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Summary

The Hippo signaling pathway was initially defined by genetic studies in Drosophila to regulate
tissue growth and organ size [1, 2]. This pathway is highly conserved in mammals and
dysregulation of the Hippo pathway has been implicated in human cancer. Although the exact
extracellular signal that controls the Hippo pathway is currently unknown, compelling evidence
supports a critical role of the Hippo pathway in cell contact inhibition, which is a property
commonly lost in cancer cells. Many molecules, such as the merlin tumor suppressor protein, have
been identified as regulating the activity of the core Hippo pathway components [1, 2]. Acting
downstream are two key transcription co-activators, YAP and TAZ, which mediate the major gene
regulation and biological functions of the Hippo pathway. This article will focus on the
physiological function and molecular regulation of YAP/TAZ and its Drosophila homolog Yki.

The Hippo pathway acts to restrict YAP and TAZ in mammals

The Hippo pathway is a newly discovered and evolutionally conserved signaling cascade. It
regulates organ size control and stem cell property by governing cell proliferation and
apoptosis. /n vitro, it is a major regulatory mechanism in cell contact inhibition. Alterations
of this pathway are increasingly recognized to be associated with cancer development.
Components of the Hippo pathway were firstly discovered by functional genetic screens in
Drosophila and shown to be evolutionally and functionally conserved in mammals.
Basically, the Hippo pathway can be divided into three interlinked parts: the upstream
regulatory components, the Hippo core kinase components, and the downstream
transcriptional machinery. For the upstream regulatory components, much in depth
discussion can been found in recent reviews [1, 2]. The Hippo core kinase cassette contains
four proteins, two of which are kinases: Hpo and Wits in the fly and Mst1/2 and Lats1/2 in
mammals. The other two proteins, Sav and Mats in the fly, and WW45 and Mob in
mammals, act as adaptors/activators. In mammals, Mst1/2 in association with WW45 is
activated by phosphorylation in response to upstream regulators. The activated Mst1/2-
WWA45 can phosphorylate and activate LATS1/2-Mob complex. The major target of the
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Hippo core kinase cascade is YKki transcription co-activator in the fly and YAP and TAZ
which are the mammalian homologues. Phosphorylation of YAP and TAZ by the Hippo
pathway leads to their sequestration in the cytoplasm by interaction with 14-3-3 proteins
and ubiquitination-dependent proteosomal degradation. Therefore, the Hippo pathway acts
to restrict the availability/functionality of YAP and TAZ in the nucleus by governing its
distribution and protein levels. In the fly, Yki binds Scalloped (Sd) and activates
transcription of downstream target genes like Diap, bantam and cycE. In mammals, YAP
and TAZ interact primarily with transcriptional factors TEAD1-4 (TEADSs) and activate
expression of target genes such as CTGF, IGFBP3, ITGB2, Birc5/Survivin, GIiZ, and Axl.
In this review, we will focus on the discovery of YAP and TAZ, the demonstration of their
function as transcriptional co-activators, their identification as targets of Hippo pathway,
their involvement in cancer, and the transcriptional outcome of their complexes with TEAD
transcriptional factors.

Identification of YAP and TAZ

YAP was originally identified in chicken as an interacting protein of Yes protein tyrosine
kinase. However, the functional significance of this interaction is still not clear. Unlike the
use of routine protein-protein interacting approaches, YAP was identified by generating
anti-idiotypic antibodies against the N-terminal domain of the Yes protein. The interaction
was defined to be mediated by the SH3 domain of Yes and Pro-rich region (PVKQPPPLAP)
of YAP. Due to its size of 65 kDa, the chicken protein was referred to as YAP65 (Yes-
associated protein of 65 kDa) [3]. The human and mouse homologues were identified by
using the YAP65 cDNA to probe human and mouse cDNA libraries and the study was
reported one year later [4]. During the course of sequence analysis by comparison of YAP
with other proteins, a conserved module was noticed to be present in several proteins of
various species such as human dystrophin, yeast Rsp5p, and mammalian Nedd-4. This was
named the WW domain to reflect the sequence motif containing two conserved and
consistently-positioned tryptophan (W) residues [5]. The WW domain was shown to bind
PPXY motif around the same time [6]. Using a functional screen of a cDNA expression
library, two proteins binding to the WW domain of YAP were identified as interacting
partners and named as WBP-1 and WBP-2 (for WW domain Binding Protein). Sequence
comparison between WBP1 and WBP2 followed by interaction assays demonstrated that the
PPXY motif binds WW domain with relatively high affinity and specificity. The solution
structure of YAP WW domain with PPXY motif was resolved in 1996 [7]. The human YAP
gene, located at 1113, can be transcribed into at least 4 isoforms based on annotation by
NCBI. Isoform1, 2, 3 and 4 have 504, 450, 488, and 326 residues in length, respectively.
Two consecutive WW domains were present in all isoforms except for isoform 2 which has
only one WW domain. Isoform 3 containing 488 residues and two WW domains is most
thoroughly studied and the cDNA clone encoding this isoform is most widely used for
analysis in the scientific community. The schematic depiction of isoform 3 of YAP is shown
in Figure 1A. The C-terminus contains a PZD-binding motif (TWL-COOH) for interaction
with PDZ domain of other proteins such as ZO2 and NHERF?2 [8, 9]

