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  Abstract   Among the many signaling pathways related to cancer initiation and 
 progression, the Hippo pathway has emerged recently as a mediator of tumor sup-
pression that is evolutionarily conserved from  fl ies to humans and plays a key role 
in normal organ development. Genetic engineering of the Hippo pathway in mice 
has provided important insights into its tumor suppression function. These mouse 
models have also revealed both canonical and noncanonical modes of action for 
pathway components in tumor suppression. In this chapter, we  fi rst discuss genetic 
and epigenetic changes identi fi ed for Hippo pathway components in human can-
cers. We then describe established mouse models of cancer related to the Hippo 
pathway, dividing them into those in which the canonical pathway functions through 
inhibition of the transcriptional co-activator YAP and those in which noncanonical 
functions of individual pathway components contribute to tumor suppression.  

  Keywords   Canonical Hippo pathway  •  Noncanonical Hippo pathway  •  Liver 
 cancer  •  Oval cell  •  Intestine cancer  •  Tissue regeneration  •  Lymphoma  •  Genomic 
instability      

    11.1   Introduction 

 Cancer develops as a result of dysregulation of multiple genes and associated 
 signaling pathways. The accumulation of genetic and epigenetic changes that favor 
uncontrolled cell proliferation and spread is the driving force that advances tumor 
development, from initial tumor formation to escape from surrounding local tissue, 
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angiogenesis, and the acquisition of resistance to detrimental elements of the tumor 
environment such as anticancer agents (Hanahan and Weinberg  2000,   2011  ) . It is 
thus important to characterize these changes for all stages of cancer development 
and for all types of cancer. 

 The Hippo signaling pathway,  fi rst discovered a decade ago by genetic screening 
in  Drosophila  (Saucedo and Edgar  2007 ; Harvey and Tapon  2007 ; Zhao et al. 
 2010a  ) , has recently been found to mediate tumor suppression in mammals. The 
molecular roles of this signaling pathway have been described in detail in other 
chapters of this book. According to the current simpli fi ed model, upstream compo-
nents of the Hippo pathway include Kibra, Merlin, and Expanded. The core com-
plex of the pathway consists of the protein kinase Hippo (MST1 and MST2 in 
mammals), Salvador (SAV1 or WW45 in mammals), Mats (MOB1 in mammals), 
and the protein kinase Warts (LATS1 and LATS2 in mammals). On activation by 
unknown signals, Hippo phosphorylates and thereby activates Warts with the help 
of Salvador. Mats binds to Warts and enhances its kinase activity. Activated Warts, 
in turn, phosphorylates and inactivates the transcriptional co-activator Yorkie (YAP 
and TAZ in mammals). The mammalian counterparts of the Hippo signaling path-
way in  Drosophila  are both molecularly and functionally well conserved.  

    11.2   Dysregulation of Hippo Pathway Components 
in Human Cancer 

 Inactivation or reduced expression of upstream regulators of YAP has been identi fi ed 
in human cancers, as has activation of YAP. Hippo pathway components whose 
expression has been found to be dysregulated in human cancers and the mechanistic 
basis for such altered expression are summarized in Table  11.1 .  

 The gene for NF2 (Merlin) is the most frequently mutated of the genes for Hippo 
pathway components. It is thus mutated in individuals with familial neuro fi bromatosis 
type 2 (NF2) (Trofatter et al.  1993  ) , which is characterized by the development of 
multiple tumors of the nervous system such as schwannoma, meningioma, and 
ependymoma. Mutations in NF2 often result in the generation of truncated proteins, 
although several missense mutations have been associated with less aggressive 
forms of the disease (Ahronowitz et al.  2007 ; Baser  2006  ) . NF2 mutations have also 
been found in sporadic neuronal tumors. Importantly, both familial and sporadic 
cancers manifest loss of heterozygosity (LOH) for NF2, which is often seen with 
tumor suppressor genes, therefore suggesting that NF2 is indeed an authentic tumor 
suppressor. Epigenetic changes for NF2 have not been detected in human tumors to 
date. Direct mutation therefore appears to be the major mechanism for disruption of 
NF2 function in cancer. In addition to neuronal tumors, a high frequency of NF2 
mutations has been detected in mesothelioma, a metastatic type of cancer originat-
ing from epithelial cells that line the abdominal cavity (Bianchi et al.  1995  ) . 
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 Mutational inactivation of MST1 or MST2 has not been identi fi ed to date in 
human cancer, possibly because their functional redundancy would necessitate dis-
ruption of both genes. Indeed, Mst1-null and Mst2-null mice are viable, appear to 
develop normally, and rarely manifest spontaneous tumors, indicative of the func-
tional redundancy of the two proteins (Oh et al.  2009 ; Zhou et al.  2009  ) . It is there-
fore unlikely that mutational inactivation of both MST1 and MST2 would serve as 
the initiating lesion for tumorigenesis. Nevertheless, reduced expression of MST1 
and MST2 may promote tumor progression, as suggested by the frequent methyla-
tion of both gene promoters in soft tissue sarcoma (Seidel et al.  2007  ) . 

