
 

 

 

YES-ASSOCIATED PROTEIN (YAP) AND 

TRANSCRIPTIONAL CO-ACTIVATOR WITH PDZ 

BINDING MOTIF (TAZ) FUNCTION IN NORMAL 

CEREBELLAR DEVELOPMENT AND 

MEDULLOBLASTOMA 

 

 

 

 
A Dissertation 

Submitted to  

the Temple University Graduate Board 

 

 

 

 
In Partial Fulfillment 

of the Requirements for the Degree  

DOCTOR OF PHILOSOPHY 

 

 

 

 
By  

Lucinda Hughes 

December 2016 

 

 

 

 

 

 

 

Examining Committee Members: 

 

Dr. Seonhee Kim, Advisory Chair, Anatomy and Cell Biology 

Dr. Xavier Graña, Medical Genetics and Molecular Biochemistry     

Dr. Helen Pearson, Anatomy and Cell Biology 

Dr. Gareth Thomas, Anatomy and Cell Biology 

Dr. Scott Shore, External Member, Medical Genetics and Molecular Biochemistry 



 

ii 

 

ABSTRACT 

The Hippo signaling pathway was first discovered in Drosophila melanogaster and is 

involved in organ size control by regulating cell proliferation and apoptosis. This well 

conserved pathway is activated by various signal inputs, including cell-cell contact, 

mechanotransduction, and G-protein coupled receptors, with signals converging on the 

downstream effector protein Yap and its homologue Taz, which are transcriptional co-

activators. When the Hippo pathway is activated, Yap/Taz are phosphorylated, leading to 

cytoplasmic retention and degradation, and diminishing their transcriptional activity. Yap 

has also been recently implicated as a potential oncogene, as it is upregulated and 

transcriptionally active in several tumor types. Furthermore, inhibiting Yap activity in 

various cancer models has been shown to revert cancer cells to a normal phenotype. 

Although the role of Yap has been described in several organ systems, there is a paucity 

of information about the function of Yap in the central nervous system. I investigated the 

function of Yap/Taz in the murine cerebellum to determine its significance during normal 

development and a potential role for Yap/Taz in medulloblastoma, a tumor that arises in 

the cerebellum. In Chapter 2, I describe the expression pattern of Yap from embryonic 

through adult stages in mice, and demonstrate the functional significance of Yap/Taz in 

different cell populations using conditional knockout mouse models. I show that Yap 

plays a significant role in cell fate determination as well as in cerebellar foliation: Yap is 

highly expressed in the ventricular zone and is required for the proper formation of 

ependymal cells, and is also strongly expressed in Bergmann glia (BG) during early 

developmental stages, where Yap, together with Taz, plays a significant role in cerebellar 
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foliation. Furthermore, Yap/Taz-deficient BG exhibit migrational defects, as their cell 

bodies can be found mislocalized to the molecular layer (ML), rather than remaining 

tightly associated with Purkinje Cells (PCs) in the PC layer. BG support the health of 

PCs, and severely defective BG positioning eventually leads to a loss of PCs. However, 

although Yap is highly expressed in granule neuron progenitors (GNPs) during the rapid 

postnatal expansion stage, it does not appear to play a major role in proliferation of these 

cells as conditionally knocking-out Yap/Taz in GNPs does not alter their proliferative 

capacity. Our observations demonstrate that in the cerebellum, Yap has a novel function 

in glia that is required for the development of normal foliation and organization, but plays 

a minimal role in GNP proliferation. Importantly, I also show that the reduction of 

sphingosine-1-phosphate G-protein-coupled receptor (S1P1) signal transduction activates 

the upstream kinase Lats with concomitant increases of phosphorylated Yap as well as a 

reduction of the known Yap target connective tissue growth factor (CTGF). This study 

identifies a novel function of Yap/Taz in cerebellar glia that is required for the 

development of normal foliation and laminar organization with sphingosine-1-phosphate 

(S1P) signaling as a potential extracellular cue regulating Yap activity during cerebellar 

development.  

 

In Chapter 3, I present further support for the finding that Yap/Taz are not required for 

GNP proliferation in vivo by discussing the failure of Yap/Taz loss to rescue the Sonic-

hedgehog (Shh) mediated medulloblastoma phenotype, in which GNPs are considered to 

be the tumor cell of origin. Furthermore, I provide evidence suggestive of a tumor 
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suppressive function of Yap/Taz in the cerebellum. Together, previously unknown 

functions of Yap in the developing and malignant cerebellum are described, providing a 

foundation for future studies of Yap in the central nervous system (CNS). 
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Structure and Function of the Cerebellum 

 

The cerebellum has long been appreciated for its role in balance and motor control. More 

recently, it has also been shown to be involved in cognitive functions, in particular verbal 

working memory, and emotions. Abnormal cerebellar structures have been associated 

with autism, as well as other psychiatric disorders such as dyslexia and schizophrenia 

(Timmann & Daum, 2007). Furthermore, cerebellar atrophy also occurs in Alzheimer’s 

disease and frontotemporal dementia (FTD) (Guo et al., 2016). Several developmental 

disorders of the cerebellum have been identified ranging from Dandy-Walker 

malformation, which involves an enlarged fourth ventricle and a small or absent 

cerebellar vermis, to medulloblastoma, a tumor that arises in the cerebellum (ten 

Donkelaar, Lammens, Wesseling, Thijssen, & Renier, 2003). The cerebellum develops 

distinct foliation patterns, and it was long suspected that each folia had specific functions 

(Welker, 1990), a hypothesis that has since been validated  (Sillitoe & Joyner, 2007; 

Sotelo, 2004). Understanding the molecular mechanisms that guide cerebellar 

development can help identify pathways that may be defective in cerebellar disorders and 

diseases. 

 

Cells and Migration in Cerebellar Development 

The cerebellum has a well-structured, three-layered cortex which develops over a long 

period of time beginning in the embryonic stage and continuing through early postnatal 

years (ten Donkelaar, et al., 2003). During the early stages of gestation, corresponding to 

the fifth and sixth weeks in humans, Purkinje cells (PCs) and deep cerebellar nuclei (CN) 
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are generated at the Ventricular Zone (VZ). The deep cerebellar nuclei receive 

information from PCs and are the only output structures in the cerebellum. Later, also 

from the VZ, Golgi, stellate, and basket cells, all of which are inhibitor interneurons, are 

generated. As the embryonic stage nears its end, granule neuron precursors (GNPs) arise 

from the rostral upper rhombic lip, which migrate along the surface of the cerebellum and 

form the external granule layer (EGL) by the end of the germinal period. The lower 

(caudal) rhombic lip gives rise to cells of the pontine nuclei and inferior olivary nucleus 

which migrate on different pathways to their location in the brain stem. Beginning around 

age 16 weeks of gestation in humans, postmitotic granule cells migrate inwards as PCs 

enlarge and develop dendritic trees. The EGL forms during the end of the embryonic 

period, and remains from several months postnatal to 1-2 years. In the EGL, GNPs form 

axons and parallel fibers, then migrate along Bergmann glia (BG) fibers to generate the 

inner granule layer (IGL) (ten Donkelaar, et al., 2003).  

 

The precise timing of the development of different cell types in the cerebellum is key for 

its proper formation, and has been described in detail in mouse development, with the 

order of cell production and corresponding germinal zones resembling human and other 

mammals (Roussel & Hatten, 2011). The primary cerebellar germinal zone, the VZ 

which forms along the roof of the fourth ventricle, generates GABAergic PCs and 

interneurons as well as neurons of the cerebellar nuclei. PCs in the mouse are generated 

beginning at embryonic day 11 (E11), and migrate radially along glial fibers. At E12.5, a 

secondary germinal zone appears at the rhombic lip (RL). The primary cell type 
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generated at the RL are the Math1-positive GNPs which migrate along the surface of the 

developing cerebellum and form the EGL (Figure 1-1 A, B). 

 

Postnatally, primarily between P4 and P8, Sonic Hedgehog (Shh) secreted by PCs causes 

the rapid and transient proliferation of GNPs (Wallace, 1999; Wechsler-Reya & Scott, 

1999), which then exit the cell cycle and migrate inward along Bergmann glia (BG) 

fibers, and form the inner granule layer (IGL) beneath PCs  (Roussel & Hatten, 2011) 

(Figure 1-1 C). The cell bodies and a leading (inward) and trailing (outward) process of 

the granule neurons are tightly associated with BG fibers as they migrate towards the IGL 

(Yamada & Watanabe, 2002).  

 

Together, PCs, BG, and granule cells generate ‘anchoring centers’ (Figure 1-2) which 

form the base of the characteristic fissures of the cerebellum, and are therefore important 

for cerebellar foliation (Sudarov & Joyner, 2007). Although key cell types involved in 

generating anchoring centers have been identified, the molecules and signaling pathways 

involved are less well understood. It is these three cerebellar cell types, PCs, BG, and 

GNPs, that are the focus for this thesis.   
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Figure 1-1. Histology of the developing murine cerebellum. (A) Histology of the E15 

cerebellum depicting the VZ, RL, and EGL. CN and PC progenitors, which are generated in the 

VZ between E10 and E14.5, migrate radially away from the VZ. GNPs arise from the RL and 

migrate along the cerebellar surface to form the EGL from E12-E14.5. (B) P0 cerebellum H&E 

staining delineating the GNP-containing (arrow) EGL. (C) P21 cerebellum that has lost the EGL 

and formed the (arrow) IGL. 

VZ: ventricular zone. RL: rhombic lip. EGL: external granule layer. CN: cerebellar nuclei.  

PC: Purkinje cells. H&E: hematoxylin and eosin. GNP: granule neuron precursors.  
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Figure 1-2. Formation of foliation via “anchoring centers”. (A) Proliferating GNPs (blue) 

accumulate and form the beginning of the anchoring center. (B) GNPs elongate and the surface 

of the cerebellum folds inwards. (C) BG fibers (green) converge at the base of the fissure. 

(D,E) Foliation forms as growth continues. 

Figure from Sudarov & Joyner, 2007.                                                                                                                              

GNP: granule neuron (granule cell) precursor.  EGL: external granule layer. Pc: Purkinje cell. 

Bg: Bergmann glia. IGL: internal granule layer. 
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Sonic Hedgehog Signaling Pathway 

The Shh pathway is known to be important during development. In the 

cerebellum, GNPs proliferate postnatally in response to Shh produced and 

released by PCs (Figure 1-3). Key components of the signaling pathway include 

the Shh receptor patched 1 (Ptch/Ptc1), downstream effector smoothened (Smo), 

Gli family transcription factors, and Gli inhibitor Suppressor of Fused homolog 

(Sufu). In the absence of Shh, Ptch inhibits Smo activation, and Gli-mediated 

transcription is inhibited by Sufu (Polkinghorn & Tarbell, 2007; Romer & Curran, 

2005). When Shh is present and binds to its receptor Ptch, Smo is no longer 

inhibited by Ptch. Additionally, active Shh signaling results in the dissociation of  

Sufu from Gli,  permitting Gli to translocate to the nucleus (Y. Zhang et al., 

2013). Smo activation and the loss of Sufu inhibition results in the transcription of 

Gli targets, promoting survival and proliferation. GNPs in the EGL then begin to 

differentiate and migrate down along BG fibers to form the IGL beneath the 

Purkinje cell layer (PCL).  
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Although the in vivo mechanisms that  permit GNPs to exit the cell cycle in the 

presence of Shh have not yet been fully established, factors such as fibroblast 

growth factor (FGF), protein kinase A (PKA), and Wnt have been shown to drive 

differentiation in vitro (Alvarez-Rodriguez, Barzi, Berenguer, & Pons, 2007; 

Fogarty, Emmenegger, Grasfeder, Oliver, & Wechsler-Reya, 2007; Lorenz et al., 

2011; Wechsler-Reya & Scott, 1999) 

     

In addition to the requirement of Shh signaling for GNP proliferation, it is also 

important for BG development (Dahmane & Ruiz i Altaba, 1999). Cerebellar 

expression of Growth and differentiation factor 10 (Gdf10) is specific to BG 

(Koirala & Corfas, 2010). This growth factor-like protein is a member of the 

       
Figure 1-3. Granule neuron development.   
GNPs  (light blue) in the EGL proliferate in 

response to Shh produced by PCs (red) during  

development. BG (green) provide a scaffold for 

GNs (dark blue) migrating to the IGL. 
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transforming growth factor beta (TGF-) superfamily and is regulated by Shh 

signaling (Mecklenburg et al., 2014). Gdf10 is detected in BG from the time of 

their generation (around E14) through adulthood, and loss of Gdf10 expression in 

BG due to defective Shh production suggests this is involved in the Shh- mediated  

differentiation of BG (Mecklenburg, et al., 2014). The production and release of 

Shh by PCs and the effect of Shh signaling on GNP proliferation and BG 

differentiation is an example of the close interrelation among these three 

cerebellar cell types. 

 

Bergmann Glia Interactions with Granule Neurons and Purkinje Cells 

As discussed above, BG guide the migration of PCs and GNs to their appropriate 

locations in the PCL and IGL, respectively, and all three cell types have been shown to be 

involved in the formation of anchoring centers, highlighting their significance in 

cerebellar organization and foliation. In addition to these roles, BG also have other 

functions at different developmental stages. BG, similar to  Müller glia cells in the retina, 

are radial glia (RG) that persist throughout life, unlike other RG which are progenitor 

cells found during early development and are typically not present in the adult CNS (Sild 

& Ruthazer, 2011). Postnatally, between P7 and P21 in mice, BG fibers acquire lateral 

extensions that create a glial meshwork in the molecular layer (ML) and mark the 

“transformation stage” of BG development. By P21, BG are protoplasmic astrocytes with 

cell bodies that are closely associated with PC soma and radial fibers that ensheath PC 

dendrites, supporting the PC health and function (Yamada & Watanabe, 2002) and 
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regulating dendritic spine density and synapse number (Jocelyn J. Lippman Bell, Tamar 

Lordkipanidze, Natalie Cobb, & Anna Dunaevsky, 2010). BG radial fibers also associate 

with granule cells (GCs). The axons of GCs extend toward the surface of the cerebellum 

and bifurcate in the ML forming a characteristic T-shaped axon with parallel fibers that 

extend through the elaborate arborization of PCs. While BG fibers do not associate with 

GC parallel fibers, they do wrap the ascending portion of the GC axon. Overall, several 

reports demonstrate that BG are essential for proper cerebellar cortex organization, 

particularly for the arrangement and health of PCs and GC survival (Yamada & 

Watanabe, 2002).  

 

Because of the vital role of BG in normal cerebellar organogenesis, it is important 

to identify the molecules involved in BG development and function. 

Adenomatous Polyposis Coli (APC) is a tumor suppressor that has been shown to 

inhibit Wnt/-catenin signaling by promoting -catenin degradation and also to 

regulate microtubule and actin cytoskeletons. In mice, when APC is conditionally 

knocked out (CKO) in cells that express GFAP (mGFAP-Cre line 73.12), the  

importance of APC in BG for proper morphology is evident (X. Wang, Imura, 

Sofroniew, & Fushiki, 2011).  Although PCs in the APC CKO appear normal at 

P21, the cell nonautonomous effect of altered BG morphology on PCs is apparent 

by middle age (P180) as PC degeneration is evident, especially in regions where 

the BG scaffolding is most disrupted (lobules VI, VII, and VIII). In addition to 

defects in PCs, misshapen BG also lead to ectopic GCs and BG in the ML, again 
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highlighting the cooperation between these cell types (X. Wang, et al., 2011).  As 

Yap is a protein that is known to be involved in organogenesis, studying Yap in 

the context of these cerebellar cell types reveals relevant information regarding its 

role in the organization of the cerebellum. 

 

Hippo-Yap Signaling Pathway 

The Hippo-Yap pathway is involved in the regulation of organ size by controlling cell 

growth and proliferation as well as apoptosis. Yap was first identified in functional 

studies of the Src family tyrosine kinase Yes (Sudol, 1994).  Over the next several years, 

components of the Hippo-Yap pathway were identified as a result of various studies in 

Drosophila melanogaster which linked several proteins to a similar phenotype (Table 1-

1).  In 2007, confirmation that the components are well conserved in mammals was made  

(Camargo et al., 2007; Dong et al., 2007; K. Harvey & Tapon, 2007) marking the 

beginning of great interest in and research initiatives concerning this pathway           

(Figure 1-4).  
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 Table 1-1.  

Discovery of Hippo-Yap signaling components. 

Finding Reference 

Warts 1995: Justice et al. 

Lats 1995: Xu et al. 

Salvador 2002: Kango-Singh et al.; Tapon et al. 

Hippo 2003: Harvey et al.;  Pantalacci et al. 

