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 Twenty years ago marks a fascinating beginning of new  fl edgling life of a novel 
signaling cascade—the Hippo Pathway. Today we are still grasping to understand its 
biological context and scrabbling to  fi nd new modulators of the pathway. Research 
is in full swing, and does not show signs of slowing down in the foreseeable future. 

 The founding member of the Hippo pathway was Yap ( Y ES- a ssociated  p rotein), 
 fi rst described in 1994 (Sudol  1994  ) . As its name implies, Yap cDNA was isolated 
from a lambda phage expression library in a screen for proteins that bind to the Yes 
kinase (Sudol  1994  ) . Sequence comparison between Yap proteins of different organ-
isms revealed a new protein module; the WW domain. Subsequently, using a cDNA 
expression library, the WW domain of Yap was found to bind proline-rich peptides 
(Sudol et al.  1995  ) . These motifs were to become linchpins of Hippo interactions. 

 Key to the ensuing discovery of additional Hippo components has been the 
rewarding exchange between mammalian and  fl y researchers (fruitful fruit  fl ies!). 
Mosaic screens in  Drosophila  have facilitated the isolation of hyperproliferation 
mutations that are lethal at earlier developmental stages, since clusters of somatic 
cells mutated in genes that encode negative regulators of cell proliferation were 
easily detected. By 1995, more than 22 putative  fl y “tumor suppressor” genes had 
been cloned and characterized at the molecular level (Watson et al.  1994  ) , four of 
which functioned in imaginal discs. These four were homologous to human genes: 
 fat , a gene encoding a large cadherin-like transmembrane molecule involved in cell 
adhesion (Mahoney et al.  1991  ) ; discs-large ( dlg ), encoding an SH3-containing 
kinase localized to cell junctions (Woods and Bryant  1991  ) ; lethal2giant larvae 
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( lgl ), localized either in the cytoplasm or in association with cell membranes at sites 
of cell–cell contact (Strand et al.  1994  ) ; and expanded ( exp ), the homolog of the 
mammalian NF2 tumor suppressor gene (Boedigheimer et al.  1993  ) , which encodes 
a  membrane-cytoskeleton linker protein. This is interesting not only because loss of 
apical–basal polarity and cell contact inhibition are critical attributes driving epithe-
lial tumor progression but also because each of the proteins encoded by these genes 
was ultimately implicated in signaling to the Hippo pathway (Grusche et al.  2010  ) . 

  dLats  ( La rge  t umor  s uppressor or warts,  wts ) is an archetypal example of a 
hippo-related tumor suppressor isolated in a  Drosophila  screen.  dLats  was identi fi ed 
in 1995 in two independent screens for recessive hyperproliferation mutations 
(Justice et al.  1995 ; Xu et al.  1995  ) . It was recognized as a member of the NDR fam-
ily of kinases and was subsequently the  fi rst ser/thr kinase demonstrated to  negatively 
regulate cell cycle (Xu et al.  1995  ) . Loss of  dLats  caused a massive hyperprolifera-
tion phenotype with enlarged adult somatic structures (Xu et al.  1995  ) . Mutant  fl ies 
also exhibited apical hypertrophy of epithelial cells, leading to abnormal deposition 
of extracellular matrix during adult development (“warts”) (Justice et al.  1995  ) . 
Proline-rich regions were identi fi ed in the N-terminus of the protein. In retrospect, 
this is evocative of the PP domain that had been highlighted previously by Sudol 
within the Yap-binding context (Sudol  1994  ) . 

 Mammals harbor two  dLats  orthologs, Lats1 and Lats2. Mice lacking Lats1 
develop soft-tissue sarcomas and ovarian stromal tumors with 100% penetrance, 
and are highly sensitive to exposure to carcinogens (St John et al.  1999  ) . This was 
an important milestone, since it indisputably pegged Lats as a tumor suppressor. 

 In 2000, Taz ( T ranscriptional co- a ctivator with PD Z -binding motif) was isolated 
in a cDNA screen for novel 14-3-3-binding proteins (Kanai et al.  2000  ) . BLAST 
analysis revealed signi fi cant sequence homology and domain conservation with the 
Hippo component Yap (Both Yap and Taz contain WW domains, although Yap does 
not harbor a PDZ domain and Taz does not harbor a Yes-binding SH3 domain). The 
transcriptional co-activation function of Taz was dependent on its C-terminal PDZ 
domain. This was intriguing, since PDZ domains historically have been found in 
membrane-associated signal transduction molecules, such as the tight junction pro-
tein ZO1. Consistent with this, Taz could be found at the plasma membrane, as well 
as in punctate nuclear foci. The authors foresaw that competition between PDZ 
domain-mediated membrane and nuclear targeting, along with phosphorylation-
dependent 14-3-3 binding and cytoplasmic sequestration, might provide a mecha-
nism for spatial control of Taz function (Kanai et al.  2000  ) . 

 Meanwhile, work on dissecting the transcriptional function of Yap bustled on. 
Yap was shown to function as a coactivator for a number of transcription factors, such 
as the Runx family member PEBP2a (Yagi et al.  1999  )  and p73 (Strano et al.  2001  ) . 
Runx family members play an important role in regulating mesenchymal stem cell 
differentiation during bone formation (Lian et al.  2004  ) . Yap and p73, a well-known 
member of the p53 family, act together in a feed-forward circuit to drive apoptosis 
(Basu et al.  2003 ; Lapi et al.  2008 ; Levy et al.  2007  ) . The above interactions were 
mediated by the WW domains of Yap and the PPxY motifs of PEBP2a and p73. 
More recent work has highlighted the direct interaction of Yap and Taz with the four 
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TEAD/TEF family transcription factors, which mediate Yap- and Taz-dependent 
tissue growth and progenitor cell expansion (Vassilev et al.  2001  ) . Interestingly, this 
binding was independent of the Yap and Taz WW domains (Chen et al.  2010 ; Li 
et al.  2010 ; Tian et al.  2010  ) . 

