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The development of the cerebellum depends on intricate processes
of neurogenesis, migration, and differentiation of neural stem cells
(NSCs) and progenitor cells. Defective cerebellar development often
results in motor dysfunctions and psychiatric disorders. Understand-
ing the molecular mechanisms that underlie the complex develop-
ment of the cerebellum will facilitate the development of novel
treatment options. Here, we report that the receptor for activated C
kinase (Rack1), a multifaceted signaling adaptor protein, regulates
mammalian cerebellar development in a cell type-specific manner.
Selective deletion of Rack1 in mouse NSCs or granule neuron
progenitors (GNPs), but not Bergmann glial cells (BGs), causes
severe defects in cerebellar morphogenesis, including impaired folia
and fissure formation. NSCs and GNPs lacking Rack1 exhibit en-
hanced Wnt/p-catenin signaling but reduced Sonic hedgehog (Shh)
signaling. Simultaneous deletion of g-catenin in NSCs, but not GNPs,
significantly rescues the Rack? mutant phenotype. Interestingly,
Rack1 controls the activation of Shh signaling by regulating the
ubiquitylation and stability of histone deacetylase 1 (HDAC1)/
HDAC2. Suppression of HDAC1/HDAC2 activity in the developing cer-
ebellum phenocopies the Rack? mutant. Together, these results re-
veal a previously unknown role of Rack1 in controlling mammalian
cerebellar development by opposite regulation of Wnt/p-catenin and
Shh signaling pathways.
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erebellum morphogenesis is critically important in normal

brain development. The developmental deficits of the cere-
bellum can result in motor and higher cognitive dysfunctions,
including impaired balance control, language processing, sen-
sory/motor learning, and spatial memory (1-3). Cerebellar pat-
terning critically depends on neurogenesis, an intricate process
that involves the proliferation, migration, and differentiation of
neural stem cells (NSCs) and progenitor cells (4, 5). The ap-
pearance of granule neuron progenitors (GNPs) over the surface
of the cerebellum was identified as a key feature of cerebellar
development (6). The coordinated interaction between NSCs,
GNPs, Purkinje cells (PCs), and Bergmann glia cells (BGs) re-
fines the developing cerebellum into the typical pattern of
10 folia and a three-layered cerebellar cortex, which includes the
external molecular layer (ML), the middle Purkinje cell layer
(PCL), and the innermost internal granular layer (IGL) (4, 7, 8).
The cellular organization and signaling assembly of the cere-
bellar cortex constitute an ideal model for studying neuronal
properties and cortical circuitry formation.

The proliferation, migration, and differentiation of GNPs is
temporally and spatially regulated during cerebellum develop-
ment. PCs control the proliferation of GNPs by releasing dif-
fusible factors, such as insulin-like and epidermal growth factors
(8-11) and Sonic hedgehog (Shh), a predominant player in
cerebellar patterning (12-15). Constitutive activation of Shh
signaling in GNPs may contribute to the formation of medullo-
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blastoma, the most common type of pediatric malignant primary
brain tumor (16, 17). In addition, GNP differentiation and cer-
ebellar vermis formation are regulated by Wnt/p-catenin signal-
ing in the rhombic lip (RL), in the ventricular zone, and in early
migrating GNPs (18-20). Several other molecules, such as FGF8
(21, 22), contactin (23), Reelin (24), Gbx2 (25), Zic1/2 (26), Enl/
2 (27), and neurofibromin 1 (28), have also been implicated in
cerebellar development. However, the particular intracellular
signaling pathways that coordinate and integrate those mor-
phogenic signals are not well understood. Furthermore, genetic
pathways that determine the formation and patterning of cere-
bellar fissures remain unresolved.