TAZ (transcriptional co-activator with PDZ-binding motif) is also referred to as WWTR1
(WW domain containing transcription regulator 1). It was originally identified in 2000 as a
14-3-3 binding protein using immobilized 14-3-3 proteins to pull down interacting proteins
derived from in vitrotranslation reactions [8]. 14-3-3 proteins are a family of 7 homologous
proteins having the ability to bind phosphorylated serine with certain sequence motifs and
are thus involved in diverse cellular functions including differentiation, cell cycle
progression and apoptosis through their ability to interact with diverse intracellular
phosphoproteins involved in signal transduction network. Although NCBI annotation has
indicated that the TAZ gene may be transcribed into three variants, they all have the same
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coding region for a protein having 400 amino acids in length. Phosphorylation of S89 was
shown to be important for interaction with 14-3-3 proteins. TAZ is homologous to YAP
with 46% amino acid sequence identify (with YAP isoform 3) and displaying similar
domain organization but having only one WW domain (Figure 1A). Biochemically, TAZ
was shown to display transcriptional co-activator function via interaction with PPXY -
containing transcriptional factors through its WW domain. The C-terminal region (amino
acids 165-395) was shown to be responsible for the transcriptional co-activation property
[8]. Several transcriptional factors such as Runx/PEBP2, AP2, C/EBP, c-Jun, Krox-20,
Krox-24, MEF2B, NF-E2, Oct-4 and p73 contain proline-rich PPXY motif, are speculated to
be interacting transcriptional factors for TAZ (and possibly for YAP) (reviewed in [1]).
Similar to YAP, the TAZ C-terminus has a PDZ-binding motif (TWL-COOH), which has
been shown to mediate interaction with the first PDZ domain of NHERF-2 [8].

Both YAP and TAZ are homologous to fly Yki, which was identified as a downstream target
of the Hippo pathway in 2005 [9]. The identification of YKki and the demonstration of its
sequence homology with YAP and TAZ have two important implications. Firstly, like Yki,
YAP and TAZ may serve as downstream targets of potential mammalian Hippo pathway.
Secondly, like YAP and TAZ, Yki may function as a transcriptional co-activator to regulate
the transcriptional outcome of the Hippo pathway. Importantly, YAP can functionally
substitute YKki in Drosophila, indicating it is a true YKki ortholog. Like YAP, Yki contains
two WW domains (depicted in Figure 1A). The N-terminal region of YKki is most
homologous to YAP and TAZ. The sequence alignment of the N-terminal regions of YAP,
TAZ and YKki is shown in Figure 1B, in which the residues responsible for interaction with
TEAD transcriptional factors in mammals and Scalloped in the fly, respectively, are
indicated (see below).

Both YAP and TAZ genes have been studied using knockout mice and revealed to have
different physiological functions. Knockout of the YAP gene in mice leads to early
embryonic lethality, suggesting an essential role in development [10]. Three independent
knockout studies of the TAZ gene suggest an important role of TAZ in the kidney and lung
as TAZ-/- mice developed renal cysts characteristic of polycystic kidney disease (PKD)
[11-13]. The cellular role of TAZ may be to maintain the integrity of renal cilia to ensure
the structural integrity of the kidney [11]. Furthermore, levels of calcium-permeable cation
channel protein polycystin 2 (PC2) were increased in TAZ—/- kidney and TAZ was shown
to link PC2 to the beta-Trcp of SCF (beta-Trcp) E3 ubiquitin ligase pathway [12]. Glis3 is
recently shown to interact with TAZ to maintain the normal development and architecture of
the kidney [14]. The P/LPXY motif in the C terminus of Glis3 may mediate the interaction
with TAZ so that TAZ is able to function as a co-activator of Glis3-mediated gene
transcription. Localization to the primary cilium and interaction with TAZ may be involved
in the Glis3 signaling pathway. In addition to a role in the kidney, TAZ knockouts also
exhibited defects in the lung characteristic of pulmonary emphysema [13].

YAP and TAZ as transcriptional co-activators

Although YAP was identified in 1995, its biochemical function remained elusive until a
study 4 years later showed that Y AP possesses transcriptional co-activator activity [15].
Several transcription factors such as c-Jun, AP-2, NF-E2, C/EBPalpha and PEBP2/CBF,
Runx/PEBP2, Krox-20, Krox-24, MEF2B, Oct-4 and p73 contain the PPXY motif and could
be potential target for YAP (reviewed in [1]). The PY motif in the transcription factor
PEBP2 was investigated and shown to be important for transcriptional activation [15]. Yeast
two-hybrid screens then identified YAP as an interacting protein with the PPXY motif. The
WW domains of YAP were revealed to interact with the PPXY motif of PEBP2. The C-
terminal region (residues 276 and 472) of Y AP exhibited strong transactivation property.
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Over-expression of YAP also conferred transcription-stimulating activity on PEBP2alpha,
suggesting that YAP may potentiate the transcriptional outcome of interacting
transcriptional factors. This study established Y AP as a transcriptional co-activator. The
subsequent identification of homologous TAZ and the demonstration that it also functions as
a transcriptional co-activator further supported the notion that YAP and TAZ are
transcriptional co-activators that may interact with transcriptional factor with PPXY motifs.
However, whether PPXY-containing transcriptional factors are major physiological partners
for YAP, TAZ and Yki remains to be confirmed.

