Chapter 5
Regulation of YAP and TAZ Transcription
Co-activators
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Abstract The Yes-associated protein (YAP) and WW domain-containing transcription
regulator 1 (WWTRI, also known as TAZ) are two transcription co-activators
that act downstream of the Hippo tumor suppressor pathway. YAP/TAZ regulate
expression of a large number of genes that are important in controlling organ
size, tumorigenesis, and stem cell functions. The activity of YAP/TAZ is mainly
inhibited by Lats kinases of the Hippo pathway. Upon phosphorylation by Lats
kinases, YAP/TAZ are sequestered in the cytoplasm and undergo ubiquitination-
mediated degradation. YAP/TAZ are also inhibited by interaction with cell junc-
tion proteins including angiomotin and a-catenin. Moreover, as transcription
co-activators, YAP/TAZ need to associate with DNA-binding proteins such as
TEAD family transcription factors to induce gene expression. Hence, the activ-
ity and specificity of YAP/TAZ in gene expression is also dependent on their
nuclear partners.
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Organ size regulation is fundamental in biology and is critical not only during devel-
opment but also in adulthood. A key determinant of organ size is the number of
cells. Thus, organ size control is largely dependent on modulation of cell numbers.
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The Hippo signaling pathway, initially identified in Drosophila, has important roles
in regulating cell proliferation and cell death, which consequently determines cell
numbers, tissue growth, and organ size.

Hippo (Hpo), a Drosophila serine/threonine kinase, has been named after a
massive overgrowth phenotype resulting from its genetic inactivation (Harvey et al.
2003; Jia et al. 2003; Pantalacci et al. 2003; Wu et al. 2003). Additional core com-
ponents of the Hippo pathway, such as Sav, Wts, and Mats, were defined similarly
by genetic screens in Drosophila (Justice et al. 1995; Kango-Singh et al. 2002; Lai
et al. 2005; Tapon et al. 2002; Xu et al. 1995). The transcription co-activator Yki
mediates the biological functions of the Hippo pathway by regulating a broad tran-
scription program (Goulev et al. 2008; Huang et al. 2005; Zhang et al. 2008; Zhao
et al. 2008).

Organ size regulation by the Hippo pathway is evolutionarily conserved in mam-
mals. Furthermore, dysregulation of this pathway leads to hyperplasia and tumori-
genesis (reviewed by Zhao et al. (2010a)). The mammalian Hippo pathway is
composed of a kinase cascade consisting of mammalian STE20-like protein kinase
172 (MST1/2, Hpo ortholog) and large tumor suppressor homolog 1/2 (Lats1/2).
MST1/2, in complex with its regulatory protein Salvador (Sav), phosphorylates and
activates Lats1/2 kinases (Callus et al. 2006; Chan et al. 2005). Lats1/2 also forms
a complex with regulatory protein Mobkl1 A/Mobkl1B (Mats ortholog, collectively
referred to as Mob1 below) and phosphorylates the transcription co-activators Yes-
associated protein (YAP, Yki ortholog) and WW domain containing transcription
regulator 1 (WWTRI1, also known as TAZ, a YAP paralog) (Chow et al. 2010; Hao
et al. 2008; Lei et al. 2008; Zhao et al. 2007). YAP/TAZ are two major downstream
effectors mediating functions of the mammalian Hippo pathway in development,
organ size control, and tumorigenesis.

5.1 Biological Functions of YAP/TAZ

Functions of YAP and TAZ overlap but are not completely redundant, as revealed
by the different phenotypes in YAP or TAZ knockout mice. YAP-null mice die at
embryonic day 8.5 (E8.5), with defects in yolk sac vasculogenesis, chorioallan-
toic fusion, and body axis elongation (Morin-Kensicki et al. 2006), suggesting
that YAP plays an important function in development. In contrast, TAZ knockout
mice are viable but predisposed to renal and pulmonary diseases (Hossain et al.
2007; Makita et al. 2008; Tian et al. 2007). Furthermore, YAP/TAZ double
knockout mice die before the morula stage (16-32 cells), prior to embryo implan-
tation, indicating essential roles of YAP/TAZ in early embryonic development
(Nishioka et al. 2009).

