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Abstract

Yap/Taz are well-established downstream effectors of the Hippo pathway, known to regulate organ
size by directing proliferation and apoptosis. Although the functions of Yap/Taz have been
extensively studied, little is known about their role in brain development. Here, through genetic
ablation, we show that Yap/Taz are required for cerebellar morphogenesis. Yap/Taz deletion in
neural progenitors causes defects in secondary fissure formation, leading to abnormal folia
development. Although they seemed very likely to serve an important function in the development
of cerebellar granule cell precursors, Yap/Taz are dispensable for their proliferation. Furthermore,
Yap/Taz loss does not rescue the medulloblastoma phenotype caused by constitutively active
Smoothened. Importantly, Yap/Taz are highly expressed in radial glia and play a crucial role in
establishing the radial scaffold and cellular polarity of neural progenitors during embryogenesis.
We found that Yap/Taz are necessary to establish and maintain junctional integrity of cerebellar
neuroepithelium as prominent junction proteins are not maintained at the apical junction in the
absence of Yap/Taz. Our study identifies a novel function of Yap/Taz in cerebellar foliation and
finds that they are required to establish the radial glia scaffold and junctional stability.

INTRODUCTION

Hippo-Yap signaling is a well-described pathway that regulates cell fate, proliferation, and
apoptosis. First described in Drosophila melanogaster, its components are well conserved in
mammals (Hong and Guan, 2012). The core cassette contains the serine/threonine kinases
Hippo (Hpo) and Warts (Wts), with mammalian homologues MST1/2 and LATS1/2,
respectively (Harvey and Hariharan, 2012). The downstream effector protein Yorkie (Yki)
and vertebrate homologues Yap/Taz are phosphorylated upon pathway activation, inhibiting
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their function as transcriptional co-activators by promoting cytoplasmic retention, 14-3-3
binding, and degradation (Varelas, 2014; Zhao et al., 2010). Yap subcellular localization is
influenced by a variety of cues including cell density (Zhao et al., 2010), extracellular lipids
such as lysophosphatidic acid (LPA) and sphingosine-1-phosphate (S1P) (Yu et al., 2012),
and mechanical tension (Calvo et al., 2013). Injury and tumorigenic cues are also known to
induce Yap translocation and subsequent transcription of target genes (Johnson and Halder,
2014). 1t is well-established that Yap is important for organ size control (Halder et al., 2012)
and cell and regional fates (Hao et al., 2014; Kim et al., 2016) in various organ systems. Its
abnormal expression is linked to cortical malformations such as periventricular heterotopia
and subcortical heterotopia (Cappello et al., 2013; Liu et al., 2018b). However, the normal
function of Yap/Taz in brain development, including the cerebellum, remains largely
unknown.

Stepwise and precise generation of different cell types, establishment of three cortical layers,
and organization of the cortex into distinct folia are essential for proper formation of the
cerebellum (Roussel and Hatten, 2011). Purkinje cells (PC), interneurons, and neurons of the
cerebellar nuclei arise from the ventricular zone (VZ), which comprises neural progenitors
with epithelial characteristics. The processes of neural progenitors form a radial scaffold,
which supports the shape of the embryonic cerebellum and migration of PCs and other cells.
Neural progenitors in the VZ transform to Bergman glia (BG) and migrate to the PC layer
(PCL) during late embryogenesis and early postnatal stages (Buffo and Rossi, 2013). Long
BG radial processes span the molecular layer (ML) and contact the basement membrane
(BM) beneath the pia, providing a scaffold for maturing granule cells to migrate along from
the external granular layer (EGL) to the inner granule layer (IGL). 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 and Joyner,
2007). Although these important morphogenetic and scaffolding roles of neural progenitors
and BG have been identified, the molecules and signaling pathways necessary for their
proper development are less well understood.

Cerebellar granule neuron precursors (CGNPs), which do not exhibit epithelial polarity,
migrate from the upper rhombic lip (URL), a germinal zone located between the cerebellar
anlage and choroid plexus, to form the EGL. Postnatally, CGNPs extensively proliferate in
response to Sonic Hedgehog (Shh) secreted by PCs, and then differentiate and migrate
inward via BG fibers to form the IGL (Roussel and Hatten, 2011).

In addition to its role in organogenesis, Yap has also been implicated in several different
cancer types where it is found aberrantly upregulated (Johnson and Halder, 2014; Liu et al.,
2018a; Moon et al., 2018), including medulloblastoma, a tumor of the cerebellum of which
at least the Shh-mediated subtype is believed to arise from granule neuron precursors
(Fernandez et al., 2009; Orr et al., 2011). Previous studies demonstrated that Shh upregulates
and stabilizes Yap (Fernandez et al., 2009), and that Yap-dependent expression of Y-box
binding protein-1 (YB-1), which increases insulin-like growth factor 2 expression, drives
CGNP proliferation in culture (Dey et al., 2016). Despite the observation of increased Yap in
medulloblastoma (Orr et al., 2011) and its role in tumor radioresistance (Fernandez et al.,
2009), the significance of Yap/Taz in the establishment of cerebellar tumors is unknown.
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The present study describes the expression pattern of Yap in the developing cerebellum and
demonstrates a novel function of Yap/Taz in the timely establishment of secondary fissures
required for normal foliation. In the absence of Yap/Taz, embryonic CGNPs are reduced in
number and the radial scaffold of radial glia progenitors (RGPs) is disrupted and
accompanied by a thinned embryonic cerebellum. However, we found that Yap/Taz are
dispensable for postnatal expansion of CGNPs and have a minimal role in cerebellar
tumorigenesis caused by constitutively active Smoothened. Importantly, we identify the
essential role of Yap/Taz in junctional integrity and cell polarity of radial glia progenitors
through proper localization of adherens junction proteins, apical polarity complex proteins,
and non-muscle myosin 11B (NMIIB) at the apical junction, which is required for cerebellar
morphogenesis.

Materials and Methods

Mice

All experiments with animals were conducted in accordance with protocols approved by the
IACUC of Temple University Lewis Katz School of Medicine. Yao” and 7az7fwere
obtained from Dr. Olson (UT Southwestern Medical School, Dallas) (Xin et al., 2013).
Yap”fand Taz"" mice were bred to generate Yap” Taz”f, which were then bred to Nestin-
Cre (Dubois et al., 2006), hGFAP-Cre (Zhuo et al., 2001), mGFAP-Cre (77.6) (Gregorian et
al., 2009) or Math1-Cre (Matei et al., 2005) mice from The Jackson Laboratory. Progeny
were genotyped by PCR for Yap as previously described (Song et al., 2014). 7azand
SmoM2Z (from The Jackson Laboratory) were genotyped by PCR using two primers ( 7az
Forward 5> CTCATATCCAAAGGCTGACTAA, Reverse 5’
ATGTTACGATGAGGAACTCTTC; SmoM2: Forward 5> AAGTTCATCTGCACCACCC,
Reverse 5 TGCTCAGGTAGTGGTTGTCG). The reporter mouse line was ROSAMT/MG
(Muzumdar et al., 2007) from The Jackson Laboratory. Yap” and 7az"fwere maintained on
a mixed genetic background of C56BL6 and 129. To generate CKOs, mice with floxed
alleles were crossed with Cre drivers maintained on various backgrounds by The Jackson
Laboratory.