An interesting twist in the study of YAP/TAZ/Yki cellular function was the identification of
YAP as an interacting protein for TEAD2 transcriptional factor, which does not have the
PPXY motif found in other Y AP interacting transcription factors [16]. Flag and HA-tagged
TEAD?2 and its potential interacting proteins were affinity-purified by double sequential
immuno-precipitation. Among 12 candidate interacting proteins, only one protein segregated
tightly with TEAD2 during sedimentation analysis by glycerol gradient and this protein was
identified as YAP. The C-terminal half of TEAD2 was mapped to be responsible for
interaction with YAP. In view of the fact that TEADZ2, together with TEAD1, TEAD3 and
TEADA4 form a homologous TEAD family, YAP was shown to interact also with TEAD1,
TEAD3 and TEADA4. The N-terminal region of YAP (residue 32-121, Figure 1B) was
shown to possess full interacting potential as the full-length YAP [16]. Importantly, TEAD-
mediated transcription was dependent on YAP and YAP-TEAD complex can bind DNA
containing TEAD-binding elements. This study suggests that YAP is a general
transcriptional co-activator for TEAD transcription factors. Since the TEAD-interacting N-
terminal region is most highly conserved among YAP, TAZ and Yki (Figure 1B), the fly
TEAD homology Scalloped (Sd) could be a physiological target of Yki in Drosophifla. When
Drosophila Yki was identified in 2005 as the downstream target of the Hippo tumor
suppressor [9], studies on YAP shed new light on the context of potentially conserved Hippo
pathway in mammalian cells and its cellular and physiological role in cell proliferation and
apoptosis.

YAP, TAZ and Yki as downstream targets of the Hippo pathway

Genetic screens in Drosophila have identified Wts, Hpo, Sav and Mats as tumor suppressors
regulating tissue growth by controlling cell proliferation and apoptosis. These 4 proteins are
structurally conserved in mammals [17-22]. Wts-Mats in the fly and LATS1/2-Mob1 in
human act as protein kinase complexes downstream of the Hpo/Sav and Mst/Sav,
respectively. Yeast two-hybrid screen was performed to identify interacting proteins using
the N-terminal region of Wts as the bait. Three independent clones encoding for a novel
protein were isolated and named (Yki) because its mutation resulted in reduced organ size.
Interestingly, YKki is homologous to YAP [9]. Functionally, over-expression of Yki caused
massive tissue overgrowth phenocopying loss of function of Hpo, Sav, or Wts. The tissue
overgrowth was due to increased cell proliferation and decreased apoptosis (a net increase of
cell number). The levels of cell-death inhibitor Diap1 and cell-cycle regulator cyclinE were
increased in response to YKki over-expression. Consistently, inactivation of Yki through
mutations caused tissue atrophy. Mechanistically, YKki is phosphorylated and inactivated by
Wts. Thus the Hippo core components can negatively regulate Yki through direct
phosphorylation. The observed tissue overgrowth due to mutations of the Hippo core
components can be explained by increased Yki activity as the upstream negative regulatory
pathway is compromised. Functional conservation of YAP was established because YAP
was able to rescue Yki mutation in the fly. This study establishes a linear signaling pathway
(Hpo/Sav to Wts/Mats to Yki to Diap1/CyclinE) in the fly to regulate cell proliferation and
apoptosis.

Semin Cell Dev Biol. Author manuscript; available in PMC 2013 September 01.
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Three landmark studies in 2007 [23-25] have conceptualized the paradigm of the conserved
Hippo pathway as the major signaling cascade regulating organ size /n vivo and cell contact
inhibition /in vitro [26]. These studies also elucidated the molecular mechanism through
which YAP/YKki is regulated by the Hippo pathway [23-25]. The first study observed that
the subcellular location of YAP is dependent on cell density. YAP is primarily present
within the nucleus in sparsely growing cells, whereas upon confluence when contact
inhibition comes into play, YAP accumulates in the cytoplasm, thereby rendering it spatially
unable to function as a transcriptional co-activator. This cell-density regulated cytoplasmic
sequestration of YAP correlates with its increased phosphorylation. Mechanistically, Mst2
and LATS2 were shown to act coordinately to phosphorylate YAP at HXRXXS motifs,
which is defined as a Lats recognition motif (Figure 1B), with the S127-containing motif
being the major site whose phosphorylation created a binding site for 14—-3-3 proteins and
resulted in cytoplasmic localization. TAZ and Yki have a corresponding motif with S89 and
S168 as the major site, respectively (Figure 1B). In sparsely cultured cells, over-expression
of LATS2 is able to force YAP S127 phosphorylation and its cytoplasmic sequestration, but
mutation of the S127 into Ala abrogates this cytoplasmic shift. Circumventing the regulation
of YAP and Yki by LATS2 and Wts respectively through the S127A/S168A mutation also
results in enhanced growth-promoting activity. Interaction with 14-3-3 proteins is the basis
for cytoplasmic sequestration of S127-phosphoryalted YAP. Earlier studies showed similar
interaction of S127-phosphorylated YAP and S89-phosphorylated TAZ with 14-3-3
proteins [8, 27]. It was concluded that the cell-cell interactions upon confluence would
trigger a cascade of signaling events that activate the Hippo pathway, which in turn
phosphorylates YAP leading to enhanced interactions with 14-3-3 proteins and cytoplasmic
sequestration.