Hippo-Salvador-Warts 

connection 

2003: Wu et al. 

Fat cadherin 2006: Bennet & Harvey;  Cho et al.; Willecke et al. 

NF2/Merlin & Expanded  2006: Hamaratoglu et al. 

Fat upstream of Expanded 2006: Silva et al.; 2007: Tyler & Baker 

Yap inactivated by Hippo 2007: Zhao et al. 

Lats negatively regulates Yap 2008: Hao et al. 

Taz inhibited by Hippo 

pathway 

2008: Lei et al. 

 

          
  
Figure 1-4. Number of Yap publications in Pubmed per year. *Actual number of publications 

as of  June 2016. 2016 linegraph endpoint represents estimated year-end projection. 
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The core kinase cassette consists of Hippo (Hpo), Salvador (Sav), Mats (Mts), and Warts 

(Wts), with human  homologues MST1/2, SAV1, MOBKL1A/B, and LATS1/2, 

respectively. Hpo and Wts are serine/threonine kinases (K. F. Harvey & Hariharan, 

2012), and the pathway is activated upon Hpo autophosphorylation and subsequent 

phosphorylation and activation  of Wts, which in turn phosphorylates the downstream 

effector protein Yorkie (Yki). The vertebrate homologues of Yki are Yap and 

Transcriptional co-activator with PDZ-binding motif (Taz), also known as WW domain 

containing transcription  regulator 1 (WWTR1), which are transcriptional co-activators 

that primarily interact with the TEA domain (TEAD) family of transcription factors. Sav 

and Mts are adaptor proteins important for enhancing Wts activity (Zhao, Tumaneng, & 

Guan, 2011). When the Hippo pathway is activated and Yap/Taz are phosphorylated, 

their ability to translocate to  the nucleus to act as transcriptional co-activators is impeded  

(Figure 1-5). Phosphorylated Yap is retained in the cytoplasm by binding 14-3-3 proteins 

(Zhao, Li, Lei, & Guan, 2010). 
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Figure 1-5. Yap subcellular localization is regulated by the Hippo signaling pathway. 
Activation of the Hippo kinase cascade results in yap phosphorylation and cytoplasmic 

retention, attenuating its transcriptional activity.  

 

 

Structure and Function of Yap 

Yap contains several domains within its structure that allow it to bind to different 

partners and serve a variety of functions (Sudol, Shields, & Farooq, 2012). 

Several key domains are conserved in Taz (Liu, Huang, & Lei, 2011), suggesting 

functional redundancy with Yap (Figure 1-6). The transcriptional activity of Yap 

is inhibited by phosphorylation at Ser127, which results in Yap cytoplasmic 

retention by 14-3-3 binding and Yap facilitated  apoptosis, and at Ser381, which 
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primes Yap for subsequent phosphorylation by Casein kinase 1 (CK1) and 

ultimate ubiquitin-mediated degradation (Zhao, Li, Lei, et al., 2010).  

 

 

 

These phosphorylation sites correspond to Ser89 and Ser314 on Taz, respectively 

(Varelas, 2014; Zhao, Li, Lei, et al., 2010). Furthermore, the transcriptional activity of 

Yap/Taz may be restricted independent of the Hippo pathway through interactions with 

angiomotin via the WW domains on Yap/Taz, which allow Yap/Taz to bind to proteins 

containing a PPxY (proline, proline, any amino acid, tyrosine) sequence, which 

angiomotin contains (Chan et al., 2011). On the other hand, transcriptional activity is 

facilitated by the TEAD binding domain (TB), found on the amino side of the WW 

domains, and the transcriptional activation domain (TAD) on the carboxyl end, and in a 

 
 

 
Figure 1-6. Yap/Taz structural domains. Yap/Taz share similar structural domains,  

allowing for redundant functions. S127 (Yap) and S89 phosphoylation is critical for  

14-3-3 binding. Purple: TEAD binding domain. Orange: SH3 binding  

motif. Yellow: transcriptional activation domain (TAD). Blue: PDZ binding motif.                                                                               

YAP: Adapted from Sudol, Shields, & Farooq (2012).                                                                             

TAZ: Adapted from Liu, Huang, & Lei (2011). 
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hypophosphorylated state, the PDZ-binding motif is permissive for nuclear translocation  

(Sudol, et al., 2012). Yap complexes with the PDZ motif on the tight junction protein 

zonula occludens (ZO)-2, which facilitates Yap translocation to the nucleus and promotes 

anti-proliferative effects of Yap (Oka et al., 2010). Overall, Yap and Taz share 45% 

amino acid identity, with the homologous regions widely distributed across the proteins 

(Kanai et al., 2000). The highly conserved domains of Yap and Taz illustrate the 

likelihood overlapping functions, however observations suggestYap/Taz also have unique 

functions. Yap mRNA level is most highest in the liver while Taz mRNA is greatest in 

the kidney. The subcellular distribution of Yap/Taz also differs, with Yap having diffuse 

nuclear staining while Taz is found in nuclear puncta. Interestingly, Yap-overexpressing 

cell lines can be formed while Taz-overexpressing lines cannot. These observations 

(Kanai, et al., 2000), together  with identical and unique binding partners forYap and Taz 

(Zhao, Li, & Guan, 2010) highlight the complexity of these proteins whose functions are 

highly cell type and context specific. 

 

Regulation of Yap 

Yap regulation is involved in contact inhibition, as increased cell density activates the 

Hippo pathway, limiting organ size by preventing Yap from activating transcription 

factors, such as members of the TEAD family, thereby inhibiting proliferation (Zhao, Li, 

Lei, et al., 2010). Yap subcellular localization is also influenced by a variety of other cues 

such as extracellular lipids such as lysophosphatidic acid (LPA) and sphingosine 1-

phosphate (S1P) through G-protein-coupled receptors (GPCRs) (Yu et al., 2012), by 



 

17 

 

mechanotransduction (Calvo et al., 2013), and metabolic cues (Sorrentino et al., 2014). 

LPA and S1P activate Yap/Taz transcriptional activity by inhibiting Lats through G-

protein (G) subunits G12/13 by activating downstream Rho GTPases. Furthermore, 

Gq/11 and Gi/o activation also activates Yap/Taz by repressing their phosphorylation, 

while Gs signaling, activated for example by glucagon or epinephrine, promotes Yap/Taz 

phosphorylation (Yu, et al., 2012). Although the mechanism is not yet fully understood, 

Yap/Taz activity regulation by mechanical cues such as extracellular matrix (ECM) 

rigidity and cell shape appear to involve F-actin and RHO/ROCK, and the signal may be 

transduced in either a Lats-dependent or –independent manner (Dupont, 2016). Rho 

GTPases have also been implicated in controlling Yap/Taz activation as a consequence of 

the mevalonate pathway, adding to the complexity of Yap/Taz regulation (Sorrentino, et 

al., 2014). 

 

Upstream negative regulators of Yap in the Hippo-Yap pathway  include 

Neurofibromatosis type-2 (Nf2) (Hamaratoglu et al., 2006) and Fat (Silva, Tsatskis, 

Gardano, Tapon, & McNeill, 2006). Nf2 encodes the adaptor protein Merlin (Mer) which 

localizes at adherens junctions and  negatively regulates growth. Mer negatively regulates 

Yap-mediated proliferation by contributing to the phosphorylation (activation) of Wts, 

which in turn phosphorylates Yap. This inhibits the ability of Yap to induce the 

transcription of cell cycle promoting genes, such as cyclin E (Hamaratoglu, et al., 2006) 

and cyclin D1 (Tumaneng et al., 2012). The activation of Wts by Mer is synergistic with 

a related protein Expanded (Ex) (Hamaratoglu, et al., 2006). Upstream of Ex is the 
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atypical cadherin Fat, which is required for the proper localization of Mer at apical 

junctions (Silva, et al., 2006). While serine phosphorylation of Yap inhibits its nuclear 

translocation and proliferation-promoting activity, evidence suggests that  tyrosine 

phosphorylation of Yap by tyrosine kinases can promote its transcriptional activity. Yap 

promotes proliferation when phosphorylated by Yes, specifically at tyrosine 357 (Y357) 

in the TAD, by complexing with -catenin, together with transcription factor TBX5, and 

promoting transcription of  BIRC5 (which encodes survivin) and BCL2L1 (Rosenbluh et 

al., 2012). Tyrosine phosphorylation of Yap by Yes in embryonic stem cells drives 

proliferation by promoting the Yap-TEAD complex and subsequent expression of 

transcription factors octomer-binding transcription factor 3/4 (Oct3/4) and Nanog 

(Tamm, Bower, & Anneren, 2011).  Yap also has anti-proliferative effects, and can 

promote apoptosis by stabilizing p73 (Levy, Adamovich, Reuven, & Shaul, 2007). The 

WW domains of both Yap and Itch, a ubiquitin E3 ligase, interact with p73 via its PPPY 

motif. Yap competes with Itch for p73 binding, and therefore stabilizes p73 by preventing 

its ubiquitination and degradation. The precise mechanisms connecting extracellular cues 

to molecular responses is yet largely unclear. 

 

Role of Yap in Cancer 

Yap is often upregulated in several types of cancer (Johnson & Halder, 2013), and the 

role of Yap and/or Taz has been examined in cancers such as colorectal cancer (L. Wang 

et al., 2013), osteosarcoma (D. Y. Wang et al., 2016; Z. Yang et al., 2014; Y. H. Zhang, 

Li, Shen, Shen, & Chen, 2013), uveal melanoma (Yu, et al., 2012), ovarian (Xia et al., 
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2014) and pancreatic cancer (Diep et al., 2012) among many others. Depending on the 

type of tumor, Yap/Taz has been found to have the capability of serving as either 

oncogene or tumor suppressor (Table 1-2). Increased Yap expression has also been found 

in medulloblastoma, a tumor of the cerebellum that is believed to arise from granule 

neuron precursors (Fernandez-L et al., 2009; Fernandez-L et al., 2011; Orr et al., 2011). 

Medulloblastoma is an aggressive brain tumor and is the most common primary tumor of 

the central nervous system in children (Ajeawung, Wang, Gould, & Kamnasaran, 2012). 

One of the molecular subgroups of medulloblastoma includes tumors with activated Shh 

signaling, which may arise due to inactivating germline mutations in human PTCH and 

SUFU. Similar somatic mutations have been found in sporadic medulloblastoma, as have 

activating SMO mutations and GLI amplifications (Taylor et al., 2012). The tumor cell of  

 

Table 1-2 

 

Yap and/or Taz role in cancer  
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origin in Shh-driven medulloblastoma is believed to be cerebellar GNPs, as these cells 

normally proliferate in response to Shh during development. It has been previously 

shown that knocking down Yap expression in GNPs inhibits their ability to proliferate in 

response to Shh, suggesting Yap may be a therapeutic target in Shh-driven 

medulloblastoma (Fernandez-L, et al., 2009). However, despite the observation of 

increased Yap in medulloblastoma (Orr, et al., 2011) and its role in tumor radioresistence 

(Fernandez-L, et al., 2011), the significance of Yap/Taz in the establishment and 

maintenance of cerebellar tumors is unknown. 

 

Role of Yap in the Central Nervous System 

Although it is well-established that Yap is important for organ size control (Halder, 

Dupont, & Piccolo, 2012) and cell fate (Hao et al., 2014) in various organ systems, 

relatively little is known about its role in the CNS. A few studies, however, do provide 

evidence that Yap has functional significance in the CNS (Cabochette et al., 2015; 

Cappello et al., 2013; Emoto, 2011; Fernandez-L, et al., 2009; Lavado et al., 2013; 

Lavado, Ware, Pare, & Cao, 2014; Miesfeld et al., 2015; Serinagaoglu, Pare, Giovannini, 

& Cao, 2015) and warrants further investigation. Yap is expressed mainly in proliferating 

cells, including neural progenitors, and it has been shown that decreased expression of 

Yap upstream regulators NF2 (Lavado, et al., 2013; Lavado, et al., 2014) and Fat4 

(Cappello, et al., 2013; Silva, et al., 2006) result in abnormal neural development.  In the 

NF2 CKO mice, hippocampal development is severely compromised due to the defects in 

neural progenitor cell cycle exit, but this can be rescued by reducing Yap expression 
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(Lavado, et al., 2013). Similarly, Fat4 knockdown causes an increased number of 

proliferating cortical progenitor cells through preventing neuronal differentiation. This 

phenotype can be also rescued by concomitant reduction of Yap expression, illustrating 

the importance of Yap in maintaining neuronal progenitor populations.  

 

Although some evidence exists that abnormal upregulation of Yap can cause 

neurodevelopmental insults, the normal function of Yap in brain development, including 

the cerebellum, is largely unknown to date.  Recently, our laboratory demonstrated that 

Yap is required for the proper development of ependymal cells along the aqueduct, which 

maintains the integrity of the ventricular system and prevents the pathogenesis of 

hydrocephaly (R. Park et al., 2016).  However, accumulating studies demonstrate that 

Yap does not have a prominent role in normal neurogenesis during cerebral cortex 

development  (Z. Huang, Sun, et al., 2016; R. Park, et al., 2016) but astrocyte 

proliferation and differentiation are impaired when Yap is absent (Z. Huang, Hu, et al., 

2016; Z. Huang, Wang, et al., 2016). These findings may suggest a functional 

compensation by Taz in the absence of Yap during cortical neurogenesis. Currently, there 

is no loss of function genetic study to unambiguously determine whether both Yap 

and/Taz are required for neurogenesis and/or organogenesis of the cerebral cortex.  

Importantly, in vivo genetic studies investigating Yap expression and function during 

cerebellar development have not been reported prior to my study. 
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 Table 1-3 

 Conditional Knockout Mouse Models 

 *5% or less GCNPs are expected to express Cre in the mGFAP-Cre  line 73.12. 
 

Conditional Loss-of-Function Mouse Models 

The Cre-loxP system is a commonly used system to manipulate genes in vivo. This 

system uses the recombinase activity of Cre, from bacteriophage P1, to catalyze site-

specific recombination between two 34-bp loxP sites (Van Duyne, 2015). Knocking out a 

gene in a whole organism can confound results and may even be embryonic lethal. Using 

CKO systems, however, can be useful to study gene function in certain cell types. In 

these systems, the Cre recombinase gene is placed downstream of a tissue-specific 

promoter, allowing the researcher to target cells of interest (J. Zhang et al., 2012). For my 

thesis work investigating the role of Yap in the cerebellum, four different Cre promoters 

were used to determine in which cell type(s) Yap would be critical (Table 1-3). Nestin-

Cre is often used to target cells in the CNS, although recombination occurs in other cell 

types as well, and was used here to target the cerebellum in general (Dubois, Hofmann, 

Kaloulis, Bishop, & Trumpp, 2006). The human glial fibrillary acidic protein (hGFAP) 

promoter activity explicitly excludes PCs and choroid plexus, and so the hGFAP-Cre  

 mice were useful for studying the effect of gene knockout in glial cells and 
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granule neurons (Zhuo et al., 2001). In order to more specifically target glial cells, 

we used the mGFAP-Cre line 73.12. Although this mouse GFAP promoter is 

more specific to glial cells than the hGFAP promoter and has been used to study 

gene knockout in Bergmann glia (X. Wang, et al., 2011), a limitation is that some 

postnatal neural progenitors will also express Cre, and so a small portion of 

granule neurons will also contain the transgene and must be taken into 

consideration when interpreting results (Garcia, Doan, Imura, Bush, & Sofroniew, 

2004).  Math1-Cre mice were used to knock out Yap in granule neuron 

progenitors while not affecting astrocytes (Z.-J. Yang et al., 2008), as Math1 has 

been shown to be expressed in the rhombic lip and specifically targets GNPs in 

the cerebellum, demonstrated by Math1 knockout mice having no granular layer 

or pontine nuclei (ten Donkelaar, et al., 2003). Comparing phenotypes of mice 

cerebella with different Cre promoters allowed us to systematically eliminate cell 

types in which Yap did not play a prominent role and thereby identify the cellular 

context of cerebellar Yap function. 

 

Summary and Objectives 

Although several studies have demonstrated that Yap is important for regulating the size 

of various organs, there is a paucity of information on the role of Yap in the cerebellum. 