 The promoters of  LATS1  and  LATS2  also undergo extensive methylation in vari-
ous types of cancer. In the case of T-cell acute lymphoblastic leukemia (T-ALL), 
breast cancer, and astrocytoma, more than 50 % of tumors manifest  LATS1  or  LATS2  
promoter methylation (Jimenez-Velasco et al.  2005 ; Morinaga et al.  2000 ; Jiang 
et al.  2006  ) , with the extent of methylation correlating negatively with LATS1/2 
expression and prognosis. Of note, LOH at chromosome 13q12, a locus that includes 
 LATS2 , has also been detected in T-ALL (3–6 %), lung cancer (67 %), mesothe-
lioma, and cancers of the liver and ovary (Jimenez-Velasco et al.  2005 ; Yokota et al. 
 1987 ; De Rienzo et al.  2000  ) . Rare inactivating mutations of LATS2 have also been 
identi fi ed in lung cancer and mesothelioma (Strazisar et al.  2009 ; Murakami et al.  2011  ) . 
The fact that loss of LATS1 or LATS2 expression (or both) is frequently observed 
in human tumors suggests that the two proteins may perform distinct tumor sup-
pressor functions in different contexts. Indeed, in contrast to Mst1 and Mst2 single-
knockout mice, Lats1 and Lats2 single-knockout mice have distinct phenotypes 
characterized by the spontaneous formation of soft tissue sarcomas and embryonic 
lethality, respectively (St John et al.  1999 ; McPherson et al.  2004  ) . 

   Table 11.1    Alterations of Hippo pathway genes in human cancer   

 Gene  Dysregulated cancer  Alteration mechanism 

 NF2  Familial neuro fi bromatosis type 2  Nonsense/frameshift/point mutations. 
LOH found  Sporadic neuro fi bromatosis type 2 

 Mesothelioma 
 MST1/2  Soft tissue sarcoma  Promoter methylation 

 LATS1/2  Non-small cell lung cancer  13q12 loss (67 %). Rare inactivating 
mutations 

 T-ALL  13q12 loss (3–6 %), promoter 
methylation 

 Astrocytoma  Promoter methylation 
 Breast cancer  Promoter methylation 
 Mesothelioma  13q12 loss, inactivating mutations 

 YAP  Glioblastoma, Oral SCC, pancreas, 
cervix, lung, liver, mesothelioma 

 11q22 ampli fi cation (5–10 %) 
 Immunohistochemical analysis 

indicate accumulation of YAP/
TAZ in higher portion 
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 YAP and TAZ are the main downstream targets of the Hippo pathway in  mammals 
and function as oncogenic proteins. Both YAP and TAZ are inactivated as a result of 
LATS-mediated phosphorylation, leading to their cytoplasmic sequestration or 
 degradation (Zhao et al.  2010b ; Dong et al.  2007 ; Lee et al.  2008  ) . However, no 
activating missense mutations of YAP or TAZ have been identi fi ed in human cancer 
to date. Instead, the activity of YAP is increased as a result of its increased expres-
sion and nuclear localization in certain cancers. For example, ampli fi cation of chro-
mosome 11q22, which harbors the genes for YAP and the anti-apoptotic protein 
cIAP1, has been detected in 5–10 % of glioblastomas, oral squamous cell carcino-
mas, mesotheliomas, and cancers of the cervix, pancreas, breast, lung, and liver 
(Baldwin et al.  2005 ; Li et al.  2012 ; Hermsen et al.  2005 ; Imoto et al.  2001,   2002 ; 
Snijders et al.  2005 ; Weber et al.  1996  ) . Moreover, immunohistochemical studies 
indicate that overexpression of YAP or TAZ occurs in a much higher proportion of 
tumors (Zhao et al.  2007  ) . Ampli fi cation of the 11q22 locus may thus account for 
YAP activation in only a subset of tumors, with other mechanisms of YAP accumu-
lation, such as those mediated at the transcriptional or translational level, waiting to 
be identi fi ed.  

    11.3   Tumor Suppression by the Canonical Hippo 
Pathway in Mouse Models 

 Among the  fi rst mouse models to suggest the importance of the Hippo pathway in 
cancer were YAP transgenic mice generated by two independent groups (Dong et al. 
 2007 ; Camargo et al.  2007  ) . These transgenic mice provided insight into two in vivo 
functions of the Hippo pathway in mammals: (1) Control of organ size. The two 
groups thus both found a marked increase in organ size in the transgenic animals. 
The size of the liver returned to normal when expression of the YAP transgene was 
eliminated. (2) Control of stem or progenitor cell proliferation and differentiation. 
The size of stem/progenitor cell compartments in various organs including the intes-
tine and skin was thus increased in YAP transgenic mice, suggesting that the Hippo 
pathway limits stem or progenitor cell proliferation and promotes cell differentia-
tion (Camargo et al.  2007 ; Schlegelmilch et al.  2011  ) . 

 Subsequent studies focused on the precise roles of individual Hippo pathway 
components with regard to these two functions. Knockout mice with mutations in 
the genes for each component have thus been generated (Oh et al.  2009 ; McPherson 
et al.  2004 ; Lee et al.  2008 ; McClatchey et al.  1997  ) . However, embryonic mortality 
of mice lacking Nf2, Sav1, Lats2, or both Mst1 and Mst2 has hampered investiga-
tions into the roles of the Hippo pathway in tumorigenesis. Tissue-speci fi c knockout 
mice have been generated to overcome such mortality. Studies that have linked loss 
of Hippo signaling to liver, intestinal, and other types of cancer will be discussed. 