Histology and immunohistochemistry

Embryonic mice were decapitated and heads were fixed in 4% paraformaldehyde (PFA) in
PBS at 4°C overnight. Postnatal animals were perfused and brains were dissected out, then
fixed in 4% PFA in PBS at 4°C overnight. Parasagittal sections 7um thick were prepared
from fixed tissues embedded in paraffin. Hematoxylin and eosin (H&E),
immunofluorescence, and immunohistochemical staining of tissue sections were performed
as previously described (Park et al., 2016a; Park et al., 2016b). Antibodies used were Yap
(1:500; abcam ab56701), BLBP (1:200; Millipore ABN14), Calbindin (1:200; Sigma,
C9848), S100B (1:200; Novus Biologicals, NB110-57478), GFAP (1:200; Thermo
Scientific, RB-087), BrdU (1:500; abcam, ab6326), PCNA (1:250; Proteintech, 10205-2-P),
pH3 (1:500; Millipore Sigma, 06—670), NeuN (1:250; Millipore, MAB377), Pax6 (1:200;
Covance, RBP-278), Sox9 (1:200; Millipore, AB5535), Pals1 (1:200; Proteintech), Pan-Crb
(1:200; (Cho et al., 2012)), NMIIB (1:500; Covance, PRB-445P), N-Cadherin (1:500; BD,
610920), and p-Catenin (1:500; BD, 610153). Species-specific secondary antibodies
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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).

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 Il and 111, 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 S1008™ cells, respectively,
were manually counted using Photoshop at one to two midsagittal sections per animal (n>3).
Length of the cerebellum and PCL was calculated using ImageJ. To determine the number of
pH3* cells in the embryonic cerebellum, pH3* cells were manually counted using
Photoshop at two midsagittal sections per animal (n=3 or more). To compare the fraction of
BrdU™ cells among total PCNA* proliferating cells in the URL and EGL in the embryonic
cerebellum, the number of PCNA* cells and PCNA* BrdU™ cells were manually counted
using Photoshop at one midsagittal section per animal (h=4 WT and n=5 dCKO). Length of
the lobes was calculated using ImageJ. To obtain the fraction of BrdU* cells in the EGL, the
number of BrdU* cells and total Hoechst* cells were manually counted over 100 um in the
EGL of lobule 111 (crown area) using 40X images taken from confocal microscopy (Leica,
TCS SP8). Cells were counted using Photoshop at two midsagittal sections per animal (n=3
or more).

Western blot analyses

Granule cell

Whole cerebellums from PO Yap/Taz dCKO or Yap heterozygote/Taz CKO with Nestin-Cre
and littermate control mice (Cre™) were lysed to obtain protein for Western blot analysis as
previously described (Park et al., 2016b). Briefly, proteins were separated on an SDS-PAGE
gel and transferred to a polyvinylidene difluoride membrane. After blocking with 5% nonfat
dry milk, the membrane was incubated with primary antibodies Yap (1:1000; Abcam
ab56701), Taz (1:1000; V386 Cell signaling), Pals1 (1:1000; Proteintech, 17710-1-AP), p-
Catenin (1:1000; BD, 610153), NMIIB (1:2000; Covance, PRB-445P), N-Cadherin (1:1000;
BD, 610920) and GAPDH (1:4000; Proteintech 60004—-1-1g and 10494—1-AP). Protein
signals were detected using chemiluminescence (ECL Kit, GE Healthcare).

isolation

Granule cells from Yap” 7az"". Nestin-Cre, Yap”(Taz"": Mathi-Cre and WT littermates (Cre
7) were isolated at P7 with a papain dissociation kit (Worthington Biomedical) as described
previously (Lee et al., 2009). For GNP proliferation analysis, purified GNPs were plated on
poly-D-lysine coated chamber slides (Nunc). The cells were grown in neurobasal medium
with B-27 supplement (Gibco), with or without mouse Shh (3mg/ml, Novus biologicals).
After 24 hrs of incubation, BrdU (3mg/ml) was added to the medium for 4 hrs. Cells were
then fixed with 4 % PFA for 10 min and washed with PBS. Primary antibodies (a-Yap, a-
Pax6, a-BrdU) were added with 5% Goat serum in PBS. For BrdU detection, cells were
incubated with 2N HCI for 30 min at 37°C prior to primary antibody application. Secondary
antibodies were used as described above.
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Statistical analysis

To determine statistical significance for fissure length and for cell counting of PCs, BG, M-
phase (pH3™), S-phase (BrdU*), and Hoechst™ nuclei, an F-test was performed to determine
if the variances were equal or unequal prior to applying the appropriate two-tailed t-test.
Statistical analyses were performed using Excel (Microsoft) or SigmaPlot (Systat Software)
and significance was determined as £<0.05.

RESULTS

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

The Hippo/Yap pathway has been the focus of many studies of organ systems in recent
years, although relatively little is yet known about its role in the CNS, particularly in the
cerebellum. To establish the expression pattern of Yap in the developing mouse cerebellum,
we examined midsagittal sections at the vermis by immunofluorescence at various ages from
the embryonic stage through adulthood. Yap is consistently highly expressed in the choroid
plexus (CP) and meninges, which served as positive controls for Yap staining in our
subsequent conditional knockout (CKO) experiments. By E12.5, Yap is highly expressed in
the cytoplasm of Sox9* progenitor cells in the VZ and a subset of their nuclei but is nearly
undetectable in Sox9~ postmitotic cells located closer to the pia membrane (Fig. 1A). At
E16.5, Yap expression in proliferating cells remains high and is evident in the VZ
demarcated by brain lipid-binding protein (BLBP)* radial glia cells, the URL, and the
emerging EGL labeled by Pax6 (Fig. 1B). Yap expression is detected in both the nucleus and
cytoplasm of EGL, URL and VVZ progenitors. Yap is also apparent in radial glia processes
labelled by BLBP (Fig. 1C). At birth (P0), Yap expression persists in Pax6™ cells in the outer
most layers of the EGL (0EGL) (Fig. 1D) and is found in cells in the PCL, white matter, and
ventricular lining cells of the fourth ventricle (Fig. 1D). Yap expression shows a graded
distribution (anterior high and posterior low) in the emerging PCL (Fig. S1A), correlating
with the accumulation of S1008* BG at the PCL in the anterior lobes. By P5, Yap continues
to be highly expressed in the BG soma, including the nucleus and radial processes (Fig. 1E,
F), but is notably absent from PCs (Fig. 1G). P5 marks the beginning of the peak postnatal
CGNP proliferation period, and Yap remains evident in the oEGL, limited to 1-2 cell layers
from the meninges (Fig. 1D). Yap expression in BG processes was also confirmed by
extensively overlapping Yap and GFAP immunostaining at P7 (Fig. S1B). Yap expression is
undetectable in the EGL at P14 when most EGL cells are postmitotic, supporting that it is
expressed in the EGL by proliferating CGNPs (Fig. S1C). Yap expression in the BG also
gradually declines and by P21, Yap protein is weakly detected by immunofluorescence (Fig.
S6E). However, enhanced staining using DAB (3, 3’-diaminobenzidine) confirmed the
presence of Yap in at least a subset of BG in the adult cerebellum; similar staining is not
detectable in the Yap CKO; hGFAP-Cre mice (Fig. 1H). The spatial and temporal dynamics
of Yap expression suggests that Yap may have a function in the proliferation of neural
progenitors, including radial glia progenitors and CGNPs, and its persistent expression in
BG raises the possibility that it may play a role in BG development and function.
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Loss of Yap/Taz in the cerebellum causes folia defects