This model is supported by genetic data in Drosophila. In searching for suppressors of the
small wing phenotype caused by Hpo over-expression, three suppressors were isolated and
named as dumbo in accordance with increased wing size [23]. Interestingly, all three
suppressor mutations were found to be in the Yk7gene. Two mutations were due to
substitution of H164 in the Wts recognition motif in the Yki whereas the third mutation was
due to substitution of P170 that is essential for Yki to bind 14-3-3. Moreover, expression of
the phosphorylation defective YAP-S127A mutant caused a much stronger overgrowth
phenotype in Drosgphilathan the wild type YAP. These studies unequivocally established
the functional importance of YAP phosphorylation by Lats and 14-3-3 binding in relaying
the biological function of the Hippo pathway, and the mechanistic conservation of this
regulation in the fly and mammals.

Independently, study in the fly showed that Hippo pathway caused cytoplasmic
sequestration of Yki and that Yki S168 is the major site targeted by Wits, leading to growth
suppression. Consistently, loss of Hippo signaling due to mutation of Hippo or Wts results
in nuclear accumulation of Yki accompanied by increased tissue overgrowth. This study also
extended into the mammalian system in which it was revealed that S127 of YAP is
phosphorylated by LATS1/2. More significant was the demonstration that variations of YAP
levels can overcome organ size control /7 vivo in transgenic mice; an induced increase of
YAP in the liver led to its enlargement due largely to increased cell numbers. Continued
YAP over-expression can expand liver mass from 5% to about 25% of body weight, yet this
effect is reversible as the enlarged liver reverts to almost normal size when over-expression
of YAP is restrained for a sufficient period of time. This dramatic and reversible
manipulation of liver size through YAP changes alone positions the Hippo pathway as the
major mechanism controlling liver size in mammals. Microarray studies showed that several
growth-promoting and/or anti-apoptotic genes are up-regulated by YAP such as c-Myzc,
Sox4, BIRC5/survivinand BIRC2/cIAPI. Increased level of BIRCS/survivin is necessary
for YAP to induce anchorage-independent growth /n vitro. Finally, sustained and prolonged

Semin Cell Dev Biol. Author manuscript; available in PMC 2013 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hong and Guan

Page 6

high level of YAP expression in the liver of transgenic mice leads eventually to
tumorigenesis characteristic of hepatocellular carcinoma [24]. The tumor inducing effect of
YAP is particularly profound when YAP is over-expressed at early stages of development.

Another independent study also showed that YAP is sufficient for inducible and reversible
liver enlargement in transgenic mice [25]. For the first time, this study also linked YAP
expression to stem/progenitor cells in the intestine. YAP is primarily expressed in the crypt
compartment where these cells reside. Y AP overexpression in the intestine of transgenic
mice correlates with elevated levels of cyclin D and BclXL, and causes dysplasia due to
over proliferation of the crypt stem/progenitor cells. Interestingly, this parallels the
correlation between Y AP expression levels and enhanced levels of cyclin D and BclXL in
human colon cancers. This study thus implicates YAP as a critical link between stem/
progenitor cells and colon cancer cells [25]. These three seminal studies in 2007 firmly
established that the conserved Hippo pathway regulates the function of transcriptional co-
activator YAP and Yki in mammals and fly, respectively, and that over-expression of YAP
or its over-activation due to intrinsic Hippo pathway mutations is able to abrogate cell
contact inhibition /n vitro and organ size control /n vivoto promote tissue overgrowth and
cancer development.

After its identification, TAZ has been shown to function as a transcriptional co-activator
implicated in modulating mesenchymal stem cell differentiation [8]. By co-activating
Runx2-dependent transcription while repressing PPARy-dependent transcription, TAZ is
able to promote differentiation into osteoblasts and to suppress differentiation to adipocytes
[28]. Subsequent studies revealed that TAZ is also targeted by the Hippo pathway and
capable of promoting oncogenic transformation /n vitro [29, 30]. In one study, it was shown
that TAZ is able to promote cell proliferation and epithelial-mesenchymal transition (EMT)
and the Hippo pathway acts to restrict TAZ activity. Several serine residues in the conserved
HXRXXS motifs of TAZ were phosphorylated by Hippo pathway with S89 phosphorylation
creating the 14-3-3 hinding site, leading to cytoplasmic retention that result from interaction
with 14-3-3 proteins. In another study, it was shown that TAZ promotes migration,
invasion, and tumorigenesis of breast cancer cells. The protein levels of TAZ in a panel of
breast cancer cell lines correlate with the invasiveness of cancer cells. Over-expression of
TAZ in low-expressing MCF10A cells not only causes morphologic changes characteristic
of cell transformation and EMT but also promotes cell migration and invasion. Knockdown
of TAZ expression in MCF7 and Hs-578T cells reduced cell migration and invasion and also
inhibited anchorage-independent growth in soft agar and tumorigenesis in nude mice of
MCFT7 cells. TAZ protein was seen to be over-expressed in a fraction of breast cancer
samples, suggesting that TAZ is an oncogene and this study represents the first link of TAZ
over-expression with invasive property and cancer development.