Furthermore, Yap is currently viewed most commonly in terms of its transcriptional 

coactivator properties in both development and tumorigenesis, and cytoplasmic Yap 

function as an adhesion or scaffolding protein is less well understood. 
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The first main objective of this dissertation is to illustrate the temporal and spatial 

distribution of Yap in the developing cerebellum, and then to describe its functional 

significance, highlighting the cell type in which it is most critical. Because Yap has been 

shown to be upregulated in many cancers including medulloblastoma, a cancer believed 

to arise from granule neuron progenitors in the cerebellum, the second main objective 

was to determine whether Yap loss in Shh-driven mouse models of medulloblastoma 

could attenuate tumor formation. The results of the following studies contribute to the 

expanding understanding of the many functions of Yap, and importantly, provide novel 

insights regarding its function in the CNS.  
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CHAPTER 2 

 

 

CEREBELLAR GLIA REQUIRE YAP/TAZ FOR PROPER 

PLACEMENT, SHAPE AND SCAFFOLDING FUNCTION 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is based on a manuscript submitted to the Journal of Neuroscience 

Hughes, L.J., Park, R., Lee, D., Johnson, R.L., Cho, S.H., and Kim, S. Yap/Taz is 

required for establishing the cerebellar glia scaffold.  
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ABSTRACT 
 

The Hippo signaling pathway regulates organ size by directing proliferation and 

apoptosis. This well conserved pathway is activated by various signal inputs, with signals 

converging on downstream effector proteins Yap/Taz. Although the function of Yap has 

been described in several organ systems, little is known about the role and regulation of 

YAP in the central nervous system. I investigated Yap/Taz function in the cerebellum to 

determine its significance during development. Although Yap was highly expressed in 

murine granule neuron progenitors (GNPs) during embryonic and postnatal expansion 

stages, it did not appear to play a major role in GNPs during development, since 

removing Yap/Taz specifically from these cells did not affect the size or patterning of the 

cerebellum. I also found that Yap is highly expressed in Bergmann glia (BG) during early 

developmental stages, where it, together with Taz, plays a significant role in cerebellar 

foliation. Severe defects in BG distribution and morphology lead to displaced Purkinje 

cells and prolonged granule cell localization at the external granule layer, a germinal 

zone, in the Yap/Taz mutants. Importantly, reducing sphingosine-1-phosphate G-protein-

coupled receptor 1 (S1P1) by fingolimod treatment activates upstream kinase Lats with 

concomitant increases of phosphorylated Yap as well as a reduction of the known Yap 

target CTGF. This study identifies a novel function of Yap/Taz in cerebellar glia that is 

required for the development of normal foliation and laminar organization with S1P 

signaling as a potential extracellular cue regulating Yap activity during cerebellar 

development.  
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INTRODUCTION 

The Hippo-Yap signaling pathway is a well-described pathway that regulates 

proliferation and apoptosis. First described in Drosophila melanogaster, its components 

are well conserved in mammals (Hong & Guan, 2012). The core cassette contains the 

serine/threonine kinases Hippo (Hpo) and Warts (Wts) with mammalian homologues 

MST1/2 and LATS1/2, respectively (K. F. Harvey & Hariharan, 2012). The downstream 

effector protein Yorkie (Yki) and vertebrate homologues YAP/TAZ are phosphorylated 

upon pathway activation, inhibiting their function as transcriptional co-activators by 

promoting cytoplasmic retention, 14-3-3 binding, and degradation (Varelas, 2014; Zhao, 

Li, Lei, et al., 2010). YAP subcellular localization is influenced by a variety of cues 

including cell density (Zhao, Li, Lei, et al., 2010), extracellular lipids such as 

lysophosphatidic acid (LPA) and sphingosine 1-phosphate (S1P) through G-protein-

coupled receptors (GPCRs) (Yu, et al., 2012), and mechanotransduction (Calvo, et al., 

2013). Injury and tumorigenic cues are known to induce Yap translocation and 

subsequent transcription of target genes, and it is well-established that YAP is important 

for organ size control (Halder, et al., 2012) and cell fate (Hao, et al., 2014) in various 

organ systems. However information regarding extracellular cues that affect Yap activity 

during normal development, especially in the CNS, is currently lacking. Particularly, the 

normal function of Yap in brain development, including the cerebellum, is largely 

unknown to date.   
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In the cerebellum, stepwise and precise gene  ration of different cell types, establishment 

of three cortical layers, and organization of the cortex into distinct folia are essential for 

proper cerebellar formation (Roussel & Hatten, 2011). Purkinje cells, interneurons, and 

neurons of the cerebellar nuclei arise from the ventricular zone (VZ) and granule neuron 

precursors (GNPs) originate from the rhombic lip (RL). Postnatally, GNPs in the external 

granule layer (EGL) transiently proliferate in response to Sonic Hedgehog (Shh) secreted 

by PCs, and then migrate inward via Bergmann glia (BG) to form the inner granule layer 

(IGL) (Roussel & Hatten, 2011). Long BG radial processes span the molecular layer 

(ML) and contact the basement membrane (BM) beneath the pia mater, providing a 

scaffold for maturing granule cells to migrate along from the EGL to the IGL.  BG are 

also vital to provide structural support for the elaborate PC arborization, provide 

metabolic support to PCs primarily through glutamate uptake (Yamada & Watanabe, 

2002) and regulate PC synapse number (J. J. Lippman Bell, T. Lordkipanidze, N. Cobb, 

& A. Dunaevsky, 2010). Furthermore, PCs, BG, and granule cells are important for 

cerebellar foliation by forming ‘anchoring centers’, thereby establishing the base of the 

characteristic cerebellar fissures (Sudarov & Joyner, 2007). Although these roles of BG 

as a scaffold and in generating anchoring centers have been identified, the molecules and 

signaling pathways necessary for BG development are less well understood.  

 

In this chapter, I describe the expression pattern of Yap in the developing cerebellum and 

demonstrate a novel function of YAP in the establishment and/or maintenance of the BG 

scaffold.  I also report an unexpected finding that yap has a less distinct role in 
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proliferation of cerebellar progenitors, determined using Yap and Taz double knockout 

mice. This investigation of Yap function in BG offers new insights into the molecular 

mechanism underlying the formation of anchoring centers and cerebellar foliation. 

Crucially, I have also demonstrated that alteration of S1P signaling may regulate Yap 

mediated gene expression through Lats activation in cerebellar glia.  

 

Materials and Methods 

Mice 

All experiments with animals were conducted in accordance with protocols approved by 

the IACUC of Temple University.  Yap
f/f

 and Taz
f/f

 were obtained from Dr. Olson (UT 

Southwestern Medical School, Dallas). Yap
f/f

 and Taz
f/f

 mice were bred to generate 

Yap
f/f

/Taz
f/f

, which were then bred to Nestin-Cre (Dubois, et al., 2006), hGFAP-Cre 

(Zhuo, et al., 2001), mGFAP-Cre line 73.12 (Garcia, et al., 2004; X. Wang, et al., 2011), 

or Math-1-Cre (Z.-J. Yang, et al., 2008) mice from The Jackson Laboratory. Progeny 

were genotyped by PCR for Yap as previously described (Song et al., 2014) (Yap 5’: 

CCACCAGATCTCATTATAGATGG and Yap 3’: 

ACCTAGTAAGTACCAGTTTCCCAGT). Taz and SmoM2 were genotyped by PCR 

using two primers (Taz: Forward 5’ CTCATATCCAAAGGCTGACTAA, Reverse 5’ 

ATGTTACGATGAGGAACTCTTC; SmoM2:    Forward 5’ 

AAGTTCATCTGCACCACCC, Reverse 5’ TGCTCAGGTAGTGGTTGTCG). 
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Histology and immunohistochemistry  

Embryonic day 12 and 15 mice were decapitated and heads were fixed in 4% 

paraformaldehyde (PFA) in phosphate buffered saline (PBS) at 4°C overnight. Postnatal 

animals were perfused with PBS followed by 4% PFA, then brains were dissected out 

and fixed in 4% PFA in PBS at 4°C overnight. Parasagittal sections 7µm thick were 

prepared from fixed tissues embedded in paraffin.  Tissue sections were deparaffinized 

and rehydrated through a series of ethanol and distilled water dilutions for Hematoxylin 

and eosin (H&E), immunofluorescence (IF), and immunohistochemistry (IHC) as 

previously described (J. Y. Park et al., 2015; R. Park, et al., 2016). For IF and IHC, 

antigen retrieval was performed by incubating rehydrated sections in boiling citrate 

buffer (10mM, pH 6.0) for 30 minutes and followed by three PBS washes before adding 

primary antibodies with 5% normal goat serum overnight at 4ºC. Antibodies used were 

Yap (1:200; Abcam ab56701); BLBP (1:200; Millipore ABN14) to label immature glia; 

Purkinje cell marker Calbindin (1:200; Sigma, C9848); mature glia cell body marker 

S100 (1:200; Novus Biologicals, NB110-57478), mature glia process marker GFAP (1: 

200, Thermo Scientific, RB-087); neuronal nuclei marker NeuN (1:250; Millipore, 

MAB377); cerebellar GNP marker Pax6 (1:200, Covance, RBP-278); and sphingosine-1-

phosphate receptor 1, S1P1, (1:200; Millipore MABC94). Species-specific secondary 

antibodies conjugated to Alexa Fluor 488 (1:250; Invitrogen) or Cy3 (1:250; Jackson 

Immunochemical) were used for immunofluorescence. Nuclei were stained with Hoechst 

22358 (1:500; Invitrogen). 

 



 

31 

 

Measurements and cell number quantification.  Fissure length was defined as the 

distance from the base of the precentral fissure perpendicular to a line tangential to the 

crowns of lobules II and III, and measured using ImageJ (n=3, four midsagittal sections 

per animal).  To count the number of PCs and the number of BG in PCL or ML, the 

number of calbindin
+
 and S100

+
 cells were manually counted using Photoshop at one-

to-two midsagittal sections per animal (n=3). Length of the PCL was calculated using 

ImageJ.  

 

Fingolimod treatment Beginning at P1, mice were given a daily intraperitoneal injection 

of  0.3 or 0.6 g g
-1

 of body weight of fingolimod (Cayman Chemical Company) or 

vehicle for 14 or 5 days, respectively. Fingolimod was dissolved in ethanol and stored at -

20°C. Subsequent dilutions were made in sterile PBS, and an equal volume of ethanol 

was diluted in sterile PBS as vehicle control. Animals that were harvested at P6 received 

the last injection at least 30 minutes prior to dissection. Brains were dissected out for 

PFA fixation and embedding for immunohistochemistry as described above, or frozen in 

liquid nitrogen then stored at -80°C until Western blot analysis. Three animals per group 

were used for each analysis.  

 

Western blot analyses 

Whole cerebellums from P6 fingolimod-treated or control mice (n=3) were lysed to 

obtain protein for Western blot analysis as previously described (J. Y. Park, et al., 2015). 

Briefly, proteins were separated on an SDS-PAGE gel and transferred to a polyvinylidene 
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difluoride (PVD) membrane. After blocking with 5% nonfat dry milk, the membrane was 

incubated with primary antibodies S1P1 (1:1000; Millipore MABC94), pLats1, (1:1000; 

Cell Signaling #9157), Lats1 (1:1000; Cell Signaling #9153), pYap (1:1000; Cell 

Signaling #4911), Yap (1:1000; Abcam ab56701), CTGF (1:1000; Proteintech 23936-1-

AP), and GAPDH (1:4000; Proteintech 600044-1-Ig). Protein signals were detected using 

chemiluminescence (ECL Kit, GE Healthcare). 

 

Statistical analysis. To determine statistical significance for cell counting of PCs and BG, 

an F-test was performed to determine if the variances were equal or unequal prior to 

applying the appropriate two-tailed t-test. Statistical significance was determined as 

p<0.05. 

 

RESULTS 

Yap is expressed in progenitor cells and glia cells in the developing cerebellum 

To establish the expression pattern of Yap in the developing mouse cerebellum, 

midsagittal sections at the vermis were examined by immunohistochemistry (IHC) at 

various ages from the embryonic stage through adulthood. Yap consistently showed high 

levels of expression in the choroid plexus and meninges. This pattern of expression was 

useful as a positive control for Yap staining in subsequent conditional knockout 

experiments. By E12, Yap is highly expressed both in the cytoplasm and nuclei of 

progenitor cells in germinal zones (Figure 2-1 A, A’).  
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At E15, Yap expression in proliferating cells remains high and is evident in the VZ, 

demarcated by brain lipid-binding protein (BLBP) positive radial glia cells, the rhombic 

lip, and the emerging EGL (Figure 2-1 B, B’). Pax6 is a paired homeobox DNA binding 

protein that is expressed in granule neurons and their precursors (Chung, Kim, Jung, Lee, 

& Jeong, 2010).   At birth (P0), Yap expression persists in Pax6
+
 cells in the outer most 

layers of the EGL (oEGL) (Figure 2-1 C, C’) and glial cells, including the apical lining 

cells of the fourth ventricle. After the embryonic stage, radial glia lose their apical 

processes, become BG, and translocate to the PC plate (PCL) (Buffo & Rossi, 2013). 

There they have a distinctive cell shape, with cell bodies closely aligned with PCs and 

radial processes extending to the pia. By P5, Yap is highly expressed in the BG soma 

including the nucleus and radial processes (Figure 2-1 D, D’; Fig 2-2 A, A’, , B, B’).  

Figure 2-1. Yap is apparent in progenitor cells of the developing cerebellum. (A, 

A’) Yap is highly expressed in proliferating zones of the E12 cerebellum. (B, B’) Yap 

expression remains high in the VZ, URL and EGL at E15. (C, C’) At P0, Yap is seen in 

the VZ, Pax6
+
 cells in the oEGL, and BG. (D, D’) Yap expression in overlaps with S100+

 

BGs in both nucleus and radial processes at P5. 
VZ: ventricular zone, URL: upper rhombic lip, oEGL: outer external granular layer, BG: 

Bergmann glia. 

*Scale bar: A-D: 200µm. A’-D’:50µm 
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This stage (P5) is the beginning of the peak postnatal cerebellar GNP (CGNP) 

proliferation time period, and Yap is also evident in the oEGL, limited to 1-2 cell layers 

from the meninges (Figure 2-2 A, A’, B, B’) but is notably absent from PCs (Figure 2-2 

B, B’, B”). As the cerebellum continues to develop, Yap protein levels gradually decline 

and by P21, Yap protein is difficult to detect by immunofluorescence (data not shown). 

However, enhanced staining using DAB (3,3’-diaminobenzidine) reveals persistent Yap 

in at least a subset of BG in the adult cerebellum (Figure 2-3 A). The specificity of Yap 

staining was confirmed by its absence in a transgenic Yap conditional knockout (CKO) 

mouse (Figure 2-3 B).  

Figure 2-2. Yap is expressed in Granule Neuron Precursors, Bergmann Glia, 

but not Purkinje cells. (A, A’, A”) Yap and BLBP double staining shows strong  

Yap expression in GNPs in oEGL (A’ arrow) and in BG (A” arrows) while (B, B’, B”) 

double staining with Calbindin shows Yap is not detectable in PCs. 
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The spatial and temporal dynamics of Yap expression suggests that Yap is important for 

cerebellar development, and its considerable presence in the BG processes as well as in 

the nucleus raises the possibility that it has both transcriptional and non-transcriptional 

roles in BG.  

 

Loss of Yap in the cerebellum causes folia defects 

In order to determine the function of Yap in the developing cerebellum, I conditionally 

knocked out Yap by crossing Yap
f/f  

mice with Nestin-Cre mice, which deleted Yap 

throughout the CNS, including both glia cells and neurons (Dubois, et al., 2006).  

Because Yap knockout mice had a variable but predominantly mild phenotype, I reasoned 

that there may be functional compensation by Taz, which is known to have overlapping 

functions with Yap (Hong & Guan, 2012) in other systems.  Although attempted, I was 

unable to assess the expression of Taz due to the absence of an antibody that 

Figure 2-3. Yap remains in the adult cerebellum. (A arrows) In adult mice, Yap 

expression persists in at least a subset of BG. (B arrows) Yap is not detected in BG of 

CKO mice. 
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distinguishes Taz from Yap in cerebellar sections. To eliminate potential compensation 

by Taz in the Yap mutants I crossed our Yap
f/f

 animals to Taz
f/f

 in order to obtain double 

knockouts. In these double knockout (dCKO) mice, developmental defects were observed 

at birth. At P0, the four principal fissures are apparent in the wild type (WT) and in the 

Yap/Taz CKO cerebellum (Figure 2-4 A, B, asterisks), but the cell lining of the fourth 

ventricle is distinctly absent in the CKO. P7 Yap CKO animals typically exhibited a mild 

phenotype (data not shown) while Yap/Taz CKO mice had prominent foliation defects 

which were consistently observed as a shortened precentral fissure between lobules II and 

III (Figure 2-4 C, D arrow), justifying the use of double CKO animals in the majority of 

our analyses.  