In order to determine the function of Yap/Taz in the developing cerebellum, we conditionally
knocked out both Yapand 7azby crossing Yao”": 7azf mice with Nestin-Cre mice (Dubois
et al., 2006), which deleted Yapand 7azin glial cells and neurons throughout the CNS.
These mutant mice exhibited hydrocephalus and an undersized cerebellum at birth. While
the four principal fissures are apparent in the WT and in most of the Yao/7azdCKO
cerebellums at PO (Fig. 2A, B, asterisks), the posterolateral principal fissure is less distinct in
some early postnatal dCKO animals (Fig. 2D, asterisk). The most consistent feature found in
the dCKO is the absence of the cell lining of the fourth ventricle (Fig. 2A, B). At P3, while
the precentral fissure between lobules Il and I11 is distinctively established in WT, there is no
sign of the fissure in the dCKO (Fig. 2C, D). However, at P7, the precentral fissure is
noticeable in the dCKO, demonstrating that fissure formation is delayed in the absence of
Yap/Taz (Fig. 2E, F, arrows). As development proceeds, the notable foliation defects remain
at P10 (Fig. 2G, H) and thereafter. To characterize the degree of foliation defects, we
compared precentral fissure depth in WT and dCKO at P10 (Fig. 2G, H). The depth of the
dCKO fissure was significantly shorter than that of the WT, and fissure length was four-fold
shorter in the dCKO than the WT (Fig. 21). At P21, Yap/Taz dCKO mice had prominent
foliation defects, including the shortened precentral fissure (Fig. 2J, K). In addition to
precentral fissure defects, folia Vla and VIb were not clearly separated in the mutant, and
folium IX was also underdeveloped with a missing uvular sulcus (US) (Fig. 2J, K). Taken
together, Yap/Taz function is required for proper folia formation during development.

Yap/Taz are required for embryonic cerebellar shape and size

Proper foliation involves coordinated interaction among CGNPs, PCs, and BG (Sudarov and
Joyner, 2007). To detect earlier deficits responsible for the cerebellar folia phenotype in the
Yap/Taz dCKO, we have closely examined progenitors generating these cell types during
embryogenesis. At E13.5, the expression of Yap in the dCKO cerebellum is nearly
undetectable while all three germinal zones express Yap in the WT (Fig. 3A, B). Although
we did not detect obvious gross morphological changes in the cerebellar anlage at E13.5, the
URL is smaller than that of WT (Fig. 3B). To examine the proliferative capacity of cells in
the URL marked by proliferating cell nuclear antigen (PCNA), we determined the proportion
of cells in S-phase among total PCNA* cells (Fig. 3C—F). S-phase cells are labeled by
injecting BrdU into the pregnant dam 30 minutes prior to the collection of embryos. Despite
a striking reduction in the number of cells in the URL, we did not observe any statistically
significant differences in proliferative capacity between WT and dCKO (Fig 3G, H). When
we next compared the proliferation of Pax6+ cells in the EGL, which are mainly PCNA*
proliferating cells (Fig. 3C,D), we again found the fraction of S-phase cells among total
PCNA* proliferating EGL cells to be unaffected (Fig. 31). These results suggest that despite
the small size of the URL, cell proliferation of URL and EGL is not compromised at this
stage.

Unlike at E13.5, when dCKO cerebellum size is indistinguishable from WT, at E16.5 the
cerebellum of Yap/7azdCKO is slender and undersized, and Yap expression remains
undetectable (Fig. 3J). To characterize the extent of cerebellar shape changes, we measured
the width and length of the cerebellum at the midsagittal section at E16.5 (Fig. 3K). The
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width of the cerebellum is remarkably reduced compared to that of WT littermates and,
although less striking, cerebellar length is also significantly decreased (Fig. 3K, N, O).
Because we observed the size of the URL to be reduced at E13.5 and still undersized at
E16.5, but did not observe compromised proliferation of URL and EGL cells at E13.5, we
determined the population of Pax6* CGNPs and CGNs in the midsagittal section at E16.5.
We found a statistically significant reduction of Pax6* cells in the dCKO compared to WT
(Fig. 3P). Since proliferation was not reduced at E13.5 and the thickness of EGL at E16.5
appears to be unaffected (Fig. 3L), we reasoned that the proliferation of CGNPs in the EGL
might also not be altered at this later stage. To test this idea, we compared the number of
cells in mitosis labeled by phosphohistone H3 (pH3) among CGNPs labeled by proliferating
cell marker PCNA at E16.5. Analogous to E13.5, the proportion of pH3* cells among PCNA
* cells in the EGL is unchanged despite the significantly reduced number of pH3™" cells,
suggesting that proliferation of CGNPs in the EGL is not compromised by the loss of Yap
and Taz (Fig. 3M, Q, R). Additionally, to determine whether defects in cell survival play a
role in the reduction of cerebellar size, we examined cell death at E13.5, when the reduction
of URL becomes obvious, and at later stages, such as E15.5 and P7, by immunostaining for
cleaved caspase (CC) 3. We found no obvious increase in cell death at these stages in the
dCKO compared to WT control (Fig. S2), suggesting that cell death is not a major
contributor to the reduced cerebellar size. Together, these results show that Yap/Taz loss
reduces the size of URL but does not impair the proliferation of CGNPs in the EGL.
Therefore, reduced production of cells in the stunted URL, which generates the initial pool
of CGNPs in the EGL, may contribute to the decrease in cerebellar size.

Yap/Taz are not required for postnatal cerebellar granule cell progenitor proliferation

Yap is known to drive proliferation in various cellular contexts (Zhao et al., 2010) and over-
expression of Yap drives proliferation of CGNPs in culture (Fernandez-L et al., 2009).
Furthermore, Yap is often upregulated in several types of cancer (Johnson and Halder, 2013),
including medulloblastoma, a tumor that arises in the cerebellum (Fernandez-L et al., 2009).
As CGNPs extensively proliferate during postnatal stages, we sought to determine whether
the loss of Yap/Taz in CGNPs affected their proliferative capacity during postnatal
expansion stages. Through immunostaining and Western blot analyses, we are able to detect
both Yap and Taz, which are substantially reduced at PO in the Nestin-Cre Taz CKO, Yap
heterozygote, and the dCKO (Fig. 4A, B). To confirm Cre recombination in EGL cells, we
utilized a reporter mouse line (ROSA™MT/MG) Upon Cre recombination, membrane (m) GFP
will be expressed instead of tdTomato due to Cre-mediated excision of the STOP signal in
front of the GFP coding sequence (Muzumdar et al., 2007). At P3, GFP is expressed
extensively throughout the cerebellum of the dCKO, including CGNPs, consistent with the
absence of Yap expression (Fig. S3). To determine whether CGNPs without Yap/Taz exhibit
proliferation defects, we counted pH3* cells in lobules 1l and 111, where we detected
consistent and unambiguous foliation defects (Fig. 4C). After pH3™ cell numbers are
normalized with lobe length, the number of pH3* cells in the dCKO is not significantly
different from that in WT control (p=0.2228) (Fig. 4D). The proportion of BrdU* cells
among total Hoechst* cells in the crown area of lobule 11 (100um in length) is also similar
to that of WT (p=0.3360) (Fig. 4E, F), evidence that CGNPs have no obvious proliferation
defects in the absence of Yap and Taz during postnatal amplification. Next, as Shh produced
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by PCs is the major mitogenic signal promoting postnatal CGNP amplification, we
examined the effect of exogenous Shh on the proliferation of isolated dCKO CGNPs in
culture. In contrast to ShRNA-mediated knockdown experiments in which reduced Yap
decreases the pro-proliferative effect of Shh (Fernandez-L et al., 2009), we failed to block
Shh-mediated proliferation in CGNPs isolated from Yap/7az dCKOs, despite greatly
reduced Yap/Taz protein levels (Fig. 4G - 1).

