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Suppressor of fused controls cerebellum granule cell proliferation
by suppressing Fgf8 and spatially regulating Gli proteins
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ABSTRACT

Cerebellar granule cell (GC) development relies on precise regulation
of sonic hedgehog (Shh)-Gli signalling activity, failure of which is
associated with motor disorders and medulloblastoma. Mutations in
the pathway regulator suppressor of fused (Sufu), which modulates
Gli activators and repressors, are linked to cerebellar dysfunction and
tumourigenesis. The mechanism by which Sufu calibrates Shh
signalling in GCs is unknown. Math1-Cre-mediated deletion of Sufuin
mouse GC progenitors (GCPs) demonstrated that Sufu restricts GCP
proliferation and promotes cell cycle exit, by promoting expression of
Gli3R and suppressing Gli2 levels. Sufu is also required to promote a
high threshold of pathway activity in GCPs. Remarkably, central
cerebellar lobules are more deleteriously impacted by Sufu deletion,
but are less sensitive to downstream genetic manipulations to reduce
Gli2 expression or overexpress a GIli3R mimic, compared with
anterior lobules. Transcriptome sequencing uncovered new Sufu
targets, especially Fgf8, which is upregulated in Sufu-mutant GCPs.
We demonstrate that Fgf8 is necessary and sufficient to drive Sufu-
mutant GCP proliferation. This study reveals new insights into the
spatial and temporal regulation of cerebellar Shh-Gli signalling, while
uncovering new targets, such as Fgf8.

KEY WORDS: Sonic hedgehog signalling, Sufu-Gli regulation,
Cerebellum development, Spatial patterning, Granule neurons

INTRODUCTION

Cerebellum development is dependent on precise regulation of
sonic hedgehog (Shh) signalling activity. While Shh regulates each
stage of development, it is an essential mitogen for cerebellar
granule cell precursors (GCPs), which form the most abundant
neurons in the mammalian brain (Leto et al., 2015). Mutations
attenuating pathway activity lead to compromised GCP proliferation
and cerebellar hypoplasia, which are associated with motor and
cognitive disorders, such as Joubert Syndrome (Aguilar et al.,
2012). Conversely, hyperactive hedgehog signalling drives
uncontrolled GCP proliferation and medulloblastoma, the most
prevalent paediatric malignant brain tumour (Yang et al., 2008).
Mechanisms defining the correct threshold of intracellular Shh
signalling in GCPs are not fully understood.
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The cerebellum derives from the dorsal anterior hindbrain. It is
populated by cells from two specialised germinal neuroepithelia — the
ventricular zone (VZ) dorsally lining the IVth ventricle and the upper
rhombic lip (RL) located caudally. The VZ contributes GABAergic
neuron populations, such as Purkinje neurons (PCs), and cerebellar
glia, including Bergmann glia (BG). The RL generates glutamatergic
neurons, primarily GCs. Intricately coordinated sequential
neurogenesis and cell migration events over embryonic and
postnatal development pattern the cerebellum into three principal
cell layers by adulthood (Fig. 1B). The inner granule layer (IGL),
composed of GCs, is bordered by a tight monolayer formed by cell
bodies of PCs and BG (the Purkinje cell layer, PCL). These extend
highly branched appendages into the outermost, molecular layer
(ML) for synaptic connections. Through a series of transverse folds,
the cerebellum is also stereotypically foliated into lobules I-X,
broadly categorised as anterior (I-V), central (VI-VIII) and posterior
(IX-X) regions, respectively.

Expression of basic helix-loop-helix transcription factor Mathl
(Atohl) in RL progenitors is required for GCP production (Ben-
Arieetal., 1997). Between embryonic day (E) 13 and 16, waves of
nascent Math1™ GCPs migrate from the RL to coat the surface of
the developing cerebellum, forming the external granule layer
(EGL) (Machold and Fishell, 2005) (Fig. 1A). Here, GCPs
proliferate through symmetric cell divisions in response to Shh
ligand secreted by PCs after E17.5 (Wallace, 1999; Wechsler-
Reya and Scott, 1999). Proliferating GCPs are pushed interiorly,
where they clonally coordinate exit from the cell cycle (Espinosa
and Luo, 2008). Differentiating GCs thus form a distinct layer in
the EGL (the inner EGL, iEGL), identified by absence of Math1
and expression of neuronal markers, such as NeuN (Fig. 1A).
From here, GCs migrate along radial BG fibres, to the IGL, where
they ultimately mature. The EGL is depleted by postnatal day (P)
15 (Fig. 1B).

Shh ligand secreted by PCs is the principal mitogen driving GCP
proliferation. Shh promotes expression of cell cycle regulators,
including Mycn, Cendl and Cend2 (Kenney and Rowitch, 2000;
Oliver et al., 2003). Shh signals are transduced by Gli effector
proteins Glil, Gli2 and Gli3. Full-length Gli proteins can be
truncated into transcription repressors (Gli-R) or converted to labile
activators (Gli-A) (Hui and Angers, 2011). Glil and Gli2 function
predominantly as activators, while Gli3R is the principal pathway
repressor — the relative level of Gli-A to Gli-R is believed to define
the threshold of pathway activity.

The intracellular PEST domain-containing protein suppressor of
fused (Sufu) is a central regulator of Shh-Gli signalling (Simon-
Chazottes et al., 2000; Svird et al., 2006). Sufu directly binds Gli-A
and Gli-R (Merchant et al., 2004). Interaction with Sufu sequesters
full-length Gli proteins in the cytoplasm to inhibit transcriptional
activity. However, Sufu also protects Gli proteins from proteasomal
degradation, thereby supporting pathway activation (Barnfield et al.,
2005; Wang et al., 2010). Furthermore, Sufu is required to facilitate
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Fig. 1. See next page for legend.
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Fig. 1. Sufu deletion causes EGL hyperplasia that is most pronounced
in central lobules. (A,B) (Left) Sagittal section schematics through the
developing P7 (A) and mature P15 (B) cerebellum. (Right) Detailed schematic
of the cerebellar cortex (boxed region). Along the anteroposterior axis the
cerebellum is divided into lobules I-X, arising from five cardinal lobes:
anterobasal (AB), anterodorsal (AD), central (C), posterior (P) and inferior (IN).
Lobe boundaries are marked by asterisks. Along the radial axis, the cerebellum
is organised into discrete cell layers. At P7 (A), GCPs form the outermost
external granule layer (EGL, green). Following proliferation in the EGL, clones
of GCPs exit the cell cycle, forming a distinct compartment, the inner EGL
(iIEGL, pink). Post-mitotic GCs migrate past the molecular layer (ML) and
Purkinje cell monolayer (PCL, blue) to form the inner granule layer (IGL, pink).
(B) The EGL is exhausted by P15 and replaced by the ML. All GCs have
migrated to the IGL. (C) Dorsal view of an E11.5 embryo. ROSA26-2Z
expression visualises Math1-Cre expression in the developing rhombic lip
(boxed). (D) Sufu mRNA is significantly reduced in Sufu-mutant cerebella at
P2. (E,F) RNA in situ hybridisation detects Sufu expression across the P7
control cerebellum (E) but there is a marked reduction in the EGL of the Sufu-
mutant cerebellum (F). (E’,F’) Higher magnification of the boxed areas in E,F.
(G-L) Hematoxylin and Eosin-stained midsagittal sections through control and
Sufu-mutant cerebella at PO (G,H), P4 (1,J) and P7 (K,L) indicate progressive
thickening of the Sufu-mutant EGL. (G,H) Formation of the five cardinal lobes
(AB, AD, C, P and IN) is unaffected at PO, but the EGL is noticeably thicker in
the central lobe of the Sufu mutant (arrow, H). (I-L) At P4 and P7, the Sufu-
mutant EGL (J,L) appears thicker than control (I,K), especially in lobules Vla-
VIl derived from the central lobe (arrow). Insets in K,L are higher magnification
images showing thicker EGL in lobule VIII. (M) Lobule-wise quantitation of EGL
thickness in P7 Sufu-mutant cerebella relative to control (n=9). Data are meant
s.e.m. *P<0.05, **P<0.01, ***P<0.001. Student’s t-test. Scale bars: 500 uym in
E,F,I-L; 150 pmin E’,F’; 200 ym in G,H; 100 uym in K,L (insets). CN, cerebellar
nuclei; PWM, prospective white matter; pia, pial surface.

Gli-R formation, and also recruits transcription repression
machinery to Gli-bound DNA (Cheng and Bishop, 2002; Humke
et al., 2010). Thus, Sufu can both inhibit or sustain Shh signalling
through context-dependent regulation of Gli proteins.