22911 Hippo and Mouse Models for Cancer

    11.3.1   The Hippo Pathway in Liver Cancer 

 The liver serves as an ideal system for studies of the control of organ size. Each 
individual maintains a constant size of the liver; even after severe insults such as 
partial hepatectomy of up to two-thirds of the tissue, the liver undergoes rapid 
regeneration to regain its original size. This unique feature of the liver has prompted 
many studies into the potential role of the Hippo pathway in this organ. 

 The mammalian liver is composed of two major differentiated cell types: hepa-
tocytes and cholangiocytes (Roskams  2006  ) . In a typical epithelial tissue, increased 
proliferation of stem or progenitor cells (but not of differentiated cells) is largely 
responsible for tissue regeneration associated with the replacement of old or dam-
aged cells. In contrast, even though hepatocytes usually remain quiescent and rarely 
divide under normal conditions, they are able to undergo massive proliferation to 
replace damaged cells after extensive tissue injury. Only if replication of hepato-
cytes is blocked by hepatotoxins or if the extent of tissue damage exceeds the regen-
erative capacity of these cells do hepatic stem/progenitor cells, the so-called oval 
cells, become activated and divide to give rise to both hepatocytes and cholangio-
cytes. Oval cells normally reside in peripheral regions of the biliary tree known as 
the canals of Hering, and they rarely proliferate in the absence of severe liver dam-
age. Importantly, many risk factors for human liver cancer, including infection with 
hepatitis B or C viruses as well as alcoholic or nonalcoholic steatohepatitis, can lead 
to oval cell activation, suggesting that oval cells are a candidate cell-of-origin for 
some liver cancers (Roskams  2006 ; Farazi and DePinho  2006  ) . 

 The two most common types of liver cancer are hepatocellular carcinoma (HCC) 
and cholangiocarcinoma (CC). A mixed type (having both HCC and CC character-
istics) and an intermediate type (having ill-de fi ned characteristics) of liver cancer 
also exist and are thought to originate from liver stem/progenitor cells. Some indi-
viduals with HCC also have transformed hepatocytes that express classic oval cell 
markers such as CK19, with such expression correlating with poor prognosis, sug-
gesting that these cancers could originate from either oval cells or dedifferentiated 
transformed hepatocytes. 

 The Hippo pathway was  fi rst implicated in liver cancer by an unbiased genome-
wide screen for new cancer genes (Zender et al.  2006  ) . In this study, combinations of 
human oncogenes were introduced into hepatoblasts isolated from mouse embryos 
and the cells were then transplanted into the liver of normal mice. The locus including 
the  Yap  and  cIAP1  genes was found to be recurrently ampli fi ed in tumors induced by 
the  c-MYC  oncogene. This locus is syntenic to human chromosome 11q22, which is 
also ampli fi ed in a subset of human cancers (as described above). Transgenic mice 
that overexpress YAP speci fi cally in the liver were subsequently found to develop 
hepatomegaly followed by HCC (Dong et al.  2007 ; Camargo et al.  2007  ) . These stud-
ies thus provided direct evidence for an oncogenic function of YAP in the liver. In 
addition, recurrent ampli fi cation of the genomic locus containing  Yap  was identi fi ed 
in breast tumors of  Brca1  +/− ; p53  +/−  mice, providing further support for such a function 
of YAP in another system (Overholtzer et al.  2006  ) . 
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 Can ablation of upstream negative regulators of YAP also induce liver cancer in 
the absence of exogenous YAP? So far, the genes for  Nf2 ,  Sav1 , and both  Mst1  and 
 Mst2  have been deleted in the liver to address this question (Zhou et al.  2009 ; Zhang 
et al.  2010 ; Benhamouche et al.  2010 ; Lee et al.  2010 ; Song et al.  2010 ; Lu et al. 
 2010  ) . All three mouse strains exhibited hepatomegaly and ultimately developed 
liver cancer with a time course similar to or slower than that for liver-speci fi c YAP 
transgenic mice. The extent of Yap phosphorylation in the liver was markedly 
reduced in these models, and, as a result, Yap accumulated to high levels in the 
nucleus. Importantly, deletion of one allele of  Yap  in mice lacking  Nf2  in the liver 
abolished hepatomegaly and tumor formation (Zhang et al.  2010  ) . Control mice 
with only one  Yap  allele showed no defect in liver development or homeostasis. 
Similarly, growth of HCC cell lines derived from mice lacking both Mst1 and Mst2 
in the liver was also inhibited by knockdown of  Yap  (Zhou et al.  2009  ) . These 
genetic studies thus demonstrated that inactivation of upstream components of the 
Hippo pathway can initiate liver tumorigenesis via YAP activation. 