As our results differ from previous findings using shYap, we crossed Yap”!/Taz"f mice to the
Math1-Creline, in which Cre is highly expressed in CGNPs (Yang et al., 2008), to further
examine a potential cell autonomous effect of Yap/Taz loss on CGNP proliferation. We
established efficient Yap/Taz removal by examining CGNPs in the oEGL at PO, when Yap
expression in WT mice is evident. Yap expression in the CGNPs is notably absent in the
CKO, while intense staining in the BG, choroid plexus, and meninges confirms reliable Yap
detection (Fig. 5A). Western blot confirms the loss of Yap and shows a substantial reduction
of Yap after granule cell isolation (Fig. 5B). Histological analyses demonstrated that the
establishment of anchoring centers is not impaired, as the Yap/7az dCKO cerebellum closely
resembles that of WT at PO, P7, P14, and P21 (Fig. 5A, C, data not shown). Surprisingly,
despite the lack of Yap/Taz, the proliferative capacity of CGNPs is not obviously affected, as
determined by the same analyses done previously with Nestin-Cre animals (Fig. 4). There is
a slight reduction of pH3* cells in lobules 11 and 111, which does not reach statistical
significance (Fig. 5D, E), and there are no changes in the proportion of BrdU* cells among
total Hoechst* cells in the crown area of lobule 111 (Fig. 5F, G). To further confirm that the
expression of Yap/Taz is diminished in the Math1-Cre dCKO animals during the postnatal
amplification stage, we again utilized a reporter mouse line (ROSA™T/MG)_ GFP is expressed
in the EGL and IGL of the double mutant and almost completely overlaps with Pax6
immunostaining. The exception is in lobule X, where many Pax6* cells are not GFP*,
suggesting incomplete Cre recombination (Fig. 5H). The purity of granule cells and absence
of Yap/Taz proteins are confirmed by lack of Yap immunostaining in GFP* Cre recombined
granule cells, whereas tdTomato-expressing Cre™ granule cells show clear expression of Yap
in culture (Fig. 5H, I). Together, Yap/Taz deletion from CGNPs in Nestin- or Mathi-Cre
transgenic mice does not produce significant proliferation defects, and Yap/Taz deletion by
Nestin-Cre does not alter the CGNP response to Shh in culture.

Yap/Taz are not required for tumor initiation and progression in medulloblastoma arising
from cells with constitutively active Smoothened

As the loss of Yap/Taz from CGNPs does not affect their proliferation during normal
development, we designed the next set of experiments to determine the role of Yap in the
pathogenesis of medulloblastoma. We utilized the well-established medulloblastoma model
carrying the SmoM?Z allele, which expresses Smoothened, the downstream effector of Shh,
with an activating mutation that is found in human medulloblastoma (W535L) (Mao et al.,
2006). Conditionally expressing this allele under the control of Math1-Cre causes
constitutively active Shh signaling in CGNPs and results in severe tumor formation. Despite
previous studies demonstrating a function for Yap in pathogenesis of medulloblastoma
arising from abnormal Shh signaling, knocking out Yapand 7azin this model did not reduce
the severity of the SmoM2-induced tumor (Fig. 6A, B). As evidence, comparing the
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proportion of tumor area, defined by high nuclear-cytoplasm ratio in H & E staining, among
total cerebellum shows no difference between double heterozygote of Yap/Taz with SmoM2
allele (0.873, N=2) and dCKO with SmoM2 (0.872, N=5). Although it is possible that
incomplete or escape from Yap/7az loss may contribute to tumor persistence in the knockout
mouse, confirmation of markedly reduced Yap expression in Pax6* cells at even later stages
in the SmoMZ; Math1-Cre mouse suggests that this is unlikely (Fig. 6C, C’, D, D’). As Yap
expression in glia is unchanged in the Math1-Cre model, Yap/Taz in glial cells may
contribute to the tumor in the knockout mouse. Therefore, we examined Yap expression in
the SmoM2 model using AGFAP-Cre, which eliminates Yap from glial cells as well as
CGNPs. At P1, the absence of Yap is verified in the hypertrophic cerebellum of Yapand
SmoM2Z double mutants, while its presence in endothelial, choroid plexus, and meningeal
cells confirms reliable Yap staining (Fig. 6E, E’, F, F’). Knocking out both Ygpand 7azin
the SmoM2; hGFAP-Cre mouse also does not appear to reduce the tumor size, as seen at
P15 and older ages (data not shown). Although we cannot entirely rule out a role for Yap in
medulloblastoma, it appears that Yap 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
(Fernandez et al., 2009), our results suggest that the increased Yap expression observed in
the proliferating CGNPs and Shh-mediated tumor cells of our transgenic mouse models is
likely to be a consequence of proliferation signals rather than the cause.

Cerebellar radial glia scaffold formation requires Yap/Taz

To understand the function of Yap/Taz in cerebellar shape and foliation, we next looked for
defects in neural progenitors in the VZ, where Yap expression is highly enriched (Fig. 1).
The VZ generates subsets of deep cerebellar nuclei neurons and interneurons, PCs, and glia/
interneuron progenitors, which propagate further in the white matter (Leto et al., 2016). At
E13.5, Yap/Taz immunostaining is nearly undetectable in the dCKO while the cerebellar
shape does not obviously differ from that of WT littermates. However, although BLBP*
RGPs do not appear to be reduced in humber, they are considerably dispersed in the dCKO,
whereas they are tightly arranged in a few cell layers along the ventricular lining in the WT
(Fig. 7A). It is evident that some of the BLBP* RGPs are displaced basally and some are
maintained in the ventricular surface (Fig. 7A). We also assessed morphological deficits of
RGPs in the dCKO by examining BLBP™* cell shape and processes in later stages. At E15.5,
the RGP cell bodies are abnormally elongated in a horizontal rather than vertical plane along
the ventricular surface and also situated aberrantly in basal locations (Fig. 7B). Furthermore,
in the dCKO, RGP processes are directed laterally instead of extending radially, which is a
striking disruption of the radial scaffold (Fig 7B). Interestingly, at E16.5, the number of
BLBP* RGPs in the dCKO is comparable to that of wild type despite the absence of BLBP*
ventricular lining cells (Fig. 7C, D), suggesting that the major deficit is their abnormal shape
and distribution rather than their production.