Sufu interactions with both Gli activators and repressors suggest a
key function for Sufu in precisely regulating the level of Shh signalling
during GCP development. Indeed, SUFU mutations have been
identified in both Joubert Syndrome and in individuals with
medulloblastoma (De Mori et al., 2017; Taylor et al., 2002).
Additionally, we have previously demonstrated the requirement of
Sufu in early cerebellar progenitors for correct cerebellar
morphogenesis and patterning, and for timely differentiation of VZ-
derived neuronal lineages (Kim et al, 2011, 2018). A recently
published study analysing global Sufic deletion from the mouse
cerebellum also demonstrated that Sufu can both promote and suppress
tumorigenesis in distinct genetic mouse models of medulloblastoma
(Yin et al., 2019). While these studies point to a crucial cerebellar
function of Sufu, its specific role in the GCP lineage and the molecular
mechanisms it controls remain undefined.

Here, we define mechanisms by which Sufu-dependent Shh-Gli
regulation controls GCP development. Math1-Cre-dependent Sufu
deletion from GCPs demonstrated that Sufu restricts the rate of GCP
proliferation and promotes GC cell cycle exit by promoting the
expression of Gli3R, and, unexpectedly, suppressing Gli2A levels.
Remarkably, Sufu-Gli function displayed distinct and consistent
regional differences across the cerebellum. The central lobules
were most deleteriously impacted by Sufu deficiency, but were
comparatively less affected by downstream Gli protein
manipulations when compared with the anterior and posterior
lobules. Transcriptome sequencing uncovered new gene targets of
Sufu, especially Fgf8, which is strongly upregulated in Sufu-
deficient GCPs. Functional studies demonstrated that Fgf8 is
necessary and sufficient for driving proliferation of Sufu-deficient
GCPs. Together, our work reveals new insights into spatial and

temporal regulation of cerebellar Shh-Gli signalling by Sufu, while
uncovering new downstream targets such as Fgf8.

RESULTS

Math1-Cre recombinase causes Sufu deficiency in GCs

To define Sufu function, Math1-driven Cre recombinase was used to
target Sufis deletion to murine GCPs in vivo (MathI-Cre; Sufi'®"~,
henceforth termed Sufu mutant). The domain of Cre expression was
visualised using the ROSA26%7 reporter line. As expected, Cre-
dependent lacZ expression was detected in the dorsal hindbrain at
E11.5 (Fig. 1C), well before GCPs are generated.

We have previously shown through immunofluorescence and
in situ hybridisation analyses that Sufu is absent from the embryonic
RL and EGL (as late as E18.5), being expressed only in the PCL
(Kim et al., 2011, 2018; GENSAT). Consistently, Sufu-mutant
cerebella displayed the earliest phenotypic abnormalities at PO,
concomitant with diminished expression of Sufu mRNA (Fig. 1D;
n=4, P<0.05) and protein (Fig. S1A,B; n=4 CRL, 2 MUT),
measured by qRT-PCR and western blot on P2 cerebellar lysates,
respectively. In situ hybridisation analysis detected robust Sufu
expression in all cell layers of P7 wild-type cerebella (Fig. 1E,E’). In
contrast, Sufu expression was nearly absent in the Sufu-mutant
EGL, in contrast to deeper layers containing non-GC cell types
(Fig. 1F,F’). These analyses confirm specific deficiency of Sufu
from postnatal GCPs, which coincides with the Shh-dependent
phase of their development.

Sufu deletion causes postnatal EGL hyperplasia and GC
ectopia

Sufu-mutant mice were viable and survived to adulthood presenting
no obvious motor deficits. However, histological analyses revealed
a hyperplastic EGL, increasing in severity with age (Fig. 1G-L). At
PO, the Sufu-mutant cerebellum was correctly organised into five
cardinal lobes, and histologically organised into discrete layers:
the EGL and PCL. However, the EGL appeared noticeably thicker
in the central lobe (arrow, Fig. 1H). Qualitative analyses at P4
(Fig. 11,J) and P7 (Fig. 1K,L) also revealed a thicker EGL across the
Sufu-mutant cerebellum, noticeably more severe in lobules derived
from the central and posterior lobes (VI-VIII).

The thickness of the EGL was quantitated in a lobule-specific
manner on midsagittal cerebellar sections at P7 (»=9) (Fig. 1M).
Measurements from the Sufu mutant were normalised against
corresponding control lobules to obtain the fold-change in EGL
thickness. Results demonstrated, first, that the EGL was significantly
expanded in all lobules of the Sufu-mutant cerebellum. Second, the
degree of hyperplasia varied in a lobule-specific manner, with the
most dramatic (~2.5-fold) increase in the central lobules (VI-VIII).
The anterior lobules II-V demonstrated up to a 1.5-fold increase,
while a milder 1.3-fold increase was observed in posterior lobules
IXb-X. Thus, Sufu deletion causes EGL hyperplasia, most
pronounced in the central lobules.

EGL hyperplasia increased dramatically with age in Sufu
mutants, with large condensations of cells observed overlying the
EGL. Representative images of P9 cerebella are displayed in Fig.
S1C,D (n=3). To determine whether EGL hyperplasia continues at
adult stages, potentially leading to tumourigenesis, control and
Sufu-mutant cerebella were examined at P25 (Fig. S1E-F) (n=3). As
expected, the EGL had disappeared in control cerebella, giving rise
to the ML. However, while the EGL had cleared from the anterior
and posterior lobules of the Sufu-mutant cerebellum, ectopic cell
aggregates were consistently observed in the central lobule
EGL/ML, coinciding with shallow or absent foliation.
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Nevertheless, Sufu-mutant cerebella displayed no evidence of
tumourigenesis as late as P90 and appeared remarkably comparable
to controls, with fewer ectopic cells persisting in the presumptive
ML (Fig. S1G-H) (n=3).

Sufu deletion elevates GCP proliferation and delays cell
cycle exit

The hyperplastic Sufu-mutant EGL suggested that GCP proliferation
is increased, consistent with the known function of Shh in controlling
GCP cycling. We thus measured GCP proliferation via BrdU
incorporation analysis. Control and Sufu-mutant littermates at P7
were pulsed with BrdU for 1 h (Fig. 2A-D). As expected, BrdU" cells
were detected predominantly in the outer EGL and were identified as
proliferating GCPs based on co-expression of the cell cycle marker
Ki67 (Fig. 2A-D) and the GC marker Pax6 (Fig. 2E,F). Sufu-mutant
EGL displayed a marked increase in BrdU" cells and an expanded
domain of Ki67 expression (Fig. 2A-D).

To quantify the rate of GCP proliferation, we determined the
proportion of Ki67" cells that co-expressed BrdU in the EGL of
representative anterior (IIT), central (VII) and posterior (X) lobules
(Fig. 2G-H). Thirty to 36% of Ki67" cells incorporated BrdU in the
control EGL. In contrast, up to 50% of Ki67" cells co-expressed
BrdU in the Sufu-mutant EGL, representing a statistically significant
increase across all lobules (#=3, P<0.001). Representative images of
anterior and posteriors lobules are displayed in Fig. S2A,B and C,D,
respectively, while central lobules are shown in Fig. 2A,B. These
results confirm that Sufu-mutant GCPs undergo increased cell
proliferation, resulting in EGL hyperplasia.

Clonally related GCPs undergo multiple rounds of symmetric cell
division until they coordinate their exit from the cell cycle and begin
to differentiate (Espinosa and Luo, 2008). Activated Shh signalling
extends the GCP proliferation window, delaying cell cycle exit and
differentiation. To determine whether cell cycle exit was delayed in
Sufu-mutant GCPs, P7 littermates were examined 24 h after
injection with BrdU (n=3). Cells that had exited the cell cycle within
the 24 h window were identified by the presence of BrdU but
absence of Ki67 staining (BrdU'Ki67~) and were detected, as
expected, in the postmitotic inner EGL (Fig. 3A,B). Importantly, the
layer of BrdU'Ki67~ cells was markedly thinner in the Sufu mutant.
The thickness of this layer relative to total EGL was measured as an
indicator of cell cycle exit. The results revealed a statistically
significant reduced proportion of post-mitotic GCs in the Sufu
mutant in lobules VI-IXa and lobule X (Fig. 3C). Thus, the rate of
cell cycle exit is reduced in Sufu-mutant GCPs, especially in
lobules VI-IXa, which incidentally display the most severe EGL
hyperplasia (~2.5-fold, Fig. 1M). Together, these findings suggest
that the combined dysregulation of GCP proliferation and cell cycle
exit underlies the greater degree of EGL hyperplasia observed in
these lobules.

