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Newcomers to the WW Domain–Mediated 
Network of the Hippo Tumor 
Suppressor Pathway

Marius Sudol

Abstract

The Hippo tumor suppressor pathway regulates the size of organs by controlling 2 opposing processes: proliferation and apoptosis. The pathway was 
originally defined in Drosophila, but it is well conserved in mammals. One of the unique features of Hippo signaling is the unusually wide occurrence 
of WW domains and its cognate PPxY ligand motifs within components of this pathway. Recently, it was proposed that the prevalence of WW 
domain–mediated complexes in the Hippo signaling pathway should facilitate its molecular analysis and help in the identification of new components 
of the Hippo-centered network. Indeed, several new members of the Hippo pathway, which form functional complexes with WW domains of YAP 
and TAZ effectors, were recently described. We focus here on 2 families of such proteins, angiomotins and SMADs, plus 1 regulatory factor, WBP-2, 
which together shed new light on the rapidly expanding Hippo network. Since the Hippo pathway acts as a tumor suppressor pathway, the complexes 
described here, which assemble on WW domains of YAP and TAZ, represent potential targets of cancer therapy.
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Introduction

In metazoans, there are several pathways 
that regulate organ size and ultimately that 
of the entire organism. One such pathway 
is the Hippo pathway, which plays a key 
role in controlling a balance between 
cell proliferation and apoptosis.1,2 The 
name of the pathway is derived from the 
Hippo tumor suppressor gene described 
in the Drosophila melanogaster fly.1 The 
gene encodes a serine/threonine protein 
kinase, which when mutated gives rise 
to a large fly with folds of overgrown 
tissues that resemble the body folds of 
a hippopotamus. The mammalian ortho-
log of Hippo is encoded by 2 paralogs, 
MST1 and MST2 (mammalian ste20-
like protein kinases), which are central to 
the Hippo pathway. The upstream signals 
that activate MST1/2 kinases lead to the 
activation of 2 downstream serine/threo-
nine kinases called LATS1 and LATS2, 
which in turn negatively regulate 2 
transcriptional coactivators, YAP (Yes 
kinase-associated protein)3,4 and TAZ 
(transcriptional co-activator with PDZ 
binding domain).5 LATS (large tumor 

suppressor kinase)–phosphorylated YAP 
and TAZ are anchored in the cytoplasm 
via 14-3-3 proteins and cannot access 
their target genes involved in cell pro-
liferation and survival. Therefore, the 
activation of the Hippo pathway results 
in growth inhibitory or proapoptotic sig-
nals. Upstream of MST kinases, there is 
a WW (tryptophan-tryptophan) domain–
containing adapter KIBRA (kidney and 
brain expressed protein) and a tumor 
suppressor NF2 (neurofibromatosis 2, 
also known as Merlin), which causes 
neurofibromatosis. Somehow, KIBRA 
and NF2 convey signals from membrane 
receptors to the core kinase components 
of the Hippo pathway.6-8 The membrane 
receptor(s) and their ligands, which acti-
vate the pathway, are well defined in 
Drosophila and include Crumbs, Fat, 
and Fat ligand called Dachsous, but it is 
not clear yet that their orthologs act in a 
similar manner in the mammalian Hippo 
pathway.2

One of the unique features of the 
Hippo pathway is that many of its com-
ponents contain either WW domain or 
its PPxY-containing ligand (where P is 

proline, Y is tyrosine, and x is any amino 
acid).9,10 To illustrate this in the scheme 
of the mammalian Hippo pathway (Fig. 
1), those components that contain either 
WW domain or its cognate PPxY motif 
are colored in orange. In this scheme, we 
also included AMOT (angiomotin), 
SMAD (protein related to a worm and fly 
proteins: SMA and MAD [mothers 
against decapentaplegic polypeptide]), 
and WBP-2 (WW domain binding pro-
tein 2) as proteins that have been func-
tionally implicated in the Hippo pathway 
and are the subject of this short review.11-17