During and after embryogenesis, RGPs lose their apical processes, become BG, and
translocate to the PCL (Buffo and Rossi, 2013), where they have a distinctive cell shape:
their cell bodies are closely aligned with PCs and their radial processes extend to the pia. As
Yap/Taz expression persists in BG during postnatal development and adult stages (Fig. 1F),
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we carefully compared the position and morphology of BG in the dCKO and WT. At PO,
more BLBP* BG cell bodies are found in the ML and EGL in the dCKO while BG cell
bodies in the WT are mostly clustered at the PCL (Fig. 7E, S4). At P7, close examination of
the fissures shows less organized BG cell bodies in the dCKO than in WT, when Yap
expression remains absent in the BG of dCKO (Fig. 7F). At P10, severe foliation defects are
readily seen in the dCKO (Fig. 7G), but most of the BG are properly localized to the PCL in
both WT and dCKO then and thereafter (Fig S5). However, significantly fewer BG are found
in lobules 11 and 111 of the dCKO (Fig. 7H). This is most likely due to the decreased length
of these lobules because the density of BG, determined as the number of BG per 100um,
does not significantly differ between WT and dCKO (Fig. 71). Furthermore, there is no
significant difference between the numbers of BG associated with each PC in WT compared
to dCKO (data not shown). Although we cannot definitively determine if the BG distribution
defects and improper folia formation are related to each other or are independent
consequences of Yap loss, the early improper BG positioning when secondary fissures form
(Fig. 7E) may contribute to the defects. It is of note that the earlier distribution defects are
corrected over time, suggesting that the maintenance of their location at the PCL does not
require Yap/Taz. To test this, we used the mGFAP-Cre line to delete Yap/Taz from the glia
population and examined later stages, such as P8, P21 and P90 months (Fig. S6). We
confirmed that Cre recombined cells are mainly glia, including BG, as detected by the
ROSAMT/MG renorter at P21. Cre recombined cells form a mosaic pattern, determined by
GFP expression in the reporter mice, in which the expression of Yap is undetectable (Fig.
S6). However, weak, distinct expression of Yap remains detectable in the GFP-negative area
in lobule 1X as well as in WT (data not shown and Fig. S5). Importantly, BG are not
observed to be aberrantly located in the ML following glia-specific deletion of Yap/7Tazat
P21 and later stages such as P90 (Fig. S5). Thus, Yap/Taz are required for normal
progression to establish the BG layer at the PCL but are not necessary to maintain proper
BG position once established.

Yap/Taz are required for the junctional integrity of cerebellar neuroepithelium

As the most striking and consistent feature of Yap/Taz mutant is abnormal embryonic
cerebellar shape associated with radial glia scaffold defects, we sought to further explore the
causes of abnormal cell polarity and misdirected fiber phenotype. In the neuroepithelium,
the apical junctional complex (AJC), comprising apical polarity complex proteins and
adherens junction proteins, localizes at the apical endfeet of neural progenitors. The integrity
of the AJC underlies the intact neuroepithelial architecture. Apical polarity complex
proteins, such as Palsl and Pard3, and adherens junction proteins, such as a—Catenin, are
known to physically interact with Yap/Taz (Kohli et al., 2014; Schlegelmilch et al., 2011).
Furthermore, their upstream regulators, such as NF2 (neurofibromatosis 2), KIBRA (kidney
and brain expressed protein), and AMOT2 (Angiomotin 2), are known to be associated at the
junction, highlighting the AJC as an important site of Yap/Taz regulation (Hirate et al., 2013;
Meng et al., 2016). Recent studies also suggest an active role of Yap in junctional integrity
and cytoskeletal protein regulation (Kim et al., 2017a; Neto et al., 2018). We therefore
examined whether Yap/Taz-deficient RGPs fail to establish AJC. First, to determine whether
apical polarity proteins are affected by the loss of Yap/Taz, we examined the localization of
apical polarity complex proteins Palsl (protein associated with Lin seven 1) and Crbs.
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Apical polarity complex proteins are concentrated at the ventricular surface in the WT,
whereas they are not localized at the ventricular surface at E13.5 in some areas of dCKO
(Fig. 8A, B). At E16.5, apical complex proteins are absent in the entire lining of VVZ in the
Yap/Taz dCKO (Fig. 8E-H and data not shown). Similarly, adherens junction proteins N-
Cadherin and p-Catenin are concentrated at the AJC in the WT, but are completely lacking
in the dCKO by E16.5 and partially lost at E13.5 (Fig. 8A, B, E — H; data not shown).
Because apical junctions are also maintained by actomyosin-mediated contractile force, we
evaluated actomyosin integrity by Non-muscle Myosin 11B (NMIIB) distribution. NMIIB is
no longer localized at the apical junction in the dCKO at E13.5 and E16.5, analogous to
defects of other AJC components (Fig. 8C, D, |, J). To further confirm the loss of polarity
and AJC in the absence of Yap/Taz, we used dCKO with AGFAP-Cre mice, which are known
to have mosaic, delayed Cre expression at E12 and onward (Zhuo et al., 2001), compared to
Nestin-Cre. At E14.5, Yap expression is partially lacking in the VZ of the dCKO, and Crb
protein localization is reduced at the junctional areas where Yap expression is decreased
(Fig. 8K, L). At E16.5, dCKO with AGFAP-Cre shows varying degrees of Yap/Taz loss and
similar disruptions of the shape of BLBP™* radial glia progenitors, junction proteins, and
NMIIB distribution where Yap/Taz are lost (Fig. 8M — P, Fig. S7). As the disruption of
junction protein localization correlates well with the loss of Yap/Taz, we further investigated
whether their expression is altered in the Yap/Taz mutants. Since it is known that Yap/Taz
promote the expression of NMIIB in other systems (Pavel et al., 2018), we examined the
level of NMIIB and AJC components such as Pals1, N-Cadherin and p-Catenin in the
cerebellum at E15.5. While Yap/Taz expression is substantially reduced, the levels of
junction proteins are not altered in the Yap/7az dCKO with Nestin-Cre (Fig. 8Q). Therefore,
we concluded that expression levels of these junction complex proteins are not dependent on
Yap/Taz, but rather that Yap/Taz are required for their proper localization at the junction.
Together, Yap/Taz are necessary for the junctional integrity and cell polarity of RGP because
they maintain AJC components at the junction. Interestingly, although it has been previously
established that these junction proteins are also found in EGL cells and play a role in their
proliferation and migration (Horn et al., 2018; Park et al., 2016a; Solecki, 2012; Trivedi et
al., 2014), we did not observe any recognizable alterations in their distribution at P7 in the
EGL of dCKOs (Fig. S8). Thus, the establishment of normal radial glia morphology requires
Yap/Taz and the absence of critical Yap/Taz functions likely results in the abnormal
cerebellar shape and potentially contributes to the aberrant secondary fissure formation
during early postnatal stages.

DISCUSSION

Our study identifies a critical requirement for Yap/Taz in embryonic cerebellum
morphogenesis and cellular features such as proliferation, shape, and polarity. Importantly, a
small, flattened embryonic cerebellum is a consistent and significant feature of Yap/7az
double mutants, likely owing to disruption of the radial glia scaffold and proliferation
defects. Because cerebellar size is already decreased at E15.5, before hydrocephalus
develops in the dCKO; Nestin-Cre mice, the reduction observed during embryogenesis is
unlikely to be due to the secondary consequences of elevated CSF pressure caused by
hydrocephalus. Although we have not systematically compared the phenotypic penetrance of
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Yap/Taz dCKO and Yap CKO, Yap-only CKO using Nestin-Cre can show the full spectrum
of the cerebellar phenotype seen in the dCKO, including reduced cerebellar size, folia
defects and hydrocephalus. Furthermore, following irradiation at early postnatal stages, Taz
plays a minimal role in GC regeneration of Nestin* progenitors in the PCL, whereas Yap
makes a significant contribution to this process (Yang and Joyner, 2019). These observations
suggest that Yap, but not Taz, has a major role in cerebellar development, consistent with its
prominent expression in the developing cerebellum.