YAP/TAZ also play important roles in stem cell self-renewal and differentiation
(Liu et al. 2012a). YAP activity declines when stem cells undergo differentiation
(Lian et al. 2010; Tamm et al. 2011), and YAP and TAZ are required for maintaining
the pluripotency of mouse and human stem cells, respectively (Alarcon et al. 2009;
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Lian et al. 2010; Varelas et al. 2010b). In addition, overexpression of YAP or
knockdown of Lats2 increases the induction efficiency of induced pluripotent stem
(iPS) cells (Lian et al. 2010; Qin et al. 2012). In transgenic animals, enhanced YAP
activity expands tissue-specific stem cells in liver, intestine, skin, and neural tube
(Benhamouche et al. 2010; Camargo et al. 2007; Cao et al. 2008; Lee et al. 2010; Lu
et al. 2010; Schlegelmilch et al. 2011; Song et al. 2010; Zhang et al. 2011; Zhou
et al. 2011). These observations collectively demonstrate an important function of
YAP/TAZ in both embryonic and tissue-specific stem cells.

Given the importance of the Hippo pathway in cell number control, it is no
surprise that alteration of this pathway contributes to tumor development. Indeed,
the YAP gene locus is amplified in hepatocellular carcinoma and mammary tumors
(Overholtzer et al. 2006; Zender et al. 2006), and elevated YAP or TAZ expression
and nuclear localization have been frequently observed in human cancers (Chan
et al. 2008; Dong et al. 2007; Steinhardt et al. 2008; Zender et al. 2006; Zhao et al.
2007). On the other hand, MST1/2 and Lats1/2 are downregulated in different type
of cancers (reviewed by Zhao et al. (2010a)). In YAP transgenic mice, hyperplasia
and tumors are frequently observed (Camargo et al. 2007; Dong et al. 2007).
Similarly, inactivation of Hippo pathway components leads to tumor development
(Lee et al. 2008, 2010; Lu et al. 2010; Song et al. 2010; Zhou et al. 2009). Moreover,
neurofibromin 2 (NF2), which acts upstream of MST1/2, is a well-known human
tumor suppressor (Rouleau et al. 1993; Ruttledge et al. 1994). These observations
suggest that YAP/TAZ and the Hippo pathway play critical roles in cancer
development.

YAP contains multiple domains, such as a proline-rich domain, TEAD-binding
domain, two WW domains (or one in a shorter splicing variant), an SH3-binding motif,
a transcription activation domain, a coiled-coil domain, and a PDZ-binding motif. TAZ
comprises similar domains, although it lacks the proline-rich domain, the second WW
domain, and the SH3-binding motif. The Drosophila Yki is more divergent as it lacks
the proline-rich domain, SH3-binding motif, coiled-coil domain, and PDZ-binding
motif (Fig. 5.1). These domains set up a platform for YAP/TAZ to form an extensive
interactions with their upstream regulators and downstream effectors (reviewed by
Mauviel et al. (2012)).

The activity of YAP/TAZ is tightly controlled to maintain tissue homeostasis and
to prevent tumorigenesis as well as other diseases. In this chapter, we will review
molecular mechanisms that regulate YAP and TAZ functions.

5.2 Regulation by Phosphorylation

Phosphorylation is the most important mechanism known to regulate YAP and TAZ
activity. YAP/TAZ are phosphorylated at multiple sites, as indicated by mass spec-
trometry and mutagenesis analysis, and YAP/TAZ phosphorylation is subjected to
dynamic regulation mainly by the Hippo pathway (Zhao et al. 2010b).
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Fig. 5.1 Domain organization and Lats targeting sites on YAP/TAZ/Yki. Protein domains are
illustrated using gray boxes. Lats1/2 phosphorylation sites (HXRXXS) on YAP, TAZ, and Yki are
depicted by blue circles with a “P” label, and the numbers below them represent their exact posi-
tions. TEAD- or Sd-binding domains, transactivation domains, SH3-binding motif, and PDZ-
binding motif are also indicated. Pro proline-rich domain; WW WW domain; CC coiled-coil
domain