 Ablation of  Nf2  or  Sav1  speci fi cally in the liver resulted in the selective overpro-
liferation of immature cells that were likely oval cells, without any marked effect on 
differentiated hepatocytes (Benhamouche et al.  2010 ; Lee et al.  2010  ) . Oval cell 
hyperplasia is also induced by hepatocyte damage, but the knockout mice exhibited 
no apparent defects in hepatocytes, suggesting that the oval cell proliferation in 
these animals was not due to liver damage. The liver tumors that developed in these 
 Nf2 - or  Sav1 -de fi cient mice with age were the mixed type, with characteristics of 
both HCC and CC. In recent, however, many more analysis of the liver tumors 
derived from  Sav1 -de fi cient mice had let us notice that Sav1-null mice also fre-
quently developed only HCC with some progenitor expansion (T.-S.K. and D.-S.L., 
personal observation). Nonetheless, these  fi ndings, together with the preceding oval 
cell hyperplasia, suggested that the tumors could be derived from oval cells. NF2 
and SAV1 in the Hippo pathway thus appear to inhibit liver tumorigenesis by 
restricting liver stem/progenitor cell proliferation. 

 The liver-speci fi c  Nf2 -null and  Sav1 -null mice have also provided evidence that 
liver damage is linked to tumorigenesis through oval cell activation. Oval cell acti-
vation in these mice was thus enhanced further by hepatocyte damage induced either 
by a diet containing the hepatotoxin 3,5-diethoxycarbonyl-1,4-dihydrocollidine 
(DDC) or by partial hepatectomy. Liver-speci fi c  Sav1  knockout mice thus responded 
to short-term consumption of a DDC diet with excessive oval cell expansion. More 
dramatic results were obtained with  Nf2  knockout mice. When deletion of  Nf2  in the 
liver was induced postnatally by injection of an adenoviral vector for Cre recombi-
nase or by interferon-driven Cre expression, only mild periportal hyperplasia ensued 
and macroscopic tumors did not develop. These  fi ndings thus contrasted with the 
pronounced oval cell hyperplasia and subsequent tumor development observed in 
the mice in which  Nf2  was deleted during early liver development in embryos as a 
result of Cre expression controlled by the albumin gene promoter. However, surgi-
cal removal of two-thirds of the liver to induce liver regeneration in the two former 
mouse models resulted in marked overproliferation of oval cells and development of 
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mixed HCC-CC tumors, as observed in the albumin-Cre model without  hepatectomy. 
The acceleration of tumor development by regenerative stimuli thus again  highlighted 
the importance of regulation of liver stem/progenitor cells by the Hippo pathway. 
Moreover, these  fi ndings are also clinically relevant given that, as mentioned above, 
risk factors for liver cancer in humans (hepatitis B or C virus infection,  steatohepatitis) 
are linked to chronic liver damage or in fl ammation and ultimately to oval cell acti-
vation (Roskams  2006 ; Farazi and DePinho  2006  ) . Although oval cell reactions are 
observed in some human liver tumors, few animal models have been available to 
examine their impact on actual tumorigenesis. Liver-speci fi c  Nf2  or  Sav1  knockout 
mice thus represent important tools to study the role of oval cells in liver cancer. 

 Deletion of  Mst1  and  Mst2  in the liver also led to tumor formation (Zhou et al. 
 2009 ; Song et al.  2010 ; Lu et al.  2010  ) , which was more rapid than that in  liver-speci fi c 
 Nf2  or  Sav1  knockout mice (Fig.  11.1 ). Strikingly, unlike these latter mice, most liver 
tumors formed in mice with only one copy of  Mst1  or  Mst2  were classi fi ed as HCC, 
with only a minor fraction being classi fi ed as CC or mixed HCC-CC. Complete inac-
tivation of  Mst1  and  Mst2  by expression of Cre recombinase under the control of the 
albumin gene promoter resulted in overproliferation of both hepatocytes and oval 
cells followed by the development of large liver tumors. Again, most of these tumors 
exhibited histological characteristics of HCC, with a smaller proportion of mixed 
HCC-CC tumors also being detected. These  Mst1/2  knockout mice also appeared to 
have liver damage, as evidenced by high levels of alanine and aspartate aminotrans-
ferases in their serum and in fl ammatory gene expression pro fi le in their liver (Song 
et al.  2010 ; Lu et al.  2010  ) . This liver damage might explain why tumor initiation 
in these  Mst1/2  knockout mice was more rapid than that in  Sav1  knockout mice. 
These observations suggested that, unlike NF2 and SAV1, MST1 and MST2 func-
tion as potent tumor suppressors in the hepatocyte compartment. Although it remains 
possible that MST1 and MST2 regulate oval cell homeostasis, liver damage or 
in fl ammation in animals with liver-speci fi c ablation of these proteins may also 

  Fig. 11.1    Liver cancer in albumin Cre; Mst1  fl ox/ fl ox ; Mst2 −/−  mice. H&E-stained liver sections from 
the mice de fi cient for liver Mst1 and Mst2. Liver-speci fi c gene deletion was achieved by mating 
with albumin-Cre transgenic mice. ( a ) A picture of liver from 9-week-old knockout mice showing 
abnormal architecture with increased progenitor-like cells around portal triads. ( b ) A representa-
tive picture of an HCC node developed in 6-month-old knockout mice. The progenitor-like cells 
were set aside the tumor node. ( c ) High magni fi cation view of ( b ). Scale bars indicate 500  m m for 
( a ) and ( b ), and 200  m m for ( c )       
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contribute to and accelerate liver tumorigenesis. Notably,  Mst1 - and  Mst2 -de fi cient 
hepatocytes showed a markedly reduced level of Yap phosphorylation on serine-127, 
the residue targeted by Lats1/2 kinases, likely  resulting in up-regulation of Yap’s 
oncogenic activity. Whereas Yap’s transgenic mice develop HCC, whether these 
animals also show expansion of the oval cell compartment has not been described 
(Dong et al.  2007 ; Camargo et al.  2007  ) . In the future, it will be important to deter-
mine the relative contributions of hepatocytes and oval cells to liver tumorigenesis in 
liver-speci fi c  Mst1  and  Mst2  double-knockout mice.   