One of the most striking differences between WT and dCKO is a reduced number of cells in
the stunted URL, although we are unable to distinguish whether the reduced size of URL is
due to proliferation defects at an early stage (earlier than E13.5) or defects in regional
specification of the URL. This observation suggests the critical need for Yap/Taz in the
development and/or maintenance of this germinal zone and contrasts with our findings in
both the embryonic and postnatal EGL, where proliferative capacity appears to be less
dependent on Yap/Taz. The contrast highlights the differential requirements for Yap/Taz in
cerebellar germinal zones. We do not have clear evidence of proliferation defects in VZ
progenitors in the absence of Yap/Taz, as we did not detect a reduction of RGPs at E13.5 or
E16.5. However, the number of PCs and BG, at least in lobules Il and 111, is decreased
compared to WT at P10 (Fig. 7H). This reduction may indicate that early progenitors that
generate PCs have proliferation or differentiation defects, although compromised PC
survival cannot be completely ruled out. PCs generate the mitogenic signal Shh, which
regulates not only CGNP proliferation but also BG production (Mecklenburg et al., 2014).
Therefore, the reduced number of PCs found in Yap/Taz mutants may be responsible for the
undersized cerebellum. Interestingly, it has been shown that progenitors that produce PCs
have high E-Cadherin expression, which distinguishes them from interneuron progenitors
(Mizuhara et al., 2010). Thus, it is possible that the specific proliferating zone affected by
Yap/Taz loss may have a specialized junction protein composition. Further investigation will
be necessary to establish Yap/Taz function in cerebellar progenitors in the VZ during early
embryogenesis.

Our genetic study demonstrated that radial glia fibers are misdirected and polarized cellular
architecture disrupted in the absence of Yap/Taz. This observation indicates that Yap/Taz
play an important role in the establishment of the radial scaffold by RGPs in the embryonic
cerebellum. A similar finding was reported in the Yap mutant of medaka fish, hirame (hip),
in which deformation by gravity indicated the importance of Yap in tissue shaping
(Porazinski et al., 2015). The flattened and misaligned 3D shape of Air mutants resulted from
reduced actomyosin tension. In our study of the Yap/7az deficient cerebellum, we found that
the mutants lack a localized concentration of NMIIB at the apical junction (Fig 8D).
Interestingly, the NMIIB mutant shows a hydrocephalus phenotype due to defects in
ependymal cell generation, which is one of the major phenotypes of Yap loss in the brain
(Park et al., 2016b). Despite /in vitro studies consistently demonstrating that Yap/Taz are
translocated to the nucleus in response to cues about tension mediated by actomyosin, the
upstream role of Yap in actomyosin regulation is still emerging. For instance, recent studies
reveal that Yap/Taz modulate upstream regulators of actomyosin activity, such as CDC42
and RhoA-ROCK. Since RhoA mutants show a similar small embryonic cerebellum, it is
possible that Yap/Taz are required for proper RhoA-Rock regulation (Mulherkar et al.,
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2014). This notion receives support from the finding that the /A/r Yap fish mutant lacks Yap-
dependent expression of RhoA regulators such as the RhoGAP ArfGAP18 (Porazinski et al.,
2015).

Alternatively, studies of the effects of disrupting apical polarity complex proteins at the
junction have established that these proteins also play a role in actomyosin regulation and
junctional integrity (Kishikawa et al., 2008; Roper, 2012). Although apical polarity complex
proteins are known upstream regulators of Yap, our previous studies in the developing
aqueduct are analogous to the present data in showing that disruption of apical polarity
complex proteins and loss of AJ proteins at the apical junction immediately follow Yap
knockdown (Park et al., 2016b). Interestingly, protein interaction profiling studies have
identified some apical polarity complex proteins as Yap-interacting proteins (Kohli et al.,
2014). Although it is unclear whether Yap/Taz can directly or indirectly interact with apical
complex proteins in the cerebellar neuroepithelium, it is tempting to speculate that Yap/Taz
are stabilizing the proteins at the junction through physical interactions with apical junction
proteins such as Palsl or Amotl2. An interaction between Crb3 and Yap/Taz has been found
in alveolar epithelium, which contributes to inhibiting Yap/Taz nuclear translocation by
promoting Lats1/2 mediated phosphorylation (Szymaniak et al., 2015). Thus, further
investigation of interactions between Yap/Taz and polarity complex proteins and cytoskeletal
regulators may reveal a new mechanism for Yap’s role in establishing and/or maintaining
junctional integrity in cerebellar neuroepithelium.

We also discovered an important Yap/Taz function in cerebellar folia development,
especially the timely formation of secondary fissures. It is known that coordinated actions of
PCs, CGNPs and BG are required for the proper commencement of fissure formation
(Sudarov and Joyner, 2007). It has previously been demonstrated that CGNPs undergo
reduced proliferation and cell shape changes at the fissure site. However, because Mathi-Cre
mediated deletion did not generate any obvious folia defects, we do not think that cell
autonomous defects in cell shape change or proliferation are the likely cause of delayed
fissure formation. One possibility is that a reduced number of CGNPs during embryogenesis
impacted fissure formation due to an insufficient number of EGL cells. This notion receives
support from our finding that the anterobasal lobe can be of variable size in dCKOs and that,
when it is relatively large, there is a slight hint of a fissure, which appears as an indentation
of the pia membrane and EGL layer. Furthermore, as precentral fissure formation was
delayed but not absent, it is possible that a critical number of EGL cells may be required for
proper fissure formation. Alternatively, early defects in the distribution of BG may underlie
the delay in fissure formation, as correct BG fiber attachment to anchoring centers is known
to be necessary to stabilize fissure bases (Sudarov and Joyner, 2007). Accordingly, BG
development defects in multiple animal models including Ptpn11 mutants can cause folia
defects (Leung and Li, 2018; Li et al., 2014). As BG distribution defects are corrected over
time in the Yap/Taz dCKO, it is possible that the fissure base is stabilized when the
distribution of BG around the fissure site is correctly positioned at the PCL in the Yap/7az
dCKO; Nestin-Cre. However, since dCKO; AGFAP-Cre mice rarely have folia defects, it is
possible that scaffold defects of radial glia or BG distribution defects are not responsible for
the folia defects. Nonetheless, we cannot rule out that widespread scaffold defects are
required to cause folia defects as disrupted areas are variable in the AGFAP-Cre dCKO due
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to the mosaic nature of Cre-expressing cells. Thus, future experiments that include using a
glia-specific Cre expressed in BG, which sufficiently removes Yap/Taz from glia without
affecting CGNPs, may clarify this issue.

By using various Cre drivers for targeted gene deletion, we have demonstrated that Yap/Taz
function is critical for the initial placement of BG at the PC layer, but we were unable to
establish a Yap/Taz function beyond the development of BG (Fig. S6). Interestingly, studies
of the Yap mutant cerebral cortex have shown critical functions of Yap in glial cells and
reported that Yap is required for the proliferation and differentiation of astrocytes through
activation of BMP signaling (Huang et al., 2016). It has also been reported to play a
significant role in Schwann cell proliferation and myelination by enhancing expression of
Krox20, a transcription factor essential for the expression of genes critical for myelination
(Grove et al., 2017; Lopez-Anido et al., 2016; Poitelon et al., 2016). However, in this study,
we did not observe an active role of Yap in the cerebellum beyond early layer formation.
Because Yap continues to be expressed in at least a subset of BG at later stages, it may have
a persistent function in this cell type beyond development. Because of the well-established
importance of Yap/Taz in regeneration, one such role may be in the response of BG to injury
(Moya and Halder, 2018). Supporting this suggestion is the report that Miller glia, the
scaffolding glia in the retina, also express Yap beyond development and that they increase its
expression when photoreceptor cells undergo degeneration (Hamon et al., 2016). In early
postnatal stages but not in adult, Yap function in Nestin* progenitors residing in the PCL has
been shown to be required for the survival and migration of regenerated CGNP/granule cells
after irradiation, supporting a possible role in recovery from injury (Yang and Joyner, 2019).
Thus, it is possible that Yap/Taz respond to injury signals and are involved in mediating
cellular outcomes in CNS scaffolding glia such as BG and Mailler glia.