 In another  Drosophila  screen, akin to that of Xu et al. described above, Tapon 
 (  2002  )  identi fi ed mutations in Salvador ( sav , named after the surrealist painter 
Salvador Dali who, while alive, claimed to be immortal). Concurrently, in a genetic 
screen to identify mutations that affected  Drosophila  eye size, the group of Georg 
Halder isolated the same gene and called it  shar-pei  (Kango-Singh et al.  2002  ) .  Sav  
protein contained two WW domains that were necessary for its interaction with 
 dLats  (Tapon et al.  2002  ) . Similar to  dLats ,  sav  mutant cells proliferated more than 
their wild-type counterparts. Although tissue patterning appeared unaffected, an 
excess of a subtype of cells whose number was normally “pruned” by apoptosis was 
suggestive of a defect in cell death. These similarities, as well as a physical interac-
tion, led the authors to postulate that  sav  and  dLats  may work epistatically. 
Complicating this possibility, however, was the fact that double mutants exhibited 
more severe phenotypes than either single mutant, suggesting that the two genes did 
not work in a simple linear manner. 

 In 2003, hippo ( hpo ), a ser/thr kinase and ortholog of Mst1/2, was identi fi ed by 
no less than  fi ve independent groups: four by genetic mosaic screens (similar to 
those described above) for mutants exhibiting hyperproliferation (Udan et al.  2003 ; 
Wu et al.  2003 ; Harvey et al.  2003 ; Jia et al.  2003  )  and one in a yeast two hybrid 
screen using  sav  as bait (Pantalacci et al.  2003  ) . Reminiscent of  dLats  and  sav ,  hpo  
mutants displayed high levels of cyclin E which drives cell proliferation, as well as 
increased  dIAP1 , an inhibitor of apoptosis.  Hpo  physically bound  sav , which in turn 
interacted with  dLats , suggesting that the three proteins functioned as a complex to 
negatively regulate cell proliferation. The trio was postulated to act via transcrip-
tional repression of cyclin E and dIAP1, by unknown mechanisms. This new 
“Hippo” complex had only a handful of identi fi ed kinase substrates; a destabilizing 
phosphorylation of dIAP1 (Tapon et al.  2002 ; Harvey et al.  2003 ; Pantalacci et al. 
 2003  ) , the G2/M regulator cdc2 (Tapon et al.  2002 ; Tao et al.  1999  )  and actin regu-
lators zyxin and LIMK1 (Hirota et al.  2000 ; Yang et al.  2004  ) . Furthermore,  sav  was 
shown to be a target of  hpo  kinase, and  sav  and  hpo , jointly, promoted phosphoryla-
tion of  dLats  (Wu et al.  2003 ; Pantalacci et al.  2003 ; Chan et al.  2005  ) . Although the 
“Hippo” complex clearly affected transcriptional levels of cyclin E and dIAP1, 
nothing was known about how the pertinent signals were transduced into the nucleus 
and/or integrated with other transcriptional programs. 

 In 2005 the pieces started to come together. Implementing a yeast two hybrid 
screen using the N-terminus of  dLats  as bait, Duojia Pan’s group (Huang et al.  2005  )  
identi fi ed yorkie ( yki ), the  fl y ortholog of Yap, as a critical target of the Lats kinase. 
Accordingly,  yki  was required for dIAP1 transcription, whereas overexpression of 
 yki  phenocopied loss-of-function mutations of  hpo ,  sav , and  dLats  (Huang et al. 
 2005  ) . Thus,  yki  was the  fi rst substrate identi fi ed for the Hippo pathway, and, more 
broadly, for any of the NDR kinases. The authors also noted that NDR kinases are 
often regulated by a family of proteins called Mob. Congruently, in  Drosophila , the 
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Mob family protein  Mats  was identi fi ed as a tumor suppressor putatively regulating 
Lats in the Hippo signaling pathway (Lai et al.  2005  ) . 

 Subsequent work reinforced the notion that the “canonical” mechanism of Hippo 
regulation is via cell–cell contact. In tissue culture, high cell density induced phos-
phorylation, cytoplasmic translocation, (Zhao et al.  2007  )  and rapid degradation 
(Zhao et al.  2010  )  of Yap. Accordingly, disruption of cell junctions in epithelial cells 
resulted in the nuclear localization of both Yap and Taz (Varelas et al.  2010  ) . 

 Thus, the Hippo signaling pathway was born—but where are we now? 
 The study of Hippo function continues to be enormously exciting and persis-

tently surprising. The authors of the chapters in this book are at the cutting edge of 
the Hippo  fi eld. We will allow their chapters to speak for themselves. 

 Lest we be lulled into the complacent opinion that the Hippo pathway has been 
“deciphered,” let us remember that while a coherent conception of Hippo function-
ing is now emerging, additional evidence of more complex networks of interactions 
is also discernible. Illustrating just one of many examples, even at the time of plac-
ing Mst as the central Hippo kinase, data had already accumulated of seemingly 
Hippo-unrelated functions of Mst kinases. Mst1 and 2 had been described as 
MAPKKK kinases that incite c-Jun, p38 and caspase activation (Graves et al.  1998  ) . 
Once activated, caspase 6/7 cleaves Mst1 (whereas caspase 3 cleaves Mst2) (Feig 
and Buchsbaum  2002  ) , creating a constitutively activated kinase that is transported 
into the nucleus to phosphorylate histone H2B and potentiate apoptotic chromatin 
condensation (Cheung et al.  2003  ) . The new Hippo pathway added another level of 
complexity to this preexisting story. The cleaved portion of Mst harbors a SARAH 
 (SA lvador- RA ssf- H po binding) motif, which keeps the Mst pro-apoptotic function 
in check. In response to oncogene activation, for instance, the Hippo components 
 sav  and Rassf1a displace inhibitory Raf1, thereby activating an apoptotic Mst-Lats 
kinase signaling cascade (O’Neill and Kolch  2005  ) . 