    11.3.2   The Hippo Pathway in Intestinal Cancer 

 The intestine harbors relatively well-characterized stem cells, which are located at 
the base of intestinal crypts and turn over rapidly to compensate for the abrasion-
induced loss of epithelial cells in the lumen and thereby maintain homeostasis (van 
der Flier and Clevers  2009  ) . YAP transgenic mice rapidly develop severe intestinal 
dysplasia with the near complete loss of differentiated cells (Camargo et al.  2007  ) , 
whereas systematic Sav1 knockout embryos exhibit expansion of progenitors and 
defects in cell differentiation in the intestine (Lee et al.  2008  ) . These observations 
implicate the Hippo pathway in intestinal stem cell regulation and intestinal 
cancer. 

 Conditional knockout mice lacking Mst1 and Mst2 in the intestine manifest a 
phenotype essentially corresponding to that of the liver-speci fi c double-knockout 
mice (Zhou et al.  2011  ) . Similar to the effects of YAP overexpression, deletion of 
 Mst1  and  Mst2  in the intestinal epithelium thus induced enlargement of crypts in the 
small intestine and dysplasia of the colon (Fig.  11.2 ). At the molecular level, both 
Wnt and Notch signaling pathways (which drive proliferation of stem and progeni-
tor cells, respectively) were activated in the intestine of these mice. The expansion 
of stem and progenitor cell compartments was accompanied by a marked reduction 
in the number of differentiated cells in the intestine of the mutant animals. The 
extent of Yap phosphorylation was also reduced in association with the nuclear 
accumulation of Yap in intestinal cells of the double-mutant mice. Furthermore, 
deletion of one  Yap  allele in these animals rescued the cell proliferation– 
differentiation phenotype, con fi rming the role for the canonical Hippo pathway in 
stem- progenitor cell regulation.  

 In contrast to  Mst1/2  deletion, deletion of  Sav1  in the intestine had no impact on 
intestinal homeostasis, with the exception that aged mice developed mild hyperpla-
sia in the colon (Cai et al.  2010  ) . However, treatment of these  Sav1 -de fi cient mice 
with dextran sulfate sodium (DSS), which damages the colonic epithelium, resulted 
in an exaggerated regenerative response and subsequent polyp formation. Again, 
deletion of one  Yap  allele abolished this hyper-regenerative response. DSS treat-
ment in the wild-type mice also resulted in the rapid accumulation of Yap in the 
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intestinal epithelium followed by normalization of Yap expression as regeneration 
was completed. This  fi nding suggests that YAP contributes to the regenerative 
response to tissue damage. Furthermore, the absence of SAV1 or of MST1/2 likely 
results in the constitutive activation of YAP, which leads to continuous tissue 
 regeneration and the consequent development of hyperplasia and cancer. The cen-
tral role of YAP in intestinal regeneration was con fi rmed by the production of mice 
lacking Yap in the intestine, which failed to replace damaged tissue and died soon 
after DSS treatment (Cai et al.  2010  ) . Of note, these animals showed no develop-
mental defects in the intestine, indicating that YAP is dispensable for intestinal 
development but indispensable for regeneration of the intestine after injury.   

  Fig. 11.2    Small and large intestine in Villin Cre; mice; Mst1  fl ox/ fl ox ; Mst2 −/−  mice. H&E-stained 
colon and small intestine sections from the mice de fi cient for intestine Mst1 and Mst2. Intestine-
speci fi c gene deletion was achieved by mating with Villin-Cre transgenic mice. ( a – c ) Adenomas 
developed in 2-week-old Mst1/2 intestine-speci fi c knockout mice. ( a ) Polyp type adenoma formed 
in colon of Villin Cre; Mice; Mst1  fl ox/ fl ox ; Mst2 −/−  mouse. The enlarged image of inset is shown in 
( c ), an aggressive part with high proliferation at the base and loss of differentiated cells. Right part 
of the polyp is relatively less transformed, which maintains differentiated villi structure. ( b ) Flat 
type adenoma formed.  Dashed line  indicates regions maintaining normal architecture of the colon. 
Left to the indicate region, the normal columnar architecture of colon is lost, accompanied by 
proliferation at the base and loss of differentiated goblet cells. ( d ,  e ) Small intestine of control 
( d ) and Villin Cre; Mice; Mst1  fl ox/ fl ox ; Mst2 −/−  mouse ( e ) at 2-weeks of age. The small intestine main-
tains normal architecture at this age. However, the size of the crypt compartments, which contains 
the stem/progenitor cells, is extremely enlarged in Villin Cre; Mice; Mst1  fl ox/ fl ox ; Mst2 −/−  mouse       
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    11.4   Tumor Suppression by Noncanonical Functions 
of Hippo Pathway Components 