Surprisingly, Yap/Taz loss from CGNPs does not alter proliferation during development or in
SmoM2 tumors, even though Yap expression and stability are increased by Shh signaling
and knockdown of Yap greatly reduces the proliferative response of cultured CGNPs to Shh
(Fernandez et al., 2009). Yapis considered to act as an oncogene through its transcriptional
activity and cooperation with Wnt signaling (Gregorieff et al., 2015; Kim et al., 2017b; Liu
etal., 2018a), and Yap/Taz are amplified and transcriptionally active in several cancer types,
including medulloblastoma, particularly in the SHH and WNT subgroups (Fernandez-L et
al., 2009; Fernandez et al., 2009). In addition, its expression in tumor cells permits
repopulation post-irradiation (Fernandez et al., 2012). Furthermore, a SHH:YAP:YB-1:1GF2
axis was recently identified in CGNPs, in which YB-1 increases IGF2 expression in a Yap-
dependent manner (Dey et al., 2016). Importantly, YB-1 was found to be upregulated in
human samples of all subtypes of medulloblastoma. This discrepancy suggests that
transgenic Yap/7azdCKO CGNPs, both /n vivoand in vitro, may functionally compensate
for Yap/Taz loss and respond to other mitogenic signals in ways that are not possible when
Yap is knocked down acutely or deleted through Cre transfection in culture (Dey et al.,
2016). Alternatively, it is also plausible that Yap is dispensable during initial tumor
formation and development, and that it only becomes vital for tumor maintenance following
irradiation through its proliferation-permissive role in cells with unrepaired DNA. If so, then
Yap would be a potential therapeutic target in the specific context of radiotherapy
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(Fernandez et al., 2012). Further investigation of the role of Yap in tumor establishment,
progression, and recurrence is warranted.

In summary, our study shows for the first time that Yap/Taz are required for proper
development of the cerebellar folia, and that they act primarily in radial glia and BG to
promote proper placement and alignment of cells in the ventricular zone and PCL. The study
also demonstrates that Yap is not required for CGNP proliferation during the postnatal
expansion period although it is prominently expressed in these cells and we had highly
anticipated an important role in promoting their cell cycle progression. Importantly, we have
found that Yap/Taz are required for the establishment and maintenance of the AJC complex,
which is necessary for junctional integrity and cell polarity.
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Yap/Taz are required for cerebellar morphogenesis by establishing the radial
glia scaffold and cellular polarity.

Yap/Taz deletion causes abnormal folia development due to defects in
secondary fissure formation.

Yap/Taz are dispensable for the proliferation of cerebellar granule neuron
precursors and of medulloblastoma tumor cells caused by constitutively active
Smoothened.

Yap/Taz are necessary to establish and maintain junctional integrity of the
cerebellar neuroepithelium.
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Figure 1. Yap expression is temporally and spatially dynamic in the developing cerebellum.
(A) Yap is highly expressed in proliferating zones labeled with Sox9 in the E12.5 cerebellum

(arrows). (B,C) Yap expression remains high in the EGL (arrows, marked with Pax6), VZ
cells (marked by BLBP) at E16.5. (D) At PO, Yap is enriched in Pax6* cells in the oEGL.
(E) Yap expression overlaps with S1008* BG in the nucleus (arrows) at P5. (F,G) Yap and
BLBP double staining shows strong Yap expression in GNPs in the oEGL (arrows) and in
the soma and processes of the BLBP* BG (arrowheads) while double staining with
Calbindin shows Yap is not detectable in PCs. (H) In adult mice, Yap expression persists in
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at least a subset of BG (arrowheads) and Yap is not detected in BG of CKO mice
(arrowheads, Yap CKO; hGFAP-Cre). VZ: ventricular zone, URL: upper rhombic lip, oEGL.:
outer external granular layer, CP: Choroid Plexus, BG: Bergmann glia.

*Scale bars: Low magnification images: 200pum. Enlarged high magnification images: 50um.
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Figure 2. Yap/Taz are required for proper foliation.
(A, B) At PO, the four principal fissures are apparent in both the WT and the Yap/7az dCKO;

Nestin-Cre (asterisks), but the ventricular lining is notably missing in the dCKO (inset). (C,
D) Secondary fissures between lobules Il and I11 are formed at P3 in the WT but not in the
dCKOs (arrows). Asterisk shows less distinct posterolateral principal fissure in dCKO (D).
(E, F) Foliation defects are pronounced in P7 dCKO mice compared to WT, with the most
consistently observed defect being the incomplete non-principal fissure formation between
lobules 11 and 111 (arrows). (G, H) WT precentral fissure is prominent at P10 while
precentral fissure in the dCKO is notably shorter. Precentral fissure length was defined by
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the length of a line from the base of the fissure perpendicular to a line tangential to the
crowns of lobules Il and 111 in the WT and dCKO (G and H, respectively). (1) Statistical
analysis of precentral fissure length revealed a significantly shorter fissure in dCKO mice
compared to WT at P10 (o= 2.5x10713). (J) P21 WT cerebellum exhibits a characteristic
foliation pattern. (K) dCKOs have foliation defects, particularly at the precentral fissure
(pcl) between lobules 11 and 111. No clear separation between Vla and Vb (dcl, declival
sulcus, arrow heads) is found and lobe IX is underdeveloped with no apparent uvs (uvular
sulcus, red arrow). All histological images are representative of at least three animals for
each genotype and stage.

*Scale bars: PO, P3: 250um; P7, P10, P21: 500um.
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Figure 3. Yap/Taz loss causes hypoplastic slender cerebellum
(A, B) At E13.5, Yap expression is found in all three germ layers, including the Pax6* EGL

and URL, but is no longer seen in the Yap/Taz dCKO; Nestin-Cre. Although cerebellar size
in the dCKO is unchanged, the URL is notably smaller than that of WT (arrowheads). (C-F)
URL cells are PCNA+ and the majority of Pax6+ cells in the EGL are proliferating cells
marked by PCNA. (URL and EGL are indicated by brackets in the E and F). (G) The
number of PCNA* proliferating cells in the URL is reduced in the dCKO (N=5) compared to
WT (N=4) (H-1) The proportion of BrdU labeled S-phase cells among total PCNA* cells is
determined in the URL (H) and EGL (1) and compared between WT (N=4) and dCKO
(N=5). (J) At E16.5, Yap expression in the dCKO is largely undetectable and URL size
reduced. (K, N, O) Both width (N) and length (O) of the cerebellum are strikingly reduced
in the dCKO compared to WT (N=3, WT and Nestin-Cre dCKO). (L, P) Total number of
Pax6* cells in CGNP/CGN and URL is strikingly reduced in the dCKO compared to WT
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(N=3, WT and Nestin-Cre dCKO). (M, Q, R) Cells in mitosis, labeled by pH3
immunostaining, are reduced in number in the dCKO (M, Q) but the proportion of pH3*
cells among total PCNA+ proliferating cells in the EGL is not significantly different from
WT (N=3, WT and Nestin-Cre dCKO) (R).

*Scale bar: 100um
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Figure 4. Yap/Taz deletion by Nestin-Cre does not alter CGNP proliferation or Shh response in
culture.