 

As development proceeded, the notable and consistent defective precentral fissure 

formation remained at P10 (Figure 2-5 A, B, arrows). The fissure depth of the P10 WT 

and CKO was measured (Figure 2-5 C, D) and compared. The depth of the dCKO fissure 

was significantly shorter than that of the WT (t17 = 20.20, P = 2.5x10
-13

), with the dCKO 

fissure length being four-fold shorter than the WT (Figure 2-5 E).  
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                       Figure 2-4. Yap/Taz expression in BG is required for proper foliation. 

                         At P0, the four principal fissures (asterisks) are apparent in both (A) the  

                         WT and (B) the Nestin-Cre; Yap/Taz dCKO. (D) Foliation defects are  

                          pronounced in P7 Nestin-Cre; Yap/Taz dCKO mice compared to (C) WT, 

                         with the most consistently observed defect being the incomplete non- 

                         principal fissure formation between lobules II and III (D arrow). 

                         *Scale bar: P0: 250m; P7: 500m. 
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Figure 2-5. Fissure length between lobules II/III is significantly reduced in the Yap/Taz 

CKO. Foliation defects persist through development as (A arrow) WT precentral fissure is 

prominent at P10 while (B arrow) dCKO precentral fissure is notably shorter. (C, D) Precentral 

fissure length was defined by the length of a line from the base of the fissure perpendicular to a 

line tangential to the crowns of lobules II and III in the (C) WT and (D) dCKO. (E) Statistical 

analysis of precentral fissure length revealed a significantly shorter fissure in Nestin-Cre Yap/Taz 

dCKO mice compared to WT at P10 (N=3).                                          

*Scale bar: 500m. Significance level: P = 2.5x10
-13

. 
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Because Nestin-Cre is expressed in most cells in the CNS and also some non-neural 

tissues, and because Yap knockout alone results in severe hydrocephalus in this model (R. 

Park, et al., 2016), I next determined whether Yap
f/f

/Taz
f/f

; hGFAP-Cre mice would 

produce a similar phenotype. Using hGFAP-Cre allows for more specificity for gene 

deletion as Cre will be expressed in most cerebellar cells, with the notable exception of 

PCs as well as other cells born prior to E13.5, the time when expression of hGFAP-Cre 

begins to be expressed in neural progenitors (Zhuo, et al., 2001). At P21, the Yap/Taz 

double knockout with hGFAP-Cre shows similar foliation defects as the Nestin-Cre 

model, especially the incomplete precentral fissure formation (Figure 2-6 B, C). Proper 

foliation involves the coordinated interaction between granule cells, PCs, and BG 

(Sudarov & Joyner, 2007). Since Yap expression is not detected in PCs and Yap/Taz 

deletion with hGFAP-Cre in which PCs are not affected still generates the folia 

phenotype, the contribution of Yap function in PCs to folia formation is excluded. 

 

To determine the relative contribution of BG to the foliation defect that arises in the 

absence of Yap/Taz, I crossed Yap
flox/flox

/Taz
flox/flox 

mice to the mGfap-Cre line 73.12, 

which targets astrocytes more restrictively than hGFAP-Cre (Garcia, et al., 2004; X. 

Wang, et al., 2011). Examination of the adult (P21) cerebellum showed that Yap/Taz 

deletion from primarily astrocytes by mGfap-Cre is sufficient to cause foliation defects, 

most prominently seen in lobules VIa through IXa, although the incomplete fissure 

between lobules II and III is still apparent (Figure 2-6 D ) and consistent with hGfap-Cre- 

and nestin-Cre-mediated Yap/Taz deletion (Figure 2-6  B, C) as compared to WT (Figure 
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2-6 A). Taken together, the function of Yap/Taz in CGNP or/and glia during 

development is required for proper foliation formation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Figure 2-6. Defective foliation in Yap/Taz CKOs using different Cre drivers. (A) P21  

WT cerebellum exhibits a characteristic foliation pattern.  (B) Nestin-Cre and (C) hGFAP-Cre 

Yap/Taz dCKOs share similar foliation defects, particularly at the precentral fissure between  

lobules II and III. (D) mGFAP-Cre Yap/Taz dCKOs foliation defect at the precentral fissure  

provides further evidence that the role of Yap/Taz in foliation is primarily in glial cells.                                                                                                                      

*Scale bar: 500µm.  
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Yap/Taz are not required for cerebellar granule cell progenitor proliferation 

Yap’s function as a transcriptional co-activator is well established in many cell types and 

tissues, and is known to drive proliferation (Piccolo, Dupont, & Cordenonsi, 2014). In 

CGNPs, over-expression of Yap also drives proliferation (Fernandez-L, et al., 2009). 

Having identified a role for Yap/Taz in establishing folia, I wanted to determine whether 

loss of Yap/Taz in CGNPs affected their proliferative capacity, and determine the relative 

contribution of Yap/Taz loss from CGNPs to fissure formation, as CGNP proliferation is 

associated with establishing anchoring centers (Sudarov & Joyner, 2007). In order to 

determine the effect of Yap/Taz loss on CGNP proliferation, I crossed Yap
f/f

/Taz
f/f 

mice to 

the Math1-Cre line, in which Cre is highly expressed in CGNPs (Z.-J. Yang, et al., 2008). 

I again used Yap
f/f

/Taz
f/f 

mice to ensure that Taz was not compensating for Yap loss, since 

a more severe phenotype presented using the double conditional knockouts with the other 

Cre lines. Efficient Yap removal was established by examining CGNPs in the outer EGL 

(oEGL) at P0, when Yap expression in WT mice is evident (Figure 2-7 A’ arrows). 

CGNP Yap was notably absent in the CKO (Figure 2-7 B’ arrows), while intense staining 

in the BG, choroid plexus and meninges confirmed faithful Yap staining (Figure 2-7 A, 

A’, B, B’).  
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 Figure 2-8 Yap/Taz deletion by Math1-Cre does not affect foliation. (A, B) Yap/Taz    

 deletion from CGNPs does not noticeably affect cerebellar development by P7 or  

 (C, D) P14.                                                                                                                                  

 *Scale bar: 500m  

 

 

Surprisingly, despite the lack of  Yap, the proliferative capacity of CGNPs was not 

affected, nor was the establishment of anchoring centers, as the Yap/Taz CKO cerebellum 

closely resembled that of WT at P0, P7, P14, and P21 (Figure 2-7, 2-8, data not shown).  

 

 

Figure 2-7 Yap/Taz deletion by Math1-Cre specifically targets CGNPs. (A, A’) At P0, Yap 

expression can be detected in the nuclei of cells in the oEGL(A’ arrows), where proliferating 

CGNPs are located, as well as in BG (A’ arrowheads). (B, B’) Loss of Yap in the oEGL is  

observed in the Math1-Cre CKO while its presence remains in BG, meninges and choroid plexus.                                                                                                                                  

*Scale bar: 200µm       
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Although it may be possible that Yap/Taz deletion could have been incomplete, these 

results suggest that other growth signaling pathways may compensate for loss of Yap/Taz 

in vivo, which is contrary to what has been observed in vitro, where Yap has been shown 

to be necessary and sufficient to sustain CGNP proliferation in response to Shh 

(Fernandez-L, et al., 2009).  

 

Yap is required for maintaining BG localization in the PC Layer 

As the results with various Cre drivers and Yap expression pattern suggested that the 

observed foliation defects are likely due to the loss of Yap in BG rather than CGNPs or 

PCs, I next closely examined the position and morphology of BG in the CKO compared 

to WT. As early as P0, Some BGs appeared to be improperly placed. BLBP-labeled BGs 

in the WT are clustered at the PCL (Figure 2-9 A, A’) while in the Nestin-Cre CKO, the 

cell bodies of some BGs are mislocated to the ML (Figure 2-9 B, B’). Additionally, the 

lack of cells at the ventricular lining, which are mitotically inactive after birth and 

become ependymal cells in later stages, is evident in the CKO (Figure 2-9 B” arrow) 

unlike their clearly visible presence in the WT (Figure 2-9 A” arrow). At P10, when 

severe foliation defects are readily seen in Nestin- Cre dCKO (Figure 2-10 A, B), 

significantly fewer BG were found in lobules II and III of the dCKO (Figure 2-10 C; t2 = 

6.57, P = 0.02). 
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Figure 2-10. Abnormal localization of BG at early stages may contribute to Yap/Taz dCKO 

foliation defects. (A, B) At P10, dCKO showed smaller lobules I/II and III with a distinctively 

shallow precentral fissure (B arrow) compared to WT. (C) In the dCKO, significantly fewer BG in 

lobules II and III are found compared to WT, but (D) BG density does not differ between WT and 

dCKO.                                                                                                                                         

*Scale bar:100m; Significance level: p< 0.05 
 

 

 

 

 

 

 

 

 

 

Figure 2-9. Displaced BG and an absence of the ventricular lining cells are evident in the 

dCKO at birth. (A, A’) At P0, BLBP-labeled BG concentrate at the PCL of the cerebellum. 

(B, B’) In the P0 Nestin-Cre dCKO, BG are more dispersed and extend into the ML and EGL.  

(A”) BLBP
+
 apical lining cells of the fourth ventricle are evident in the P0 WT, but (B”) 

notably absent in the dCKO.                                                                                                                          

*Scale bar:100m 
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However, this is most likely due to the decreased length of  these lobules as the density of 

BG, determined as the number of BG per 100m,  did not significantly differ between 

WT and dCKO (Figure 2-10 D; t4 = 2.09, P = 0.11). Furthermore, there was no 

significant difference between the number of BG associated with each PC in WT 

compared to dCKO (t2 = 2.44, P = 0.14).  Closer examination of the fissures shows less 

organized BG cell bodies in the dCKO (Figure 2-11 B) than in WT (Figure 2-11 A), with 

a reduction of BG fibers labelled by GFAP spanning the ML and anchoring at the pia 

(Figure 2-11 C, D).  

 

 

 

 

 

 

 

 

 

    

 

Although I cannot definitively determine if the BG distribution defects and improper folia 

formation are related or distinct consequences of Yap loss, the early improper BG 

positioning (Figure 2-9 B’) may contribute to the defective non-principal fissures that 

form postnatally. 

       

 
  Figure 2-11. Defective BG in Yap/Taz dCKO are seen in the malformed fissures. (A    

  arrowhead) At the base of the precentral fissure (*), S100-labeled BG cell bodies are tightly  

  aligned in the PCL with (C arrow) GFAP-labeled  processes that span the ML and contact the  

  (C arrowhead) pia. (B arrowhead) In the dCKO, BG cell bodies are less tightly located in the  

  PCL and (D arrow) GFAP
+
 processes are less dense at the base of fissure compared to WT.                                                                                                                           

  Scale bar:100m    
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To further investigate the function of Yap in BG distribution and improper foliation, I 

examined lobules II and III at the anterior cerebellum, where it appears that the anchoring 

center at the precentral fissure does not form correctly or that folia outgrowth did not 

proceed normally. Here I used the Yap CKO with hGFAP-Cre to examine the position of 

BG at P21 in order to avoid any influence by the severe hydrocephaly phenotype 

associated with Nestin-Cre mediated Yap deletion. At P21, BG cell bodies are again 

ectopically found in the ML (Figure 2-12 A, A’, B, B’).  

 

 

 

 

 

 

 

 

 

 

 

There were significantly more BG in the ML of the CKO than WT mice (Figure 2-13 A; 

t2 = 7.23, P = 0.02) and significantly fewer in the PCL (Figure 2-13 B; t4 = 2.82, P = 

0.048). The percentage of BG found in the ML of WT lobules II and III was only 2% 

compared to 22% of CKO BG (Figure 2-13 C; t2 = 6.10, P = 0.03).  

           

                     
 
   Figure 2-12. BG in CKOs are mislocalized to the ML in lobules II and III in adult mice.   

   (A, A’) At P21, WT BG are well-established in the PC monolayer while (B, B’)  hGFAP-Cre  

   CKO BG somas are dispersed throughout the ML of lobules II and III.  

   PCs labeled with calbindin, BG labeled with S100.                                                                                    

   *Scale bar:200µm 
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In addition to these anterior lobules, we also examined the most posterior lobule X (see 

Figure 2-6 A), which does not form non-principal fissures (Figure 2-14 A, A’, B, B’). 

Consistent with the findings in the anterior lobules, there were significantly more BG in 

the ML of CKO (Figure 2-15 A; t2 = 6.94, P = 0.02). Although the difference in number 

of BG in PCL of CKO did not reach significance (Figure 2-15 B; t4 = 2.11, P = 0.10), a 

greater proportion of BG was found in the ML of CKO lobule X (32%) compared to WT 

(6%) (Figure 2-15 B; t2 = 4.98, P = 0.04).  

 

 

 

 

       
 
    Figure 2-13. Aberrant numbers of CKO BG reside in the ML and PCL of lobules II and  

    III.  (A, C) Significantly more CKO BG are in the ML compared to WT, and (B) significantly   

    fewer CKO BG are aligned in the PCL in lobules II and III at P21.  Y-axis: average (A,   

    B) number or (C) percent from 3 animals.                                                                                

    *Significance level p<0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F 



 

48 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                
         

          Figure 2-14. BG in CKOs are mislocalized to the ML in lobule X of adult mice. 

          (A, A’) BG in the WT are more closely associated with PCs than (B, B’) Yap-deficient  

          BG in lobule X, which does not form more elaborate foliation in later stages.   

          *Scale bar:200µm 
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   Figure 2-15. Aberrant numbers of P21 CKO BG reside in the ML of lobule X.  
   (A, C) In the CKO, significantly more BG are located in the ML compared to WT,  

   although (B) differences in the number of BG in the PCL of lobule X did not reach  

   significance.  Y-axis: average (A, B) number or (C) percent from 3 animals.                                                                                                                                          

   *Significance level p<0.05. 
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Characteristic BG have cell bodies that are closely aligned with PCs and unipolar 

processes that extend across the ML to contact the pia BM with their endfeet (Buffo & 

Rossi, 2013). To determine whether changes in this typical BG morphology accompanied 

positioning defects, I investigated the cell shape of displaced BG in the ML of hGFAP-

Cre dCKO cerebellums at P15.   

 

In the WT, BG cell bodies were appropriately aligned with PC somas (Figure 2-16 A) 

while in the dCKO, many BGs were improperly located in the ML (Figure 2-16 B, C). 

Close examination of the mislocated BG showed that some of these had bent and/or 

stunted processes (Figure 2-16 B’, B”, C’, arrows) compared to the ML-spanning WT 

processes that contacted the BM (Figure 2-16 A’). Although it is not evident whether 

displaced BG somas leads to defective processes, or if defective processes result from 

adhesion loss between BGs or between BG and PC and drive the displacement, the 

presence of extended radial processes with endfeet at the BM on some ectopic BG 

suggests that the aberrant migration can occur even when BG-BM contact appears to be 

intact (Figure 2-16 B). Together, these results demonstrated that Yap function is required 

to align and maintain BGs at the PCL through supporting normal cellular architecture 

and/or adhesion of BGs. 
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Figure 2-16. Processes of CKO BG may become shortened and misshapen.                  

(A, A’) WT BG cell bodies are closely aligned in the PCL by P15 with processes that span 

the ML and endfeet forming the glia limitans. (B, C) CKO BG are ectopically dispersed in 

the ML at P15. (B’, B’’, C’, arrows) Although some ectopic BG still extend processes that 

contact the pial BM, some have altered cell shape and bent or stunted processes.                                                                                                                  

*Scale bar: A, B, C: 50 µm; K’ L’, M’: 25µm. 
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Yap deficiency in BG disrupts PC layering and granule cell migration 

BG and PCs both arise from the ventricular neuroepithelium and remain closely 

associated throughout life (Buffo & Rossi, 2013; Roussel & Hatten, 2011). During 

embryogenesis, PC and BG migration from the VZ are coordinated, with BG following 

behind PCs (Yamada & Watanabe, 2002) to form the Purkinje cell plate. When the PC 

monolayer has formed, BG cell bodies are closely associated with PC somas and BG 

processes tightly ensheath PC dendritic spines, regulating synapse number (Jocelyn J. 

Lippman Bell, et al., 2010) and providing trophic and structural support to PCs (Buffo & 

Rossi, 2013).  To define the effects of Yap/Taz loss from BG on PC, I investigated PC 

defects by examining Calbindin
+
 PC distribution. At P21, Yap-depletion from BG by 

hGFAP-Cre resulted in fused lobules II and III with notably ectopic PCs compared to 

WT (Figure 2-17 A, B). The base of the WT precentral fissure, which divides lobules II 

and III,  is well defined with a PC monolayer containing aligned BG and PC somas 

(Figure 2-17 A’) while PCs in the CKO (Figure 2-17 B’) are more scattered and 

displaced into the internal granular layer (IGL), as if the anchoring center failed to be 

maintained. Furthermore, I also observed a partial loss of PCs from the CKO PCL 

(Figure 2-17 C, C’, D, D’) which could be due to PC displacement out of the plane or 

degeneration.   
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To confirm that the PC defects were due to Yap loss from BG, I examined the Yap/Taz  

CKO by mGFAP-Cre mice in which Yap/Taz are predominantly deleted in glia cells 

including BGs but minimally deleted in other cell types (X. Wang, et al., 2011). At P21, 

the double CKO shows a distinctive absence of Calbindin
+
 PCs in lobule IX of the CKO 

 

 
          
 Figure 2-17. Yap-deficient BG compromise the distribution of PCs.  (A) PCs in WT are 

positioned  

 in the PC monolayer together with BG while (B) PCs in hGFAP-Cre CKO are more dispersed.  