    11.4.1   Role of the MST1-SAV1-NDR1 Signaling Axis 
in Maintenance of Genomic Stability 

 In addition to their role in regulation of cell proliferation and differentiation through 
YAP, the core Hippo pathway components are implicated in regulation of the cell 
cycle. The LATS-MOB1 complex thus has an evolutionarily conserved role in 
mitotic exit and centrosome maintenance (Bothos et al.  2005 ; Brace et al.  2011  ) . 
Recent studies also indicate that the MST1-SAV1-NDR1 axis performs multiple 
cell cycle functions. The protein kinase NDR1 is a paralog of LATS1/2, and MST1-
NDR1 signaling promotes stable kinetochore-microtubule attachment by restrain-
ing Aurora B activity and centrosome duplication, whereas the MST1-SAV1 
complex regulates centrosome disjunction via Nek2A (Oh et al.  2010 ; Hergovich 
et al.  2009 ; Mardin et al.  2010  ) . Defects in any of these cell cycle events ultimately 
lead to incorrect chromosome segregation to daughter cells and aneuploidy. 
Although still controversial, increasing evidence suggests that aneuploidy and chro-
mosomal instability contribute to tumor initiation and progression (Kops et al.  2005  ) . 
Analysis of the hematopoietic system of Mst1-null mice has provided support for 
MST1 function in maintenance of chromosome integrity. These mice were thus 
found to be highly susceptible to the development of  N -ethyl- N -nitrosourea (ENU)-
induced T-ALL (Kim et al.  2012  ) . Interestingly, Mst1-de fi cient lymphocytes from 
these mice showed a normal proliferation rate and susceptibility to pro-apoptotic 
stimuli. Moreover, Mst1 de fi ciency did not affect mouse lymphocyte developmental 
programs, even though naïve mouse Mst1-null T cells or human MST1-null lym-
phocytes undergo spontaneous apoptosis (Choi et al.  2009 ; Nehme et al.  2012  ) . 
Rather, mouse Mst1-de fi cient lymphocytes manifested an increased frequency of 
abnormal mitosis and genomic instability, and ENU-induced lymphomas in Mst1-
null mice therefore also exhibited a high incidence of genomic instability. Most 
Mst1-null lymphocytes that undergo abnormal mitosis would be expected to be 
eliminated as a result of activation of the p53-dependent cell death pathway. 
Consistent with this notion, Mst1 de fi ciency and  p53  deletion induced a markedly 
synergistic increase in the incidence of T cell lymphoma. 

 Ndr1 knockout mice, similar to Mst1 knockout mice, show an increased suscepti-
bility to ENU-induced lymphoma (Cornils et al.  2010  ) . Although ablation of  Ndr1  
conferred a subtle protection from apoptosis, defective mitosis in lymphocytes is 
likely to contribute to the increased tumor incidence in this model. In this regard, 
whereas overexpression of either wild-type or a constitutively active form of YAP in 
epithelial tissues resulted in tumor development, that in the hematopoietic system 
had no apparent effect on the size, proliferation, or differentiation of the stem cell 
population (Jansson and Larsson  2012  ) . The MST1-NDR1 axis thus appears to exe-
cute a tumor suppressor function independent of YAP in the hematopoietic system. 
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 Like their paralog NDR1, LATS1 and LATS2 play an essential role during mito-
sis. Lats2-de fi cient mouse embryonic  fi broblasts are characterized by cytokinesis 
failure, increased ploidy, and an accelerated exit from mitosis (McPherson et al. 
 2004  ) . The rapid proliferation of these cells likely contributes to the generation of 
progeny with abnormal ploidy. The failure of cytokinesis and increased proliferation 
rate are even more pronounced in Lats1/2 double-knockout cells (M.-C.K. and 
D.-S.L, unpublished data). It remains to be determined whether Lats1 and Lats2 
single-knockout or Lats1/2 double-knockout mice manifest an increased frequency 
of aneuploidy, and if so whether such aneuploidy might contribute to tumorigenesis. 
Furthermore, determination of the relative contributions of two different outcomes of 
Lats1/2 deletion—mitosis failure and YAP activation—to tumorigenesis in vivo will 
be important for a full understanding of the tumor suppressor function of LATS.  

    11.4.2   Other Knockout Mouse Models of Cancer 

 Even though NF2 acts as a classic tumor suppressor gene, such a role has not yet 
been linked to the Hippo pathway in certain tissues. For example,  Nf2  heterozygous 
mice show an increased susceptibility to asbestos-induced mesothelioma (Fleury-
Feith et al.  2003  ) . It is possible that dysregulation of the Hippo pathway is respon-
sible for this sensitivity, given that mutations in various Hippo pathway components 
are associated with mesothelioma. In human mesothelioma, NF2 mutation, 13q12 
deletion, or one of several inactivating mutations of LATS2, or 11q22 ampli fi cation 
and associated YAP activation are found (Murakami et al.  2011 ; Bianchi et al.  1995 ; 
Thurneysen et al.  2009 ; Mizuno et al.  2012  ) . In vitro studies indicate that reconstitu-
tion of the canonical Hippo pathway suppresses the tumorigenic potential of meso-
thelioma cell lines harboring mutations in Hippo pathway components (Mizuno 
et al.  2012  ) . The generation of mouse models of mesothelioma with mutations of 
Hippo pathway components should provide insight into the tumor suppressor func-
tion of this pathway in mesothelioma development. 