In addition to regulating the cytoplasmic retention through phosphorylation of YAP S127,
TAZ S89 and YKki 168 to create a binding site for 14-3-3 proteins, there are other sites (4, 3,
and 2 additional sites, see Figure 1A, for YAP, TAZ and YKi, respectively) that are targeted
by the Hippo core kinases. Multiple phosphorylation sites in Yki are found to contribute to
Yki functional inactivation [31]. Moreover, among these sites, the functional consequence
has been established for YAP S381 and TAZ S311 [32, 33]. Phosphorylation of YAP S381
and TAZ S311 facilitate the phosphorylation of S384 of YAP and S314 of TAZ by casein
kinase 1, leading to recruitment of SCF E3 ubiquitin ligase and ubiquitination of YAP and
TAZ followed by proteosomal degradation. Therefore, in addition to transiently regulating
cytoplasmic sequestration, Hippo pathway can also prime permanent proteosomal
degradation via phosphorylating YAP S381 and TAZ S311. These duel regulations enable
Hippo pathway to tightly restrict the functionality of YAP and TAZ to prevent unwanted
growth. Whether YKki is also under similar regulation is not yet defined.

Semin Cell Dev Biol. Author manuscript; available in PMC 2013 September 01.
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A recent study revealed a role of YAP/TAZ in mechanotransduction that may be regulated
independent of the Hippo pathway [34]. It is increasingly being recognized that physical and
mechanical cues in microenvironment such as extracellular matrix (ECM) stiffness may
regulate cell behaviour. Through mechanotransduction, cells translate these external stimuli
into intracellular biochemical signals controlling cell growth, differentiation and cancer
malignant progression. YAP and TAZ were identified as nuclear relays of mechanical
signals exerted by ECM rigidity and cell shape. The regulation of YAP and TAZ was shown
to require Rho GTPase activity and tension of the actomyosin cytoskeleton, but is
independent of the Hippo pathway. Functionally, YAP and TAZ are required for
differentiation of mesenchymal stem cells induced by ECM stiffness and for survival of
endothelial cells regulated by cell geometry. Over-expression of activated Y AP transcends
physical constraints in dictating cell behaviour, suggesting that YAP and TAZ act as sensors
and mediators of mechanical cues instructed by the cellular microenvironment. Several
recent studies have also implicated the function of actin cytoskeletal organization in
regulating YAP/YKki phosphorylation although the precise mechanism remains to be
elucidated [35-38]. One may speculate that the actin cytoskeleton, cell morphology, cell
attachment, and mechanosensing act through a common mechanism to regulate YAP/TAZ/
YKki activity.

TEAD transcriptional factors as major mediators of YAP, TAZ and Yki in
transcription and functional outcome

As briefly mentioned above, YAP was identified as a tight and major interacting protein for
TEAD?2 and proposed to function as a general transcriptional co-activator for the TEAD
transcriptional factors [16]. TEAD1 was originally identified more than 20 years ago as
transcriptional enhancer factor 1 (TEF-1) for SV40 virus [39] and it is also involved in
transcriptional enhancement of E6 and E7 expression of papillomavirus 16 [40]. There are 4
related family members (TEAD1-4) in mammals and the fly has one highly homologous
protein (with 68% amino acid identity with TEADL) called Scalloped (Sd), which was
cloned as a transcriptional factor required for sensory organ differentiation and wing
morphogenesis in the fly [41]. The N-terminal region of TEADs and Sd contains a
conserved TEA domain involved in recognizing DNA elements such as GGAATG in the
promoter region of target genes [42]. The crystal structure of the TEA domain has been
resolved and revealed a three-helix bundle with a homeodomain fold [42]. Interestingly, the
helix 3 also contains a bipartite nuclear localization signal (NLS) [43] (Figure 2). The C-
terminal region of TEADs and Sd is involved in interaction with YAP/TAZ/YKi [16] (Figure
2). Several recent studies establish that TEADs in mammals and Sd in the fly are the major
transcriptional factors mediating the biological outcome of YAP/TAZ and Yki, respectively,
which is governed by the Hippo pathway.

In one study, TEADs were shown to be essential in mediating Y AP-dependent gene
expression and functional outcome such as cell growth, oncogenic transformation, and EMT
[44]. S94 in YAP is important for interaction with TEADs and mutation of this residue
abolished most if not all property of YAP in promoting cellular transformation and
mediating the transcriptional outcome as assessed by microarray, suggesting that interaction
with TEADs is the major functional pathway of YAP. Congruent with this, YAP and TEAD
bind to a common set of genomic targets. In addition, CTGF was identified as a direct target
gene of TEAD-YAP complex and the promoter region of C7GF gene contains several
GGAATG motifs for TEAD-binding. The functional conservation was also demonstrated for
the interaction of fly Yki and Sd in promoting cell proliferation and tissue outgrowth [44—
46]. In one study, the Yki-induced gene diapl was revealed to contain a minimal Sd-binding
element that is responsive to the Hippo pathway. Similarly, Yki mutant defective in
interaction with Sd inactivated Yki function in inducing tissue overgrowth /n vivo [46].