Lats1/2 have been shown to directly phosphorylate YAP at Serine 127 (S127)
and TAZ at Serine 89 (S89) (Hao et al. 2008; Lei et al. 2008; Zhao et al. 2010b,
2007). Phosphorylation of YAP S127 or TAZ S89 creates a binding site for 14-3-3
(Kanai et al. 2000; Lei et al. 2008; Zhao et al. 2007). The interaction of 14-3-3 with
YAP/TAZ sequesters YAP/TAZ in the cytoplasm, which results in the inactivation
of YAP/TAZ transcription co-activators (Kanai et al. 2000; Lei et al. 2008; Zhao
et al. 2007). In Drosophila, Yki is similarly repressed by wts (lats kinase ortholog)
through phosphorylation and 14-3-3 binding (Oh and Irvine 2008; Ren et al. 2010).
Consistently, mutation of S127 in YAP or the corresponding serine in TAZ or Yki
to alanine increased YAP/TAZ/Yki nuclear localization and activity (Camargo et al.
2007; Lei et al. 2008; Oh and Irvine 2008; Zhao et al. 2007). In search of Drosophila
mutants resistant to hpo overexpression, which reduces organ size, Yki mutations
were isolated. Interestingly, these gain-of-function Yki mutations were due to the
abolishment of either the wts phosphorylation motif or the 14-3-3 binding motif in
Yki (Zhao et al. 2007), thus providing convincing genetic evidence for the mecha-
nism of Yki inhibition by wts-dependent phosphorylation.

The substrate specificity of the Lats kinases is defined as an HXRXXS consensus
motif (Zhao et al. 2010b). In addition to S127, YAP has four additional HXRXXS
sites being phosphorylated by Lats kinases (Fig. 5.1) (Zhao et al. 2010b).
Phosphorylation of the other four sites may further inactivate YAP, because a YAP
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mutant with all five Lats targeting sites mutated (YAP-5SA) is more active in
inducing gene expression and promoting cell growth than the S127A single mutant.
The 5SA mutant is able to potently transform NIH-3T3 cells when overexpressed
(Zhao et al. 2010b). Among the five Lats target sites in YAP, S127 and S381 are
most critical, and a YAP with S127A and S381A double mutations is sufficient to
transform NIH3T3 cells (Zhao et al. 2010b). There are additional Lats phosphoryla-
tion sites on TAZ and Yki as well (Fig. 5.1), and these sites are also important in
regulating the activities of TAZ and Yki, respectively (Lei et al. 2008; Ren et al.
2010). Unlike S127 phosphorylation, which mainly exerts its inhibitory effect
through 14-3-3 binding, the functions of phosphorylation at additional Lats target
sites are less clear (also see below).

Inactivation of YAP or TAZ can be achieved by upregulating the activity of Lats
kinases (reviewed by Zhao et al. (2010a)). In addition, phosphatases may antago-
nize the function of Lats kinases on YAP/TAZ by dephosphorylation. It has been
shown that protein phosphatase 1 (PP1) physically interacts with TAZ (Liu et al.
2011). PP1 can promote dephosphorylation of TAZ at S89 and S311, stabilize TAZ,
and induce TAZ nuclear localization, which in turn induces transcriptional activity
(Liu et al. 2011). The interaction between PP1 and TAZ is strengthened by ASPP2,
a known phosphatase regulatory subunit (Liu et al. 2011). Recently, another study
has demonstrated a similar role of PP1 in YAP dephosphorylation (Wang et al.
2011a). In addition to PP1, PP2A has also been shown to dephosphorylate YAP
in vitro (Schlegelmilch et al. 2011). Although phosphatases have been implicated in
YAP/TAZ regulation, it is generally unknown how YAP/TAZ dephosphorylation is
regulated and how the action of phosphatases coordinates with Lats kinases.