 (A’) The base of the precentral fissure between WT lobules II and III is well-established but 

(B’) failed to form in the CKO. (D, D’) Calbindin staining in the CKO is notably reduced 

(C, C’) compared to WT. (F, F’) PC loss is confirmed in the mGFAP-Cre CKO together 

with a thinning of the ML   

 compared to (E, E’) WT.                                                                                               
 *Scale bar: A-F, E’, F’: 200µm; A’- D’: 50µm 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

53 

 

and a marked thinning of the ML, which may have resulted from the loss or reduction of 

PC dendritic arborization in that region (Figure 2-17 E, E’, F, F’). 

Next, I examined the impact of BG defects on granule neuron distribution as I frequently 

observed thick cell layers just below the pia membrane in the Yap/Taz mutants (Figure 2-

18 A, D). 

 

 In the Yap/Taz CKO, some GFAP
+
 glia processes displaced thick lateral branches, 

suggesting that the defective processes may affect the radial migration of differentiated 

granule neurons (Figure 2-18 A’, D’). As expected, these clusters of cells in the EGL 

 

 
Figure 2-18. Yap/Taz-deficient BG compromise the distribution of granule neurons.   

(A, A’) Cerebellar cells in WT have migrated away from the EGL by P21 while (D, D’) clusters  

of cells remain in the EGL of the CKO. (D’ arrows) Thick and misshapen BG fibers are found   

in the proximity of the abnormal cell clusters. (E) Postmitotic NeuN
+
 cells comprise the IGL and  

(E, arrows) the cell clusters in the EGL of the CKO and (B) the IGL of the WT. (C, F) Pax6  

labels the granule neurons in the IGL of the WT and CKO as well as (F arrows) the cell clusters 

in the EGL of the CKO. 

*Scale bar: A-F: 200µm; A’- F’: 50µm 
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were postmitotic neurons, evident by prominent NeuN expression (Figure 2-18 B, E 

arrows). To determine whether the postmitotic neurons beneath the pia were granule 

neurons that failed to migrate to the IGL, I examined the expression of Pax6. While the 

majority of Pax6
+
 cells are located correctly below the PCL, some are found ectopically 

in ML and most distinctively, just beneath the pia (Figure 2-18 C, F arrows).  Thus, 

differentiated granule neurons, which are normally cleared from the WT EGL after P15-

P16 through glia guided migration to form the IGL, become trapped in the EGL of 

Yap/Taz mutants due to impaired migration arising from disrupted BG. Since no ectopic 

cells were observed in the Math1-Cre mediated Yap/Taz deletion from granule cell 

precursors (data not shown), and the abnormal neuronal clusters were located proximal to 

misshapen BG fibers (Figure 2-18 D’) the granule neuron migration defects most likely 

resulted from a non-cell autonomous function of Yap in BGs. Together, these results 

suggest that Yap/Taz in BG confer properties that promote BG function to support proper 

PC positioning in the PCL as well as granule neuron migration. 

 

S1P signaling modulates Yap nuclear function by inhibiting Yap phosphorylation 

To investigate the signaling pathways that modulate Yap signaling in BG, I explored the 

possibility of S1P signaling as an upstream regulator of Yap localization during 

development.  The lysophospholipids S1P and LPA are produced in most tissues and cell 

types, including in the nervous system (Chun et al., 2000). Our recent study found that 

LPA can change Yap subcellular localization in the neuroepithelium of the cortex and 

midbrain (R. Park, et al., 2016). Altered subcellular Yap localization is also known to be 
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a downstream effect of S1P signaling (Miller et al., 2012). Altered S1P signaling due to 

loss of lipid phosphate phosphatase-3 (LPP3), an enzyme essential to generate 

sphingosine from S1P, results in S1P accumulation and defective BG and foliation 

(López-Juárez et al., 2011). The S1P receptor is highly enriched in BGs (López-Juárez, et 

al., 2011) and mixed rat cortical cultures have shown that astrocytes are the main 

responders to phosphorylated fingolimod (Mullershausen et al., 2007). Fingolimod is a 

synthetic sphingosine analog that agonizes S1P1 but can act as a functional antagonist of 

S1P receptors by causing their internalization and degradation (Matloubian et al., 2004). 

Treatment with this compound partially phenocopies the LPP3 CKO, presumably due to 

downregulation of S1P1 and subsequent accumulation of S1P (López-Juárez, et al., 

2011). LPP3 CKO mice exhibit cerebellar phenotypes that are remarkably similar to the 

Yap CKO. Therefore, the foliation and BG defects observed following loss of S1P 

signaling may have been due to a subsequent loss of Yap signaling.  

 

To first replicate the BG phenotype with fingolimod (FTY720) treatment, I treated 

animals in the experimental group with fingolimod at 0.3 g g
-1

 body weight and control 

animals with PBS for 14 days. Similar to previous findings (López-Juárez, et al., 2011), I 

observed some BG displaced to the ML in drug-treated animals (Figure 2-19 B, B’), but 

not in vehicle-treated animals (Figure 2-19 A, A’). 
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As this was a very mild phenotype and higher doses of fingolimod are well-tolerated 

(Hwang et al., 1999), I increased the dose for our subsequent molecular studies. To 

determine the upstream effects of S1P signaling on Yap, animals in the experimental 

group were given 0.6 g fingolimod g
-1

 body weight and control animals received PBS 

for 5 days. S1P1 immunostaining was analysed following the treatment period. Control 

mice (Figure 2-20 A, A’) had prominent S1P1 staining in BG. Fingolimod-treated mice 

showed some reduction of the S1P receptor (Figure 2-20 B, B’) compared to control, 

providing evidence of the drug acting as a S1P functional antagonist in our experimental 

setting.  

 

Figure 2-19.  Similar to Yap/Taz loss, fingolimod treatment affects BG positioning. (A, A’)   

WT BG somas are closely associated with PC somas while (B, B’) BG are displaced to the ML in   

mice that received fingolimod injections for 14 days.                                                                                                                                             

*Scale bar: A, B: 200µm; A’, B’: 100µm 
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To gain a quantitative comparison of S1P1 reduction and Yap signaling changes, we 

performed Western blot analyses of cerebellar proteins following 5 days of treatment 

conditions identical to  those used for the immunostaining (Figure 2-21).  We found that 

upon treatment, phosphorylated Lats (S909), the activated form of Lats, is increased in 

addition to the prominent reduction of S1P1. Accordingly, Lats target phosphorylation 

site of Yap (S112 in mice, S127 in human) is increased in the treated cerebellum without 

noticeable changes in total Yap protein level. This suggests that the nuclear function of 

Yap might be compromised. To assess an alteration in Yap function as a transcription co-

activator, we examined the expression of CTGF, a well-established Yap target gene in 

many tissues (Zhao et al., 2008). Reduced protein levels of CTGF was apparent in the 

experimental group compared to control group (Figure 2-21), suggesting decreased Yap  

 
    Figure 2-20.  Fingolimod treatment reduces S1P1 in BG. (B, B’ ) S1P1 detection by                    

    immunostaining in BG is reduced after 5 days of fingolimod treatment compared to (A,      

    A’) vehicle treatment.        

         *Scale bar: A, B: 200µm; A’, B’: 100µm 
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transcription activation function in treated cerebellum. Together, the study using 

fingolimod treatment to alter S1P1 levels provides insight into a potential role of S1P 

signaling in BG development and function by regulating Yap function.  

 

 

 

 

 

 
  Figure 2-21.  Reduced S1P1 expression by fingolimod impairs Yap nuclear function.    
  Reduced S1P1 following fingolimod treatment corresponds with increased activation of  

  Lats1, increased phosphorylation of Yap, and decreased CTGF.  
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DISCUSSION 

The expression study demonstrated that Yap is enriched in glia cells, including BGs, and 

in progenitors in the VZ, URL and EGL, but is not detected in PCs during cerebellar 

development. Yap expression remains in at least a subset of BGs at later stages, 

suggesting a persistent function in this cell type beyond development.  Using various Cre 

drivers for targeted gene deletion, I demonstrated that Yap/Taz function in BG is critical 

for establishing normal foliation and maintaining BGs in the PC layer. The necessity of 

Yap for generating ependymal cells, as seen in the cerebral aqueduct (R. Park, et al., 

2016), is maintained in the cerebellum, as I observed loss of the fourth ventricle lining 

cells by P0 in Nestin-Cre CKO animals, suggesting Yap function may be critical in 

ependymal cell generation throughout the ventricular system.  Additionally, a recent 

study showed an important role for Yap in preventing astrogliosis by inducing the 

expression of SOCS3 in cortical astrocytes (Z. Huang, Wang, et al., 2016). My work 

together with other studies demonstrate that CNS glial cells require Yap function, 

consistent with its prominent expression in those cells.  Furthermore, Yap is also 

expressed in Schwann cells in culture and changes its subcellular localization after 

electromagnetic field exposure (Colciago et al., 2015), suggesting the importance of Yap 

in glia may also include myelinating glia in the peripheral nervous system (PNS). 

  

My findings establish the phenotype of the loss-of-function Yap mutant in the 

cerebellum. Yap mutants have disrupted foliation from failed non-principal fissure 

formation between lobules II and III.  Principal cerebellar fissures, however, appeared to 
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form normally even though Yap protein was absent from the majority of cells as early as 

E15 in the Nestin-Cre Yap CKO. Mutants generated by other Cre drivers similarly 

exhibited aberrant BG distribution and showed the non-principal fissure defects, 

providing hints towards understanding the mechanisms behind Yap function in BG. 

Anchorage of BG endfeet to the subpial BM is important for BG polarization, fiber 

formation, function and positioning (Buffo & Rossi, 2013). It is plausible that defective 

BG anchorage to the BM caused their disrupted position as deleting 1-integrins (Frick et 

al., 2012; Graus-Porta et al., 2001) or dystroglycan (Nguyen et al., 2013) produces 

phenotypes comparable to our Yap knockout.  As defects are more severe in 1-integrin 

mutants than in our Yap/Taz mutants, Yap/Taz may act as one of the downstream 

effectors of 1-integrin signaling in BG. Accordingly, 1-integrin activates RhoGTPase 

which leads to cytoskeleton changes, generating a force that promotes Yap/Taz nuclear 

localization and transcriptional activity for skeletal stem cell fate determination (Tang et 

al., 2013). Although the contribution of Yap/Taz to 1-integrin signaling is presently 

unclear (Dupont, 2015), it would be interesting to examine Yap/Taz involvement in glia-

BM interactions of -integrin-deficient cerebellum.  

 

Importantly, my results discovered a potential extracellular cue that regulates Yap/Taz 

during development. S1P is expressed by PC, granule cells and astrocytes in the 

cerebellum (Anelli, Bassi, Tettamanti, Viani, & Riboni, 2005; Terada et al., 2004) and its 

receptor, S1P1, is expressed in glia cells including BG (López-Juárez, et al., 2011).  Lipid 

phosphate phosphatase-3 (LPP3) is essential for generating sphingosine from S1P and is 
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expressed in BG. LPP3 deletion by Nestin-Cre generates notable changes in foliation 

patterns with defective fissure formation that are remarkably similar to our Yap mutant 

cerebellum. Furthermore, some BG process malformation and cell body mislocalization 

to the ML occur (López-Juárez, et al., 2011).  It has been shown that S1P-mediated 

activation of Gi-linked GPCRs also activate Yap/Taz by repressing their phosphorylation 

in culture (Yu, et al., 2012). Additionally, activation of S1P receptors by phosphorylated-

fingolimod promotes migration of astrocytes in vitro (Mullershausen, et al., 2007). 

However, the in vivo function of S1P on Yap/Taz has not been established. Previously, 

we have shown that exogenous LPA in CSF suppresses Yap function in the developing 

aqueduct, causing fetal non-communicative hydrocephaly, similar to that of the Nestin-

Cre Yap CKO (R. Park, et al., 2016).  Interestingly, reduced cytoplasmic pYAP and 

enriched nuclear Yap was observed in the developing midbrain and cortex one day after 

LPA treatment, indicating ability of phospholipids to modulate Yap activation in vivo and 

importance of pYAP in the injury process.  However, potential upstream effects of S1P 

on Yap transcriptional activation during normal development was not known until this 

present study.  As it is an exciting finding that this putative extracellular cue operates 

during development, my results provide a foundation for studying the developmental role 

of phospholipid signaling and Yap/Taz regulation.  

 

Consistent with previous reports, the present study interestingly demonstrates that 

fingolimod treatment leads to ectopic BG cell bodies in the ML in association with 

reduced S1P1 at the cell surface (López-Juárez, et al., 2011). Furthermore, a study with 
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S1P1 mutants combined with fingolimod treatment provided evidence that glia cells are 

the major site of phosphorylated-fingolimod action (Choi et al., 2011). In addition to 

having dual roles as a S1P1 agonist and functional antagonist via receptor internalization, 

fingolimod also can have opposing effects on the serine/threonine protein phosphatase 

2A (PP2A) by directly activating PP2A or indirectly suppressing PP2A (Oaks et al., 

2013; Patmanathan, Yap, Murray, & Paterson, 2015; Saddoughi et al., 2013). Fingolimod 

activates PP2A by directly binding inhibitor SET and dissociating it from PP2A 

(Saddoughi, et al., 2013).  Fingolimod can also indirectly suppress PP2A activity. This 

occurs when fingolimod is in its phosphorylated form, thus mimicking S1P, and 

activating S1P1. The signaling cascade leads to the activation of protein kinase C (PKC) 

which phosphorylates SET, promoting SET nuclear export and thereby controlling its 

ability to inhibit PP2A (Oaks, et al., 2013).   Because we observed an increase in pYap 

(S127 antibody, which crossreacts with mouse) after fingolimod treatment, and because 

Yap is a known target of PP2A, including at S127 (Schlegelmilch et al., 2011), it is not 

likely that PP2A activity is increased by S1P1 downregulation.  

 

Fingolimod is an FDA approved drug that is commonly prescribed to treat multiple 

sclerosis (MS) (Brinkmann et al., 2010). The majority of cases are diagnosed in early 

adulthood, however up to 5% occur in children under the age of 16 (Patel, Bhise, & 

Krupp, 2009). Although it has not been approved for use in children, it may be prescribed 

for off-label use in young patients. Available data regarding the safety of fingolimod 

treatment in children under 18 years are minimal in that only a small number of young 
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patients have been studied and only for short-term use (Fragoso et al., 2015).  My results, 

however, demonstrating an effect of fingolimod on brain development through altered 

Yap signaling, should be taken into careful consideration when considering pediatric use, 

particularly when use may be long-term. This study may also facilitate the development 

of therapeutics targeting S1P signaling for diseases such as MS or cancer by 

understanding its modulation of Yap or upstream regulators such as Lats. 

 

The detailed analyses of BG shape and distribution also offer insight into a potential 

interaction of Yap with Notch signaling in BG development and function. Notch 

signaling is involved in radial glia differentiation (Patten, Sardi, Koirala, Nakafuku, & 

Corfas, 2006) and accumulating mouse genetic studies of Notch signaling components 

have highlighted its importance in BG development. Yap can act both upstream and 

downstream of Notch signaling (Manderfield et al., 2015; Tschaharganeh et al., 2013; 

Yimlamai et al., 2014) and impaired Notch signaling in the cerebellum results in ectopic 

BG in the ML and disorganized fiber formation (Eiraku et al., 2005; Hiraoka et al., 2013; 

Komine et al., 2007). Conditional deletion of Notch1/2 or downstream RBP-J was 

sufficient to result in BG displaced to the ML with improperly formed fibers while PC 

and granule cells appeared unaffected (Komine, et al., 2007).  Interestingly, these Notch-

signaling impaired CKOs also had a reduced number of BG per unit length (Hiraoka, et 

al., 2013; Komine, et al., 2007) unlike our Yap/Taz dCKO mice in which BG numbers 

were not significantly reduced.  Conversely, Delta/Notch-like EGF-related receptor 

(DNER), expressed on PCs, is a ligand of Notch whose loss also results in mispositioned 
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BG with defective fibers, but the number of BG is not altered (Eiraku, et al., 2005).  As 

DNER/Notch-directed BG development is independent of RBP-J and rather involves 

Deltex, there arises the possibility that Yap/Taz and Notch signaling cross-talk may occur 

preferentially in noncanonical Notch pathways. It would be interesting to determine 

whether Yap/Taz links S1P and Notch signaling pathways. 