Briefly regarding the WW domain 
and its cognate PPxY motif, the WW 
domain is a small protein module that is 
composed of 38 amino acids that fold as 
a meander of 3 β strands, which forms a 
binding pocket for proline-rich 
ligands.9,18 There are several classes of 
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WW domains based on the ligand pref-
erence, but the largest class binds ligands 
that contain PPxY motif.19 The tyrosine 

in the motif must be in the nonphospho 
state, and when the Y is phosphorylated, 
it negatively regulates WW domain 

binding. Therefore, the WW domain 
resembles both the SH2 (Src homology 
2) and SH3 (Src homology 3) domain in 
terms of regulation by tyrosine phos-
phorylation and the requirement of 
proline-rich motif in the ligand. There 
are approximately 100 WW domains in 
the human proteome and more than 
1,890 PPxY motifs scattered within 
human proteins.20 Most recently, several 
WW domains, including WW domains 
of Hippo pathway proteins, were shown 
to dimerize, and at least in one case, it 
was documented that an additional β 
strand at the carboxy-terminal region 
was required for the dimmer forma-
tion.21 The molecular and functional 
plasticity of WW domain complexes is 
quite diverse (Fig. 2), and the Hippo 
pathway takes advantage of these 
molecular inventions.

Figure 1.  The Hippo signaling network in mammals. In the signaling diagram, the proteins that 
contain WW domains or PPxY ligand motif are in orange. “L” denotes an unknown ligand, and “R” 
denotes its cognate but still unknown receptor. L and R are engaged by cell-to-cell contacts and 
activate the pathway. JUB, also known as AJUBA, transduces signals from sites of cell adhesion. 
JUB has an inhibitory function on SAV1 (SALVADOR 1) adapter protein and LATS kinases. RASSF 
is a family of Ras association domain–containing proteins that stimulate or inhibit MST kinases. 
MOB1 is the Mps One Binder kinase activator-like 1B protein, whose binding to LATS activates its 
kinase activity. TFs = transcription factors, examples of which are as follows: TEAD = TEA domain 
proteins that have a conserved DNA binding domain and can function as repressors or activators 
of gene transcription; PPARγ = peroxisome proliferator-activated receptor γ; PAX3 = paired box 3 
protein; p73 = a member of the p53 family of proteins implicated in apoptotic signaling; RUNX = 
runt-related transcription factor; TTF-1 = transcription termination factor-1; CTGF = connective 
tissue growth factor, one of the genes induced by YAP/TEAD nuclear signaling. Other abbreviations 
are described in the text.

Figure 2.  Modes of signaling by the WW 
domain. The WW domain recognizes PPxY-
containing ligand (A), with the Y in a nonphospho 
state. Phosphorylation of the signature Y in 
PPxY abrogates the complex (B). In some 
instances, 2 WW domains mediate interaction 
with a single PPxY-containing ligand (C), as 
discussed in the text for the YAP (isoform 2) 
and SMAD1 complex. WW domains were also 
shown to homodimerize (D) and heterodimerize 
(E). In one instance, an additional β strand at 
the carboxy-terminal region of the WW domain 
was required for dimer formation (F). See the 
text for references.
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Angiomotins as New Tumor 
Suppressors in the Hippo 
Pathway

Angiomotin (AMOT) was originally 
identified as a partner of angiostatin, a 
protein that regulates endothelial cell 
migration. In addition, AMOT was 
shown to be a part of the actin cyto-
skeleton and cell-to-cell junction com-
plexes. AMOT is a member of a family 
of proteins composed of AMOT and 2 
paralogs, AMOTL1 (angiomotin-like 1) 
and AMOTL2 (angiomotin-like 2).22