 Evidence for the involvement of subpopulations of Hippo components in non-
Yap/Taz effector outcomes continues to crop up. Most of these processes have been 
less “neatly” resolved than the above Mst story. In fact, the  fi rst description of an 
in vivo upstream activating signal (in this case, DNA damage) of the Hippo pathway 
actually involved dmp53, the  fl y ortholog of the p53 tumor suppressor (Colombani 
et al.  2006  ) . Similarly to its mammalian counterpart, dmp53 mediates the DNA dam-
age response in the  fl y. Importantly,  Hpo  signaling is required for a maximal dmp53 
response. In turn,  Hpo  kinase activity is activated in a dmp53-dependent manner 
(Colombani et al.  2006  ) . Concurrently, our laboratory uncovered a somewhat analo-
gous feedback circuit in mammalian cells (Aylon et al.  2006  ) . In the mammalian 
system, mitotic or oncogenic stress causes Lats2 to translocate from the centrosome 
to the nucleus. In the nucleus, Lats2 binds the negative regulator of p53, Mdm2, lead-
ing to inhibition of p53 degradation and induction of a p53-driven transcriptional 
response. Since the Lats2 gene itself is directly transcriptionally activated by p53, 
this leads to a gradual and continuous increase in Lats2 protein levels. 

 The mention of p53 is not coincidental. p53 is historically one of the most studied 
tumor suppressor genes, making it the prototypic tumor suppressor. p53 was 
identi fi ed in 1979 by four independent laboratories (Lane and Crawford  1979 ; 
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Linzer and Levine  1979 ; DeLeo et al.  1979 ; Kress et al.  1979 ). Following its discovery, 
p53 has evolved from an obscure molecule to a key tumor suppressor gene with 
potentially great clinical impact. In many ways, the p53 pathway is long considered 
to have come of age. In this analogy, the Hippo pathway is still a toddler, but per-
haps we can learn from the  fl ip- fl opped evolution of our concept of p53 tumor sup-
pressor function and apply similar principles to the  burgeoning Hippo pathway.

Three major factors have contributed to the overwhelming success of p53 
research; (1) reliable working “tools” and infrastructure; (2) recognition of cross-
talk with other pathways and (3) clinical relevance. 

 How do these attributes apply to the Hippo pathway? For tools, we need a battery 
of reliable and sensitive measuring and detection methods; good antibodies, strong 
mouse models, identi fi cation of a robust list of target genes; good database infrastruc-
ture to make information accessible and interchangeable to all researchers. We need 
to continue to meet at conferences, talk, discuss, exchange reagents, and ideas. 

 As to recognition of cross-talk with other pathways, our understanding of the 
intricacies of cell signaling begins on the single molecule level. Genetic and physi-
cal interactions develop into pathways, which subsequently evolve into cellular net-
works. But even networks do not function in a vacuum. Cell fate decisions are the 
sum total of innumerous signaling inputs and outputs, the weight of each signal 
being determined (among many other factors) by cell density, cell type, develop-
mental stage, neighboring cells, and whether those cells are normal or transformed. 
Complicating the “untangling” of distinct networks is the fact that adult organisms 
often reuse signaling cassettes that were previously used for different purposes ear-
lier in development. Furthermore, miswiring or hijacking of pathway members from 
diverse networks is often associated with severe diseases, such as cancer. From the 
Hippo perspective, different cells have distinct modi fi cations of hippo function and 
output. One of the most glaring examples of this is the ability of Yap to promote 
tremendously diverse cellular outcomes such as apoptosis, cell growth, or “stem-
ness.” Whereas, on a broad level, this is suggestive of fail-safe mechanisms to check 
and limit the oncogenic potential of Yap-TEAD, it also implies a complex interac-
tion between cellular signaling pathways. 

 As for clinical relevance, let us keep in mind that model organisms are just, well, 
model organisms. The exchange of information between  Drosophila  and mamma-
lian systems has been very rewarding. However, care needs to be exercised against 
hasty analogies, since mammals are not merely wingless  fl ies. Human  genomics, 
such as identifying single nucleotide polymorphisms, copy number variations, and 
somatic mutations, are becoming more and more mainstream. Although confronting 
the genetic variations among humans is more “inconvenient” than working with 
inbred strains of model organisms, an immense advantage of humans is the detailed 
phenotypes that can be followed in clinical records. Comprehensive records of 
patient outcome, together with detailed genetic information, are rapidly being 
assembled in central facilities. Accessible and user-friendly databases will be criti-
cal for human-as-an-ultimate-model-organism Hippo researchers. 

 With this high-throughput vision in place, as well as the functions of the Hippo 
pathway expanding, and considering its central role in tumorigenesis and 
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development, the opportunities for drug development increase. Drugs that disrupt 
Yap-TEAD binding (Vertepor fi n), Taz-TEAD binding (TM-25659), or Yap nuclear 
translocation (Dobutamine) are already available (Jang et al.  2012 ; Liu-Chittenden 
et al.  2012 ; Bao et al.  2011  ) . Conceivably, negative modulators of Hippo function 
are also potential drug targets. For instance, the PP2A phosphatase complex, an 
antagonist of  Hpo  (Ribeiro et al.  2010  ) , is targeted by Fostriecin, which entered 
phase I clinical studies in 2002 as a cancer-killing agent (Lewy et al.  2002  ) . Another 
exciting approach will be the search for targets in pathways that show synthetic 
lethality with either loss of Hippo function or excessive Yap/Taz function. Clinical 
applications are important not only because they save lives but also because they 
provide glimpses of the complex modes of action of molecules and pathways within 
a holistic human context. 