 Mice lacking Nf2 in the intestine and kidney have been generated by expression of 
Cre recombinase under the control of the  Villin  gene promoter. However, these animals 
were found to develop only renal cell carcinoma (Morris and McClatchey  2009  ) . 
It will be of interest to examine further whether  Nf2  deletion in the intestine has any 
impact on intestinal homeostasis and tissue regeneration after injury. 

 Additional mouse models with genetic modi fi cation of Hippo pathway 
 components and their phenotypes are listed in Table  11.2 . Many such models 
develop various tumors, the mechanisms of which require further clari fi cation. For 
example, Lats1 knockout mice develop soft tissue sarcomas with a high penetrance 
as well as ovarian stromal cell tumors (St John et al.  1999  ) . RASSF family proteins, 
putative activators or inhibitors of MST, also serve as tumor suppressors.  Rassf1A -
null mice develop various tumors including lung adenoma, lymphoma, and breast 
adenocarcinoma at advanced ages (Tommasi et al.  2005 ; van der Weyden et al. 
 2005  ) , whereas  Rassf5 -null mice did not show any substantial increase in the 
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 frequency of spontaneous tumor development (Park et al.  2010  ) . The mechanisms 
underlying tumorigenesis in these RASSF knockout mice, including whether it 
depends on YAP or TAZ, await further investigation.    

    11.5   Future Directions 

 The establishment of various mouse models with genetic modi fi cations of the Hippo 
pathway has revealed that the pathway exerts tumor suppressor activity through 
inhibition of YAP as well as that pathway components exert such activity indepen-
dently of YAP, as in the maintenance of genomic integrity by the MST1-SAV1-
NDR1 axis. We have focused mostly on models of liver/intestine cancer and 
lymphoma, respectively, in our discussion of these canonical and noncanonical 
roles of Hippo pathway components. 

 The  fi rst decade of research into the Hippo pathway has yielded many  mechanistic 
and genetic insights. However, analysis of the role of Hippo pathway components 
in many genetic models of cancer, especially liver cancer, has led us to as many 
questions as answers. Characterization of the tumor suppressor role of Hippo path-
way components in vitro has complemented the work with mouse models of cancer 
in vivo. We envision two key directions for future research into the role of the 
Hippo pathway in cancer development: (1) re fi nement of mouse models of cancer, 
and (2) discovery of novel mechanisms of tumor suppression by Hippo pathway 
components in vivo. 

    11.5.1   Re fi nement of Mouse Models of Cancer 

 Although mice de fi cient in individual Hippo pathway components, together with 
YAP transgenic mice, have been invaluable for modeling Hippo pathway dysregula-
tion in human cancer, these mice have limitations that necessitate further re fi nement 
of the models to render them more clinically relevant. For example, in human can-
cer, the  YAP  locus is ampli fi ed as part of the 11q22 amplicon. This amplicon con-
tains another putative oncogene, that for  cIAP1 , which has been suggested to have a 
synergistic effect with YAP in tumorigenesis. The accuracy of the YAP transgenic 
model would thus be increased by adjustment of the expression of other genes 
located in the 11q22 amplicon in addition to YAP to levels similar to those observed 
in human tumors with this amplicon. Activation of YAP or ablation of upstream 
regulators in a target tissue in a chimeric manner would also provide a more accu-
rate model of human cancer, given that most such changes occur postnatally and in 
only a few cells within a tissue. Such models would also allow analysis of commu-
nication between mutant cells and surrounding normal cells. In addition, it will be 
important to examine whether  Lats2  deletion in mice can initiate tumorigenesis in 
organs in which 13q22 LOH is found in humans. 
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 In addition to modeling the genetic alterations associated with human cancer, it 
should prove valuable to examine the role of the Hippo pathway in clinically rele-
vant cancer-predisposing conditions. The  fi nding that dysregulation of the Hippo 
pathway induces oval cell activation provides an opportunity to examine this issue 
in the liver. Given that most of the agents known to cause liver cancer induce oval 
cell activation and that the extent of this response is predictive of disease outcome, 
it will be of interest to establish mouse models that mimic tumor-promoting situa-
tions and then to test the role of the Hippo pathway.  

    11.5.2   Discovery of Novel Mechanisms of Tumor 
Suppression In Vivo 

 Liver cancer models with genetic alterations of the Hippo pathway have shown 
mechanistically and histologically distinct phenotypes. Deletion of  Nf2  generated 
mixed-type tumors with both HCC and CC characteristics. Also, deletion of  Sav1  
generated either mixed-type HCC-CC or HCC with less expansion of progenitor 
cells, whereas deletion of  Mst1  and  Mst2  generated mainly HCC with more expan-
sion of progenitor cells. These observations suggest that these genes differ in their 
actions in different cell lineages. A more thorough examination of the various 
knockout mice, together with speci fi c ablation of Hippo pathway components in 
speci fi c cell lineages (such as differentiated hepatocytes or oval cells), may provide 
an explanation for this difference. As described above, unlike deletion of  Sav1  or 
 Nf2 , the deletion of  Mst1  and  Mst2  appears to induce liver damage. Given that most 
human HCC tumors are thought to develop subsequent to liver damage or chronic 
in fl ammation, it will be of interest to test whether or how liver damage and 
in fl ammation accelerate HCC development in  Mst1/2 -null mice. 