Semin Cell Dev Biol. Author manuscript; available in PMC 2013 September 01.
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Furthermore, Sd was shown to promote Yki nuclear localization as well as recruit YKki to the
promoter/enhancer region of the diapl gene. A constitutively active Sd promotes tissue
overgrowth, suggesting that Yki acts as a transcriptional co-activator to activate Sd [45].

Similar functional relationship between TEAD and TAZ is also implicated, TEADs were
shown to be the major interacting partners for TAZ and this interaction is important for TAZ
to mediate cellular oncogenesis as assessed by anchorage-independent soft agar growth as
well as for target gene transcription [47, 48]. Mechanistically, interaction with TEADs is
essential for TAZ to accumulate in the nucleus, because mutant analysis revealed a strict
correlation between the ability of TAZ to interact with TEADs, to transform cells and to be
accumulated in the nucleus. The TAZ residues (together with the corresponding residue of
YAP S94) shown to be essential for TEAD-interaction and transformation are well
conserved in YAP and Yki and they are indicated in Figure 1B.

Further verifying the functional importance of YAP-TEAD interaction is the co-crystal
structure of YAP-TEAD complex [49, 50]. The structural analyses have validated previous
biochemical studies that had identified key residues important for interaction between
TEAD and YAP or TAZ [47, 48]. The structural basis for the YAP/TEAD interaction will
be explored in detail by Sudol et a/in this issue of Semin Cell Dev Biol. It is worth noting
that Y421 in TEAD1 is mutated in human Sveinsson’s chorioretinal atrophy (helicoid
peripapillary chorioretinal degeneration) [51] and is essential for TEAD to interact with
YAP/TAZ. These observations underscore the /n vivo importance of the partnership
between YAP/TAZ and TEAD and provide a molecular basis for the pathogenesis of
Sveinsson’s chorioretinal atrophy.

Angiomotin family and Wbp2 as novel regulator of YAP and TAZ

Proteomics approach was employed by several labs to identify novel interacting proteins for
YAP/TAZ/Yki. In addition to transcription factors and 14—-3-3 proteins, there are other
proteins co-immunoprecipitated with YAP and TAZ. Among them were Wbp2, Angiomotin
(Amot), Angiomotin-like 1 (Amot-L1), and Angiomotin-like 2 (Amot-L2). Wbp2 was
earlier identified as an interacting protein for YAP [52, 53], but the functional relevance was
not addressed. Two recent studies suggest that Whp2 is a positive regulator of YAP/TAZ in
mammals and YKi in the fly, respectively, in YAP/TAZ/Yki-mediated gene expression, cell
proliferation and tissue growth [54, 55]. The sole WW domain of TAZ is important to
interact with PPXY motifs of Wbp2. The mammalian Wbp2 has three PPXY motifs but the
second one is most important for interaction with TAZ. Knockdown of endogenous Wbp2
suppresses, whereas over-expression of Wbp2 enhances, TAZ-driven cell transformation
and gene expression [54]. The fly Wbp2 was similarly shown to promote Yki-dependent
tissue growth and this is mediated by direct interaction of the WW domain of Yki and the
PPXY motif of Whp2 [55]. Therefore, Wbp2 is a downstream component of the Hippo
pathway positively regulating YAP-TEAD complex in promoting cell proliferation.
Interestingly, a recent study showed that Whp2 is tyrosine-phosphorylated at Y192 and
Y231 by c-Src and c-Yes kinases. Functionally, over-expression of Wbp2 and its phospho-
mimetic mutant in MCF7 cells promoted tumor formation in xenograft model in nude mice
[56]. Y192 is only 5 residues apart from the second PPXY motif; it will be interesting to
investigate whether the interaction of Wbp2 with YAP/TAZ/Yki is regulated by Tyr-
phosphorylation.

Three independent studies have recently identified Angiomotin (Amot), Angiomotin-like 1
(AmotL1) and Angiomotin-like 2 (AmotL2) as negative regulators of YAP and TAZ [57-
59]. All three studies demonstrated direct interaction of YAP/TAZ with Amot, AmotL1 and/
or AmotL2 and the interaction is mediated by the sole WW domain of TAZ and the first but
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not the second WW domain of YAP with the PPXY motif in the N terminus of Amot family
proteins. Over-expression of Amot family proteins caused cytoplasmic retention of TAZ and
YAP and suppressed its transcriptional outcome such as the expression of CTGF and Cyr61.
Conversely, knockdown of Amot family proteins in MDCK cells caused activation of YAP/
TAZ and loss of contact inhibition. Interestingly, the Hippo refractory TAZ mutant (S89A)
is also negatively regulated by Amot and AmotL1, supporting a phosphorylation
independent regulation of YAP/TAZ by AMOT. However, AMOT knockdown also
decreased Lats kinase activity and Y AP phosphorylation although the molecular mechanism
of AMOT in Lats regulation is currently unknown. Since Amot family proteins are integral
components of cell junction complexes [60], their interaction with YAP and TAZ may play
a key role in regulating the Hippo pathway in response to cell contact in vitro and organ size
control /in vivo. The interacting proteins for TAZ, YAP and Yki are schematically
summarized in Figure 3.

a-catenin is an actin binding protein that bridges the cytoskeleton to cell surface adhesion
molecule cadherin. a-catenin is also found to interact with and inhibit YAP [61]. a-catenin
accomplishes these functions by modulating interaction with 14-3-3 and PP2A phosphatase.
Therefore, a-catenin acts in a manner similar to AMOT to inhibit YAP/TAZ. Given the fact
that a.-catenin is associated with adherent junction and AMOT is associated with tight
junction, these two proteins may relay the cell-cell contact signals to inhibit cell growth via
modulating YAP/TAZ.