 We hope that by bringing together contributions from many leading experts, this 
volume will provide a great introduction to the  fi eld for newcomers to the Hippo 
pathway, as well as a starting point for vigorous debate among the already con-
verted. The many unknowns in this system, detailed and discussed exquisitely in 
this volume, provide us all with inspiration for future work. 

 We are enormously indebted to the team of authors who took a timeout from 
their ongoing investigations to consider their work in a broader context and share it 
with us all, in true Hippo spirit!     
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  Abstract   Merlin, encoded by the  NF2  tumor-suppressive gene, has been  established 
through genetic studies in both  Drosophila  and mice as an important upstream regu-
lator of the Hippo-Yap pathway. Recently, biochemical studies have identi fi ed 
Angiomotin and Angiomotin-like proteins as major interacting partners for both 
Merlin and Yap. The exact mechanisms of how Merlin and Angiomotin regulate 
Hippo signaling remain undetermined. In this chapter, we will summarize past 
 fi ndings and discuss controversies and remaining questions regarding the roles of 
Merlin and Angiomotin in Hippo signaling and tumorigenesis.  

  Keywords   Merlin  •  NF2  •  Adherens junctions  •  Tight junctions  •  Angiomotin  
•  Hippo-Yap pathway      

    2.1   Neuro fi bromatosis Type 2 and Merlin 

 Neuro fi bromatosis type 2 is an inherited disorder with an incidence of approximately 
1 in 30,000 births, caused by germ line mutations of the  NF2  gene, which is located 
on chromosome 22q12. The disease is characterized mainly by the development of 
bilateral Schwann cell tumors of the eighth cranial nerve. Mutations and loss of 
heterozygosity (LOH) of the  NF2  locus have been detected at high frequency in 
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 various tumors of the nervous system, including schwannomas, meningiomas, and 
ependymomas, indicative of classical tumor suppressor gene pattern (Gusella et al. 
 1996,   1999  ) . In further support of a role for  NF2  in tumor suppression, mice heterozy-
gous for an  Nf2  mutation are predisposed to a wide variety of tumors, while mice with 
both  Nf2  alleles inactivated speci fi cally in Schwann cells develop schwannomas and 
Schwann cell hyperplasia (McClatchey et al.  1998 ; Giovannini et al.  1999,   2000  ) . 

 The  NF2  tumor suppressor gene encodes a 69-kDa protein called Merlin ( Mo esin, 
 e zrin, and  r adixin- li ke protei n ). Merlin contains an N-terminal FERM domain that 
comprises three subdomains organized into a cloverleaf-like structure (Shimizu 
et al.  2002 ; Pearson et al.  2000  ) , followed by a coiled-coil domain and a charged 
C-terminal tail. The  NF2  allele is alternatively spliced resulting in two predominate 
forms of the Merlin protein (isoform 1 and 2) that differ at the extreme C-terminus. 
Several studies indicated that Merlin forms intramolecular associations between the 
C-terminal tail and the FERM domain, transitioning between “open” and “closed” 
conformation (Sher et al.  2012 ; Gutmann et al.  1999 ; Sherman et al.  1997  ) . While it 
has been long thought that the “closed” state represents the active/growth-suppressive 
form of Merlin, recent studies have cast doubt on this model (Sher et al.  2012 ; 
Hennigan et al.  2010 ; Lallemand et al.  2009a ; Schulz et al.  2010  ) . In particular, a 
study using Merlin mutants that adopt open or closed forms demonstrated that the 
open form is the active form of the protein (Sher et al.  2012  ) . 

 A number of factors have been shown to regulate Merlin activity, including phos-
phorylation on serine 518 in the C-terminal tail. This phosphorylation is induced by 
the small G-proteins, Rac1 and Cdc42, and mediated by the immediate Rac/Cdc42 
effectors—the p21-activated kinases (Paks) (Kissil et al.  2002 ; Xiao et al.  2002  ) . 
In addition, it was shown that cAMP-dependent kinase (PKA) also phosphorylates 
Merlin at serine 518 (Alfthan et al.  2004  ) . An additional level of regulation is pro-
vided by the myosin phosphatase MYPT1-PP1, which dephosphorylates Merlin at 
serine 518 (Jin et al.  2006  ) . Finally, AKT was shown to phosphorylate Merlin at 
serine 10, threonine 230, and serine 315, promoting its proteosomal degradation 
(Tang et al.  2007 ; Laulajainen et al.  2011  ) .  

    2.2   Merlin Localization and Function 

 Merlin is localized predominantly to membrane periphery within cells. As cells reach 
con fl uence, Merlin is recruited to cell junctions, most likely through interactions with 
 a -catenin (adherens junctions, AJs) or Amot (tight junctions, TJs), where it is thought 
to coordinate the establishment of intercellular contacts with concomitant inhibition 
of proliferative signaling (Curto et al.  2007 ; Rangwala et al.  2005 ; Lallemand et al. 
 2003 ; Morris and McClatchey  2009 ; Gladden et al.  2010 ; Yi et al.  2011  ) . In vitro and 
in vivo studies using different experimental systems have yielded con fl icting results 
on whether or not Merlin is required for the assembly or maintenance of cell junctions 
(Lallemand et al.  2003 ; Morris and McClatchey  2009 ; Gladden et al.  2010 ; Houshmandi 
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et al.  2009 ; Lallemand et al.  2009b ; McLaughlin et al.  2007 ; Flaiz et al.  2009 ; Okada 
et al.  2005  ) . Nevertheless, the localization of Merlin to cell junctions appears to be 
critical for its tumor-suppressive function, as patient-derived mutations that impair 
Merlin’s junctional localization render the protein inactive (Lallemand et al.  2003 ; 
Gutmann et al.  2001 ; Stokowski and Cox  2000 ; Deguen et al.  1998  ) . 