Surprisingly, Yap/Taz loss from GNPs did not alter proliferation in development, even 

though Yap expression and stability are increased by Shh signaling and knocking down 

Yap in cultured GNPs greatly reduces the proliferative response to Shh (Fernandez-L, et 

al., 2009). This discrepancy suggests that in vivo, other mitogenic Shh targets are 

sufficient to compensate for Yap/Taz loss in these cells.  

 In summary, my study shows for the first time that in the developing cerebellum, the 

primary function of Yap/Taz is in BG to promote proper alignment in the PCL and 

normal foliation.  Furthermore, the requirement of Yap function for GNP proliferation is 

unlikely despite its highly anticipated role in promoting cell cycle progression and 

prominent expression in these cells.  The distinct BG phenotype in Yap/Taz mutants is 

strikingly similar to that observed in S1P signaling mutants. Intriguingly, we 

demonstrated an alteration of Yap and Lats phosphorylation upon S1P receptor inhibition 

via fingolimod treatment. Together, these findings open up a new area of investigation to 

connect their potential interactions with emerging critical pathways essential for 

development and maintenance of the BG scaffold. 
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CHAPTER 3 

 

 

YAP/TAZ: POTENTIAL TUMOR SUPPRESSORS IN SHH-

DRIVEN MEDULLOBLASTOMA 
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ABSTRACT 

 
 

Medulloblastoma, a malignant tumor that arises in the cerebellum, is the most 

common solid brain tumor in children. Molecular signature analyses have categorized 

medulloblastoma into four subgroups (Wnt, Shh, Group 3, Group 4). Approximately 25% 

of these tumors belong the Sonic Hedgehog (Shh) subgroup. The cell of origin for this 

type of medulloblastoma is believed to be the cerebellar granule neuron precursor 

(CGNP), which normally proliferates postnatally in response to Shh produced and 

released by Purkinje cells (PCs). In response to Shh signaling, the transcriptional co-

activator Yap, known to be involved in regulating organ size, is upregulated by increased 

mRNA levels and stabilization of the protein. Furthermore, Yap has been shown to be 

upregulated in many types of cancer, including medulloblastoma. The contribution of 

Yap to the initiation and/or maintenance of medulloblastoma, however, has not been 

established. We have previously shown (Chapter 2) that Yap expression is not necessary 

for CGNP proliferation in vivo. In order to determine whether Yap is also dispensable for 

Shh-driven tumors, Yap/Taz knock-out mice against the SmoM2 background were used. 

Our results again surprisingly demonstrated that the loss of Yap/Taz does not decrease 

the proliferative capacity of cerebellar cells. Interestingly, using a mouse model that 

targets predominantly glial cells and only a small percentage of CGNPs, we show the 

potential of a tumor suppressive role for Yap/Taz in Shh-mediated medulloblastoma. 

Furthermore, partial loss of these proteins revealed a temporal and spatial pattern of 

tumor formation. The results of this study suggest that Yap/Taz are not main drivers of 

cerebellar brain tumors, and may even be potential tumor suppressors in this setting. The 
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phenotype of the tumors with partial Yap/Taz knockout provides a novel insight into the 

establishment of cerebellar tumors. 
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INTRODUCTION 
 

Medulloblastoma (MB) is an aggressive embryonal tumor and is the most common 

primary tumor of the CNS in children (Ajeawung, et al., 2012). It is classified either into 

five subtypes based on histology according to World Health Organization (WHO) 

guidelines (Louis et al., 2007) or into four recently identified molecular subgroups 

(Taylor, et al., 2012). These four subgroups, defined by transcriptional profiles, are 

wingless (Wnt), sonic hedgehog (Shh), amplified MYC (Group 3), and the less-well 

defined Group 4, which has minimal MYC involvement and unclear molecular 

pathogenesis. The Wnt-type MB has the best prognosis, while Group 3 has the worst 

outcome. Both Shh-MB and Group 4 MB have an intermediate prognosis (Taylor, et al., 

2012). Medulloblastoma arises in the posterior fossa, typically in the cerebellar midline 

vermis, from where it can spread through the cerebral spinal fluid (CSF) and form more 

tumors along the ventricles (Roussel & Hatten, 2011). Because of its tendency to 

disseminate via the CSF, recurrence is common, therefore surgery alone is not an 

effective cure. Current treatments for all types of medulloblastoma include surgery, 

chemotherapy, and craniospinal irradiation (CSI) (Polkinghorn & Tarbell, 2007). 

Although the survival rate has greatly improved with the introduction of adjuvant 

treatments, many patients suffer from severe long-term side effects. These sequelae 

include those that affect the endocrine system, growth, bone development, neurocognitive 

development, and others (Fossati, Ricardi, & Orecchia, 2009; Massimino et al., 2013).  

The adverse effects of treatment that reduce the quality of life for these young survivors 

underscore the need to develop safer treatments. The recent transcriptional profiling that 
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identified four medulloblastoma molecular  subgroups (Taylor, et al., 2012) has spurred 

research to develop novel therapeutics targeted towards specific signaling pathways 

(Gottardo et al., 2014).  In particular, the subgroup with activated Sonic-hedgehog (Shh) 

signaling, which accounts for approximately 25% of MB (Ellison et al., 2011), is 

condisered to be an attractive candidate group for targeted therapy.  

  

It is well known that Shh signaling plays an important role  in normal cerebellar 

development (Dahmane & Ruiz i Altaba, 1999; Wallace, 1999; Wechsler-Reya & Scott, 

1999). Granule cells and Purkinje cells are the two principle neuron types in the 

cerebellum. Postnatally, granule cell precursors (GCPs) rapidly and transiently proliferate 

in response to Shh secreted by Purkinje cells (Roussel & Hatten, 2011). Because of the 

role of Shh in driving GCP proliferation, the cell of origin in Shh-associated 

medulloblastoma is believed to be the GCP (Low & de Sauvage, 2010; Polkinghorn & 

Tarbell, 2007; Romer & Curran, 2005). Key components of the signaling pathway 

include the Shh receptor patched 1 (PTCH), downstream effector smoothened (SMO), 

GLI family transcription factors, and GLI inhibitor suppressor of fused homolog (SUFU). 

In the absence of Shh, PTCH inhibits SMO activation, and GLI-mediated transcription is 

inhibited by SUFU (Polkinghorn & Tarbell, 2007; Romer & Curran, 2005).   The 

presence of Shh activates the pathway by removing the inhibition of Smo by Ptch. Figure 

3-1 illustrates these key players in the Shh signaling pathway. Inactivating germline 

mutations in human PTCH and SUFU predispose individuals to medulloblastoma (Smith 

et al., 2014). Similar somatic mutations have been found in sporadic medulloblastoma, as  
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have 

have activating SMO mutations and GLI amplifications (Taylor, et al., 2012). Shh  

inhibitors (Gupta, Takebe, & Lorusso, 2010; Low & de Sauvage, 2010; Ng & Curran, 

2011), including vismodegib (Robinson et al., 2015), which is FDA approved to treat  

advanced basal cell carcinoma (BCC) (Fellner, 2012), are being developed and tested as 

potential therapeutics for this subgroup. There has been limited success in the clinic, 

however, due to the development of resistence and because the inhibitors have no effect 

if the driving mutation is downstream of PTCH  (Gottardo, et al., 2014; Low & de 

Sauvage, 2010).   

 

In addition to its role in organogenesis, YAP  has also been implicated in several different 

cancer types where it is found aberrantly upregulated (Diep, et al., 2012; Johnson & 

 

 
Figure 3-1. Sonic hedgehog signaling pathway. In the presence 

of Shh, Ptch no longer inhibits Smo, allowing for the activation 

of the pathway and transcription of Gli targets. 
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Halder, 2013; L. Wang, et al., 2013; Xia, et al., 2014; Z. Yang, et al., 2014; Yu et al., 

2014). Yap  is considered to be an oncogene through its transcriptional activity and 

cooperation with Wnt signaling, including medulloblastoma (Table 1-2). Yap 

overexpression has been particularly in the SHH and WNT subgroups (Fernandez-L, et 

al., 2009). Yap-expressing tumor cells persist following irradiation and are capable of 

repopulating the tumor (Fernandez-L, et al., 2011). Furthermore, a recent report suggests 

that in Shh-mediated medulloblastoma, Yap drives the expression of Y-box binding 

protein (YB-1), which in turn positively regulates insulin-like growth factor (IGF), 

resulting in proliferation (Dey et al., 2016). Despite the observation of increased Yap in 

medulloblastoma, its relation to YB-1, and its role in tumor radioresistence (Fernandez-L, 

et al., 2011), the significance of Yap/Taz in the establishment and maintenance of 

cerebellar tumors is unknown. Here I examined the in vivo role of Yap/Taz in Shh-

associated medulloblastoma by conditionally knocking out Yap/Taz in cells with 

constitutively active Shh signaling.  

.  

 

 

 

MATERIALS AND METHODS 

 

Mice  

All experiments using animals were conducted according to protocols approved by the 

IACUC of Temple University.  Yap
f/f

 and Taz
f/f

 mice were obtained from Dr. Olson (UT 

Southwestern Medical School, Dallas). Yap
f/f

/Taz
f/f

 mice were generated and then bred to 
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SmoM2 mice (The Jackson Laboratory). These were crossed with Yap
f/+

/Taz
f/+

 animals 

with Math-1-Cre (Z.-J. Yang, et al., 2008), hGFAP-Cre (Zhuo, et al., 2001), or mGFAP-

Cre line 73.12 (Garcia, et al., 2004; X. Wang, et al., 2011) from The Jackson Laboratory. 

The reporter mouse line was Rosa
mT/mG

 from The Jackson Laboratory. Progeny were 

genotyped by PCR for Yap and Taz as described in Chapter 2. SmoM2 was genotyped by 

PCR using two primers (SmoM2:   Forward 5’ AAGTTCATCTGCACCACCC,  Reverse 

5’ TGCTCAGGTAGTGGTTGTCG). 

 

 Histology and immunohistochemistry  

Brains were dissected out from perfused postnatal animals and then fixed in 4% 

paraformaldehyde (PFA) in PBS at 4°C overnight. Parasagittal sections 7µm thick were 

prepared from fixed tissues embedded in paraffin.  Hematoxylin and eosin (H&E) and 

immunofluorescence staining of tissue sections were performed as previously described 

in Chapter 2. Antibodies used were Yap (1:200; Abcam ab56701), Calbindin (1:200; 

Sigma, C9848), S100 (1:200; Novus Biologicals, NB110-57478), -catenin (1:200; BD 

Biosciences 610153), and FoxA2 (Cell Signaling Technology 8186). Species-specific 

secondary antibodies conjugated to Alexa Fluor 488 (1:250; Invitrogen) or Cy3 (1:250; 

Jackson Immunochemical) were used for immunofluorescence. Nuclei were stained with 

Hoechst 22358 (1:500; Invitrogen). 
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RESULTS 

 
Yap/Taz are not required in CGNPs for the maintenance of Shh-mediated tumors  

As described in Chapter 2, loss of Yap/Taz from CGNPs in vivo does not appear to affect 

their proliferation during normal development, despite a requirement of Yap for Shh-

driven CGNP proliferation in vitro (Fernandez-L, et al., 2009). Because previous studies 

have also demonstrated a role for Yap in medulloblastoma both in culture systems and 

implanted tumors in mice (Fernandez-L, et al., 2011), we aimed to determine the role of 

Yap in the pathogenesis of medulloblastoma using transgenic mice in the next set of 

experiments. We utilized the well-established medulloblastoma model that carries the 

SmoM2flox-STOP-flox allele (Figure 3-2).  

 

When Cre is present, these mice express Smoothened, the downstream effector of Shh, 

with an activating mutation that is found in human medulloblastoma (W535L) (Mao et 

 

 

 
 
Figure 3-2. SmoM2flox-STOP-flox schematic. Cre excises the STOP codon that is flanked by 

loxP sites, allowing for the conditional expression of a constitutive active form of Smo in 

specific cell types. 
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al., 2006). Conditionally expressing this transgene under the control of Math1-Cre causes 

constitutively active Shh signaling in CGNPs and results in severe tumor formation that 

encompasses the entire cerebellum. As when studying Yap in normal cerebellar 

development through transgenic knockouts, Taz was again also knocked out to eliminate 

the possibility that it could compensate for Yap loss. Surprisingly, knocking out Yap and 

Taz in this model did not reduce the severity of the SmoM2 induced tumor, as seen at P21 

(Figure 3-3 A, B). Although it is possible that incomplete or escape from Yap/Taz loss 

may have contributed to the tumor persistence in the knockout mouse, Yap expression 

was confirmed by immunostaining to be markedly reduced from Pax6
+
 cells at even later 

stages in the Math1-Cre:SmoM2 mouse, suggesting this was not likely the case (Figure 3-

3 C, C’, D, D’). As Yap expression in glia is unchanged in the Math1-Cre model, it is 

possible that Yap/Taz presence in glial cells may have contributed to the tumor in the 

knockout mouse. Using a transgenic mouse model that includes glial cells provides 

answers to this question. 
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Yap/Taz deletion in both CGNPs and glial cells is not sufficient to inhibit Shh-

mediated tumorigenesis 

Yap expression has been reported to be high in gliomas and associated with enhanced 

migration and invasiveness (Artinian et al., 2015) and aggressive glioblastoma (Orr, et 

al., 2011), suggesting that persistent Yap expression in glial cells may have contributed to 

the failure to suppress the tumor phenotype in the Math1-Cre:SmoM2; Yap/Taz CKO 

mice. I therefore examined Yap expression in the SmoM2 model using hGFAP-Cre, 

which eliminated Yap from glia cells as well as CGNPs. At P1, the absence of Yap is 

 
 
Figure 3-3. Yap/Taz knockout in Math1-Cre:SmoM2 mice does not reduce Shh-driven  

tumor burden.  (A) Constitutively active Shh signaling (SmoM2) in CGNPs results in a huge 

tumor burden at P21 which is not relieved by (B) Yap/Taz loss. (C, C’) Yap expression is 

observed in Pax6
+
 cells of the Math1-Cre driven SmoM2 tumor but (D, D’) is markedly reduced 

in the Math1-Cre:SmoM2; Yap/Taz CKO. 

*Scale bar: A, B: 1mm; C-D’: 200m. 
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confirmed in the hypertrophic cerebellum of Yap and SmoM2 double mutants, while its 

presence in endothelial, choroid plexus, and meningeal cells confirmed faithful Yap 

staining (Figure 3-4 A, A’, B, B’). 

 

 

 

 

 

Knocking out both Yap and Taz in the hGFAP-Cre:SmoM2 mouse also did not reduce 

tumor burden as seen at P15 (Figure 3-5) and older (data not shown). Immunostaining of 

the P15 hGFAP-Cre:SmoM2; Yap/Taz CKO tumor (Figure 3-5) for calbindin (Purkinje 

cells) and S100(glial cells) demonstrates that PCs do not become incorporated into the 

tumor bulk as expected, while glial cells become integral to the tumor, especially in the 

posterior cerebellum. Therefore, despite increased Yap expression seen in Shh tumor 

 
 
Figure 3-4. Yap is efficiently removed from glial cells and CGNPs by hGFAP Cre. (A, A’) 

Hypertrophic cerebellum driven by SmoM2; hGFAP-Cre is not reduced by Yap/Taz loss at  

early stages (P1), even though (B, B’) efficient Cre-mediated deletion is evident.                                                                                                                                

*Scale bar: 200m. 
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models as well as in subsets of human medulloblastoma, knocking out Yap together with 

its homolog Taz in SmoM2 models targeting either CGNPs or both CGNPs and glial cells 

could not prevent tumor formation and maintenance in these transgenic mice. 

 

 

 

 

 

 

 

 

 

 

 
Figure 3-5. Glial cell involvement in the SmoM2 tumor. Purkinje cells remain associated 

with each other while glial cells, notably in the central and posterior region, are integrated in the 

tumor bulk. 