In wild-type cerebella, GCP proliferation ceases by P15 and the
cells migrate away, thus depleting the EGL. Given that a subset of
cells persists in the Sufu-mutant EGL/ML beyond P15, we determined
whether these cells remain proliferative. P16 littermates were injected
with BrdU and examined after 28 h. No BrdU incorporation or Ki67
expression was observed in control or Sufu-mutant GCs, confirming
their withdrawal from the cell cycle (Fig. 3D-E). Thus, despite a
transient dysregulation of cell cycling, the proliferation of Sufu-
mutant GCPs arrested successfully at the expected stage of cerebellum
development. Together, these results establish that Sufu regulates
GCP proliferation and cell cycle exit while the cells remain
proliferative, but that it is not required for terminal withdrawal from
the cell cycle and transition to postmitotic fate.

Sufu positively and negatively regulates Shh signalling
components

We next investigated whether dysregulation of the cell cycle in
Sufu-deficient GCPs resulted from perturbations in Hh signalling
mediators. Using western blotting of P7 cerebellar lysates, Sufu-
mutant cerebella revealed a significant 80% reduction in Glil
protein levels when compared with control cerebella (Fig. 4A,D;
P<0.001; n=6). Additionally, the levels of Gli3-FL and Gli3-R were
reduced by 57% and 66%, respectively, in Sufu-mutant cerebella
when compared with controls (P<0.05 and P<0.01, respectively)
(Fig. 4C,D; n=10). In contrast, Gli2-FL levels were unexpectedly
elevated in Sufu-mutant cerebella, with an average increase of
twofold (Fig. 4B,D; P<0.05; n=10). At the same time, we observed
a considerable degree of heterogeneity in Gli2-FL between
biological replicates (dot plot, Fig. 4D). Together, these results
indicate that Sufu promotes the expression of Glil, Gli3-FL and
Gli3-R, but, surprisingly, suppresses Gli2-FL expression in the
cerebellum. Glil is not required for GCP development, as Glil-
null mice display no cerebellar defects (Park et al., 2000). The
specific functions of Gli3 in postnatal GCPs have not been
ascertained directly. However, G/i3 deletion from all cerebellar
progenitors causes foliation defects and does not impair GC
production (Blaess et al., 2008). Gli2, however, is known to be
required for GCP proliferation — cerebellar deletion of Gli2
causes acute hypoplasia and severely impairs GCP proliferation
and survival (Corrales et al., 2004). We hypothesised that Gli3-R
and Gli2 are crucial for controlling EGL hyperplasia observed in
Sufu-mutant mice.

Next, we investigated whether the combined increases and
decreases in Gli protein levels in Sufu-mutant cerebellum resulted in
measurable changes in known Hh pathway targets in the GCP
compartment. GCPs were genetically labelled using the Math-
eGFP allele, carrying an eGFP protein fused to Mathl.
Immunohistochemistry (Fig. S3A,B) revealed a greater number of
Math1-GFP-positive cells in Sufu-mutant cerebella. These cells
were isolated using fluorescence-activated cell sorting (FACS)
(Fig. S3C). FACS-mediated extraction yielded a significantly
greater number of GCPs from Sufu-mutant cerebella at postnatal
(P<0.05; n=T7) but not embryonic (n=4) stages (Fig. S3C), as
expected. qRT-PCR measurements on extracted GFP™ cells
confirmed their identity as GCPs, based on enriched expression of
the GCP markers Mathl and Pax6, but not the glial marker B/bp
(P<0.05; n=3) (Fig. S3D), as well as near absent expression of
Sufu mRNA in FACS-extracted Sufu-mutant GCPs (Fig. S3E).
Expression of Shh pathway targets Ptchl and Glil, conventionally
used as readout of pathway activity, was measured by qRT-PCR on
RNA extracted from P7 FACS-GCPs. Interestingly, Ptchl
expression was reduced by 30%, while Glil was reduced by 50%,
in Sufu-mutant GCPs when compared with control GCPs (P<0.05;
P<0.01; n=4) (Fig. 4E). Moreover, no significant change was
detected in the transcription of known Shh-driven cell cycle
regulators in GCPs, including Nmyc, Ccndl and Ccnd2 (n=4;
Fig. 4F).

Expression of Glil mRNA was further investigated by in situ
hybridisation (Fig. 4G,H). In control cerebella, robust Glil expression
was only observed in cells of the outer EGL, as expected (Fig 4G;
Corrales et al., 2004). In contrast, Glil expression was reduced in the
Sufu-mutant EGL. Intriguingly, a greater reduction of Glil was
consistently observed in the central lobules (Fig. 4H" versus G’) of Sufu
mutant cerebella when compared with the anterior lobules (Fig. 4H”
versus G”). Together, these findings point to regional heterogeneity in
the dysregulation of Shh signalling in the absence of Sufu.
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Fig. 2. GCP proliferation is increased in Sufu-mutant cerebella. (A,B) A greater number of BrdU* (green) and Ki67™* (red) cells is detected in the Sufu-
mutant (B) EGL compared with control (A) 1 h post-BrdU injection. Representative images of lobule VIl are shown. (C-D”) Higher magnification of boxed regions
in A,B, respectively. Nuclei are labelled with DAPI (blue). (E,F) BrdU* (green) cells in the EGL co-express GC-marker Pax6 (red) (arrow). (G,H) The proportion of
BrdU™ cells in the Ki67* population of the EGL was quantified at P7 in one anterior (lll, blue in G), one central (VII, red in G) and one posterior (X, green

in G) lobule. (H) The proportion of BrdU™* cells was significantly increased in each lobule (n=3). Data are meants.e.m. ***P<0.001. Student’s t-test. Scale bars:
100 ym in A,B; 50 um in C-D”,E-F.
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Fig. 3. Cell cycle exit is delayed in
L  Control | Sufu-mutant Sufu-deficient GCPs. (A B) 24 h post-
BrdU injection at P7, control (A) and
Sufu-mutant (B) EGL exhibit BrdU*
(green) cells that have exited the cell
cycle [i.e. lack Ki67 (red) expression].
Post-mitotic BrdU*Ki67~ cells are
detected distinctly in the inner EGL
(dotted line) versus Ki67* outer EGL
cells (solid line). (A’,B’) Higher
magnification images of the boxed
regions in A and B. (C) Graphical
representation of the proportion of the
EGL-containing post-mitotic cells per
lobule (n=3). (D,E) No BrdU
incorporation (green) or Ki67
expression (red) is detected in control
(D) or Sufu-mutant (E) cerebella at
P17, 28 h post BrdU injection, despite
the persistence of cells in the mutant
EGL/ML (arrow). Data are meant
s.e.m. *P<0.05; **P<0.01. Student’s
t-test. Scale bars: 100 ym in A,B,D,E;
45 umin A',B’.
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Given the upregulation of Gli2-FL protein, we asked whether hybridisation demonstrated Gli2 mRNA expression in the EGL of
Gli2 transcription was also dysregulated in Sufu-mutant cerebella.  P7 control cerebella, as expected (Fig. 4K,K’). Gli2 was detected in
However, no significant change was detected in G/i2 transcription an expanded domain in Sufu-mutant cerebella, owing to the
by gRT-PCR on FACS-GCPs at P7 (n=4; Fig. 4F). In situ hyperplastic EGL, but it was not discernibly upregulated (Fig. 4L,L").
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Fig. 4. Spatiotemporal regulation of Gli activator and repressor proteins
by Sufu. (A-D) Western blots indicate the levels of full-length Gli1 (A), Gli2 (B),
and Gli3 and Gli3R (C) in P7 cerebellar lysates. Band intensities are quantified
relative to endogenous Gapdh and normalised against littermate controls (D).
Gli1 (n=6), and Gli3 and Gli3R (n=10) are significantly diminished in
Sufu-mutant cerebella, while Gli2 levels are significantly increased (n=10).
(E,F) gRT-PCR measurements on RNA from FACS-extracted GCPs. Ptch1
and Gli1 transcription is significantly downregulated, while Hhip- and Shh-
driven proliferative genes Nmyc, Ccnd1 and Ccnd2 display no significant
alterations in Sufu-mutant GCPs. Gli2 and GIli3 transcription also remains
unchanged. Data are meanzs.e.m. *P<0.05; **P<0.01. Student’s t-test. (G-N)
In situ hybridisation to detect Gli1 (G-J) and Gli2 (K-N) mRNA on P7 (G-H,K-L)
and E18.5 (I-J,M-N) cerebellar sections. G’,H" and K’,L’ display 20x
magnification of central lobules (boxed regions) in G,H and K,L, respectively.
Gli1 is most strongly expressed in the outer EGL of control cerebella (G, arrow in
G’) whereas it is reduced in the Sufu-mutant (H, arrow in H’). A stronger
reduction is observed in the central lobules (H’) than anterior lobules (H”) of the
Sufu-mutant. (G”,H") Higher magnification (20x%) of the anterior lobule in control
(G”) and Sufu-mutant (H”) (see arrowheads in G and H, respectively).
AtE18.5, Gli1 is robustly detected in the EGL of control (Gli2*"*) cerebella (arrow,
1) but not in Gli2-null cerebella (J), as expected. (K-N) Gli2 mRNA is detected
across the EGL of P7 control (K) and Sufu-mutant (L) cerebella. The domain of
Gli2 expression appears expanded in the hyperplastic Sufu-mutant EGL

(L,L") compared with the control (K,K’). At E18.5, Gli2 was detected robustly in
control EGL (arrow, M) but not in Gli2-deficient (N) cerebella, as expected. Scale
bars: 500 ym in G-H,K-L; 120 ym in G’-H",K’-L’; 200 pm in I-J,M-N.