5.3 Regulation by Protein Stability

The protein turnover of YAP/TAZ in cells is dependent on both protein synthesis
and degradation. The half-life of TAZ is about 1-2 h, while YAP is significantly
more stable (Liu et al. 2010; Vigneron et al. 2010). YAP is more stable in low den-
sity cells than in high density cultures. When cells are cultured at low density, YAP/
TAZ are hypophosphorylated, more stable, and tend to accumulate (Liu et al. 2010;
Zhao et al. 2010b), indicating that phosphorylation may play a role in regulating the
protein stability of YAP/TAZ.

Phosphorylation on YAP S381 is one of the key phosphorylation events neces-
sary for triggering YAP degradation (Zhao et al. 2010b). Phosphorylation on S381
primes a subsequent phosphorylation on S384 and possibly S387 by another kinase,
likely casein kinases 1 (CK1d/e, Fig. 5.2) (Zhao et al. 2010b). The amino acid
sequence around S384 (DSGLS) is similar to the canonical phosphodegron
DpSGXXpS recognized by B-transducin repeat-containing proteins (3-TRCP), a
F-box protein which determines selectivity of SCF E3 ubiquitin ligase (Fuchs et al.
2004). Indeed, SCF*™R physically interacts with YAP, and the interaction is
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Fig. 5.2 Sequencing phosphorylation on YAP/TAZ and B-catenin. The amino acid sequences near
phosphodegrons on YAP, TAZ, and B-catenin are aligned. Amino acids representing phosphoryla-
tion sites are given in bold face, with exact positions indicated by numbers above or below. Lats1/2,
CK, and GSK-3 target sites are highlighted in green, blue, and red, respectively. CK1o phospho-
rylates S45 of B-catenin, and this phosphorylation will prime a subsequent phosphorylation on
S33, S37, and T41 by GSK-3. Similarly, phosphorylation on S381 of YAP by Lats1/2 will prime
phosphorylation on S384 and S387 by CK18/e, and phosphorylation on S311 of TAZ by Lats1/2
will prime phosphorylation on S314 by CK18/e. The priming relationships are depicted by dished
blue arrows

facilitated by phosphorylation on YAP S381, S384, and S387 (Zhao et al. 2010b).
The interaction between SCFFTRF and YAP induces YAP ubiquitination and even-
tually degradation (Zhao et al. 2010b). The phosphorylation of phosphodegron, the
interaction between YAP and SCF*™RF and YAP degradation are all dependent on
phosphorylation on S381, suggesting that the sequential posttranslational
modifications on YAP are physiologically regulated by the Hippo pathway (Fig. 5.2).
In addition, similar to S127A/S381A YAP double mutants, S127A/S384A and
S127A/D383A double mutants can also transform NIH-3T3 cells (Zhao et al.
2010b), indicating that the phosphodegron is critical to the oncogenic activity of
YAP, probably by regulating YAP protein stability.

The protein stability of TAZ is regulated in a manner similar to the regulation of
YAP by Lats kinases, CK1, and SCFF™XC? (Liu et al. 2010). Phosphorylation of TAZ
S311 by Lats kinases primes subsequent phosphorylation on S314 in the phospho-
degron by CK ¢ and recruitment of the SCF*TF E3 ubiquitin ligase, thus leading to
TAZ ubiquitylation and degradation (Liu et al. 2010). TAZ has an additional
phosphodegron at the N-terminal targeted by SCF*T* E3 ubiquitin ligase, which
may contribute to the lower protein stability of TAZ compared to YAP (Huang et al.
2012b; Liu et al. 2010; Tian et al. 2007). Phosphorylation of the C-terminal
phosphodegron in TAZ is regulated by Lats, supporting TAZ stability control by the
Hippo pathway. However, the N-terminal phosphodegron in TAZ is primarily con-
trolled by GSK-3, and the latter is inhibited by PI3K and AKT pathway (Huang et al.
2012b). Activation of PI3K or PTEN mutation frequently occurs in human cancers,
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which may lead to AKT activation, GSK-3 inhibition, and TAZ accumulation;
upregulation of TAZ protein level may stimulate cell proliferation and contributes
to cancer driven by PI3K and PTEN mutations.

The phosphodegron sequence around S381 of YAP is not conserved in Drosophila
Yki, indicating a divergence between mammals and Drosophila.