 Apoptosis and senescence are the two principal mechanisms of cellular protec-
tion against tumorigenesis (Hanahan and Weinberg  2000  ) . Excessive oncogenic 
signaling such as that mediated by RAS induces senescence (permanent withdrawal 
from the cell cycle) in otherwise normal cells, and many studies have implicated 
senescence as a critical tumor suppression mechanism in both human cancers and 
mouse models (Collado et al.  2005 ; Braig et al.  2005  ) . Disruption of the senescence 
pathway often triggers tumor development in cancer models such as those based on 
RAS activation or loss of the tumor suppressor PTEN (Sarkisian et al.  2007 ; Chen 
et al.  2005  ) . Studies have suggested a role for LATS1/2 in the promotion of senes-
cence. LATS2 is thus a target of the oncogenic microRNAs miR372 and miR373, 
which allow cells to bypass oncogene-induced senescence (Voorhoeve et al.  2006  ) . 
LATS2 has also been shown to be important for the inhibition of cell proliferation 
and the induction of senescence markers by the retinoblastoma protein (pRB) 
(Tschop et al.  2011  ) , and partial ablation of LATS2 suppressed pRB-dependent 
induction of senescence markers. It will therefore be important to generate Lats1 
and Lats2 knockout models in order to test whether senescence mediated by these 
kinases contributes to their tumor suppressor functions in vivo. 
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 Mice with genetic disruption of the Hippo pathway manifest two key features: 
expansion of tissue-speci fi c stem or progenitor cell populations, and a hyper- regenerative 
response and increased cancer incidence after tissue damage. These phenotypes appear 
to result from YAP activation, given that deletion of one  Yap  allele can prevent their 
development. These  fi ndings highlight the functions of YAP in stem/progenitor cell 
proliferation and survival and in tissue regeneration. Which target genes of YAP are 
responsible for these functions? The functional importance of YAP target genes such 
as those for connective tissue growth factor (CTGF), cysteine-rich angiogenic inducer 
61 (CYR61), and amphiregulin has been demonstrated in vitro (Zhang et al.  2009, 
  2011  ) . The importance of these downstream targets and partners of YAP in the Hippo 
pathway has not been examined with regard to carcinogenesis in vivo, however. Future 
studies to validate the functions of YAP or TAZ target genes and to identify the tran-
scriptional machinery engaged by these proteins are warranted. Given that inhibition of 
the epidermal growth factor receptor (EGFR), similar to  Yap  deletion, has been shown 
to abolish the phenotype associated with NF2 loss (Benhamouche et al.  2010  ) , the 
mechanism by which the activities of EGFR and YAP might be linked is also worthy 
of investigation. In addition, the substrates of MST1/2 and LATS1/2 that contribute to 
the noncanonical functions suggested for these kinases need to be identi fi ed and 
characterized. 

 Characterization of crosstalk between the Hippo pathway and other cancer-
related or developmental pathways will also be important. In vitro studies have 
implicated YAP and TAZ in diverse developmental pathways such as those medi-
ated by transforming growth factor- b  and Smad, by Sonic Hedgehog, or by Wnt and 
 b -catenin (Varelas et al.  2008 ; Alarcon et al.  2009 ; Fernandez et al.  2009 ; Heallen 
et al.  2011  ) . Systematic analysis of the requirement for YAP or TAZ and for loss of 
Hippo pathway components in various cancer models will be necessary to examine 
the role of such cross talk in vivo. 

 Finally, upstream activating cues for the Hippo pathway in vivo need to be char-
acterized. Studies to date suggest that, unlike other developmental pathways, the 
Hippo pathway is activated by mechanical cues rather than by soluble factors (Dupont 
et al.  2011 ; Schroeder and Halder  2012  ) . This notion, together with the universal 
effect of disruption of the Hippo pathway on stem or progenitor cell populations, 
suggests the possible existence of a “physical niche” for such cells. Mechanical 
forces have been shown to control developmental programs and homeostasis in lower 
organisms such as  Drosophila  and  Xenopus  (Wozniak and Chen  2009  ) . However, 
this concept has rarely been tested in higher organisms. Identi fi cation of the nature of 
the niche signals that activate the Hippo pathway in stem or progenitor cells will 
provide insight into how this pathway restricts the proliferation of these cells. 

 The Hippo pathway has attracted the attention of many scientists over the course 
of the last decade. The relevance of this pathway to tumor suppression in vivo has 
only just begun to emerge. Examination of the importance of the Hippo pathway in 
more clinically relevant settings, together with re fi nement and expansion of the 
mechanistic details of this pathway in mammals, is expected to highlight its con-
served central role in tumor suppression from  fl ies to humans over the next decade.       
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