The spatial expression of Gli2 protein was next determined using
immunohistochemistry. Control cerebella displayed faint Gli2
expression in the outer EGL, which was progressively greater in
the inner EGL and IGL (Fig. S3F). In contrast, Gli2 expression was
markedly increased in the Sufu-mutant inner EGL (compared with
control), and in localised cell aggregates of the outer EGL, while the
IGL remained comparable with control (Fig. S3G). The specificity
of the anti-Gli2 antibody was confirmed in postnatal cerebella
obtained from genetically mutant mice. Mathl-Cre-mediated
deletion of Gli2 from the Sufu-mutant background reduced Gli2
staining, as expected (Fig. S3M). In contrast, co-deletion of Gli2
and the ubiquitin ligase Spop, which is known to target cerebellar
Gli2 for degradation (Yin et al., 2019), increased Gli2 staining
(Fig. S3N). Together, these findings indicate that elevated Gli2-FL
protein levels in Sufu-mutant cerebella result from regulation at the
level of the protein as opposed to transcriptional regulation of Gli2.

Finally, we speculated whether changes in Nmyc protein
phosphorylation, a process regulated by Shh signalling, underlie
increased GCP proliferation. Activated Nmyc is phosphorylated at
position 54, priming it for immediate degradation by GSK-38 and
leading to GCP cell cycle exit (Sjostrom et al., 2005). Priming
phosphorylation is dependent on the Cdkl complex, which is
regulated by Shh signalling. Phospho(S54)-Nmyc was detected by
immunostaining (Fig. S2A,B) in control and Sufu-mutant outer
EGL, identified by the absence of differentiation marker NeuN
expression. Quantitation revealed no change in Phospho-Nmyc*
cell number relative to total EGL size in anterior, central or posterior
lobules of Sufu-mutant cerebella (n=3; Fig. S2C). Thus, increased
cell proliferation of Sufu-mutant GCPs does not result from
increased Nmyc transcription or protein stability.

Collectively, detailed mRNA and protein level analyses of Shh
signalling dysregulation illuminate a complex function of Sufu in
cerebellar Shh signalling. Absence of Sufu dramatically diminishes
the expression of pathway repressor Gli3-R, while significantly
enhancing the pathway activator Gli2-FL. At the same time,
pathway targets like Glil are reduced in Sufu-deficient GCPs,
suggesting that Sufu deletion dampens the otherwise high activation
of the pathway in these cells. Moreover, the deletion of Sufu reveals

a considerable degree of heterogeneity in the expression of Shh
signalling components both between different biological replicates,
and in different spatial regions of the same cerebellum.

Reducing gene dose of Gli2 rescues Sufu-mutant EGL

To counteract biological variation in endogenous measurements and
obtain a clear understanding of the contribution of Gli2-FL and Gli3-
R to the Sufu-mutant phenotype, we turned to genetic manipulations
of the Gli proteins in the Sufu-mutant background. As the principal
activator of Shh-driven GCP proliferation, we asked if elevated Gli2
levels in Sufu-mutant GCPs cause EGL hyperplasia. One allele of
Gli2 (Gli2"P) was deleted from Sufu-mutant GCPs to determine
whether reduced G1i2 gene dose rescued the Sufu-mutant phenotype.
Remarkably, cerebella from P7 Mathl-Cre; Sufil*r~; Gli2!o*r/*
(henceforth ‘Gli2-rescue’) mice displayed an obvious rescue of EGL
thickness (Fig. 5A-C). Importantly, heterozygous G/i2 deletion did
not affect the EGL in control mice, confirming that it does not exert an
independent effect on the Sufu-mutant phenotype (Fig. S4A,B).

Strikingly, closer examination of Gli2-rescue cerebella revealed
consistent spatial differences in the degree of rescue. Anterior
lobules II and III displayed a very sparse EGL highly depleted of
cells even below control levels (Fig. SD-F), while the remaining
lobules appeared similar to control. Systematic measurements of
EGL thickness by lobule confirmed qualitative observations — fold
changes relative to control are illustrated in Fig. 5J. A statistically
significant reduction in fold-change EGL thickness was observed in
most lobules of the Gli2-rescue cerebellum compared with the Sufu-
mutant. However, the EGL was reduced at or below control levels in
anterior lobules II-V, while the central lobules VII-VIII displayed a
significant but incomplete rescue. No significant rescue was
observed in posterior lobules IX-X.

Immunostaining revealed that the domain of Ki67 expression was
reduced in the Gli2-rescue EGL compared with the Sufu mutant
(Fig. SK-M), confirming that the EGL was rescued via a reduction
in proliferating GCPs. Collectively, these data show that
heterozygous GIli2 deletion is sufficient to partially rescue the
Sufu-mutant phenotype. However, the strength of rescue declines in
the anterior-posterior direction, from being detrimental in anterior,
to insufficient in central and posterior lobules. Gli2 upregulation is
thus a key defect underlying increased GCP proliferation and EGL
hyperplasia in the Sufu-mutant cerebellum.

Constitutive expression of transgenic Gli3R mimic rescues
Sufu-mutant cerebella

As the principal repressor of the Shh pathway and a key mediator of
Sufu function in other cerebellar populations, we speculated that
the depletion of Gli3R may also contribute to EGL hyperplasia
in the Sufu mutant. We hypothesised that expressing a Gli3R mimic,
the constitutively truncated G/i34%%° allele, in Sufu-mutant cerebella
would rescue the mutant phenotype. Indeed, EGL hyperplasia was
noticeably reduced in P7 Mathl-Cre; SuFu'®"~: Gli34%*9*
(henceforth ‘Gli3R-rescue’) cerebella (Fig. 6A-C). Importantly,
Gli34%%? expression had no effect in wild-type cerebella, confirming
that the rescue effect is dependent on interaction with the Sufu-
mutant phenotype (Fig. S4C,D).

For quantitative analysis, EGL thickness was measured by lobule
on midsagittal sections from Gli3R-rescue cerebella and littermate
controls. Fold-change values relative to corresponding control
lobules are shown in Fig. 6D. Remarkably, Gli34%%° expression
significantly rescued EGL thickness in nearly all lobules. However,
similar to Gli2-rescue cerebella, a consistent spatial pattern of
rescue was observed. The EGL was rescued to wild-type levels in
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Fig. 5. Deleting one allele of Gli2 rescues the Sufu-mutant EGL with consistent regional variation. (A-C) Midsagittal sections indicate rescue of EGL
hyperplasia in Gli2-rescue cerebella (C) compared with control (A) and Sufu-mutant (B) samples. Boxed regions in A mark the locations of the higher-
magnification images shown in D-F (left box in A) and G-I (right box in A). (D-F) The EGL in anterior lobules Il and Il appears depleted of cells in Gli2-rescue
cerebella (arrow, F) compared with control (D) and the hyperplastic Sufu-mutant (E). (G-1) In contrast, the EGL of central lobule VIl is markedly reduced

in Gli2-rescue cerebella (I) compared with the Sufu-mutant (H), and only mildly thicker than the control (G). (J) Lobule-wise measurements indicate fold-changes
in EGL thickness in Gli2-rescue (n=3) and Sufu-mutant (n=9) cerebella relative to control (n=3). Anterior lobule EGL is reduced at or below control levels

in Gli2-rescue mice (orange), while central lobules VIl and VIII display partial rescue and remain significantly thicker than control. (K-M) Gli2-rescue EGL (M)
displays a reduction in the domain of Ki67 expression (red) compared with the Sufu mutant (L). Nuclei are labelled using DAPI (blue). Data are meants.e.m.
*P<0.05; **P<0.01; ***P<0.001. Student’s t-test. Scale bars: 500 ym in A-C; 100 um in D-I; 50 pm in K-M.