5.4 Regulation by Subcellular Localization via
Protein—Protein Interaction

YAP and TAZ are transcription co-activators and are required to enter the nucleus
and access target transcription factors and gene promoters to exert their role in gene
expression. Due to their oncogenic potential, the nuclear localization of YAP and
TAZ is restricted in vivo by multiple mechanisms. As mentioned above, the phos-
phorylation of S127 on YAP or S89 on TAZ creates a binding site for 14-3-3.
Binding with 14-3-3 leads to cytoplasmic retention of YAP/TAZ and prevents their
nuclear entry (Kanai et al. 2000; Lei et al. 2008; Zhao et al. 2007). Other than 14-3-
3, additional binding partners of YAP/TAZ have been recently identified, and these
YAP/TAZ interacting proteins can also modulate YAP/TAZ cellular localizations.

Angiomotin (AMOT) family proteins have recently been identified as a YAP/
TAZ interacting protein (Chan et al. 2011; Wang et al. 2011b; Zhao et al. 2011).
The interaction is mediated by PPxY motifs of AMOT and WW domain(s) of YAP/
TAZ, and is not directly dependent on YAP/TAZ phosphorylation by Lats kinases
(Zhao et al. 2011). AMOT can recruit YAP to different subcellular compartments,
such as tight junctions and/or the actin cytoskeleton through physical interaction,
thus reducing the translocation of YAP into the nucleus and resulting in decreased
YAP activity (Chan et al. 2011; Wang et al. 2011b; Zhao et al. 2011). In addition,
AMOT also potentiates YAP/TAZ phosphorylation at Lats target sites (Zhao et al.
2011). Therefore, AMOT may inhibit YAP/TAZ function through a direct binding
and an indirect increase of YAP phosphorylation. A recent report shows that AMOT
can bind to MST2, Lats2, and YAP, function as a scaffold protein for the core com-
ponents of the Hippo pathway, and result in increased Lats2 kinase activity thus
YAP phosphorylation (Paramasivam et al. 2011). Hippo pathway kinases MST1/2
and Lats1/2 and regulatory protein mob have been shown to be activated at the cell
membrane (Hergovich et al. 2006; Ho et al. 2010), and AMOT family proteins may
induce the clustering of YAP/TAZ and Hippo pathway kinases at tight junctions in
response to cell density to regulate YAP/TAZ phosphorylation and activity
(Paramasivam et al. 2011; Zhao et al. 2011).

A role for a-catenin in YAP localization has been recently suggested
(Schlegelmilch et al. 2011; Silvis et al. 2011). In keratinocytes, o-catenin strongly
co-immunoprecipitates with YAP (Schlegelmilch et al. 2011). However, the interac-
tion between a-catenin and YAP is not direct, and 14-3-3 functions as a mediator
for this interaction (Schlegelmilch et al. 2011). Furthermore, only phosphorylated
(S127) YAP can form a complex with a-catenin because 14-3-3 recognizes



78 F-X. Yuetal.

phosphorylated YAP (Schlegelmilch et al. 2011). It is known that a-catenin is a
component of adherent junctions; therefore, a tripartite complex of a-catenin, 14-3-
3, and YAP may sequester YAP at cell adherent junctions and prevent YAP dephos-
phorylation, nuclear translocation, and target gene expression. The inhibition of
YAP by a-catenin may contribute to the tumor suppressor function of o-catenin
(Schlegelmilch et al. 2011; Silvis et al. 2011). Phosphorylated TAZ also interacts
with 14-3-3 (Kanai et al. 2000; Lei et al. 2008), but it is unclear if TAZ localization
is also regulated by a-catenin. Moreover, whether the inhibitory role of a-catenin
on YAP is conserved in tissues other than skin remains unknown.

Other components or regulators of cell junctions such as ZO-1, ZO-2, and
PTPN14 have also been suggested as regulators of YAP/TAZ localization and activ-
ity (Huang et al. 2012a; Liu et al. 2012b; Oka et al. 2010, 2012), suggesting that
sequestration of YAP/TAZ at cell junctions is a common mechanism to restrict the
growth-promoting activity of YAP/TAZ.