PCs marked with calbindin. Glia marked with S100. 
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Constitutively active Sonic hedgehog signaling with loss of Yap/Taz in primarily 

glial cells implicates Yap/Taz as potential tumor suppressors in the cerebellum 

Thus far, my studies have demonstrated that loss of Yap/Taz in SmoM2 models targeting 

CGNPs, the presumed cell of origin of SHH medulloblastoma, with or without 

simultaneous targeting of glial cells, did not reduce tumor burden. These findings were 

contrary to expected results. Shh signaling has been shown to be activated in astrocytes in 

various injury models, and reactive gliosis leads to proliferation in several cell types 

(Amankulor et al., 2009; Pitter et al., 2014; Y. Wang, Imitola, Rasmussen, O'Connor, & 

Khoury, 2008). Interestingly and conversely, Yap has been shown to prevent astrogliosis 

(Z. Huang, Wang, et al., 2016). To determine a potential role of Yap/Taz in astrocytes 

with activated Shh signaling, we used  mGFAP-Cre line 73.12 mice (Garcia, et al., 2004), 

as this targets primarily astrocytes, although it should be noted that a small percent of 

GNPs in this line may also express Cre (X. Wang, et al., 2011). In mGFAP-Cre; SmoM2 

when both Yap and Taz were lost, a diffuse tumor was evident (Figure 3-6 A), similar as 

to what seen in the Math1-Cre (Figure 3-3 B) and hGFAP-Cre;SmoM2 (Figure 3-5) mice. 

Compared to hGFAP-Cre;SmoM2 mice (Figure 3-5), glial cells in the mGFAP-

Cre;SmoM2 tumor (Figure 3-6 B) appear to form more focal points. The less severe tumor 

phenotype seen when either Yap or Taz is lost compared to when both Yap and Taz are 

lost suggests that Yap and/or Taz are tumor suppressors (Figure 3-7). 



 

79 

 

  

 

 

               
Figure 3-6.  Tumor formation in mGFAP Cre:SmoM2 in the absence of Yap/Taz.              

(A) Yap/Taz knocked out from primarily glial cells with constitutively active Shh signaling 

results in a diffuse cerebellar tumor. (B) S100
+
 glial cells form focal clusters than being 

dispersed throughout the tumor.    

PCs marked with calbindin. Glia marked with S100. 
 *Scale bar: 1mm. 
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Figure 3-7.  Tumor formation in mGFAP Cre:SmoM2 with partial loss of Yap/Taz. 

SmoM2 tumors with (A)Yap, (B) Taz, or (C) partial Yap knockout using mGFAP Cre 

concentrates tumor formation in the central and posterior cerebellum .                                                                                                     

*Scale bar: 1mm. 
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A possible explanation for tumor formation when Yap and or Taz is absent is the  

activation of-catenin, as both have been implicated in negative regulation of Wnt 

signaling. Cytoplasmic Taz inhibits the -catenin pathway by preventing the 

phosphorylation of Dishevelled (DVL), and Taz loss in kidney tubules results in -

catenin mislocalized to the nucleus and kidney cyst formation (Varelas et al., 2010). 

Furthermore, both Yap and Taz are localized in the -catenin destruction complex, and 

are needed to recruit -TrCP, an E3 ubiquitin ligase, for -catenin degradation (Azzolin 

et al., 2014). Activated -catenin can increase the expression of the transcription factor 

FoxA2 (Villacorte et al., 2013), and elevated FoxA2 has been shown to drive 

proliferation in specific contexts, such as in endometrial hyperplasia and prostate cancer 

(Mirosevich et al., 2006; Villacorte, et al., 2013).  

 

To determine whether -catenin was activated as a consequence of Yap/Taz loss, -

catenin and FoxA2 localization was examined by IHC. Immunostaining for -catenin and 

FoxA2 in the mGFAP-Cre;SmoM2; Yap CKO, however, showed that although the 

majority of tumor cells highly expressed FoxA2, -catenin was located at cell junctions, 

not in the nuclei (Figure 3-8 A, A’, A” B, B’, B”). As Hedgehog (Hh) signaling can also 

induce FoxA2 expression (D. H. Wang et al., 2014), it is likely that in this case, the 

increased FoxA2 resulted from the activated Shh signaling.  
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Because of the more severe and widespread phenotype of the dCKO tumor, these results 

suggest that Yap and Taz are potential tumor suppressors in the cerebellum. Caution must 

be taken, however, due to the limited sample size and the potential of tumors arising from 

          
Figure 3-8. FoxA2 and-catenin expression in Yap CKO; mGFAP Cre:SmoM2 tumor 

cells. (A, A’, A") FoxA2 is not expressed in the adult cerebellum, and -catenin is restricted 

to the cytoplasm of a subset of cells in the IGL. (B, B’) Tumor cells have elevated expression 

of FoxA2 as well as junctional -catenin, (B”) which is more clearly observed in the posterior 

cerebellum. 
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the small percentage of affected granule neurons, which did not lose proliferative 

capacity following Yap/Taz loss (Figures 3-3, 3-4). It is also possible that this tumor 

involves cells from the choroid plexus and/or meninges, as unstained images of the 

Rosa
mT/mG

 reporter mouse, in which WT cells express tdTomato and recombined cells 

express EGFP, showed that in addition Cre recombination in glial cells, including BG 

(Figure 3-9 A), a subset of cells of the choroid plexus, which also proliferates in response 

to Shh (X. Huang et al., 2009), express Cre as well (Figure 3-9 B). 

 

 

Further and more in depth investigation of the mGFAP-Cre tumor, which is beyond the 

scope of this thesis, is warranted, as it may lead to the identification of a novel tumor cell 

of origin representative of other types of medulloblastoma, including later onset Shh-

associated medulloblastoma. Alternatively, these results demonstrate a potential role of 

Yap/Taz as tumor suppressors in cerebellar Shh-mediated tumors. 

 
Figure 3-9. Cre recombination by mGFAP promoter in Rosa

mT/mG
 reporter mice .  

(A) TdTomato-expressing PCs are closely associated with Cre-recombined (EGFP positive) BG 

(arrows) at P21.  (B) A subset of choroid plexus (CP) cells also express Cre under the  mGFAP 

promoter. 
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Discussion  

Although we cannot rule out in entirety a role for Yap in medulloblastoma development, 

it appears that Yap transcriptional function is not required for the pathogenesis of Shh-

mediated medulloblastoma resulting from constitutively active Smoothened in CGNPs. 

While we do not dispute that over-expression of Yap in CGNPs drives proliferation, our 

observations suggest that increased Yap expression in proliferating CGNPs and Shh-

mediated tumor cells in this case is instead likely to be a consequence of proliferation 

signals rather than the cause. It is also plausible that Yap may be dispensable during 

initial tumor formation and development, and its role in tumor maintenance becomes vital 

only following irradiation through its proliferation-permission role in cells with 

unrepaired DNA, making Yap a potential therapeutic target in the specific context of 

radiotherapy (Fernandez-L, et al., 2011). As previously shown, Shh upregulates and 

stabilizes Yap (Fernandez-L, et al., 2009). More recently, a SHH:YAP:YB-1:IGF2 axis 

was identified in CGNPs, whereby Y-box binding protein-1 (YB-1) is upregulated by 

Yap and in turn increases insulin-like growth factor 2 (IGF2) expression, driving CGNP 

proliferation (Dey, et al., 2016). Interestingly, YB-1 was found to be upregulated in all 

subtypes of medulloblastomas in human samples, and in normal mice. YB-1 was seen in 

both the EGL and IGL at P7 and P15, but absent at P30, suggesting multiple functions for 

YB-1 . Furthermore, Yap expression in medulloblastoma is highest in the perivascular 

niche (Fernandez-L, et al., 2009) where the highest levels of phospho-Akt (S473) are 

found (Fernandez-L, et al., 2011). It would be interesting to determine in future studies 
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whether YB-1, IGF2, and/or activated Akt persist in proliferative regions even in the 

absence of Yap/Taz.  

 

There also exists the possibility that Yap could play a role in medulloblastoma by 

regulating Shh signaling upstream of Smo. Another model used to commonly study Shh-

driven medulloblastoma involves mice that are heterozygous for Ptc and spontaneously 

generate tumors following loss of heterozygosity (Fernandez-L, et al., 2009). How Yap 

could function with Ptc is currently unknown and has not yet been investigated. 

Interestingly, a new role for the C-terminal domain (CTD) of Ptc has been described. 

Previously, it was known that the CTD was required for the formation of the Ptc trimer as 

well as its internalization and turnover (Lu, Liu, & Kornberg, 2006).  It is now believed 

that the CTD is subject to proteolytic cleavage, and the number of CTD fragments 

increases in response to Shh (Kagawa et al., 2011). Interestingly, these fragments 

accumulate in the nucleus and suppress Gli1 transcription. Even though knocking out 

Yap in the cerebellum with constitutively active Smo did not affect tumor formation,that 

does not rule out a role for Yap upstream in the Shh pathway. 

 

As the CTD of Ptc was shown to accumulate in the nucleus, and as Yap has the ability to 

bind several types of proteins and is a transcriptional co-activator, I sought to determine 

if Yap could bind the Ptc CTD. Although Ptc has not been identified as a binding partner 

for Yap, the CTD of mouse Ptc contains a PPxY motif, which is recognized by the WW 

domain of Yap (Sudol, et al., 2012), and a GenBank search demonstrates this motif is 
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conserved in human PTC CTD. We were generously gifted with a full-length Ptc vector 

from Zeng-Jie Yang (Fox Chase Cancer Center) which he had received from Matthew 

Scott (Carnegie Institution for Science). From this I generated HA-tagged Ptc CTD and 

cloned it into a pGEM-T Easy vector (Promega). Preliminary data generated by co-

expressing Ptc CTD with Flag-tagged Yap (generated by Raehee Park) in 293 cells 

followed by co-immunoprecipitation show that these proteins are capable of binding 

(Figure 3-10). While this is very early data and was not further investigated as part of this 

thesis, it may lead to future studies which I hope to pursue using Ptch CTD with a 

mutated PPxY domain to prevent its binding to Yap. Mutating tyrosine (Y) to alanine (A) 

in other proteins has been shown to abolish binding to the Yap WW domain (Iglesias-

Bexiga et al., 2015). Using WT and mutated Ptc would allow for determination if these 

truly interact via the Yap WW domain, and could possibly open door to future functional 

studies. 
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                Figure 3-10. Ptc CTD co-immunoprecipitates with Yap.  Lanes 1-3 indicate input  

                levels of Yap and Ptc C-terminus. The strong anti-HA band in lane 6 indicates that 

                the C-terminus of Ptc can bind to Yap.  

                Image representative of 3 replicate experiments. 
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Our results using mGFAP-Cre suggest that Yap/Taz may act as tumor suppressors in the 

cerebellum as the loss of Yap and or Taz in the SmoM2 mice with this Cre promotor 

resulted in tumor formation. Although this was an unexpected finding, opposing roles of 

Yap as tumor suppressor or oncogene have been reported in lung cancer (Lau et al., 2014; 

Wu et al., 2010) and breast cancer (X. Wang, Su, & Ou, 2012; Yuan et al., 2008), 

suggesting that the role of Yap in tumors is context specific.Using Olig2 and Tlx3 

promoters to drive expression of the SmoM2 allele resulted in tumor formation restricted 

to the posterior cerebellum (Schuller et al., 2008), similar to the partial Yap/Taz loss 

using mGFAP promoter to express the mutant Smo allele (Figure 3-6).  However, Olig2 

and Tlx3 expression was restricted to lobules IX/X  and VI-IX, respectively (Schuller, et 

al., 2008). The presence of higher tumor bulk in the posterior region in the mGFAP 

mutants, however, was more likely due to a temporal delay of tumor development in the 

more anterior regions, as the Yap/Taz CKO with SmoM2 expression exhibited a diffuse 

tumor without such spatial restriction (Figure 3-6). This suggests that in the triple mutant, 

tumor formation began at an earlier stage than the partial Yap/Taz mutants. The function 

of Yap/Taz as either tumor suppressor or oncogene appears to be very context-dependent 

(Bertini, Oka, Sudol, Strano, & Blandino, 2009), most likely due to its ability to bind to 

many different targets in the cytoplasm and the nucleus, and cross-talk between the 

Hippo-Yap pathway and many other signaling pathways. Nevertheless, further 

investigation of the role of Yap in tumor establishment, progression and recurrence is 

warranted, and may reveal more specific targets for novel therapeutics. 
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CHAPTER 4 

 

SUMMARY AND FUTURE DIRECTIONS 
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The main goal of this thesis was to add to the current knowledge of Yap distribution and 

function in the CNS. This goal was met by first describing the temporal and spatial 

expression pattern of Yap in the developing murine cerebellum and then by uncovering 

the functional significance of Yap during development by genetic analysis. Furthermore, 

my studies add to the current paradigm of Yap in progenitors and cerebellar tumors, 

opening up many avenues for further exploration of novel Yap functions. 

 

 

Yap Expression During Cerebellar Development 

Prior to this study, there had been sparse information regarding Yap expression and 

function in the normal cerebellum. In the human non-neoplastic cerebellum, Yap 

expression has been detected mainly in the nuclei of proliferating progenitors in the fetal 

brain, as well as in adult ependymal cells, leptomeninges, and choroid plexus (Orr, et al., 

2011), similar to what we saw in the mouse cerebellum. Additionally, Yap had been 

previously detected in cerebellar GNPs of P7 mice (Fernandez-L, et al., 2009), consistent 

with the known role of Yap in promoting proliferation. Here, we highlighted the 

prominent expression of Yap in Bergmann Glia, particularly during development, where 

Yap was expressed in both the cell body and fibers. Yap protein levels in BG, as 

determined by immunohistochemistry, diminished as development progressed, but 

remained in at least a subset of adult BG. It is possible that these represent a population 

of BG with enhanced stem cell properties, as BG are believed to be putative stem cells in 

the adult cerebellum (Alcock, Scotting, & Sottile, 2007; Sottile, Li, & Scotting, 2006). 
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The temporal and spatial distribution of Yap demonstrated that in the CNS, it is 

expressed in proliferating germinal zones as well as in BG, but was not detectable in PCs.  

 

Yap Function in the Developing Cerebellum 

Using transgenic animal models to knockout Yap/Yaz with different Cre drivers, I was 

able to determine the function of Yap in development and in which cell type Yap was 

most important. My studies began with a focus on the status of Yap only. However, after 

observing varying severity of the Yap knockout phenotype, these studies shifted to 

include Yap/Taz double CKOs, as Taz is known to have redundant functions with Yap. 

As expected, the double CKOs presented with a more consistent phenotype. This 

cooperative effect is similar to what has been reported in the retinal pigment epithelium 

(RPE) of zebrafish (Miesfeld, et al., 2015). In this model, Yap mutants had variable RPE 

phenotypes, while Yap/Taz double mutants had a more consistent and severe phenotype. 

Significant Yap and Taz redundancy has also been demonstrated in mouse embryos 

(Nishioka et al., 2009).  

 

In addition to overlapping functions, Yap and Taz also are differentially regulated. For 

example Yap associates with Smad1 in response to bone morphogenetic protein (BMP) 

signaling, while Taz interacts with Smad2 and Smad3 downstream of transforming 

growth factor (TGF)- signaling (Zhao, Li, & Guan, 2010). Interestingly, Yap loss alone 

is sufficient to cause non-communicating hydrocephalus due to defective cerebral 

aqueduct ependyma (R. Park, et al., 2016). Therefore, when Yap loss is sufficient to 
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generate a specific phenotype, it is possible that Taz activity is not capable of 

compensating for Yap loss because the activity level is not high enough to compensate or 

because the function is specific to Yap. In the studies described in this dissertation, the 

functions of Yap and Taz are most likely redundant as the Yap/Taz double knockout was 

more consistent and severe than Yap knockout alone, and because Taz knockout was 

occasionally sufficient to establish the observed phenotype of defective foliation and 

displaced BG. As early as E17 in the Nestin-Cre Yap CKO, we observed the lack of 

ependymal cells lining the fourth ventricle (Figure 4-1). The observation that the 

ventricular lining was  correctly established in the hGFAP-Cre CKO mice suggests that 

ependymal cell fate determination in the cerebellum occurs early between E10.5 and 

E13.5, as these are the developmental stages when  Nestin-Cre and hGFAP-Cre are 

expressed, respectively.  

 

 

 

      

 
Figure 4-1. Loss of ventricular lining cells (arrows) is evident by E17 in the Nestin-Cre 

Yap CKO. 
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The sustained expression of Yap in adult BG suggests it may be important for 

maintaining the normal structure and function of BG to support other cell types in the ML 

and PCL. Future studies using inducible Cre/lox systems (Sauer, 1998), or the more 

recent clustered regularly interspaced short palindromic repeats (CRISPR)-Cas systems 

(Mali, Esvelt, & Church, 2013), could be useful to establish such a role for Yap by 

allowing development to occur normally and then deleting Yap in adult mice.  