 While Merlin has also been shown to have nuclear functions (Li et al.  2010  ) , the 
vast majority of evidence implicates Merlin in mediating contact-dependent inhibi-
tion of cell proliferation from the cell membrane, by coupling signals initiated 
through cell–cell interactions with regulation of growth regulatory pathways, includ-
ing the Ras and Rac, Src, mTOR, and Hippo-Yap pathways (Huson et al.  2011  ) . 
In particular, numerous studies have linked Merlin to the Ras and Rac signaling 
pathways (Fig.   2.1 ) (Yi et al.  2011 ; Okada et al.  2005 ; Kaempchen et al.  2003 ; 
Morrison et al.  2007 ; Wong et al.  2012 ; Zhou et al.  2011a ; Hennigan et al.  2012 ; 
Bosco et al.  2010  ) . The Ras and Rac protein families are small G-proteins that func-
tion as molecular switches cycling between an “ON” state when bound to GTP and 
an “OFF” state when bound to GDP. They are tightly regulated by various groups of 
proteins, including GEFs (Guanine Exchange Factors), which promote binding of 

  Fig. 2.1    Schematic 
representation showing the 
modes through which Merlin 
regulates Rac and Ras 
signaling       
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small GTPases to GTP, and GAPs (GTPase Activating Proteins) that promote the 
hydrolysis of GTP to GDP. The transition from an “ON” to an “OFF” state is regu-
lated by various stimuli, including growth-factor receptors and integrins (Burridge 
and Wennerberg  2004  ) . Ras is a well-documented oncogene that is mutated in a 
signi fi cant number of cancers. However, the roles of the Rac family of proteins in 
cancer have not been fully elucidated. Both Ras and Rac protein families are master 
regulators of diverse signaling pathways that control the shape, motility, and growth 
of cells. These are processes that often go awry in cancer. While activating Rac 
mutations have not been found in tumors, there is strong evidence that Rac plays a 
crucial role in the regulation of signaling cascades downstream of Ras. One of the 
main mechanisms demonstrated is through the phosphorylation of c-Raf (serine 
338) and MEK1 (serine 298) by Paks following Rac1 activation by Ras, which is 
required for the sustained activation of the MAPK signaling by Ras (Fig.   2.1 ) (Sun 
et al.  2000 ; Howe and Juliano  2000 ; Diaz et al.  1997 ; Frost et al.  1997 ; King et al. 
 1998 ; Vadlamudi et al.  2000  ) .  

 Merlin has been shown to regulate mitogenic signaling at multiple levels. Recent 
studies suggested that loss of Merlin leads to accumulation of receptor tyrosine 
kinases (RTKs) at the cell surface, possibly due to defects in receptor traf fi cking 
(Lallemand et al.  2009b ; Ammoun et al.  2008 ; Maitra et al.  2006  ) , or by sequester-
ing them to microdomains of the plasma membrane (Curto et al.  2007 ; Morris and 
McClatchey  2009 ; Cole et al.  2008  ) . Downstream of RTKs, Merlin was shown to 
also inhibit the activation of the small GTPases Ras and Rac1 (Okada et al.  2005 ; 
Morrison et al.  2007  ) . Many Ras-controlled pathways are upregulated in human 
schwannomas (Ammoun et al.  2008  )  and mechanistic studies suggested that Merlin 
regulates Ras signaling by disrupting a Grb2-SOS-ERM-Ras complex, leading to 
lower levels of activated Ras (Morrison et al.  2007  ) . Previous work by multiple 
groups demonstrated that Merlin functions to prevent Rac1-mediated activation of 
Paks by interfering with the binding of activated Rac1 to Pak1 (Kissil et al.  2003 ; 
Xiao et al.  2005 ; Hirokawa et al.  2004  ) . Merlin also acts upstream of Rac1, as 
expression of dominant-active Rac1 as well as dominant-active Pak prevents Merlin 
from inhibiting Ras-induced activation of MAPK signaling (Morrison et al.  2007  ) . 
Recent work added insights into the mechanisms of how Merlin functions upstream 
of Rac1 and Ras-MAPK signaling through inhibition of Rich1, a Rac1/Cdc42 GAP 
(see below) (Yi et al.  2011  ) . In addition, Merlin was shown to inhibit contact-dependent 
recruitment of active Rac1 to the plasma membrane in endothelial cells (Okada 
et al.  2005  ) . 