The receptor for activated C kinase 1 (Rackl) is a multifaceted
scaffolding protein with seven conserved WD40-repeat (WDR)
domains, which was originally identified as an anchoring protein
for the conventional protein kinase C (PKC) (29, 30). Mice
lacking Rackl are embryonic lethal at the gastrulation stage,
suggesting it is crucial for mammalian development (31). In the
central nervous system (CNS), Rackl1 is involved in the regulation
of neurite outgrowth and dendritic transport, long-term potenti-
ation initiation, intracellular Ca>* release, synaptic transmission,
and neurodegenerative processes, suggesting a critical role of Rack1
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for normal brain functions (32). Rackl is abundantly coexpressed
with PKC-BII, an isozyme of PKC, in select brain regions, including
the cerebellum (33). Nevertheless, the exact function of Rack1 in
the cerebellum remains elusive. Intriguingly, previous studies in
gastric cancer cells show that Rackl represses Wnt/p-catenin
transcriptional activity and promotes p-catenin degradation by
stabilizing the p-catenin destruction complex (34). In contrast,
Rackl activates Shh signaling by activating the Smoothened receptor
in non-small cell lung cancer cells (35). Thus, we hypothesized that
Rackl might be critical for cerebellar development by simulta-
neously targeting both Wnt/B-catenin and Shh signaling pathways.
In this study, we demonstrated that Wnt/p-catenin and Shh sig-
naling pathways were oppositely regulated by Rackl during distinct
stages of cerebellar development in a cell type-specific manner.
Ablation of Rackl expression in either NSCs or GNPs disrupts
cerebellar morphogenesis. Simultaneous removal of Rackl and
pB-catenin in NSCs significantly rescues cerebellar developmental
deficits, consistent with the notion that Rackl inhibits Wnt/
f-catenin signaling. Moreover, we found Rackl-mediated stabi-
lization of histone deacetylase 1 (HDAC1)/HDAC?2 is essential for
the activation of Shh signaling. Suppression of HDAC1/HDAC2
activity in the neonatal cerebellum severely disrupts cerebellar folia
formation and GNP proliferation, phenocopying NSC- or GNP-
specific Rackl knockouts (KOs). Taken together, our findings re-
veal a crucial role of Rackl-mediated opposite regulation of Wnt/
p-catenin and Shh signaling pathways during cerebellar development.

Results

Ablation of Rackl in Multipotent NSCs Disrupts Cerebellar
Development. Consistent with high cerebellar proliferation in
early postnatal development (5, 12), we found relatively high
Rackl expression levels in the external granular layer (EGL) at
the early postnatal stage, which gradually decreased thereafter
(details are provided in SI Appendix, Fig. S1). Because consti-
tutive Rackl-null mice are embryonic lethal, the function of
Rackl in neural development has remained elusive (31). To
circumvent this caveat, we generated conditional KO mice with
cell-specific Rackl deletion in NSCs to investigate the function
of Rackl in multipotent NSCs during early cerebellar develop-
ment. To this end, we used a well-characterized human GFAP-
Cre transgenic mouse line (hGFAP-Cre), which is specifically
expressed in radial glial cells from embryonic day 12.5 (E12.5) on-
ward, to generate NSC-specific Rackl conditional mutant mice
(hGFAP-Cre;Rack1™™) (details are provided in ST Appendix, Fig. S2
A-C). We assessed the patterns of NSC-derived GNPs and BGs at
embryonic stages, and observed significantly reduced EGL width
with a decreased number of Pax6* GNPs and disorganized radial
glial cells in mutants from E16.5 to E18.5 (SI Appendix, Fig. S3 A-
C), These results suggest that Rackl depletion affects GNP pro-
liferation and migration during embryonic stages in the cerebellum.