 

Our preliminary studies with fingolimod demonstrate that the effect of this drug on BG 

mimics loss of S1P signaling. Fingolimod is a sphingosine analog (Figure 4-2), and is 

primarily phosphorylated by sphingosine kinase 1 (SPHK1) and SPHK2, permitting it to 

bind to S1P receptors (Patmanathan, et al., 2015). However, fingolimod can also have 

other effects that do not require phosphorylation. For example, fingolimod can directly 

bind to the PP2A inhibitor SET (Cristobal et al., 2016).  Furthermore, fingolimod  can 

also interact with 14-3-3 proteins, causing the disruption of 14-3-3 dimers (Woodcock et 

al., 2010).  As it is known that Yap binds 14-3-3 proteins, this presents another 

mechanism for affecting Yap function. In order to delineate whether fingolimod is 

affecting Yap function through the S1P receptor or by another mechanism, it would be 

appropriate to compare the effects of the phosphomimetic form of fingolimod and a non-

phosphorylatable form (structure not shown) on Yap and BG structure and placement.  
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Because the phenotype of BG was much milder following fingolimod treatment 

compared to the LPP3 knockout (López-Juárez, et al., 2011), a stronger effect may have 

been masked by competing mechanisms or dilution of the effective form by its other 

state.  Therefore, using these alternative derivatives may reveal the mechanism by 

enhancing the phenotype (Patmanathan, et al., 2015).  

 

                                      
 

                                       
 

 
                                      Figure 4-2. S1P and fingolimod chemical structures. 

                                      Figure adapted from Patmanathan et al., 2015. 
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Potential Role of Yap in cerebellar tumors 

While evidence exists that shows Yap drives proliferation of cancer cells, we have 

demonstrated that it does not play a significant role in promoting proliferation of Shh 

medulloblastoma neurons or glial cells. Despite a high expression of Yap in the tumor 

bulk of Shh-associated medulloblastoma, knocking out Yap in the murine SmoM2 model 

of medulloblastoma had no effect on tumorigenesis, contrary to what was expected based 

on reports from others (Fernandez-L, et al., 2009; Fernandez-L, et al., 2011). This finding 

supported our earlier results that knocking out Yap in GNPs did not appear to affect 

development, despite Yap being highly expressed in proliferating GNPs in the postnatal 

oEGL. Simultaneous knockout of Taz also was not sufficient to alter cerebellar 

development or to rescue the SmoM2 phenotype, ruling out the possibility that Taz was 

functionally compensating for Yap loss. Together, this suggests that perhaps the high 

expression of Yap is a consequence of Shh signaling, as Shh upregulates and stabilizes 

Yap (Fernandez-L, et al., 2009), but is not the cause of increased proliferation. It is also 

possible that in vivo, other proliferation pathways are capable of compensating for 

Yap/Taz loss in the presence of Shh. Interestingly, tumor also formed in the mGfap-Cre 

SmoM2 mice with homozygous or heterozygous deletion of Yap and/or Taz, with a more 

severe phenotype developing with both Yap/Taz deletion. Table 4-1 summarizes these 

findings. Cerebellar tumors formed by constitutively active Shh signaling by Math-1-Cre 

or hGFAP-Cre involved the entire cerebellum with lack of foliation or cellular 

organization. Tumors arising in the cerebellum mediated by mGfap-Cre were more focal 

particularly in the anterior lobes compared to the posterior lobes. Combined Yap/Taz loss 
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in mGfap-Cre; SmoM2 mice, however, had a more severe phenotype than when Yap 

and/or Taz were present,, suggesting Yap/Taz are tumor suppressors in the context of 

uncontrolled Shh signaling.  

 

 

 

As tumor formation in this mouse model was rare, more evidence is needed to support the 

action of Yap as a tumor suppressor and to determine whether mGFAP-Cre SmoM2 

tumors are true medulloblastomas. While it is possible that activated Shh signaling in 

glial and/or meningeal cells may have contributed to the mGFAP-Cre-mediated tumor 

formation, it is more likely that the small number of GNPs predicted to undergo 

recombination were the tumor cells of origin. Because only a small percentage of GNPs 

undergo recombination by mGFAP-Cre, this SmoM2 model, particularly the less severe 

phenotype seen in the WT Yap/Taz or Yap/Taz single knockouts, allowed for a novel 

role for Yap in medulloblastoma to be revealed that would have been masked by the 

extreme severity of tumor using hGFAP- or Math1-Cre, in which all GNPs are affected.  

As targeting oncogenic Yap function as a therapeutic target has been discussed, these 

present results suggest caution should be taken. Further studies of Yap in Shh 

 Table 4-1 

 

 Summary of SmoM2 phenotypes by Cre promoter and Yap/Taz status  
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medulloblastoma may instead reveal an alternate pathway that may be a more appropriate 

target. 

 

Potential Pathways Involved in Yap Regulation 

Similar to the Yap/Taz knockout, displaced and misshapen BG have also been 

observed in several other studies associated with different signaling pathways, 

suggesting they may be involved in Yap regulation (Figure 4-3). BG endfeet 

anchorage to the subpial basement membrane is important for their polarization, 

fiber formation, function and positioning (Buffo & Rossi, 2013). If the anchorage 

is defective, then these properties are disturbed and developmental defects occur. 

Several receptors and pathways have been implicated in this anchorage and 

include 1-integrins.  

 

When 1-integrin was knocked out by Nestin-Cre (Frick, et al., 2012; Graus-

Porta, et al., 2001) or hGFAP-Cre (Frick, et al., 2012), ectopic granule neurons 

that had failed to migrate to the IGL were found as well as improper foliation. The 

ectopic neurons were attributed to malformed BG fibers that had lost contact with 

the pia, therefore hindering the migration of GNs along the BG fibers that 

normally span the ML. Similar to our study, knocking out 1-integrin using Math-

1 Cre (targeting GNPs) did not affect development, nor did it reduce the severity 

of SmoM2 medulloblastoma, even though 1-integrin was upregulated in the 

tumor (Frick, et al., 2012). Furthermore, BG cell bodies lacking 1-integrin 
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migrated to the ML instead of remaining in the PCL while the total number of BG 

was unchanged, and reduced fissure depths and fused lobules were observed 

(Frick, et al., 2012). As Yap is involved in mechanotransduction (Calvo, et al., 

2013), and integrins crosstalk with RhoGTPases to organize the skeleton 

(Huveneers & Danen, 2009), it is possible that the similarities between the 

phenotypes of our Yap/Taz knockouts and the 1-integrin knockouts were due to 

a loss of signal transduction to Yap in BG. 1-integrin activates RhoGTPase 

which leads to cytoskeleton changes that generate a force which in turn will 

activate Yap/Taz nuclear localization and transcriptional activity for skeletal stem 

cell fate determination (Tang, et al., 2013). It is possible that a similar cascade 

occurs in BG as well, and when this is perturbed by Yap/Taz loss, BG lose some 

essential properties.  

 

Furthermore, Yap interacts with angiomotin (AMOT) family proteins which have 

been shown to co-localize with F-actin and can direct Yap subcellular localization 

(Zhao et al., 2011), although the relative contribution of integrins on Yap/Taz is 

still unclear (Dupont, 2015). Along the same line, Nestin-Cre or hGFAP-Cre 

mediated loss of dystroglycan, which is also involved in signaling from the 

extracellular matrix to the cytoskeleton, shares the similar BG phenotype 

(Nguyen, et al., 2013). Together, it is possible that BG glia endfeet contact with 

the pia transduce signals to Yap, whose function is needed to maintain BG shape 

and position. 
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Besides 1-integrin and dystroglycan signaling, other potential pathways involving 

Yap/Taz function are sphingosine 1-phosphate (S1P) signaling and Notch signaling.   

Sphingosine kinase 2 (SPHK2) activity is high in the cerebellum compared to other CNS 

structures (Blondeau et al., 2007), and both granule cells and astrocytes can produce and 

release S1P (Anelli, et al., 2005). S1PR1 is the most abundant receptor subtype in the 

cerebellum (López-Juárez, et al., 2011). Yap is activated by S1P through activation of 

G12/13- or Gq/11-coupled receptors which inhibit Lats1/2, thereby inhibiting Yap 

phosphorylation and sequestration/degradation (Yu, et al., 2012). For proper cerebellar 

development, the integral membrane enzyme lipid phosphate phosphatase-3 (LPP3) 

hydrolyzes S1P to sphingosine (López-Juárez, et al., 2011). Without LPP3, the 

concentration of S1P is increased and the receptor S1PR1 is downregulated. S1P 

signaling is modulated by the synthetic sphingosine analogue FTY720 (Fingolimod). 

Fingolimod is phosphorylated in vivo and is a S1P agonist but can act as a functional 

antagonist by causing the internalization and degradation of S1P receptors (Matloubian, 

et al., 2004). Fingolimod also can have opposing effects on the serine/threonine protein 

phosphatase 2A (PP2A). It activates PP2A by directly interfering with the PP2A inhibitor 

SET, which does not require phosphorylation by SPHK2 and binding to the receptor. On 

the other hand, phosphorylated Fingolimod acting through S1PR1 can suppress PP2A 

activity by leading to the phosphorylation and nuclear export of SET (Oaks, et al., 2013; 

Patmanathan, et al., 2015).  
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Treating mice with fingolimod acting as a S1P functional antagonist partially 

phenocopies BG defects of LPP3 knockouts (López-Juárez, et al., 2011), which have 

strikingly similar BG defects as in our Yap/Taz knockouts.  When LPP3 was deleted by 

nestin-Cre, there were notable changes in foliation patterns in terms of a reduction in size 

of specific lobules and defective fissure formation. Although PCs did not appear to be 

affected in the CKO, BG processes did not always reach the pia and were mislocated to 

the ML. When treating mice with a fingolimod dose equal to that used to treat a multiple 

sclerosis mouse model, BG  processes were thicker in all regions, and, particularly in 

lobe X, some BG cell bodies were ectopically found in the ML (López-Juárez, et al., 

2011). Thus the foliation and BG phenotype observed following loss of S1P signaling by 

downregulation of S1PR1 due to either biological or pharmacological means may have 

been due to a subsequent loss of Yap signaling. It is also possible that Yap/Taz directs 

BG migration though S1P-mediated Gi activation as Gi-linked GPCRs also activate 

Yap/Taz by repressing their phosphorylation (Yu, et al., 2012) and activation of S1P 

receptors promotes migration of astrocytes in vitro (Mullershausen, et al., 2007).  

 

Similarly, impaired Notch signaling in the cerebellum also results in ectopic BG in the 

ML and disorganized fiber formation (Eiraku, et al., 2005; Hiraoka, et al., 2013; Komine, 

et al., 2007). It has been shown in other cell types that Yap can act both upstream and 

downstream of Notch signaling (Manderfield, et al., 2015; Tschaharganeh, et al., 2013; 

Yimlamai, et al., 2014). In hepatocytes, Yap targets and upregulates the Notch ligand 

Jagged-1 (Jag-1), thereby activating Notch signaling (Tschaharganeh, et al., 2013). Other 
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Yap transcriptional targets in hepatocytes include Notch2 itself, as well as Sox9, a Notch 

target, suggesting crosstalk with Notch signaling in addition to upstream regulation 

(Yimlamai, et al., 2014). Yap has also been shown to act downstream of Notch as in 

neural crest cells, Yap/Taz regulate Notch signaling through direct interaction with the 

Notch intracellular domain (NICD) to drive smooth muscle differentiation (Manderfield, 

et al., 2015). Using GFAP-Cre mediated recombination, deletion of Notch1/2 or the 

downstream transcriptional regulator RBP-J were both sufficient to result in BG 

displaced to the ML with improperly formed fibers while PC and granule cells appeared 

unaffected, with lobules VIII-X being the affected regions in the Notch1/2 CKO 

(Komine, et al., 2007).  

 

Deletion of Delta-like 1 (Dll1), a Notch ligand expressed in the developing cerebellum 

whose signaling effect is RBP-J dependent, by hGFAP-Cre also resulted in the 

morphological and positional changes of BG (Hiraoka, et al., 2013). These Notch-

signaling impaired CKOs also had a reduced number of total BG per unit length 

(Hiraoka, et al., 2013; Komine, et al., 2007). BG in our Yap/Taz CKO mice were not 

significantly reduced, suggesting Yap/Taz is more influential on cell positioning rather 

than proliferation. Delta/Notch-like EGF-related receptor (DNER), which expressed on 

PCs, has also been identified as a ligand of Notch that, when deleted by GFAP-Cre 

mediated recombination, also produces the mis-positioned BG with improperly formed 

fibers, although in this model, like ours, the number of BG is not altered (Eiraku, et al., 

2005).  Of note, the DNER-Notch signaling that directed BG development was 
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independent of RBP-J and was rather regulated by a noncanonical pathway involving 

Deltex, giving rise to the possibility that Yap/Taz and Notch signaling cross-talk may 

occur preferentially in noncanonical Notch pathways. It would be interesting to determine 

if Yap/Taz links S1P and Notch signaling pathways in the future. 

 

Lastly, another pathway that could regulate Yap due to a similar phenotype is the 

Wnt/-catenin pathway. Adenomatous Polyposis Coli (APC) is a tumor 

suppressor that inhibits Wnt/-catenin signaling and regulates microtubule and 

actin cytoskeletons. Conditionally knocking out APC using mGFAP line 73.12 

revealed the important role of APC in BG for normal morphology (X. Wang, et 

al., 2011). In this CKO model, -catenin accumulates by P10, resulting in 

shortened radial fibers with less branching. The BG cell bodies ectopically 

migrate to the ML and lose endfeet contact with the pia. By P21, these BG  

became stellate shaped and at this stage, PCs appeared normal although ectopic 

granule neurons were found in the ML and beneath the pia.  However, by middle 

age (6 months), loss of PCs was observed. BG radial fibers have endfeet that form 

the superficial glia limitans, and also have collaterals that ensheath almost all PC 

synapses, where they are important for  regulating homeostasis and synaptic 

activity. It is possible  that the loss of PCs seen in our Yap/Taz knockouts could 

similarly be a result of lost support from BG. Interestingly, this study (X. Wang, 

et al., 2011) reported more severe PC degeneration where the BG scaffolding was 

most disrupted (lobules VI, VII, and VIII), similar to our Yap/Taz CKOs using 
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                 Figure 4-3. Potential pathways for Yap Crosstalk and Regulation. 

                  Several studies using conditional knockout mice (Graus-Port et al., 2001; 

                  Frick et al., 2012; Nguyen et al., 2013; López-Juárez et al., 2011; Eiraku 

                  et al., 2005;  Wang et al., 2011) result in phenotypes similar to the Yap/Taz 

                  knockout mice. 

                  Dashed arrows represent the possibility that Yap is a crucial component of 

                  these pathways in BG. 

 

this Cre line. It is also of interest to note that Taz mediates Wnt signaling 

independent of Hippo signaling by  integrating into the -catenin destruction 

complex via its WW domain (Azzolin, et al., 2014), and both Yap and Taz are 

essential for recruiting the -TrCP ubiquitin ligase to the complex when Wnt 

signaling is off (Azzolin, et al., 2014). 
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 Comparison of the many studies that have been published since 2007 

demonstrates how Yap function is very cell type- and context-specific. In addition 

to the varying functions of Yap, both cytoplasmic and nuclear, the presence of a 

large number of Yap binding partners, and likely cross-talk with several other 

signaling pathways, there are also several isoforms of Yap that have been 

identified, adding to the complexity of Yap studies (Gaffney et al., 2012). The 

two main isoforms are Yap1-1, which contains one WW domain, and Yap1-2, 

which contains two WW domains. Each of these also has four different isoforms, 

,,, , which differ in terms of length and sequence at the carboxy-terminus, 

following the WW domain(s). Despite the complexity of the structure and 

function of Yap, studying Yap regulation and downstream effects may lead to 

drug discovery, perhaps not targeting Yap itself or its upstream kinases, but rather 

by revealing more specific and druggable targets. The connection between Yap 

and FTY720 may also lead to a better understanding of how the drug exerts its 

effect in different diseases. 

 

Conclusions 

Since the Hippo-Yap signaling pathway became known, several studies have arisen that 

study its role, mainly as a transcription factor in controlling organ size and regulating 

tumor growth. My thesis work has revealed a previously unknown role for Yap in the 

cerebellum. Through a variety of transgenic studies, I have shown that, contrary to 

expectations within the current paradigm, Yap is not required for the proliferation of 
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CGNPs or Shh medulloblastoma, despite its high expression in these cells. I have also 

shown that Yap is required for proper BG structure, position, and function, Yap is needed 

for normal foliation patterning, and Taz has a prominent role in the cerebellum, either 

working with or compensating for Yap. The similar BG phenotype with other signaling 

pathways opens many possibilities for future studies on Yap regulation and cross-talk 

with other pathways.  
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