DEVELOPMENT



RESEARCH ARTICLE Development (2020) 147, dev170274. doi:10.1242/dev.170274

Control I Sufu Mutant I Gli3R-Rescue |

IXa =
A VIl il e { |

] i

Average EGL Thckness By Lobule Relative to Control
o =
wn = wn N '
L ]
H :l
L
il
|
L

Il n v \ Via Vib Vil Vil IXa IXb X

B Control @ Sufu Mutant Sufu Mutant + GLI3R

E F G
EGL
IGL
) 4
A4 4

Fig. 6. Constitutive expression of Gli32%% rescues the Sufu-mutant phenotype. (A-C’) Midsagittal sections indicate a rescue of EGL hyperplasia in Gli3R-
rescue cerebella (C), compared with the Sufu mutant (B). However, only a partial rescue is observed in central lobules, as shown by high-magnification images of
lobule VIII (boxed) (C’ versus B’). (D) Fold-change in EGL thickness relative to control illustrated by lobule (control, n=4; Sufu mutant, n=9; Sufu mutant+Gli3R,
n=3). Although the EGL in lobules V-IXa displays a significant rescue, it also remains significantly thicker than control. (E-G) Immunofluorescence at P4
demonstrates a reduction in the Ki67* (red) outer EGL domain in Gli3R-rescue (G) compared with Sufu-mutant (F) cerebella. A corresponding region of the control
cerebellum is shown in (E). Arrowheads mark consistent positions on lobule VIb. Nuclei are labelled using DAPI (blue). Data are meants.e.m. *P<0.05; **P<0.01;
***P<0.001. Student’s t-test. Scale bars: 200 ym in A-C; 100 ym in A’-C’,E-G.

anterior (II-III) and posterior (IXb-X) lobules, which are Intriguingly, posterior lobule IXa showed no rescue, similar to the
comparatively less hyperplastic in the Sufu mutant. In contrast, Gli2-rescue cerebellum.

and consistent with the effect of heterozygous Gli2 deletion, Reduction in the Ki67 expression domain in the outer EGL of
the central lobules (V-VIII) were significantly but incompletely = Gli3R-rescue cerebella further confirmed that rescue of EGL
rescued, such that they remained significantly thicker than control.  hyperplasia was achieved through a reduction in GCP proliferation
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(Fig. 6E-G). Adult Gli3R-rescue cerebella (P25) also lacked persistent
cells in the EGL/ML, suggesting that this defect may be a secondary
consequence of increased GCP proliferation in the Sufu mutant
(Fig. S4E,F).

These results implicate Gli3R in controlling GCP proliferation
downstream of Sufu. Moreover, given the incomplete rescue
obtained by manipulating either Gli2 or Gli3R, the severe
hyperplasia of Sufu-mutant central lobules likely results from
combined dysregulation of both Gli2 and Gli3R. Taken together,
our data demonstrate that Sufu regulates GCP proliferation through
complex, spatially and temporally regulated interactions with Gli2A
and Gli3R.

Sufu-dependent gene targets in the developing cerebellum
Gene targets controlled downstream of Sufu-Gli interactions are
highly context-dependent and have not been clearly defined in the
cerebellum. Furthermore, Sufu is also suggested to regulate other
genetic pathways beyond Shh signalling, such as Wnt (Meng et al.,
2001). To identify genes controlled by Sufu in GCPs, we compared
transcriptome profiles of control and Sufu-mutant cerebella by
RNA-sequencing at P2. This timepoint was chosen to identify the
earliest transcriptional changes following consistent reduction of Sufu
transcripts and a robust phenotypic effect in mutant cerebella.
Although sequencing whole cerebellar tissue would not capture genes
exclusively altered in GCPs, it offers the advantage of capturing both
cell-autonomous and non-cell autonomous effects of Sufu deletion,
and avoiding spatial bias in data from the analysis of only a subset
of cells.

Setting the threshold for statistical significance at P,g;<0.05,
39 upregulated and 11 downregulated candidate genes were
identified in Sufu-mutant cerebella (Table S1). Notably, Sufu was
significantly downregulated (P,4=0.001), confirming the validity of
the results. The list of differentially expressed genes was screened to
select candidates most likely to mediate Sufu function, based on
known or predicted function in cerebellum development, Shh
signalling or cell proliferation. Transcriptional changes in candidate
genes were validated by qRT-PCR on FACS-purified GCPs at P2.
The top differentially expressed gene, Fgf8, and its known
downstream target Etv5, was validated as being upregulated over
3.5-fold (P=0.004, P=0.02) (Fig. 7A).

Fgf8 is regulated by Sufu-Gli3R in many tissues, including the
limb bud and mid-hindbrain (Kim et al., 2011; Li et al., 2015).
Yaguchi et al. (2009) have shown that Fgf8 transcripts are detected
in the EGL of wild-type cerebella at E16.5 and PO, while they are
greatly diminished at P7 (Yaguchi et al., 2009). However, the
postnatal function of Fgf8 in GCPs has not been investigated. RNA
in situ hybridisation was performed to visualise the domain of Fgf8
upregulation in Sufu-mutant cerebella. Remarkably, while control
cerebella did not express appreciable levels of Fgf8, strong and
specific Fgf8 expression was observed in the Sufu-mutant EGL
(Fig. 7B,C). Thus, Sufu is required to suppress Fgf8 in GCPs.

To determine whether upregulated Fgf8 causes EGL hyperplasia,
we asked whether deletion of Fgf8 in Sufu-deficient GCPs would
rescue the Sufu-mutant phenotype. Unfortunately, homozygous
Fgf8/oxPoxP . gy filoxP1oxP mice could not be generated as the two
gene loci are located within 1.75 Mb on chromosome 19 (Simon-
Chazottes et al., 2000). As such, the contribution of Fgf8 to the Sufu-
mutant phenotype could not be interrogated through conventional
genetic methods in vivo. Fgf8 expression was instead manipulated
in vitro to rescue or phenocopy the Sufu-mutant phenotype.

Cell cultures were established from FACS-purified GCPs. Control
GCPs cultured over 3-4 days in vitro (d.i.v.) without exogenous Shh

treatment were observed to disperse evenly, and differentiate to
extend robust neuronal processes staining for B-III tubulin (Tujl)
(Fig. 7E; Fig. SSA). In contrast, Sufu-mutant GCPs displayed larger
cell bodies, extended few neuronal processes, and preferentially
adhered together instead of dispersing over the well (Fig. 7G).
Furthermore, a markedly greater number of untreated or IgG-treated
Sufu-mutant GCPs expressed Ki67 compared with control.

To determine whether upregulated Fgf8 expression underlies
increased proliferation of Sufu-mutant GCPs, we determined
whether Fgf8 inhibition rescues the proliferation defect. GCPs
were treated with Fgf8 neutralising antibody (Fgf8-Ab), which has
been shown to specifically bind and neutralise Fgf8 protein
(Stavridis et al., 2010; Toyoda et al., 2010). Treatment with
1 ug/ml Fgf8-Ab weakly reduced cell aggregation and GFP
fluorescence, but neuronal process extension was negligibly
affected. Treatment with 2 pg/ml Fgf8-Ab exerted a stronger
effect, including dispersal of more GCPs, diminished GFP
expression and extension of longer neuronal processes.
However, this effect was not observed when the neutralising
antibody was pre-mixed with 200 ng/ul recombinant Fgf8 protein.
Treatment with 5 pg/ml antibody caused extensive cell death,
likely due to antibody-induced toxicity or the requirement of Fgf8
for survival.

Fgf8-Ab and IgG-treated (2 ug/ml) control and Sufu-mutant
GCPs were immunostained for Ki67 and Tuj1 expression (Fig. 7E-H).
We quantified the number of Ki67+ cells relative to total (DAPI+) in
five random fields/well under each treatment condition (n>4
biological replicates) (Fig. 71). Although only 13% of IgG-treated
control GCPs expressed Ki67 (Fig. 7E), a remarkable 47% of IgG-
treated Sufu-mutant GCPs were Ki67", representing a ~3.7-fold
increase in the rate of proliferation (Fig. 7G) (P<0.001). Moreover,
treating Sufu-mutant GCPs with Fgf8-Ab significantly reduced the
ratio of Ki67" cells to 33% (Fig. 7H) (P<0.05), but negligibly
affected the proportion of Ki67" control cells (Fig. 7F). These
analyses demonstrated that Fgf8 upregulation drives increased
proliferation of Sufu-mutant GCPs.