Next, we asked whether Rack! depletion results in a distinctive
phen ;ype at postnatal stages. Remarkably, compared with
Rack1™™ controls, AtGFAP-Cre;Rack1™"" mutants displayed typical
ataxic movement disorders with reduced brain size, reduced body
weight, and severely diminished cerebellar volume (81 Appendix,
Fig. S2 D-F). Almost all A”GFAP-Cre;Rackl"™" mutant mice died
within 3 wk after birth (n = 17 of mutants and n = 29 of controls;
SI Appendix, Fig. S2G). The area of the developing cerebellum in
control and mutant mice appears indistinguishable at postnatal
day 0 (P0) (0.88 + 0.05 mm~ in control mice and 0.91 + 0.09 mm?
in mutant mice; P > 0.05, n = 4; Fig. 14). However, from P3,
hGFAP-Cre; RackIF F mutant mice displayed significantly smaller
and disorganized cerebellar histoarchitecture, which was hypo-
plastic and with a dramatically decreased sagittal area of the
cerebellar vermis compared with controls (Fig. 1B). In the medial
vermis of control mice, distinct lobules formed along the ante-
roposterior axis to generate the typical postnatal foliation pattern,
which was completely abolished in the mutant cerebellum (Fig. 14
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Fig. 1. hGFAP-Cre;Rack1™f mutant mice display impaired cerebellar mor-
phogenesis. (A) Nissl staining of sagittal histological sections of the vermis
shows considerable cerebellar foliation defects in hGFAP-Cre;Rack1™ mu-
tant mice at the indicated postnatal developmental stages. a, anterior; d,
dorsal; p, posterior; v, ventral. (Scale bar: 1 mm.) (B) Area of sagittal sections
of the cerebellar vermis in Rack1f control and hGFAP-Cre;Rack1™f mutant
mice (mean + SEM; P = 0.67, **P = 0.0035, **P = 0.0022, and **P = 0.0011,
respectively; n = 4). n.s., not significant. (C) Number of observed lobules in
control and mutant mice at the indicated postnatal developmental stages
(mean + SEM; **P < 0.0001, n = 5). (D) Immunofluorescent staining with
anticalbindin, anti-NeuN, anti-BLBP, and anti-Pax6 antibodies reveals dys-
morphic PCs, granule neurons, BGs, and GNPs, respectively, in hGFAP-Cre;
Rack1™F mutant cerebellum at P7. (Scale bar: 500 pm.) (E) EGL thickness in
control and mutant mice (mean + SEM; **P = 0.0086, n = 4). (F) Number of
NeuN* granule neurons in the ML per unit area (mean + SEM; **P < 0.0001,
n = 4). (G) Immunofluorescent staining of cerebellar sections with anti-
calbindin and anti-BLBP antibodies. Arrowheads indicate PCs and BGs in
control and mutant cerebella, respectively. (Scale bar: 100 um.) (H) Number
of calbindin™ ectopic PCs outside the PCL in control and mutant cerebella
(mean + SEM; **P < 0.0001, n = 4). (/) Number of BLBP* ectopic BGs outside
the PCL in control and mutant cerebella (mean + SEM; **P < 0.0001, n = 4).

and SI Appendix, Fig. S2E). The mutant mice produced very few
and incomplete lobules throughout the rostral, central, and caudal
parts of the medial vermis, compared with control littermates at
indicated postnatal stages (Fig. 1 A and C). These results indicate
that Rack1 is required for postnatal cerebellar compartmentation.

The above morphological defects were further confirmed by
immunofluorescent staining of cerebellar sections at P7 and
P14 with antibodies to calbindin, NeuN, brain lipid-binding
protein (BLBP), and Pax6, which are markers for PCs, post-
mitotic granule neurons, BGs, and GNPs, respectively (28, 36)
(Fig. 1 D-F). At P7, in the RackI™ control cerebellum, BGs
were localized in the PC layer near the pial surface (37), NeuN+
granule cells were present in the separated fissures and restricted
to granule neurons within the IGL (38), and Pax6™ GNPs were
highly abundant in the apical surface of EGL (Fig. 1D). Pax6
immunostaining demonstrated that the EGL width in A”GFAP-
Cre;Rack1™ mutants was significantly smaller than that of the
controls (40.4 + 2.7% of controls; P = 0.0086, n = 4; Fig. 1E), in-
dicating impaired proliferation or survival of GNPs in mutants. In
addition, although calbindin® PCs and BLBP* BGs were de-
tectable in AGFAP-Cre;Rack]™™ mutants, the cells displayed aber-
rant localization and morphology (Fig. 1D). Furthermore, the total
number of NeuN™ granule cells was significantly decreased in
mutant mice, but a larger number were restricted in the disordered
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ML compared with controls (4,055 + 417 cells per square millimeter
in mutants vs. 628 + 153 cells per square millimeter in controls; P <
0.0001, n = 4; Fig. 1F), suggesting potential differentiation and
migration defects (38). At P14, the mutant mice showed severe
dyslamination of the PCL and a disrupted ML throughout the
cerebellar cortex (Fig. 1G). Immunolabeling with calbindin found
disorganized and abnormal dendritic arborization of PCs, whereas
BLBP staining revealed severely disorganized glial scaffolds of BGs
in h\GFAP-Cre;Rack1™ mutants (Figs. 1G, arrowheads and 24 and
SI Appendix, Fig. S94). In addition, the mutant mice showed in-
creased numbers of ectopic PCs and BGs in the disordered ML,
which further illustrates disorganization in the developing cere-
bellar cortex (Fig. 1 H and I). Together, these results suggest that
cerebellar cortical lamination and foliation require Rackl.