 Genetic studies in both  fl ies and mice demonstrated that the Hippo-Yap pathway 
is a key effector pathway mediating the tumor-suppressive function of Merlin 
(Zhang et al.  2010 ; Hamaratoglu et al.  2006  ) . In this chapter, we will discuss our 
current understanding of how Merlin and its major interacting partners, the 
Angiomotins, modulate the Hippo-Yap pathway. The reader is referred to other 
reviews for details relating to Merlin’s regulation of other signaling pathways 
(Li et al.  2012a ; Zhou and Hanemann  2012  ) .  
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    2.3   The Angiomotins: Novel Merlin Interacting Proteins 

 While numerous proteins have been identi fi ed as merlin-interacting proteins over the 
past decade, it is the Angiomotins that have been directly implicated in the tumor-
suppressive function of Merlin as well as regulation of the Hippo-Yap pathway (Yi 
et al.  2011 ; Varelas et al.  2010 ; Zhao et al.  2011 ; Wang et al.  2011a ; Chan et al.  2011 ; 
Paramasivam et al.  2011 ; Oka et al.  2012  ) . As members of the Motin protein family, 
Angiomotin (Amot), Angiomotin-like 1 (AmotL1), and Angiomotin-like 2 (Amotl2) 
are characterized by a conserved N-terminal glutamine-rich domain, followed by a 
coiled-coil domain and a C-terminal PDZ-binding motif (Fig.  2.2 ) (Bratt et al.  2002  ) . 
Angiomotin, the founding member of the Motin family has two major splice forms 
(p80 and p130 isoforms) and was originally isolated as an Angiostatin binding pro-
tein that mediates the anti-migratory properties of Angiostatin (Bratt et al.  2005 ; 
Troyanovsky et al.  2001  ) . Interestingly, all members of the Motin family appear to 
associate with TJs through binding to the TJ-associated Patj/Mupp1 proteins (Wells 
et al.  2006 ; Sugihara-Mizuno et al.  2007 ; Ernkvist et al.  2009  ) .  

 The Angiomotins have been extensively studied in the context of angiogenesis 
during development. Knocking down or deleting Motin family members  individually 
or in combination results in defects in endothelial cell polarization, migration, and 
proliferation of various severities, suggesting that these proteins have overlapping 
functions in promoting angiogenesis (Ernkvist et al.  2009 ; Huang et al.  2007 ; Aase 
et al.  2007 ; Garnaas et al.  2008 ; Zheng et al.  2009 ; Wang et al.  2011b  ) . The roles of 
Amot in mediating endothelial cell polarization and migration require its C-terminal 
PDZ binding motif, which mediates its indirect association with Syx, a RhoA-
speci fi c GEF, via Patj/Mupp1 (Ernkvist et al.  2009 ; Garnaas et al.  2008  ) . In addi-
tion, Amot was shown to preferentially bind to mono-phosphorylated 
phosphatidylinositols and mediate endocytic recruitment of Patj/Mupp1 and Syx 
(Heller et al.  2010 ; Wu et al.  2011  ) . It has been suggested that Amot might coordi-
nate cell migration and junctional remodeling by traf fi cking Syx together with TJ 
proteins Patj/Mupp1 through endocytic vesicles to the leading edge of migrating 
endothelial cells, leading to focal activation of RhoA at the leading edge (Ernkvist 
et al.  2009 ; Wu et al.  2011  ) . 

 In addition to its role in regulating local activity of RhoA, multiple studies 
 demonstrated that Amot inhibits Rac1 and Cdc42 activities by bindings to and 
inhibiting the function of Rich1, a Rac1/Cdc42 GAP localized to TJs and AJs in 
epithelial cells (Yi et al.  2011 ; Wells et al.  2006  ) . We previously showed that Merlin, 
through competitive binding to Amot, releases Rich1 from an Amot-inhibitory 
complex, allowing Rich1 to inactivate Rac1, ultimately leading to attenuation of 
Rac1 and Ras/MAPK signaling (Yi et al.  2011  ) . Moreover, Merlin mutants that 
carry mutations found in NF2 patients showed diminished binding capacities to 
Amot and were unable to dissociate Rich1 from Amot or inhibit MAPK signaling 
(Yi et al.  2011  ) . The depletion of Amot in  Nf2   -/-   Schwann cells attenuated the Ras-
MAPK signaling pathway, impeded cellular proliferation in vitro and tumorigenesis 
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  Fig. 2.2    The Motin protein family. Angiomotin p80 (Amot80) is an N-terminal truncated ver-
sion of Angiomotin p130 (Amot130) as a result of alternative splicing. Angiomotin-like proteins 
1 and 2 (Amotl1 and Amotl2) share sequence identity to Amot p130 but notably they lack the 
angiostatin-binding domain       

in vivo (Yi et al.  2011  ) . Consistent with our  fi ndings, Amot and AmotL2 were later 
reported to promote MAPK signaling and cell proliferation in human mammary 
epithelial cells, human umbilical vein endothelial cells, and zebra fi sh embryos 
(Wang et al.  2011b ; Ranahan et al.  2010  ) . Similarly, knockdown of AmotL1 was 
shown to decrease pERK and pAKT levels in MCF10A cells (Wang et al.  2011a  ) . 
Interestingly, the same study found that silencing of AmotL2 has opposite effects on 
pERK and pAKT levels (Wang et al.  2011a  ) . Further investigation will be required 
to reconcile these  fi ndings with previous reports. 

 Finally, the Angiomotins were recently identi fi ed as major binding partners for 
Yap (Varelas et al.  2010 ; Zhao et al.  2011 ; Wang et al.  2011a ; Chan et al.  2011 ; 
Paramasivam et al.  2011 ; Oka et al.  2012  ) . We will discuss in detail below the vari-
ous mechanisms that have been proposed of how the Angiomotins intercept with 
Hippo-Yap signaling and their relationship to Merlin.  