Yki also physically interacts with upstream components of the Hippo pathway,
such as Expanded, Wts, and Hpo; these interactions will restrict Yki activity by
restraining Yki in the cytoplasm (Badouel et al. 2009; Oh et al. 2009). However, an
ortholog of AMOT is not present in Drosophila and thus AMOT-dependent regula-
tion of YAP/TAZ localization is not evolutionary conserved.

5.5 Regulation by Transcription Factor Target Selection

YAP/TAZ are both transcription co-activators without DNA-binding ability. In
order to induce gene transcription, they must interact with specific transcription fac-
tors that bind to promoters of target genes. Target transcription factors selection
therefore provides an additional layer of complexity to YAP/TAZ regulation.

TEAD family transcription factors (TEAD1-4) have been shown to serve as the
major target transcription factors mediating the biological functions of YAP/TAZ
(Vassilev et al. 2001; Zhao et al. 2008). In a functional screen of a human transcrip-
tion factor library, TEADs were identified as transcriptional factors most potently
activated by YAP (Zhao et al. 2008). Indeed, TEAD1/2 and YAP share a largely
overlapping set of target genes (Ota and Sasaki 2008; Zhao et al. 2008).
Downregulation of TEADs or disruption of the YAP-TEAD interaction blunts the
expression of most YAP targeting genes and largely diminishes the ability of YAP
to promote cell proliferation, cell transformation, EMT, cell contact inhibition, and
maintenance of stem cell pluripotency (Lian et al. 2010; Ota and Sasaki 2008;
Schlegelmilch et al. 2011; Zhao et al. 2008). In addition, TEAD1/2 double knockout
mice exhibit reduced cell proliferation and enhanced apoptosis (Sawada et al. 2008),
and these phenotypes are similar to those of YAP knockout mice (Zhang et al. 2010).
Similarly, TEADs also interact with TAZ and mediate the function of TAZ on cell
growth and EMT (Chan et al. 2009; Mahoney et al. 2005; Zhang et al. 2009). These
findings indicate that TEADs serve as the major transcription factors mediating the
function of YAP/TAZ in gene expression and organ size control.
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YAP and TEAD form a strong physical interaction, and the detailed molecular
mechanism of YAP-TEAD interaction is revealed by structural studies. Three-
dimensional structures of a human YAP and TEAD1 complex (Li et al. 2010) and a
mouse YAP and TEAD4 complex (Chen et al. 2010) have been resolved, although
both studies used the YAP-binding domain of TEAD and the TEAD-binding domain
of YAP rather than full length proteins. The complex structures indicate that the
C-terminal domain of TEAD forms a globular structure with a -sandwich fold sur-
rounded by four a-helices on one side, with the N-terminal domain of YAP wrap-
ping around the TEAD to form extensive interactions (Chen et al. 2010; Li et al.
2010). The crystal structure of the YAP-binding domain of human TEAD? has also
been resolved, and it adopts an immunoglobulin-like B-sandwich fold with two
extra helix-turn-helix inserts (Tian et al. 2010).

The YAP-TEAD complex structures clearly show that YAP S94 directly forms a
hydrogen bond with TEAD1 Y406 (Chen et al. 2010; Li et al. 2010). This provides a
beautiful molecular explanation of the disrupted interaction between YAP and TEAD1
by either YAP S94 or TEAD1 Y406 mutations (Zhao et al. 2008). The TEAD1 Y406H
mutation is causal to Sveinsson’s chorioretinal atrophy, also referred to as helicoid
peripapillary chorioretinal degeneration (Fossdal et al. 2004). Therefore, the structural
and biochemical studies revealed that a disruption of YAP-TEADI interaction due to
mutations in TEAD1 might be the underlying molecular basis for this human genetic
disorder. The YAP-TEAD interaction requires only a small region of YAP; short pep-
tides and small molecules have been shown to disrupt the interaction and reduce YAP
activity in vivo (Liu-Chittenden et al. 2012; von Gise et al. 2012), and inhibitors tar-
geting YAP/TAZ-TEAD interactions provide new therapeutic strategies to fight dis-
eases caused by dysregulated YAP/TAZ activity, such as cancers.