Altered Production and Migration of GNPs in hGFAP-Cre;Rack1™*
Mutants. Having characterlzed the morphological and cellular
deficits in hGFAP-Cre;Rackl™ mice, we next asked whether
impaired GNP production and migration from the EGL under-
lies the observed decrease in Pax6* GNPs and NeuN™ granule
cell number. We first analyzed the expression of Pax6™ neurons
at different postnatal stages (Fig. 34). We found that the widths
of the Pax6™ EGL in hAGFAP-Cre;Rack1™" mutants were 26.67 +
3.48%, 62.47 + 3.45%, and 42.67 + 1.20% of those in controls at
PO, P3, and P7, respectively (P < 0.01, n = 5; Fig. 3B). Consis-
tently, at P4, the transcripts of early cerebellar granule cell dif-
ferentiation markers, including 7AGI, ZIC1, and Reelin, were
significantly decreased in the mutants (24, 39, 40) (Fig. 3C).

To assess the effects of Rackl loss on postnatal GNP pro-
liferation in A”GFAP-Cre;Rack1™" mutants, we labeled dividing
neurons with 5-bromo-2’-deoxyuridine (BrdU) at P7, a peak
stage for postnatal GNP proliferation (41). Compared with
controls, the EGL of mutant mice contained significantly
fewer Pax6* and BrdU™* cells (Fig. 3 D and E), whereas the
ratio of BrdU™ cells to Pax6™ cells in mutants was 60.6 + 2.5%
of that in controls (Fig. 3F). Double immunolabeling of BrdU
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Rack1 conditional KO mice, display abnormal BG morphology. (A) BGs
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P14 hGFAP-Cre;Rack1”" and Atoh1-Cre;Rack1™" mutants, but not in GLAST-
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are shown at higher magnification to illustrate the detailed morphology of
BGs (Zoom column). (Scale bars: 100 pm and 50 pm.) (B and C) Representative
Western blot and quantification show significantly reduced BLBP protein
expression in hGFAP-Cre;Rack1™" mutant mice (mean + SEM; **P = 0.0003,
n = 5). IB, immunoblot; MW, molecular weight. (D and E) Representative
Western blot and quantification show unperturbed BLBP protein expression
in Atoh1-Cre;Rack1™ mutant compared with control mice at P14 (mean +
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Fig. 3. hGFAP-Cre;Rack1™f mutant mice are deficient in GNP proliferation
and migration. (A) Pax6 antibody was used to label GNPs in sagittal sections
of the vermis at the indicated postnatal developmental stages. (Scale bars:
500 um and 50 pm.) (B) EGL thickness in control and mutant mice (mean +
SEM; **P = 0.0076, **P = 0.0093, and **P = 0.0084, respectively; n = 3). n.s.,
not significant. (C) Quantitative RT-PCR analysis indicates significantly down-
regulated expression of TAG1, ZIC1, Pax6, and Reelin genes in mutant mice.
Rack1 was used as a positive control (mean + SEM; *P = 0.0175, *P = 0.0137,
*P = 0.0298, *P = 0.0269, and **P = 0.0044, respectively; n = 3). (D and E)
Proliferating GNPs in control and hGFAP-Cre;Rack1™" mutant cerebellum
were immunolabeled with anti-BrdU, anti-Pax6, and anti-Ki67 antibodies.
Deletion of Rack1 significantly decreased the number of proliferating GNPs
as indicated by BrdU*/Pax6™ and BrdU*/Ki67" cells. (F) Proliferation of GNPs
was evaluated 6 h after BrdU administration in control and mutant mice at
P7. Quantitative analysis of proliferating GNPs was indicated by the pro-
portion of BrdU* cells/total Pax6™ cells within the EGL (mean + SEM; **P <
0.0001, n = 5). (G and H) Migrating GNPs in control and mutant cerebella
were labeled with anti-BrdU. Differentiated BGs and granule cells were co-
immunolabeled with anti-GFAP and anti-NeuN antibodies, respectively.
Deletion of Rack1 significantly reduced GNP migration and led to ectopic
accumulation of GNP descendant cells (arrowheads). (Scale bar: 100 pm.) (/)
GNP migration was evaluated after 5 d following BrdU treatment at P7.
Quantification of the number of ectopic BrdU* cells per unit area of the ML
is shown (mean + SEM; **P < 0.0001, n = 6).