    2.4   The Hippo-Yap Signaling Pathway 

 The Hippo-Yap pathway is described in great detail in other chapters of this book. 
Brie fl y, this pathway was initially characterized in  fl ies and shown to play a role in 
organ size control. Subsequent studies indicate that the pathway is a mediator of cell 
contact inhibition and tumor suppression (Ota and Sasaki  2008 ; Zeng and Hong 
 2008  ) . The pathway is composed of a core kinase cascade, in which the Mst1/2 
kinases (Hippo in  fl ies) in complex with scaffold protein WW45 (Salvador in  fl ies) 
phosphorylate Lats1/2 kinases (Warts in  fl ies) and their adaptor protein, Mob1 
(Mats in  fl ies). Phosphorylated Lats1/2 in turn phosphorylate Yap (Yorkie in  fl ies), 
a transcriptional co-activator. The phosphorylation of Yap not only prevents it from 
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entering into the nucleus but also primes it for ubiquitination and degradation by the 
proteasome (Zhao et al.  2007,   2010  ) . Upon dephosphorylation likely by PP1A 
(Wang et al.  2011c ; Liu et al.  2011  ) , Yap translocates into the nucleus where it com-
plexes with Tead (Scalloped in  fl ies) and other transcription factors to drive the 
expression of pro-proliferative or anti-apoptotic genes (Hong and Guan  2012  ) . 
A series of recent studies have demonstrated that, akin to what has been observed in 
 fl ies, the mammalian Hippo pathway also regulates organ size, particularly of the 
liver. Inducible overexpression of Yap in adult mouse liver results in rapid and 
reversible increase in liver size (Camargo et al.  2007 ; Dong et al.  2007  ) . Comparable 
hepatomegaly phenotypes were observed when  Mst1/2, WW45  and  Nf2  were ablated 
speci fi cally in the liver (Zhang et al.  2010 ; Zhou et al.  2009,   2011b ; Benhamouche 
et al.  2010 ; Song et al.  2010 ; Lee et al.  2010 ; Lu et al.  2010  ) . Finally, increased Yap 
activity appears to be a common occurrence in human hepatocellular carcinoma 
(Zhou et al.  2009 ; Li et al.  2012b ; Xu et al.  2009 ; Zender et al.  2006  ) .  

    2.5   Merlin and Hippo-Yap Signaling 

 Merlin and another FERM domain protein, Expanded, were  fi rst identi fi ed as 
upstream regulators of Hippo signaling through genetic screens in Drosophila 
(Hamaratoglu et al.  2006  ) . Merlin regulates the expression and localization of Yap 
in mammalian cells in a manner similar to what has been observed in  fl ies (Zhao 
et al.  2007 ; Striedinger et al.  2008 ; Yokoyama et al.  2008  ) . It was reported that 
majority of human meningioma and mesothelioma samples, which are frequently 
associated with loss of  NF2 , exhibited elevated Yap expression in the nuclei, indica-
tive of abnormal Yap activation (Zhao et al.  2007 ; Striedinger et al.  2008 ; Baia et al. 
 2012 ; Sekido  2011  ) . Knockdown of Yap was shown to rescue the hyperproliferative 
phenotype of  NF2 -de fi cient meningioma and mesothelioma cells, whereas hepato-
megaly/tumorigenesis phenotypes associated liver-speci fi c  Nf2  deletion in mice 
were largely suppressed by concomitant heterozygous deletion of  Yap  or overex-
pression of a dominant-negative Tead (Zhang et al.  2010 ; Striedinger et al.  2008 ; 
Baia et al.  2012 ; Mizuno et al.  2012 ; Liu-Chittenden et al.  2012  ) . These studies thus 
validated the Yap/Tead transcriptional complexes as major downstream effectors of 
Merlin/ NF2  in growth regulation in mammals. 

 The exact mechanisms of how Merlin regulates Hippo signaling and Yap activity 
remain to be elucidated. In Drosophila, Merlin was shown to form an apical com-
plex with Kibra and together they activate Sav and Wts, leading to Yki phosphoryla-
tion and inactivation (Yu et al.  2010 ; Genevet et al.  2010 ; Baumgartner et al.  2010  ) . 
Yeast two hybrid and biochemical studies indicated that Merlin directly binds to Sav 
through its N-terminal FERM domain and Kibra through its C-terminal half (Yu 
et al.  2010  ) . Interestingly, the physical and functional interactions between Merlin, 
Kibra, and WW45 (the mammalian counterpart of Sav) appear to be conserved in 
mammalian cells (Yu et al.  2010  ) . 
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 In addition to Hippo signaling components, Merlin has been reported to function 
as a linker between the AJ-associated catenin complex and the TJ-associated Par3 
complex by directly binding to  a -catenin and Par3 (Gladden et al.  2010  ) . Interestingly, 
two recent studies demonstrated that Yap also associates with  a -catenin through 
14-3-3 in a phosphorylation-dependent manner (Silvis et al.  2011 ; Schlegelmilch 
et al.  2011  ) . Besides the catenin complex, both Merlin and Yap interact with 
TJ-associated Crumbs-Pals1-Patj polarity complex via direct binding to distinct 
domains of the Angiomotins (Yi et al.  2011 ; Varelas et al.  2010  ) . Taken together, it 
is tempting to speculate that Merlin together with the junctional complexes may 
promote Hippo signaling and Yap inactivation by assembling signaling platforms 
where Lats1/2 kinases, in response to signals from the junctional complexes, phos-
phorylate and inactivate Yap (Fig.   2.3 ).   