The role of YAP and TAZ in cancer development

Increasing evidence supports that YAP and TAZ are oncogenes in mammalian cells [1, 62].
Genome-wide analysis using mouse model of liver cancer showed chromosome
amplification at 9gA1, which is syntenic to human chromosome region 11g22. Among
genes in the amplified region are YAP and clAP1, the latter being a dIAP1-related protein.
YAP and clAP1 are individually oncogenic, but they can cooperate to accelerate tumor
growth [63]. In an independent study, an amplification of a smaller chromosomal region
within 9gA1 was identified in mouse mammary tumors and YAP is the only gene within this
narrower region. Amplification of 11g22 was also observed in several human cancers. YAP
gene is also amplified in human intracranial ependymomas, oral squamous cell carcinomas,
and medulloblastomas [64—67], demonstrating a critical role of YAP in human cancer.
Moreover, YAP over-expression has been found in many human tumors, such as
approximately 45% liver cancers [23]. High Y AP expression is also associated with poor
prognosis of several human cancers, including esophageal squamous cell carcinomas,
hepatocellular carcinomas, non-small cell lung cancer, and ovarian cancer [68—71].

Among genes induced by YAP, CTGFand Ax/are direct targets of YAP-TEAD complex.
Knockdown of CTGF or Axl partially impaired the oncogenic property of YAP [44, 72]. In
addition, amphiregulin (AREG) has been implicated as an effector of YAP in conferring
growth factor-independent growth, but whether TEADs are involved is not clear [73]. YAP
is also implicated in stem cell property of neuroprogenitor cells [74] and embryonic stem
(ES) cells [75]. These observations suggest that the ability of YAP to promote stem cell
property is part of the mechanism responsible for its oncogenic behavior. Since EMT is also
associated with stem cell property [76, 77], the ability of YAP to promote EMT is consistent
with this hypothesis.

The first link of TAZ with human cancer was instigated by the observation that the protein
level is higher in invasive breast cancer cell lines and a fraction of primary breast cancer
samples [29]. Screening over 40 human cancer cell lines led to the finding that TAZ levels
are higher in invasive Hs578t, BT549 and MDA-MB-231 breast cancer cells while its levels
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are lower in noninvasive MCF7 and ZR75.1 cells. Over-expression and knockdown
approaches were used to demonstrate that TAZ is able to promote cell migration and
invasion and is important for the transformed phenotype of breast cancer cells [29]. TAZ not
only promotes cell proliferation and EMT but also causes oncogenic transformation when
over-expressed [30]. The oncogenic property of TAZ is greatly enhanced when S89 is
mutated into alanine, confirming its negative regulation by the Hippo pathway through
phosphorylation at S89. Furthermore, along with TEAD4, TAZ mRNA level was increased
in basal type and triple negative breast cancers [78, 79]. A recent study has shown that TAZ
may confer resistance to Taxol (paclitaxel) through its target genes Cyré61 and CTGF, as
knockdown of Cyré61 and CTGF reversed TAZ-induced Taxol resistance in breast cancer
cells [80].

Supporting the concept that TAZ is an oncogene, TAZ was recently linked to cancer stem
cell-related traits in breast cancer cells [81]. TAZ is required to sustain self-renewal and
tumor-initiation capacities in breast CSCs. Importantly, TAZ level/activity is elevated in
CSCs and in poorly differentiated human tumors and have prognostic value. TAZ is
sufficient to endow self-renewal capacity to non-CSCs. Mechanistically, TAZ forms a
complex with the cell-polarity determinant Scribble, and loss of Scribble, or induction of
EMT, uncouples the inhibition of TAZ by the Hippo core kinases [81]. Genomic analysis of
breast cancer patients revealed that TAZ is among the genes that have increased de novo
mutations in the metastatic cells as compared with the primary cancer cells in the same
patients. F229V was detected but the functional consequence on proliferation and metastatic
property is yet to be examined [82].

In addition to breast cancer, TAZ is over-expressed in non-small cell lung cancer (NSCLC),
while TAZ knockdown in NSCLC cells suppressed proliferation and oncogenic properties
[83]. Furthermore, TAZ may contribute to malignant glioma through regulating
mesenchymal differentiation [84]. Gene expression profiling of glioblastoma (GBM)
showed that patients with a mesenchymal (MES) gene expression signature exhibit poor
overall survival and treatment resistance. TAZ was revealed to be highly associated with the
MES network. Functionally, TAZ knockdown in MES glioma stem cells (GSCs) decreased
expression of MES markers, invasion, self-renewal, and tumor formation. Conversely,
overexpression of TAZ induced MES marker expression and aberrant osteoblastic and
chondrocytic differentiation in a TEAD-dependent fashion. Interacting with TEAD2 was
shown to be important and therefore TAZ and TEAD may drive the MES differentiation of
malignant glioma.