and Ki67 further confirmed decreased GNP proliferation in
hGFAP-Cre;Rack1™" mice (Fig. 3E).

Next, we investigated the effect of Rack!l ablation on the mi-
gration of GNPs in EGL. We labeled migrating neurons with
BrdU and analyzed the number of BrdU-incorporated cells in
the ML (Fig. 3 G-I). At P12, a significantly increased number of
BrdU-incorporated cells were retained at the disordered ML in
mutants compared with controls (2,224 + 109 cells per square
millimeter in KO mice vs. 356 + 35 cells per square millimeter in
WT mice; Fig. 3 G-I, arrowheads), indicating abnormal GNP
migration in mutants. We next examined the differentiation of
BGs and mature granule cells by colabeling GFAP or NeuN with
BrdU. In control mice, the cell bodies of BGs localized at the PCL
and their radial fibers projected into the EGL. However, BGs from
mutant mice were misaligned and dispersed throughout the dys-
laminated cortex, displaying short and thin fibers that did not
contact the pial surface at the EGL (Figs. 24 and 3G and SI
Appendix, Fig. S9). Because BG radial fibers provide scaffolds for
GNP migration (36, 42), the abnormal BG morphology and lo-
calization likely contribute to the impaired migration of GNPs and
morphogenesis defects in hGEAP-Cre;Rack1™"" mice.
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Further investigation revealed defects in NeuN* granule cells
from mutant mice. In the control cerebellum, the majority, if not
all, of mature granule neurons localize in the IGL and are hardly
detectable in the ML at P12. In contrast, the mutant mice had
more BrdU*/NeuN" mature granule neurons distributed within
the disrupted ML and reduced NeuN* granule neurons in the
IGL (Fig. 3 H and I), suggesting impaired migration and delayed
differentiation of Rackl-depleted GNPs.

Ablation of Rackl in GNPs Is Sufficient to Disrupt Cerebellar
Development. Given that Rackl is expressed throughout the de-
veloping cerebellum (SI Appendix, Fig. S1) including GNPs (33),
we next asked whether the observed hypoplastic phenotypes in
the hGFAP-Cre;Rackl™™ mutant cerebellum are due to loss of
Rackl in GNPs. We generated GNP-specific Aftohl-Cre (also
named Mathl-Cre)—driven Rackl conditional KO mice (details
are provided in SI Appendix, Fig. S4) to investigate potential cell-
autonomous effects of Rackl KO in GNPs. Intriguingly, similar
to hGFAP-Cre;Rack1™ mutants, we found notable cerebellar
foliation defects in Atohl-Cre;Rack1™F mutants from P7 to P21
(Fig. 44). The area of the midsagittal sections was significantly
decreased in Atohl-Cre;Rackl®F mutants from P7 to P21, but
not at PO (P = 0.0002, P = 0.0001, P = 0.0004, and P = 0.0846,
respectively; n > 4; Fig. 4B). After P7, the rostral and central
regions of the cerebellum exhibited fewer lobules in Afoh1-Cre;
Rack1™" mutants, compared with control mice (Fig. 4C), and the
shapes of lobules were dramatically altered (Fig. 4 4 and D).
Specifically, in mutant mice, lobules I to VI in the rostral and
central cerebellum was nearly indistinguishable.