    2.6   Angiomotin and Hippo-Yap Signaling 

 Recent work has also implicated the Angiomotin family members in the regulation 
of Hippo-Yap signaling (Varelas et al.  2010 ; Zhao et al.  2011 ; Wang et al.  2011a ; 
Chan et al.  2011 ; Paramasivam et al.  2011 ; Oka et al.  2012  ) . At least under condi-
tions used for immunoprecipitation, the Angiomotins are arguably one of the 

  Fig. 2.3    Schematic representation of putative signaling complexes assembled by Merlin at the cell 
junctions. In  green  are proteins previously implicated as having growth/tumor-suppressive func-
tions, in  red  proteins implicated as having pro-proliferative functions and in  purple  proteins with 
yet to be de fi ned functions       
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strongest binding partners for Yap, as evidenced by four independent studies 
 identifying them as major Yap-associated proteins (Varelas et al.  2010 ; Zhao et al. 
 2011 ; Wang et al.  2011a ; Chan et al.  2011  ) . The interactions between the 
Angiomotins and Yap are mediated through PPXY motifs within the N-terminal 
regions of the Angiomotins and the conserved WW domains of Yap (Zhao et al. 
 2011 ; Wang et al.  2011a ; Chan et al.  2011  ) . Interestingly, several other proteins 
including Lats1/2 also bind to the WW domains of Yap through their PPXY motifs 
(Chen and Sudol  1995 ; Strano et al.  2001 ; Komuro et al.  2003 ; Hao et al.  2008 ; 
Espanel and Sudol  2001  ) . Therefore, it would be interesting to test whether 
Angiomotins may regulate their interactions with Yap. 

 Largely based on overexpression of the Angiomotins in HeLa and MCF7 cells, 
which do not appear to express these proteins endogenously, several recent studies 
suggested that the Angiomotins function as negative regulators of Yap and its para-
log Taz by sequestering them in the cytoplasm (Zhao et al.  2011 ; Wang et al.  2011a ; 
Chan et al.  2011  ) . It should be noted, however, that exogenously expressed 
Angiomotins in these cells form mainly cytoplasmic aggregates, instead of localiz-
ing to the cell junctions (Zhao et al.  2011 ; Wang et al.  2011a ; Chan et al.  2011  ) . This 
raises the question of whether these approaches accurately re fl ect the physiological 
functions of the Angiomotins. Signi fi cantly, stable overexpression of Amot-p130 in 
MDCK cells, where it is correctly targeted to TJs, leads to increased localization of 
endogenous Yap not only to the junctions but also within the nucleus (Zhao et al. 
 2011  ) . Loss of function studies by knocking down members of the Motin family in 
cells that express endogenously at least one of three members of the family demon-
strated that silencing of AmotL2 but not AmotL1 increased the localization of Yap 
and Taz to the nucleus and induced cellular transformation in MDCK and MCF10A 
cells (Zhao et al.  2011 ; Wang et al.  2011a ; Chan et al.  2011  ) . In addition, knock-
down of AmotL2 or AmotL1 appeared to have opposite effects on MAPK signaling 
in MCF10A cells (Wang et al.  2011a  ) . Notably, the observed effect of AmotL2 
silencing on MAPK signaling in MCF10A cells was in contrast to another knock-
down study in zebra fi sh embryos and HUVEC cells (Wang et al.  2011a,   2011b  ) . It 
is possible that these discrepancies are due to tissue- or cell-type-speci fi c functions 
of different members of the Motin family. Further studies will be necessary to clar-
ify these differences. 

 In addition to controlling Yap subcellular localization, the Angiomotins have 
been reported to promote Yap phosphorylation and diminish transcription of two 
known Yap target genes, CTGF and Cyr61 (Zhao et al.  2011 ; Wang et al.  2011a ; 
Paramasivam et al.  2011  ) . One study suggested that the Angiomotins bind to and 
enhance the kinase activity of Lats1/2, thereby increasing Yap phosphorylation 
(Paramasivam et al.  2011  ) . One potential caveat is that this study was performed 
primarily with overexpressed Angiomotins tagged at their C-terminus, which may 
mask their C-terminal PDZ binding domains (Fig.  2.2 ) and hinder their binding to 
partners such as Patj/Mupp1, thus potentially interfering with the normal functions 
of the Angiomotins. Given that other studies have shown that the Angiomotins can 
regulate Yap activity independent of Hippo signaling, the precise functions of the 
Motin family members in Hippo signaling remain to be de fi ned. 
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 Con fl icting data also exist regarding to the roles of the Motin family in 
 tumorigenesis. We previously showed that Amot functions downstream of Merlin as 
a positive regulator of Rac1 and MAPK signaling in vitro and is required for 
 tumorigenesis following Merlin/ Nf2  loss in vivo, using an orthotopic model of NF2 
(Yi et al.  2011  ) . This  fi nding of a pro-proliferative role for Amot was corroborated 
by two other studies in mammary epithelial cells and zebra fi sh embryos (Wang 
et al.  2011b ; Heller et al.  2010  ) . Other reports suggested that knockdown of AmotL2 
leads to cellular transformation in MDCK and MCF10A cells in vitro (Zhao et al. 
 2011 ; Wang et al.  2011a  ) . It is possible that this is a re fl ection of different roles car-
ried out by members of the Motin family and/or a choice of model system used in 
the studies. The availability of knockout and transgenic mouse models in which 
components of the Hippo-Yap pathway have been targeted will no doubt facilitate 
the de fi nition of the roles the Motin family plays in tumorigenesis (Zhang et al. 
 2010 ; Camargo et al.  2007 ; Dong et al.  2007 ; Zhou et al.  2009,   2011b ; Benhamouche 
et al.  2010 ; Song et al.  2010 ; Lee et al.  2010 ; Lu et al.  2010 ; Schlegelmilch et al. 
 2011  ) . For example, the role of Amot in tumorigenesis could be addressed, in vivo, 
by combining the Amot conditional knockout allele (Shimono and Behringer  2003  )  
with knockout or transgenic alleles of Hippo-Yap pathway components in a  tractable 
system such as the liver and examining the effects of Amot knockout on hepato-
megaly and tumorigenesis phenotypes caused by perturbance of Merlin or the 
Hippo-Yap pathway. These studies in a physiological system should help de fi ne the 
relationship between Merlin, the Motin family, and the Hippo-Yap pathway.      
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