Three recent reports suggest that 
AMOT, AMOTL1, and AMOTL2 inter-
act with YAP and TAZ effectors via WW 
domain– and PPxY-mediated com-
plexes.11-13 YAP and TAZ WW domains 
and PPxY motifs of AMOTs were shown 
to be critical for the binding. Using differ-
ent approaches, these 3 studies docu-
mented that the AMOT/YAP-TAZ com-
plexes have inhibitory function on YAP’s 
and TAZ’s ability to promote growth and 
oncogenic transformation. The main 
mechanism of this regulation is the 
sequestration of YAP and TAZ proteins 
by AMOTs in the cytoplasm and in cell 
junction complexes, therefore preventing 
YAP and TAZ from transcriptional coact-
ivator function in the nucleus. There is 
also a possibility that by increasing the 
phosphorylation of YAP/TAZ on phos-
phodegron, AMOTs down-regulate the 
level of YAP/TAZ proteins in cells and 
therefore have an inhibitory function. In 
general, AMOTs play a role similar to the 
14-3-3 anchor, but AMOT-mediated 
exclusion of YAP/TAZ from the nuclear 
compartment is not dependent on LATS-
mediated phosphorylation and thus may 
provide a signaling link between cell con-
tact inhibition and the core of the Hippo 
pathway.11-13

YAP Signals with SMAD1 in 
BMP Pathway

The TGF-β (transforming growth factor) 
belongs to a family of cytokines that are 
key regulators of metazoan development 
and tissue homeostasis.23,24 In the canon-
ical pathway, the TGF-β and the BMP 

(bone morphogenic protein) bind to het-
eromeric serine/theronine kinase recep-
tor complexes, which in turn phosphory-
late SMAD transcription factors at their 
carboxy-terminal tails. The carboxy-
terminally modified SMAD1, SAMD5, 
and SMAD8 in the BMP pathway and 
SMAD2 and SMAD3 in the TGF-β 
pathway concentrate in the nucleus and 
assemble transcriptional complexes that 
regulate ligand-specific repertoires of 
target genes.

Recently, YAP was implicated in the 
BMP pathway as a cotranscriptional part-
ner of SMAD1, with which YAP WW 
domain 1 and 2 form a complex via PPxY 
motifs present in SMAD1.15 YAP and 
SMAD1 in concert regulate expression of 
BMP target genes, as also documented by 
the YAP knockdown that down-regulated 
the expression of the BMP target genes. 
Interestingly, this complex is regulated 
by 2 kinases, CDK (cyclin-dependent 
kinase)–8 and CDK-9, which are known 
components of the transcriptional media-
tor and elongation complexes. CDK-8/9 
phosphorylate SMAD1 on serine resi-
dues that are located within a linker 
region that is upstream of the PPxY 
motif.15 These phosphorylation events 
increase the strength of binding between 
SMAD1 and YAP. It is possible that for 
the purpose of fine signaling regulation, 
the PPxY motifs on SMADs evolved as 
low affinity ligands to WW domains of 
YAP by selecting specific amino acids 
that are juxtaposed to the very motif. 
However, the WW domain of YAP 
evolved to recognize serine-phosphory-
lated linkers on SMADs as switches for 
tight binding. It would be interesting to 
solve the crystal structure of the YAP-
SMAD1 complex to identify molecular 
contacts of this interaction.

In contrast to YAP, TAZ was not 
shown to form WW domain–mediated 
complexes with SMAD1 perhaps 
because the interaction requires 2 tan-
dem WW domains, as in YAP, while 
TAZ has only a single WW domain. 
However, TAZ is able to form functional 
complexes with SMADs via a different 
mode. TAZ regulates nucleocytoplasmic 
shuttling of SMAD2/3-4 heteromers and 

their transcriptional activity.25 The com-
plex between TAZ and SMAD2/4 is 
mediated by a coil-coil domain of TAZ 
and is helped by the PDZ binding motif 
(bm) that is located at the carboxy- 
terminus of TAZ, as the mutant with the 
deletion of coil-coil and PDZ bm ren-
dered the TAZ-SMAD2/4 complex 
inactive.25