At the cellular level, we observed severe morphological al-
terations and defective differentiation and migration of GNPs,
PCs, and BGs in Atohl-Cre;RackI™F mutants at P7. Notably, the
abnormalities were clear in the rostral regions but less prominent
in caudal regions (Fig. 4D, arrowheads). Atohl -Cre;Rack1"'F
mutants had a significantly increased number of NeuN* granule
cells and ectopic calbindin® PCs in the disrupted ML in rostral,
but not caudal, regions compared with controls (P < 0.001, n = 4;
Fig. 4 E and F), suggesting severe differentiation and migration
defects of GNPs and PCs limited to rostral regions of the cerebel-
lum. Of note, Aftohl-Cre recombinase activity is predominantly
high in GNPs at rostral lobules during early embryonic stages
and gradually expands to caudal lobules at late embryonic stages.
At PO, our AtohI-Cre;Ai9 reporter assay demonstrated higher Cre
recombinase activity in rostral parts compared with caudal regions.
Accordingly, the number of Pax6™ GNPs in the apical surface of
the EGL in rostral parts was significantl}; decreased compared
with caudal regions in AtohI-Cre;Rack1"" mutants (Fig. 4 G-I).
Moreover, Atohl-Cre;Rackl™ mutants spent a significantly
decreased amount of time on an accelerating rotarod compared
with controls (P = 0.0275, n > 6; SI Appendix, Fig. S4G), sug-
gesting defects in motor learning and locomotor activity in
GNP-specific Rackl mutant mice.

Next, we assessed the proliferation and migration of GNPs in
Atohl-Cre;Rack1™" mutants by 5-ethynyl-20-deoxyuridine (EdU)
or BrdU labeling (details are provided in SI Appendix, Fig. S5).
We found a significantly decreased number of EAU™ cells in the
EGL (SI Appendix, Fig. S5 A and B), but an increased number of
BrdU" cells retained in the ML in mutants (P < 0.0001, n = 5; ST
Appendix, Fig. S5 C and D, arrowheads), suggesting impaired
proliferation and migration of GNPs. Moreover, our BrdU/EdU
double-labeling assay further demonstrated impaired self-
renewal of GNPs in both hAGFAP-Cre;Rack1™" and AtohI-Cre;
RackI™ mutant mice (SI Appendix, Fig. S6 A-H), indicating the
crucial role of Rack1 in the proliferation and migration of GNPs.
Taken together, these data illustrate similar deficiencies in gross
and cellular morphology and localization in the cerebellum be-
tween AGFAP-Cre;Rack1™ and Atohl-Cre;Rackl™ mice, indi-
cating that Rackl may function cell-autonomously in GNPs to
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Fig. 4. Conditional ablation of Rack? in GNPs disrupts cerebellar morpho-
genesis. (A) Nissl staining of sagittal histological sections of the vermis shows
cerebellar foliation defects in Atoh1-Cre;Rack1™ mutant mice at indicated
postnatal developmental stages. a, anterior; d, dorsal; p, posterior; v, ventral.
(Scale bar: 1 mm.) (B) Area of cerebellar sagittal sections in control and Atoh1-
Cre;Rack1F mice at the indicated postnatal developmental stages (mean +
SEM; P = 0.0846, **P = 0.0002, **P = 0.0001, and **P = 0.0004, respectively;
n > 4). ns., not significant. (C) Number of observed cerebellar lobules in
control and mutant mice at the indicated developmental stage (mean + SEM;
**P < 0.0001, n = 6). (D) Immunofluorescent staining with anticalbindin, anti-
NeuN, anti-BLBP, and anti-Pax6 antibodies shows dysmorphic PCs, granule
neurons, BGs, and GNPs, respectively, particularly in the rostral region of
Atoh1-Cre;Rack1™ cerebellum at P7. (Scale bar: 500 pm.) (E) Number of ec-
topic NeuN* granule neurons per unit area in the rostral and caudal regions of
the control and mutant cerebella (mean + SEM; **P < 0.0001, n = 4). (F)
Number of ectopic calbindin* Purkinje neurons in the rostral and caudal re-
gions of the control and mutant cerebella (mean + SEM; **P < 0.0001, n = 4).
(G) Expression of Atoh1-Cre recombinase in the cerebellum was indicated by
Tomato fluorescence (red) in the PO Atoh1-Cre;Ai9 reporter mouse. Arrows
indicate high Atoh1-Cre activity in the rostral, but not caudal, region of the
EGL at PO. Mes, mesencephalon; VZ, ventricular zone. (Scale bar: 100 um.) (H)
Rostral, but not caudal, region of the cerebellar EGL shows significantly re-
duced Pax6* GNPs in Atoh1-Cre;Rack1™ mutant mice. (Scale bar: 100 um.) (/)
Semiquantitative analysis of Atoh1-Cre activity and Pax6* immunofluorescent
signals in Atoh1-Cre;Rack1™" mutant cerebellum from the rostral to caudal EGL
within the cerebellum. Relative expression ratio indicates the relative intensity
of fluorescence from the rostral to caudal region in the cerebellum (n = 3).
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regulate the production, migration, and differentiation of gran-
ule neurons during cerebellar development.

