
under the existence of TEAD4 protein in Y-MESO-27 cells
(Fig. 4 E). We also examined whether Smad3 and p300
augment YAP-TEAD4 complex formation and found that
neither Smad3 nor p300 affects the interaction between YAP
and TEAD4 (unpublished data). These data suggest that YAP,
Smad3, p300,and TEAD4 mutually assist each other to strengthen
the formation of a complex based on the stable binding between
YAP and TEAD4 on the CTGF promoter.

Maximum transcriptional activation of CTGF promoter
was observed when two proteins were overexpressed under
TGF-P treatment (Fig. 4 F). Transfection of TEAD4 instead
of YAP did not enhance the transactivation (unpublished
data), suggesting that YAP is a prerequisite for YAP-TEAD4-
Smad3-p300 complex formation and CTGF activation. We
then assessed the significance of the YAP—-Smad3 association
in this complex. YAP-ACC enhanced the transactivation of
the CTGF promoter to the same extent of full-length YAP,
whereas YAP-AWW substantially reduced this activity, indi-
cating that YAP—Smad3 binding plays a functionally impor-
tant role in this complex (Fig. 4 G). Consistent with the
presented results, the chromatin immunoprecipitation (ChIP)
assay of CTGF promoter demonstrates that TGF-f stimulates
the binding of endogenous Smad2/3 and p300 to the CTGF
promoter but not the binding of YAP and TEAD4, which
perhaps constitutively reside on the promoter region in
MSTO-211H cells (Fig. 4 H). Furthermore, ChIP-reChIP
assay using TGF-B—treated MSTO-211H cells showed that
YAP, Smad2/3, and TEAD4 reside on the same CTGF pro-
moter site (Fig. 4 I). Collectively, these data demonstrate
that YAP-TEAD4-Smad3-p300 complex formation on the
CTGF promoter is crucial for CTGF gene expression in
MM cells.

JEM

CTGF regulates proliferation and ECM production

in MM cells in vitro

Given the synergistic activation of the CTGF gene by both
the Hippo pathway and TGF-B signaling in MM cells, we
investigated whether CTGF 1is essential for the oncogenic
properties of these cells. Using an shRNA lentiviral vector
system, we examined whether CTGF i1s required for cell
growth in NCI-H290 cells. Knockdown of CTGF suppressed
NCI-H290 cell growth to a mean of 77.2% (ShCTGF#1) and
84% (ShCTGF#2), respectively, compared with the growth of
the nontarget control (Fig. 5 A). We examined whether the ex-
pression of CTGF could modulate foci formation in NCI-
H290 cells. Interestingly, CTGF expression showed the
same response as the constitutive activation of the TGF-3
type I receptor, which showed aggressive formation of foci,
whereas the knockdown of CTGF reduced the number of foci
(Fig. 5 B). Furthermore, the soft agar colony formation assay
showed a reduction in size (Fig. 5 C, left) and the number of
colonies in CTGF—%knocked down NCI-H290 cells (Fig.5 C,
right). We then assessed whether CTGF expression affects the
level of ECM proteins.

There is a study that shows the CTGF protein involve-
ment in attenuation of fibronectin and Collagen 1 production
induced by TGF-f in cultured human peritoneal meso-
thelial cells (Xiao et al., 2010). To confirm whether this
CTGF function was also observed in MM cells, we used
NCI-H290 cells and found that the CTGF expression af-
fected the mRNA level of fibronectin and COL1A1 in 24 h.
As shown in Fig. 2, these two genes were late response genes
to TGF-B, showing that CTGF modulates the expression
level of ECM proteins as a consequence of a series of signal-
ing (Fig. 5 D). The knockdown of CTGF expression abol-
ished the aggressive formation of foci induced by the
constitutively activated TGF-B type I receptor (Fig. 5 E).

CTGF is an important modulator of MM cell growth
and deposition of ECM
Immunohistochemical analysis using nine human MM cells
implanted into the thoracic cavity of nude mice again showed
clear nuclear staining of p-Smad2, with little staining in stro-
mal or normal tissues (Fig. 6 A, left). Nuclear staining of YAP
was also observed in most tissues, although staining varied
widely from weak to strong and showed a moderate correla-
tion with the cytoplasmic staining of CTGF in MM cells
(Fig. 6 A, right). Of note, the amount of stroma, which plays
an important role in the cancer microenvironment, also ap-
peared to strongly correlate with CTGF expression in MMs,
suggesting that CTGF regulates the growth of MMs and also
leads to a tumor environment suitable for their growth.
Based on the aforementioned findings implicating TGF-
signaling and CTGF in MM cell and tumor growth, we
determined whether inhibition of TGF-B type I receptor
signaling and CTGF expression induces growth suppression
of MM tumors in a mouse model. SD-208 is an orally bioac-
tive TGF-P type I receptor kinase inhibitor previously shown
to significantly reduce osteolytic lesions in breast cancer bone
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Figure 5. CTGF expression affects the growth and malignancy of MM cells. (A) NCI-H290 cells were lentivirally infected with shRNA against CTGF
(shCTGF). Cell proliferation analysis was performed 4 d after lentiviral shRNA transduction. The endogenous protein level of CTGF was confirmed by West-
ern blotting (left). Cell number was counted and normalized to the nontarget (NT) control (right). (B) NCI-H290 celis were infected with the indicated
lentivirus expression vectors and stained with Giemsa after 14 d. HA-tagged luciferase (luc) was used as a control for CTGF and nontarget control for
shCTGF. The results shown are representative of three independent assays. (C) Soft agar colony formation assay was performed using shRNA lentivirus-
transduced NCI-H290 cells and stained with 0.5 mg/ml p-iodonitrotetrazolium after 10 d. The lower panel shows the mean size of colonies in each well.
Colony number was counted in a range with a >100-um diameter. (D) Real-time RT-PCR was performed using NCI-H290 cells infected by shRNA lenti-
virus 24 h after the treatment of TGF-B. (A, C, and D) Results are expressed as mean + SEM and are representative of three independent assays. (E) NCI-
H290 cells infected with the shCTGF lentivirus were kept under puromycin selection. Cells were then infected 