Conclusions

Rapid progresses in the Hippo pathway studies have established the important function of
this signaling pathway in cell proliferation, cell death, organ size control, and tumor
development. Convincing genetic and biochemical data have shown that YAP/TAZ are the
major downstream effectors of the Hippo pathway directly phosphorylated by Lats though it
is likely that Lats may have additional substrates to exert its full biological functions.
Moreover, TEADs have emerged as the key transcription factors that partner with and
mediate the transcription response of YAP/TAZ whereas the functional significance of other
Y AP interacting transcription factors require further investigation. Many components have
been identified to act upstream of the Hippo core kinase cascade. However, key questions,
such as the mechanism of MST activation and extracellular signals regulating the Hippo-

Y AP pathway, remain to be addressed.
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Figure 1.

Domain organization of YAP, TAZ and Yki.

A. The schematic drawing of YAP, TAZ and YKki. The key features are indicated such as the
Pro-rich region, the WW domain, and coiled coil region. The HXRXXS motifs targeted by
the Hippo pathway are also indicated with the major site in purple. The DSG-degron at the
C-terminal part of YAP and TAZ is shown in blue, and the additional N-terminal DSGXXS
degron of TAZ is also indicated.

B. Alignment of the N-terminal region of YAP, TAZ and Yki. Residues identical in all three
proteins are indicated in red with yellow background. The residues experimentally
demonstrated to be involved in interaction with TEADs are indicated with purple ovals
(using TAZ in the study) and arrow (using YAP in the analysis) below the alignment. These
residues are located within the alphal and alpha2 helices (indicated above the alignment),
which were revealed structurally to contact TEADs directly. The major Hippo target site
whose phosphorylation created a binding site for 14—3-3 proteins is also highlighted.

Semin Cell Dev Biol. Author manuscript; available in PMC 2013 September 01.

111
68
113



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Hong and Guan

Scalloped.

TEADl.pro
TEAD2.pro
TEAD3.pro
TEAD4.pro

Page 18
K289 (T1) W291(T1) Y421 (T1)
K301 (T2) W303(T2) Y442 (T2)
K298 (T3) W300(T3) Y430 (T3)
K297 (T4) W299(T4) Y429 (T4)
K290 (T4m) W292 (T4m) Y422 (T4m)

K301 (sd) "w303(sd) Y435 (8d)

———= TEA domain i

I
TAZ/YAP/Yki-interacting region

TEA (Transcriptional enhancer activator) domain
Helix 1 Helix 2 Helix 3

—— ————
: DAEGVWSPDIEQSFQEALSIYPPCGRRKIILSDEGKMYGRNELIARYIKLRTGKTRTRKQVSSHIQVLARRKLREIQAKIK------ :
: DAEGVWSPDIEQSFQEALAIYPPCGRRKIILSDEGKMYGRNELIARYIKLRTGKTRTRKQVSSHIQVLARRKSRDFHSKLK------ :
: DAEGVWSPDIEQSFQEALAIYPPCGRRKIILSDEGKMYGRNELIARYIKLRTGKTRTRKQVSSHIQVLARRKSREIQSKLK------ :
: DAEGVWSPDIEQSFQEALAIYPPCGRRKIILSDEGKMYGRNELIARYIKLRTGKTRTRKQVSSHIQVLARKKVREYQVGIK-—----- :
: DAEGVWSPDIEQSFQEALAIYPPCGRRKIILSDEGKMYGRNELIARYIKLRTGKTRTRKQVSSHIQVLARRKAREIQAKLK------ :

\l, Nuclear Localization signal

GGAATG and related motifs in the promoter/enhancer region
of target genes such as CTGF, Axl and diap1

Figure 2.

Domain organization of TEADs and scalloped (Sd). The N-terminal region of TEADs and
Sd contains the highly conserved TEA domain responsible for interaction with DNA
elements such as GGAATG in the promoter region of target genes (such as CTGF and Axl).
The amino acid alignment of the TEA domain of TEAD1-4 and Sd is also shown. The TEA
domain forms a 3-helix bundle and the regions for the three helices are indicated on top. The
nuclear localization signal is indicated below the alignment. The C-terminal region of
TEADs and Sd is responsible for interaction with YAP/TAZ/YKki. Three residues conserved
in TEADs and Sd that were experimentally demonstrated (using mouse TEAD4 in the study)
to be important for interaction with YAP/TAZ/Yki (using mouse YAP as an interacting
partner) are indicated (T1-T4 for TEAD1-4; T4m for mouse TEAD4, Sd for fly scalloped).
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Figure 3.
Summary of proteins shown to interact with YAP/TAZ/Yki. Amot family proteins are

present only in mammalian cells but the drosophila expanded has been shown to interact
with WW domain of fly Yki. The potential factors that interact with the C-terminal
transactivation domain to promote transcriptional program are yet to be defined. The C-
terminal PZD-binding motif is specific for YAP and TAZ but not present in YKki and has
been shown to interact with ZO2 and NHERF2. Not all proteins interact with YAP at the
same time. In fact, some interaction may be mutually exclusive. For example, the 14-3-3
associated YAP would be in cytoplasm whereas the TEAD associated YAP should be
nuclear.
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