Rack1 in BGs Is Dispensable for Cerebellum Morphogenesis. Although
our experiments have identified Rackl as a crucial regulator of
NSC and GNP development, little is known about its role in BG
development. We observed misaligned and morphologically ab-
normal BGs in both A”GFAP-Cre;Rack1®’F and Atohl1-Cre;RackI™"
mutant cerebella, suggesting that the absence of Rackl results in
abnormal BGs that may contribute to cerebellar developmental
deficits (Figs. 1 G and I, 24, and 3G, and SI Appendix, Fig. S5C).
Of note, only hGFAP-Cre, but not AtohI-Cre, recombinase activity
could be detected in BGs (SI Appendix, Figs. S2B and S4B). Thus,
we reasoned that Rackl may regulate BGs in three ways: first, cell-
autonomously and directly in BGs; second, via its actions in NSCs,
which generate BGs; or, third, through a non—cell-autonomous
manner in GNPs.

To determine whether Rack1 in BGs is essential for cerebellar
development, we generated tamoxifen-inducible, glial cell-specific
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Rack] mutant mice using a GLAST-CreER™? knock-in driver line
(42) (details are provided in SI Appendix, Figs. S7-S9). First, we
performed histoarchitecture assays at P4 and P14. Surprisingly,
GLAST-CreER"%;Rack1™" mutant cerebella appeared to have
normal BG morphology and alignment when examined at P14
(Fig. 24 and SI Appendix, Figs. S8C and S94), indicating Rack1
in BGs is dispensable for their differentiation. We next examined
BLBP expression, a specific marker for BGs, in both AGFAP-Cre;
RackI™ and Atohl-Cre;Rack1™ mutant cerebella. Intriguingly,
BLBP protein expression was significantly decreased in NSC-
specific Rackl KO mice (36.33 + 3.07% reduction; P = 0.0003,
n = 3), but not in GNP-specific KO mice (P = 0.3496, n = 3),
compared with RackI®’" controls at P14 (Fig. 2 B-E), suggesting
that hGFAP-Cre;Rack1™F mice have a reduced cell number or
altered transcription of BGs in the cerebellum.

Collectively, these results suggest that cell-autonomous Rackl
depletion in either NSCs or GNPs directly contributes to the ob-
served cerebellar developmental defects. The abnormal BGs in
Atohl-Cre;Rack1™™ mutant mice are likely due to impaired GNP
production, migration, and function, whereas the abnormal BGs
observed in hGFAP-Cre;Rack1™F mutant mice may also be due to
impaired proliferation and differentiation of BGs caused by
hGFAP-Cre-mediated gene ablation at early embryonic stages.