It should be noted that TAZ uses its 
WW domain and PDZ bm to cross-talk 
with signaling proteins of other path-
ways. TAZ associates strongly with DVL 
(disheveled) of the Wnt/β-catenin path-
way (Wnt, a pathway in which Wingless 
and Int morphogenic proteins play a 
role). The TAZ-DVL complex inhibits 
the CK1 (casein kinase 1)–mediated 
phosphorylation of DVL, thereby inhibit-
ing the Wnt/β-catenin signaling.26

WBP-2 Estrogen Receptor and 
the Hippo Pathway

WBP-2 was originally identified and 
cloned as a ligand of WW domain of 
YAP.9 The repeated PPxY motif within 
WBP-2, and within another similar 
ligand protein called WBP-1, helped to 
identify the first ligand of WW domain 
with the PPxY consensus and estab-
lished the WW domain as a bona fide 
modular domain that mediates protein-
protein interactions.9,27

Most recently, WBP-2 emerged as an 
enhancer of TAZ-mediated transforma-
tion of MCF10A and NIH3T3 cells, and 
its knockdown by RNAi technique 
reduced the transforming potential of 
TAZ. The interaction between TAZ and 
WBP-2 involved WW domains of TAZ and 
the PPxY-containing carboxy-terminal 
region of WBP-2.17

It is possible that the WBP-2 enhances 
TAZ-mediated (and most likely, YAP-
mediated) transformation and their 
oncogenic activity by linking the Hippo 
pathway with the estrogen receptor (ER) 
pathway. Study from the Nawaz labora-
tory described that YAP and WBP-2 are 
a part of the E6-AP (E6-associated pro-
tein) and ER complex and are required 
for estrogen-mediated gene expression 
(Fig. 3).16 If the nuclear function of this 
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multicomponent complex is further doc-
umented, WBP2 could be an important 
target of cancer therapy. Inhibition of its 
expression or interfering with the com-
plexes it forms with YAP, TAZ, E6AP, 
and ER may attenuate oncogenic signal-
ing by YAP and TAZ and provide strate-
gies to develop drugs that would control 
cancer. In particular, such new drugs 
could be effective in treating patients 
with estrogen-positive breast cancer. 
Perhaps WBP-2–based drugs would 
synergize with tamoxifen to effectively 
inhibit proliferation of tumor cells.

Concluding Remarks

The study of the Hippo tumor suppressor 
pathway represents a dynamic branch of 
current basic cancer research. Only 6 years 
ago, YAP was characterized as the main 
effector of the Hippo core cassette,4 and 
TAZ, as the closest ortholog, was impli-
cated soon after. YAP and TAZ are inacti-
vated by the activation of the Hippo path-
way, but YAP and TAZ are activated as 
nuclear effectors and oncogenes, when the 
pathway is inhibited or its core upstream 
components are mutated. At the 2 recent 
Hippo workshops held in Rome, Italy, in 
2009 and 2010, where most of the Hippo 
researchers gathered to discuss new devel-
opments, the community realized that the 
fast progress in this field is largely due to 
an active dialog between Drosophila fly 
geneticists and mammalian signalers. It is 
hoped that this friendly and collabora-

tive dialog will continue and small mol-
ecules that regulate this pathway will 
soon be discovered and tested in clini-
cal trials of cancer therapy. Most likely 
successes in targeting the Hippo path-
way by cancer drugs will be first seen 
in the treatment of liver cancer, an organ 
where the pathway robustly controls 
hepatocyte proliferation.28
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Figure 3.  Schematic of nuclear signaling 
by the YAP/TAZ and estrogen receptor 
complex. YAP and its ligand, WBP-2, were 
shown to be a part of the E6-AP and ER-E 
(estrogen receptor - estrogen) complex and 
are required for estrogen-mediated gene 
expression. The nuclear signaling of this 
multicomponent complex may identify targets 
for the development of cancer drugs. Other 
abbreviations are described in the text.