Smadl, a transcription factor in the BMP signaling pathway, has been reported
as YAP-interacting protein (Alarcon et al. 2009). The interaction between Smadl
and YAP is dependent on BMP signaling; following BMP stimulation, the linker
region of Smad1 undergoes phosphorylation, and phosphorylated Smad1 then inter-
acts with YAP via WW domains (Alarcon et al. 2009). The phosphorylation at the
linker region of Smadl is required for Smad1-YAP interaction, as the interaction is
decreased when the phosphorylation sites are mutated (Alarcon et al. 2009). YAP
has also been shown to mediate BMP target gene expression in mouse embryonic
stem cells, which rely on BMP signaling for maintenance of pluripotency (Alarcon
et al. 2009). In consistence, a critical role of YAP in maintaining pluripotency of
mouse embryonic stem cells has been reported (Lian et al. 2010).

Smad2 and Smad3, two transcription factors in the TGFp signaling pathway, can
bind to the coiled-coil domain of TAZ (Varelas et al. 2008). TAZ also interacts with
MED15, a component of the mediator complex important for gene transcription
(Varelas et al. 2008). In a TGFp signaling sensitive manner, TAZ recruits both the
Smad?2/3/4 complex and mediator complex to promoters of TGFf target genes to
induce transcription (Varelas et al. 2008). Knockdown of TAZ not only impairs
TGFp-induced gene expression but also promotes human stem cell differentiation
(Varelas et al. 2008), suggesting that TAZ is required for the TGFp signaling to
maintain stem cell pluripotency.
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YAP can also interact with Smad7, a Smad protein that inhibits both TGFf and
BMP signaling, and the interaction is mediated by the PPxY motif on Smad7 and
WW domain on YAP (Ferrigno et al. 2002). Though both WW and coiled-coil
domains are largely conserved in YAP and TAZ, it would be interesting to know
how YAP and TAZ can interact with different Smad proteins regulated by BMP or
TGFp. A more detailed study on the relationship among YAP, TAZ, and different
Smad proteins is required to address this issue. Nevertheless, these studies suggest
YAP and TAZ may function in a distinct manner in human and mouse stem cells.

Besides TEADs and Smad proteins, RUNX1/2 has also been shown to interact
with YAP/TAZ (Yagi et al. 1999). In addition, YAP has been shown to interact with
p63, p73, and ErbB4 (Komuro et al. 2003; Omerovic et al. 2004; Strano et al. 2001).
These interactions may regulate transcription of diverse genes related to cell prolif-
eration and development.

In Drosophila, Sd (TEAD ortholog) genetically and physically interacts with
Yki and is required for Yki-induced gene expression and tissue overgrowth (Goulev
et al. 2008; Wu et al. 2008; Zhang et al. 2008; Zhao et al. 2008). Although Sd is a
major transcription factor mediating Yki function, the Yki mutant has a more dra-
matic growth defect than the Sd mutant and regulates expression of a broader range
of genes than Sd (Huang et al. 2005; Wu et al. 2008), suggesting additional tran-
scription factors acting downstream of Yki. Indeed, other transcription factors such
as Mad or a complex of homothrorax (Hth) and Teashirt (Tsh) have been shown to
mediate part of Yki activity in inducing microRNA bantam (Nolo et al. 2006; Oh
and Irvine 2011; Peng et al. 2009; Thompson and Cohen 2006). It is clear that
TEAD/Sd are key downstream transcription factors of YAP/TAZ and Yki. However,
whether other transcription factors, such as Smad and p63, truly mediate the bio-
logical functions of YAP/TAZ requires further investigation. In addition, whether
mammalian homologs of Hth and Tsh are involved in YAP/TAZ biology also waits
to be tested.

5.6 Similarities Between YAP and B-Catenin Regulation

Representing the primary downstream effector of the Wnt signaling pathway,
B-catenin also functions as a transcription co-activator and plays key roles in normal
development and malignant transformation, and its activity is regulated at multiple
layers similar to those in YAP/TAZ regulations.