We further determined whether Fgf8 is sufficient to stimulate
GCP proliferation. FACS-purified control GCPs were treated with
recombinant Fgf8b in the presence or absence of recombinant Shh
for 3 d.i.v (Fig. S5). The ratio of Ki67+ cells was calculated in five
random fields/well under each condition (n>4 biological replicates;
Fig. S5E). Remarkably, Fgf8 treatment was sufficient to stimulate
GCP proliferation in the absence of Shh ligand (~15% Ki67" cells;
P<0.05) (Fig. S5C), while this effect was masked by treatment with
Shh (Fig. S5D). These findings establish a mitogenic function of
Fgf8 in GCPs and indicate that Fgf8 upregulation contributes to
EGL hyperplasia in the Sufu mutant. Collectively, we show that
Sufu-dependent suppression of Fgf8 is required to restrain GCP
proliferation.

DISCUSSION

The results of this study elucidate an essential function of Sufu in
regulating the rate of postnatal GCP proliferation and timing of cell
cycle exit, thereby controlling the proliferative temporal window of
GCPs. We show that Sufu strongly regulates all three Gli proteins,
maintaining the expression of Glil, Gli3-FL and Gli3-R, and,
unexpectedly, suppressing the levels of Gli2-FL. These interactions
likely allow Sufu to regulate different thresholds of Shh pathway
activity in developing GCPs, such as maintaining a high threshold
in outer EGL GCPs, and ensuring timely suppression for cell
cycle exit. Genetic reduction of Gli2, and overexpression of
a Gli3R mimic, in Sufu-mutant cerebella rescued EGL
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Fig. 7. Sufu suppresses Fgf8 expression to regulate GCP proliferation.
(A) gRT-PCR measurements indicate upregulated Fgf8 and Etv5 expression in
P2 GCPs. (B-D) In situ hybridisation detected robust upregulation of Fgf8 mRNA
expression across the Sufu-mutant EGL (C) when compared with control (B).
Sense probe (D) did not produce specific expression. (E-H) FACS-purified
control (E,F) and Sufu-mutant (G,H) GCPs cultured under treatment with Fgf8-
neutralising antibody (+Fgf8-Ab) or IgG (+IgG) (n=3 biological replicates/
condition). IgG-treated control wells (E) indicated few Ki67* proliferating GCPs
(red) but numerous differentiating GCPs extending Tuj1* neurites (green), while
IgG-treated Sufu-mutant wells displayed numerous Ki67*, but not Tuj1*, cells
(G). Antibody treatment reduced the number of Ki67* cells in Sufu-mutant (H)
but not in control (F) wells. (I) Quantitation confirmed a greater proportion of
Ki67* Sufu-mutant GCPs, which is significantly reduced by Fgf8 inhibition. Data
are meants.e.m. One-way ANOVA test, post-hoc Tukey’s test. ****P<0.0001;
**P<0.01; *P<0.05; n.s., not significant. (J) Working model. We show that Sufu
suppresses GC proliferation in the EGL via suppression of Gli2 and promotion of
Gli3R expression, together allowing Sufu to modulate intracellular Shh
signalling. However, the relative contribution of Sufu function with respect to Gli2
versus Gli3R differs in a spatial manner. Specifically, the anterior lobules appear
more sensitive to changes in Gli protein levels downstream of Sufu when
compared with central lobules. Sufu also suppresses Fgf8 expression in GCPs
to restrict the rate of GCP proliferation. Fgf8 action on GCP proliferation may be
dependent or independent of Gli protein regulation by Sufu. Asterisks indicate
lobe boundaries.

hyperplasia, with a striking spatial effect: the central cerebellar
lobules are most deleteriously impacted by Sufu deficiency but
appear less sensitive to downstream Gli protein manipulations,
in contrast to anterior lobules, which are rescued completely.
Moreover, Glil mRNA expression is more strongly reduced in
the Sufu-mutant central lobules. These findings suggest a
stronger contribution of Sufu-Gli dysregulation to the anterior
lobules of the Sufu-mutant cerebellum, and point to additional
mediators in the central region. One of these mediators is Fgf8,
which is aberrantly upregulated in Sufu-mutant GCPs and drives
their hyperproliferation. These findings are schematically
illustrated in Fig. 7J.

Sufu regulates postnatal GCP proliferation and cell cycle exit
Our findings implicate Sufu in suppressing GCP proliferation and
promoting cell cycle exit. GCPs proliferate through multiple
symmetric cell divisions before terminally exiting the cell cycle in
a clonal manner. Activation of Shh signalling is known to enhance
symmetric cell divisions, thereby delaying GC differentiation (Yang
et al., 2015). We demonstrated that a greater proportion of Sufu-
mutant GCPs exhibits proliferation (BrdU+, Ki67+), while fewer
mutant GCPs terminally exit the cell cycle in a 24 h period. This
indicates that Sufu-deficient GCPs remain proliferative for a longer
time period, potentially undergoing a greater number of symmetric
cell divisions to generate proliferative progenitors. We have shown
that these changes result from the upregulation of Gli2 expression in
the Sufu-mutant EGL, with additional contributions from depleted
levels of Gli3-R and upregulated Fgf8. RNA-seq analysis identified
perturbed expression of additional cell cycle regulators, such as
Plagll and Bmp5, the contribution of which to EGL hyperplasia
remains to be determined.

Interestingly, although Sufu is required to control GCP cycling while
the cells are actively proliferating, it appears to be dispensable for the
terminal withdrawal of GCPs from the cell cycle. This finding supports
previous speculations that terminal arrest of GCP proliferation may be
a Shh-independent process. Nevertheless, despite the fact that Sufu
mutations alone are not sufficient to cause cerebellar tumourigenesis,
the severe EGL hyperplasia and GCP hyperproliferation at early
stages renders the cerebellum highly vulnerable to additional
oncogenic insults that may develop into tumours.

Together, these analyses are important to appreciate the complexity
of Sufu function in diseases such as medulloblastoma. Mutations in
SUFU are understood to predispose to medulloblastoma but are
insufficient to cause tumourigenesis on their own (Taylor et al.,
2002). Previous studies have demonstrated through in vifro assays
that these mutations predominantly unleash Gli-A activity. However,
our analyses demonstrate that the precise effect of Sufu inactivation is
crucially dependent on the spatiotemporal context and molecular
profile of the host cell. Moreover, multiple key regulators besides
Gli-A mediate Sufu function in GCP cell cycle control and must be
further investigated for their role in Sufu-dependent tumourigenesis.
Given that many of these regulators are not controlled by Shh
signalling, it is important to examine how Sufu mutations dysregulate
intracellular signalling crosstalk, especially in tumourigenic states.
Together, our findings call for a more sensitive analysis of the effect
of Sufu mutations in cerebellar disease, accounting for the molecular
heterogeneity and spatiotemporal specificity of Sufu function. This is
particularly important considering that medulloblastoma patients
with germline SUFU mutations show worse survival than the
typically better prognosis of SHH-subtype medulloblastoma
(Guerrini-Rousseau et al., 2018).

Dual function of Sufu in Shh-Gli regulation in GCs

Our data indicate that Sufu promotes the expression of Glil, Gli3
and Gli3R in cerebella, while it suppresses Gli2 expression (Di
Marcotullio et al., 2006; Humke et al., 2010; Wang et al., 2010).
This stands in contrast to its previously reported role in stabilising
Gli2 (Wang et al., 2010). The elevation of Gli2 and reduction of
Gli3R in Sufu-deficient cerebella would be expected to elevate Shh
pathway activity in Sufu-deficient cells. In contrast, we observed
attenuated expression of Ptchl and Glil in GCPs by qRT-PCR,
while other known Shh targets remained unchanged.

Such a dual role of Sufu is not surprising based on recent
observations by other studies. Typically, Sufu deletion leaves Gli
proteins vulnerable to proteasomal degradation, while also
abrogating their cytoplasmic sequestration, thus transiently
unleashing their activator activity (Chen et al., 2009; Jia et al.,
2009). As such, inactivation of Sufu renders Gli proteins into labile
activators. This causes Gli proteins to be constitutively active,
compromising the ability to regulate distinct (high or low) thresholds
of Shh activity, which is a fundamental requirement for the
development of many tissues. Sufu deletion from the neural tube,
for example, causes non-specific pathway activation, such that the
specification of cell fates at different thresholds of Shh activity is
compromised. Notably, while Sufu deletion activates the pathway
overall, it also dampens signalling at higher thresholds such that cell
fates dependent on highest levels of pathway activation are not
obtained (Liu et al., 2012; Zhang et al., 2017).