(A) Western blot of whole cerebellum from PO animals from WT, Yap”* 7az"f: Nestin-Cre
and dCKO; Nestin-Cre shows relative abundance of Yap and Taz in WT and efficient
reduction of both proteins in the mutants (N=3, WT; N=2, Yap”* Taz"* Nestin-Cre, N=3,
dCKO). (B) In the dCKO, Yap is undetectable in the EGL and BG at PO (N=3, WT and
Nestin-Cre dCKO). (C, D) Mitotic pH3™ cells in lobules I and 111 are not reduced in number
when normalized with lobe length in the dCKO; Nestin-Cre (p=0.2228). (E, F) The fraction
of BrdU* S-phase cells among total Hoechst* EGL cells is not significantly different in
dCKO compared to WT (p=0.3360). (G) Taz is undetectable in both WT and dCKO
cerebellar granule cells after percoll gradient separation and Yap is nearly undetectable in
the dCKO (N=2, WT and N=2, dCKO; Nestin-Cre). (H, 1) In cerebellar granule cell culture,
Shh treatment increases the mitogenic response, shown by increased BrdU* S-phase cells
(green) among Pax6™ cells (red), in both WT (N=3, Shh treatment, p=0.03939) and dCKO
cells (N=3, Shh treatment p=0.00035), with no difference in Shh response between WT and
dCKO CGNPs (WT +Shh vs. dCKO +Shh, p=0.506).
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*Scale bars: B low magnification, C:150 pm; B high magnification, E: 50 pm; H: 100 um.
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Figure 5. Yap/Taz deletion by Math1-Cre does not alter CGNP proliferation.
(A) At PO, Yap expression in WT can be detected in the nuclei of cells in the oEGL (arrows),

where proliferating Pax6™ CGNPs are located, as well as in BG (arrowheads). Loss of Yap in
the oEGL is observed in the dCKO; Math1-Cre while it remains in BG (arrowheads),
meninges and choroid plexus. (B) Taz is nearly undetectable in both WT and dCKO; Math1-
Cre cerebellar granule cells after percoll gradient separation and Yap is substantially reduced
in the dCKO compared to WT (N=2, WT; N=2, dCKO). (C) Yap/7az deletion from CGNPs
does not noticeably affect cerebellar development by P14. (D, E) The number of pH3*
mitotic cells in lobules 11 and 111 is not significantly different when normalized with lobe
length in the dCKO; Math1-Cre (p=0.1367). (F, G) The proportion of BrdU* S-phase cells
in total EGL cells (Hoechst*) is similar in WT and dCKO; Math1-Cre (p=0.625). (H-1)
mGFP expression, indicating Cre recombination, is evident in CGNPs and granule neurons
in cerebellar lobes, except lobe X, at P7 in the dCKO using the ROSA™T/MG reporter line
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(N=2, dCKO). Whole brain images show ubiquitous tdTomato expression in unrecombined
cells, while mGFP expression is specifically restricted to the cerebellum in the
ROSAMT/MG: Asath1-Cre mouse. Cerebellar granule cell culture from dCKO; Mathi-Cre
shows mGFP expressing cells lack Yap expression, whereas Cre™ WT granule cells
expressing tdTomato show Yap expression (N=2, WT; N=2 dCKO; Math1-Cre).

*Scale bars: A low magnification, C, D: 150 um; A high magnifications, H, I: 50 um, C, H
low magnification: 200 um, F: 25um; H, I insets: 10 pm.
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Figure 6. Yap/Taz do not mediate overproliferation induced by constitutively active Smo.
(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 ubiquitously
observed in Pax6* cells of the Math1-Cre driven SmoM2 tumor (arrowheads) but (D, D’) is
markedly reduced in the SmoM2: Yap 7F. Taz ™. Mathi-Cre tumor (arrows, N=3, SmoM2:
Yap”*, Taz’* Mathl-Cre; N=5, SmoM2: Yap "t. Taz 7. Mathi-Cre). (E, E’) Hypertrophic
cerebellum driven by SmoM2; AGFAP-Cre is not reduced by Yap/Taz loss, even though (F,
F’) efficient Cre-mediated deletion is evident at early stages (P1) (N=3, SmoMZ, hGFAP-
Cre, N=2, SmoM2. Yap™f. hGFAP-Cre).

*Scale bars: A, B: 1mm; C-F’: 200um.
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Figure 7. Yap/Taz is necessary for normal shape of radial glia progenitors and BG distribution.
(A) At E13.5, Yap expression is found in the VZ RGPs in the WT but absent in the dCKO;

Nestin-Cre (arrowheads) and some of the BLBP* RGPs are less tightly arranged as
compared to WT (brackets). (B) At E15.5, BLBP* apical lining RGPs are reduced
(arrowheads and arrows) and radial glia processes are randomly distributed in the dCKO
compared to dorsally directed processes in the WT (yellow arrowheads and arrows,
respectively). (C) At E16.5, BLBP* cells are no longer found in the VZ of dCKO, unlike
WT (arrowheads and arrows, respectively). (D) Graph comparing the number of BLBP*
cells in the midsagittal section of cerebellum shows that the number of BLBP* cells does not
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differ between WT and dCKO at E16.5 (N=3, p=0.2626). (E) At PO, in the anterobasal lobe,
BLBP™ cells are more randomly distributed and extend to the EGL in the dCKO (arrows)
unlike WT, where most of BLBP™ cells are located in the emerging PCL (arrowheads). (F)
At P7, around the precentral fissure, BLBP* cells are more dispersed in the dCKOs
compared to WT (brackets). (G) At P10, dCKO;Nestin-Cre shows smaller lobules I/11 and
I11 than WT. (H) significantly fewer BG labeled by S1008 in lobules Il and 111 compared to
WT (p=0.02). (1) BG density normalized by the length of PCL does not differ between WT
and dCKO (N=3, p=0.11).

*Scale bars: A, B: 50 um, C: 100 um, E, F, G: 200 um, Significance level: p< 0.05.
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Figure 8. Yap/Taz function is required for the localization of apical junctional components
(A, B) At E13.5, partial loss of AJC complex at the ventricular lining is seen in the

dCKO;Nestin-Cre (bracket, B) while WT shows the continuous AJC complex (Palsl: apical
polarity complex, N-Cadherin: adherens junction) (A). (C-D’) Similarly, actomyosin
component, NMIIB, localization at the apical junction is absent in the dCKO (C, arrowheads
in C”) but is well maintained in the WT (D, arrows in D’). (E-H) At E16.5, polarity complex
proteins (Palsl and Crbs) and N-Cadherin and B-Catenin are no longer localized to the
ventricular surface, in contrast to the WT where concentrated distribution is evident
(arrowheads and arrows, respectively). (1-3°) NMIIB localization at the ventricular surface is
not found in the dCKO but is intact in the WT. (K, L) At E14.5, the dCKO;hGFAP-Cre
shows the partial reduction of Yap compared to WT, and the loss of apical localization of
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Crbs correlates with the Yap-reduced area (arrowheads and arrows, respectively). (M, N) At
E16.5, the dCKO; hAGFAP-Cre shows wide areas with loss of Pals1 and N-Cadherin
compared to WT (arrows and arrowheads, respectively). (O, P) NMIIB localization is also
disrupted in wide areas at E16.5 in the dCKO; hGFAP-Cre unlike in WT, where continuous
apical localization is detected (arrows and arrowheads, respectively). (Q) Western blot
analyses of whole cerebellum lysates at E15.5 show that substantial reduction of Yap is
detected in the dCKO; Nestin-Cre but the protein level of AJC components (Pals1, N-
Cadherin, p-Catenin, NMIIB) is not obviously different from WT (N=3).

*Scale bars: A-D, E, F, I, 3, M-P: 50um; C’, D’, I’, J’, G, H, K, L: 10pym
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