Similar to YAP/TAZ, B-catenin is mainly regulated by protein phosphorylation,
stability, and localization (MacDonald et al. 2009). In the absence of upstream Wnt
signals, B-catenin is phosphorylated by a protein complex containing GSK-3, axin,
and adenomatous polyposis coli (APC), and this phosphorylation promotes prote-
olytic degradation of B-catenin (MacDonald et al. 2009). Under Wnt stimulation the
kinase activity of GSK-3 is inhibited causing cytoplasmic B-catenin to be hypo-
phosphorylated, stabilized, and translocated into the nucleus. At the nucleus
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B-catenin induces target gene transcription by interacting with TCF/LEF family
transcription factors (MacDonald et al. 2009). The signal transduction from GSK-3
to B-catenin to TCF/LEF is highly homologous to the pathway from Lats1/2 to
YAP/TAZ to TEAD.

YAP/TAZ and B-catenin also share the same E3 ubiquitin ligase SCF*TR for
ubiquitination and degradation (Clevers 2006). Binding between B-catenin and
SCFFTRCP depends strictly on multistep phosphorylation of the phosphodegron
involving CKlo and GSK-3, in which CKla phosphorylates S45 primes subse-
quent phosphorylation on S33, S37, and S41 by GSK-3 (Liu et al. 2002). Clearly,
the sequential phosphorylation, ubiquitination, and protein degradation is a common
strategy for regulating stability of YAP/TAZ and B-catenin.

YAP/TAZ are recruited to cell junction structures and exhibit extensive interac-
tions with different cell junction proteins, especially at high cell densities (see
above). B-catenin is well known as a structural component of adherent junctions,
and is important for mediating cell adhesion and linking cadherins to the actin
cytoskeleton (Gumbiner 1995). Retention at cell junctions might be a common
mechanism for regulating functions of YAP/TAZ and B-catenin.

Accumulation of both YAP/TAZ and B-catenin oncoproteins has been reported
in human cancers (reviewed in Clevers 2006; Zhao et al. 2010a). Upstream kinases
and kinase-associated scaffolds of YAP/TAZ or B-catenin function as tumor sup-
pressors, and downregulation or inactivation of these tumor suppressors may cause
cancer via activation of YAP/TAZ or B-catenin. Indeed, downregulated MST1/2 and
Lats1/2 expression, mutations of Savl or Mobl (Chakraborty et al. 2007; Hisaoka
et al. 2002; Jimenez-Velasco et al. 2005; Zhao et al. 2012), and mutations of APC
and axin (Liu et al. 2000; Rubinfeld et al. 1996) have been reported in different
types of human cancers. Therefore, there is an astonishingly high similarity between
the regulation of YAP/TAZ and B-catenin. Experience from B-catenin research may
help us study the regulatory mechanisms and functions of YAP/TAZ in the future.

The Hippo pathway also crosstalks with the Wnt pathway. Cytoplasmic TAZ can
bind to and interfere with the phosphorylation of disheveled (Dvl), leading to
B-catenin degradation (Varelas et al. 2010a). Another report shows that both YAP/
TAZ can interact with B-catenin and prevent translocation of B-catenin into the
nucleus (Imajo et al. 2012). In both cases, decreased Hippo signaling leads to
nuclear accumulation and activation of B-catenin and YAP/TAZ. When YAP is
overexpressed in mouse intestinal epithelium, total and nuclear [B-catenin is
increased (Camargo et al. 2007). In addition, heart-specific inactivation of Sav in
mice increases heart size and at the same time enhances Wnt signaling (Heallen
et al. 2011). These in vivo observations again support a positive role of YAP/TAZ
on [-catenin activation.

Interesting genetic and biochemical studies within the last 10 years have revealed
that the Hippo pathway plays a major role in organ size control, and that dysregula-
tion of this pathway contributes to either tumor growth or atrophy. YAP/TAZ co-
activator inhibition represents the primary outcome of the Hippo pathway, which is
accomplished through a phosphorylation-dependent cytoplasmic retention and
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degradation. However, not much is known about upstream regulators of the Hippo
pathway. Future studies on Hippo pathway signaling cascade will lead to a better
understanding of organ size control and pathobiology of tumorigenesis.
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