These results suggest a mechanism for the dysregulation of Shh
signalling in the Sufu-mutant EGL — absence of Sufu likely
compromises the ability to both (1) sustain Gli activation to maintain
a high activity threshold in the outer EGL and (2) inhibit the pathway to
maintain lower activity thresholds in the inner EGL. Such dynamic
regulation by Sufu, especially in the context of further heterogeneity
between anterior and central lobules, would fail to be captured by gRT-
PCR analyses on bulk FACS-GCPs. RNA in situ hybridisation is also
not a sensitive enough approach, and Glil expression is not the ideal
readout for assessing Shh pathway activity in Sufu mutants given the
independent regulation of Glil protein levels by Sufu. A more detailed
and sensitive analysis of Shh signalling, which accounts for
heterogenous spatial and temporal effects in GCPs, is required to
fully grasp the complexity of Sufu function in this population.
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Relatedly, a recently published study demonstrated that Sufu can
both suppress and promote medulloblastoma tumourigenesis (Yin
et al., 2019). While Sufu may impede tumourigenesis through the
suppression of Gli2, it also contributes to tumourigenesis given that
deletion of Sufu from Shh-medulloblastoma mouse models
significantly prolongs survival. Most importantly, hGfap-Cre-
mediated deletion of Sufu from cerebellar progenitors by Yin
et al. revealed upregulation of Gli2 protein, but downregulation of
Glil mRNA, consistent with our model.

Further analyses using sensitive and dynamic pathway reporters are
required for mechanistic insight into Sufu-Gli regulation in GCPs.
Our analyses focused on the function of Gli2A and Gli3R, owing to
their role as principal activator and repressor of the Shh pathway,
respectively. Although Glil and Gli3 are not independently required
for wild-type cerebellar development, they are expressed by the EGL,
and our results indicate their regulation at the mRNA and protein
levels by Sufu (Blaess et al., 2008; Corrales et al., 2004). As such, itis
important to determine their function in the context of dysregulated
Shh signalling in the Sufu-mutant cerebellum.

Sufu regionally regulates Gli proteins in the cerebellum

Our analysis reveals striking spatial differences in Sufu function.
Sufu deficiency most deleteriously impacts the EGL in the central
cerebellar lobules, which display the strongest degree of
hyperplasia. In contrast, manipulation of Gli2 and Gli3R levels in
the Sufu-mutant background exerted a comparatively stronger effect
in the anterior lobules, and insufficiently affected the central
lobules. Moreover, RNA in situ hybridisation analysis indicated a
greater reduction of Glil mRNA in the central lobules of the Sufu-
mutant cerebellum. Taken together, these findings point to a
stronger contribution of Sufu-Gli activity to the anterior cerebellar
lobules. Moreover, they point to additional interacting factors that
cause the more hyperplastic Sufu-mutant phenotype in the central
lobules.

A previous study by Schiiller et al. (2008) has demonstrated
limited recombination efficiency of Mathl1-Cre in posterior
cerebellar lobules IX-X. It is thus possible that comparatively
weaker EGL hyperplasia observed in the posterior lobules results
from limited Cre recombination in this region. However, in situ
hybridisation data for Sufu mRNA clearly demonstrates the absence
of Sufu expression in the EGL of posterior lobules. Additionally, we
observe robust EGL hyperplasia in posterior lobule IXa, combined
with significantly elevated GCP proliferation (lobule X) and
delayed cell cycle exit (lobules 1Xa and X). These findings
together argue for sufficient Cre recombination in the posterior
region in our mutant mice.

Intriguingly, results from multiple studies reflect relatively weaker
expression of Shh pathway components in the central lobules of wild-
type cerebella. The transcription of Shh, as well as pathway targets
Ptchl and Glil, is more robust in the anterior and posterior lobules,
when compared with the central lobules at late embryonic and early
postnatal stages (Corrales et al., 2004; Lewis et al., 2004). Moreover,
conditional Shh ablation exerted a comparatively weaker effect on
GCP proliferation in the central region. Genetic overexpression of
Shh maintained attenuated signalling activity in the central lobules,
indicating that this is regulated intracellularly in GCPs independent of
ligand availability. Strikingly, Math1-Cre mediated deletion of Gli2
from GCPs caused a stronger reduction in the size and EGL of the
anterior cerebellum (vermis) across postnatal stages PO-P12
(Wojcinski et al., 2019). The central lobules were less profoundly
affected, indicating reduced dependence on Gli2 expression. It was
also recently shown that GCPs in the lateral cerebellum are more

susceptible to elevated Shh signalling and Shh-associated
medulloblastoma tumourigenesis (Tan et al., 2018). Thus, Shh
signalling activity is regulated distinctly in different spatial
compartments of the cerebellum.

Sufu suppresses Fgf8 expression to control GCP proliferation
Through RNA-seq analysis, we identified novel candidates controlled
by Sufu, and/or Shh signalling in GCPs. Multiple candidates from our
list e.g. Bmp3, Plagll or Isl1, have previously been shown to interact
with Shh signalling and are implicated in medulloblastoma. Future
investigation on the role and regulation of these proteins would be
instrumental in revealing the network of signalling interactions
governing GCP development downstream of Shh.

Fgf8 was identified as the top differentially regulated gene.
Despite the fundamental requirement of Fgf8 for mid-hindbrain
patterning, its continued expression in the EGL and its crosstalk
with Shh signalling, which is known to be mediated by Sufu in
multiple developing tissues, Fgf8 function in postnatal GCPs has
not been tested (Blaess et al., 2008; Chi et al., 2003; Kim et al.,
2011; Li et al., 2015; Yaguchi et al., 2009). Our findings
demonstrate that Sufu is required to suppress Fgf8 expression in
postnatal GCPs, which likely acts in an autocrine or paracrine
manner to drive EtvS expression. Antibody-mediated inhibition of
Fgf8 rescued proliferation of Sufu-mutant GCPs, while exogenous
treatment with recombinant Fgf8 stimulated proliferation in wild-
type GCPs. These analyses demonstrated that upregulated
expression of Fgf8 is both necessary and sufficient to drive Sufu-
mutant GCP proliferation and may underlie the EGL hyperplasia
phenotype. Given that Fgf8 transcription is nearly undetectable in
P7 wild-type cerebella (Yaguchi et al., 2009), it is likely that Fgf8 is
ectopically upregulated in the Sufu-deficient EGL, indicating that
suppression of Fgf8 expression is a key function of Sufu in
controlling GCP proliferation. It would be intriguing to determine
whether upregulated Fgf8 expression more strongly affects the
central and posterior lobules, contributing to the more severe EGL
hyperplasia observed in this region in Sufu mutants.

While exogenous Fgf8 treatment weakly induced proliferation of
wild-type GCPs, the upregulation of Fgf8 in Sufu-mutant cerebella in
vivo may exert a stronger effect as it is acting on cells with additional
perturbations in Shh signalling and other cell cycle regulators.
Nevertheless, the ability of Fgf8 to induce postnatal GCP
proliferation in the absence of Shh ligand has not been previously
shown. It would be intriguing to investigate whether Sufu regulates
Shh-Gli and Fgf8 expression via interdependent mechanisms, and
whether Fgf-dependent signalling also impinges on cell cycle
regulators conventionally regulated by the Shh pathway.
Furthermore, it would informative to interrogate potential functions
of Fgf8 in Shh-associated cerebellar tumours.

MATERIALS AND METHODS

Mouse breeding

Animals were housed at the Toronto Centre for Phenogenomics. Su
(Chen et al., 2009) mice were crossed with transgenic Math1-Cre mice (Matei
et al., 2005) carrying a germline Sufu-null allele (Math1-Cre; Sufu™") to
generate ‘Sufu-mutant’ mice (Mathl-Cre; Sufu'®*”~). ROSA26%*Z (Cre-
dependent LacZ) and Math1™¢® (Math1-eGFP fusion protein) alleles were
used as reporters (Rose et al., 2009; Soriano, 1999). The truncated Gli34%%°
allele and Gli2'*" allele was crossed with Sufu-mutants to manipulate Gli
levels (Bése et al., 2002; Corrales et al., 2006). Sufu'®P Mathl-Cre and
Gli2'**P mice were generous gifts from Drs C.-C. Hui (University of Toronto,
Canada), D. Rowitch (UCSF, California, USA) and T.-H. Kim (University of
Toronto, Canada), respectively. All lines were maintained on a mixed strain
background.

fuloxP/ loxP
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p-Galactosidase staining

Math1-Cre; ROSA26%*%* embryos were harvested at E11.5 for
B-galactosidase staining, performed as described by Cain et al. (2009).
Embryos were fixed in B-galactosidase fix solution 90.2% glutaraldehyde,
1.4% formaldehyde for 15 min, before washing twice for 10 min with
B-galactosidase. Embryos were then incubated X-gal stain at 37°C overnight
and post-fixed in 10% formalin for paraffin wax embedding and sectioning.

Histology and immunohistochemistry

The noon day of a vaginal plug was designated EQ.5 after fertilisation, and
the day of birth as PO. Embryos harvested from pregnant dams, or brains
from postnatal mice, were fixed in 4% paraformaldehyde (PFA), paraffin-
embedded and serially sectioned (4 pm parasagittally) to prepare slides.
Mid-sagittal sections were used for H&E staining. Immunofluorescence was
performed via heat-induced antigen retrieval in 10 mM sodium citrate buffer
(pH 6.0). Primary antibodies — anti-BrdU (1:350, Roche, 11170376001),
anti-Ki67 (1:400, Abcam, ab15580), anti-Pax6 (1:300, Covance, PRB-278P),
anti-Phospho-Nmyc (S54) (1:100, Bethyl Laboratories, A300-206A),
anti-Tujl (1:500, Covance, MMS-435P) — were applied. Species-specific
Alexa Fluor 488 and 568 secondary antibodies allowed fluorescence
detection, with DAPI as nuclear counterstain. Immunohistochemistry was
also performed using heat-induced antigen retrieval, as described previously.
After removing endogenous peroxidase activity, slides were stained using
primary antibodies — anti-GFP (1:300, Rockland, 600-401-215) or anti-Gli2
(1:100, ThermoFisher, PA1-28838) — overnight at 4°C, followed by
biotinylated secondary antibodies (ABC Kit, Vector Laboratories).

RNA in situ hybridisation

In situ hybridisation was performed on PFA-fixed, paraffin wax-embedded
tissue sections as described by Kim et al. (2018). Digoxigenin-labelled
RNA probes were synthesised and detected on sections using anti-DIG
alkaline phosphatase antibody (1:1000, Roche).

EGL thickness measurements

Length and area measurements were performed using Imagel] on Hematoxylin
and Eosin- or immunofluorescence-stained images, as specified. The length
measurement tool was used to measure distance across the EGL (pia to ML),
along the radial axis of GCs. Five defined positions were measured along
the crest of each lobule, per section, the average of which was taken as the
representative value per lobule. Sufu-mutant measurements were normalised
against the average value per control lobule, to obtain the fold-change in
EGL thickness. Unpaired two-tailed Student’s r-test was used to analyse
statistical significance, using P<0.05 as a cut-off value.

BrdU assay

BrdU solution (10 mg/ml) was administered to littermates intraperitoneally
at 10 ul/g body weight. Mice were sacrificed at 1 h (proliferation analysis) or
24 h (cell cycle exit analysis) post-injection. Whole brains were fixed and
immunostained, as described above. For proliferation analysis, three 20 pm
lengths were defined along the pial surface in representative anterior, central
and posterior lobules. The number of BrdU'Ki67" and total Ki67" cells
spanning the EGL in each 20 pm region was counted to obtain the ratio of
cycling cells. The three regions were averaged to obtain the representative
value per lobule, which was normalised against controls (n=4). To analyse
cell cycle exit, the relative thickness of the EGL occupied by post-mitotic
cells was measured on ImageJ. Measurements were taken as the average of
five defined positions per lobule (#=3). Unpaired two-tailed Student’s #-test
was used to analyse statistical significance using P<0.05 as a cut-off value.

FACS

Math1-GFP expressing control and Sufu-mutant cerebella were dissected
and minced in ice-cold sterile HBSS, followed by trypsinisation and
trituration to generate a single cell suspension (Krdmer and Minichiello,
2010). Cells were re-suspended in complete DMEM containing HEPES,
sodium pyruvate and 1% foetal bovine serum for FACS. Propidium iodide
was added to mark dead cells. Each cerebellar sample was sorted
individually to collect live cells (for cell culture) or lysates (for gRT-PCR
analysis).

RNA extraction and qRT-PCR

FACS-purified cells were collected directly in Qiagen cell lysis buffer
containing 1% B-mercaptoethanol. RNA was extracted using Qiagen RNeasy
MinElute spin columns, according to manufacturer-supplied protocols. Whole
cerebellar tissue was lysed in Qiagen Buffer RLT using an electronic mortar
pestle. RNA was extracted using the Qiagen RNeasy Mini Kit. cDNA libraries
were synthesised using Superscript Il reverse transcriptase and OligodT
primers (ThermoFisher). Relative gene expression was measured by qRT-PCR
using the SYBR Green PCR Master Mix (ThermoFisher) and gene-specific
primers against exon-exon junctions.

Western blotting

Cerebella were lysed in RIPA buffer (+protease and phosphatase inhibitors)
using an electronic mortar pestle. 50 pug lysate/sample was run on 8%
SDS-PAGE gel under denaturing conditions and transferred to a
nitrocellulose membrane. The following primary antibodies were applied
overnight at 4°C: anti-Glil (V812) (1:1000, Cell Signalling Tech, 2534),
anti-Gli2 (0.3 pg/ml, R&D Systems, AF3635), anti-Gli3 (1 pg/ml, R&D
Systems, AF3690), anti-Sufu (1:1000, Abcam, ab28083) and anti-Gapdh
(1:1000, Cell Signalling Tech, 14C10). Species-specific horseradish
peroxidase-conjugated secondary antibodies (ThermoFisher) detected
proteins via colourimetric reaction. Band intensities were normalised
against the housekeeping gene Gapdh. Unpaired two-tailed Student’s -test
was used to analyse statistical significance (cutoff P<0.05).

RNA-seq

Total RNA was extracted from P2 control and Sufu-mutant cerebella using
TRIzol reagent (ThermoFisher). RNA passed quality control analysis on the
Agilent Bioanalyser (RIN>8). RNA-seq was performed at the Toronto
Centre for Applied Genomics on an Illumina HiSeq2500, at a depth of 150
million reads. Data analysis and statistical calculations were performed
on Bioconductor and DESeq2 packages (reference mouse genome mmo9).
P-values were adjusted (P,q;j) for multiple testing correction. RNA-seq data
have been deposited in the Gene Expression Omnibus (GEO) repository
under the accession number GSE143671.

Cell culture and immunocytochemistry

FACS-purified GCPs were cultured by adapting published protocols
(Kramer and Minichiello, 2010; Lee et al., 2009). Cells were collected in
batches of 500,000 and re-suspended in 500 pl Neurobasal-A (+1%
L-glutamine, 1% penicillin/streptomycin, 0.025 mM KCl and 2% serum-
free supplement B27). Each batch was plated in a single well pre-coated
with 450 pg/ml poly-D-lysine. All treatments were added following
overnight recovery and performed in triplicate. Math1-GFP expression
in plated cells was verified by epifluorescence microscopy. Protein
treatments were applied at the following concentrations: recombinant
Fgf8b (200 ng/ul; Invitrogen), Shh-N (3 pg/ml; R&D Systems) or
Fgf8b+Shh-N combined. For antibody treatments, control and Sufu-
mutant GCPs were treated with either 2 pg/ml anti-Fgf8 neutralising
antibody (R&D Systems, MAB323), isogenic IgG (R&D Systems) or PBS
(vehicle). For immunocytochemistry staining, cells were fixed in PFA and
permeabilised in 0.1% Triton X. Primary antibodies anti-Ki67 (1:500,
Abcam, ab15580) and anti-Tujl (1:500, Covance, MMS-435P) were
applied followed by secondary antibodies Alexa Fluor 488 or 568, and
DAPI counterstain.

The same number of GFP-labelled GCPs were extracted by FACS to
plate per well prior to antibody treatment. Following treatment, we counted
a roughly consistent number of total cells (2600-3000) from four or five
randomly selected fields per treatment condition. Each treatment was
performed on a minimum of four biological replicates. The number of
proliferating Ki67" cells was counted as a ratio of total live cells per field,
to account for potential differences in rates of cell death. Statistical
significance was calculated by Student’s unpaired two-tailed #-test or one-
way ANOVA followed by post-hoc Tukey’s tests, as indicated using
P<0.05 as a cut-off value. To account for antibody-mediated toxicity,
antibody-treated wild-type and Sufu-mutant cells were compared to
corresponding wells (containing cells from the same biological sample)
treated with isogenic IgG.
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