Constitutive Activation of Wnt/g$-Catenin but Impaired Shh Signaling
Pathways in Rack1 KO GNPs. Having determined a central role of
Rackl in cerebellar development, we next explored the un-
derlying Rackl-mediated signaling transduction networks in
GNPs. Rackl positively regulates Shh signaling but negatively
regulates Wnt/p-catenin signaling pathways in cancer cells (34,
35). Moreover, HDAC1/HDAC?2 critically actives Shh/Glil sig-
naling and the differentiation and maturation of neural precur-
sors (43, 44). Of note, the above signaling pathways are critical for
the normal development of the cerebellum (5, 14, 20, 43); over-
activation of Wnt/B-catenin signaling is observed in roughly 20%
of human medulloblastomas (45). Therefore, we tested whether
Rackl depletion affects these pathways in vivo in the cerebellum
and in cultured GNPs in vitro. The AGFAP-Cre;RackI™F mutant
mice showed significantly reduced Glil, Rackl, and HDAC1/
HDAC2 protein levels but unaltered HDAC6 and Sirt6 protein

levels at P7 and P14 (Fig. 5 A and B). These mice also had sig-
nificantly increased active p-catenin (pS552) but decreased inactive
B-catenin (pT41/545) (Fig. 5 A and B). These results suggest that
Shh signaling is impaired, whereas Wnt/B-catenin signaling is
overactive, in the Rackl mutant cerebellum.

The above findings suggest that Rackl deletion oppositely
regulates Shh activation and Wnt/B-catenin signaling in vivo. To
test whether this is a cell-autonomous effect, we isolated and
cultured primary GNPs from P7 Rackl™ cerebellum and knocked
out Rackl using a Cre recombinase-expressing lentivirus (LV-
Cre-GFP) (Fig. 5C). The expression of Rackl was significantly
reduced in LV-Cre-GFP-infected GNPs compared with LV-
GFP-infected control cells (Fig. 5 D and E). Although total
B-catenin expression levels were unaltered, active p-catenin was
significantly up-regulated and inactive p-catenin was significantly
reduced in LV-Cre-GFP—-infected GNPs. In contrast, Glil and
HDACI1/HDAC?2 expression was significantly decreased in LV-Cre-
GFP-infected GNPs (P < 0.01, Student’s ¢ test; Fig. 5 D and E) and
primary GNPs cultured from Atoh1-Cre;Rack1™ mutants (P < 0.01,
Student’s ¢ test; Fig. 5 F and G). Together, these results demonstrate
that Rackl is involved in the opposite regulation of Wnt/p-catenin
and Shh signaling pathways in GNPs in a cell-autonomous man-
ner to control their proliferation and migration during cerebellar
development.

We previously showed increased expression of calbindin and
Shh in hGFAP-Cre;Rackl"™" and Atohl-Cre;Rack1™ mutant
mice (SI Appendix, Fig. S9 B-G). Therefore, we asked whether
the observed impaired Shh signaling activation is a result of
defective GNPs that cannot adequately respond to Shh stimu-
lation in mutant mice. Treatment with the Shh signaling agonist
Smoothened Agonist (SAG) significantly enhanced the in-
teraction between Rackl and Smoothened receptor in primary
cultured GNPs (SI Appendix, Fig. S10 A-D). Moreover, LV-Cre-
GFP recombinase-mediated deletion of Rackl in primary GNPs
blunted Glil and HDACI/HDAC?2 up-regulation in response
to SAG treatment (SI Appendix, Fig. S10 E and F). These data
demonstrate that impaired Shh signaling activation in A GFAP-
Cre;Rack1™ and Atohl-Cre;RackI™" mutant mice is due to
Rack1-KO-induced GNP dysfunction.

Fig. 5. Conditional ablation of Rack? causes simul- A B
taneously overactivated Wnt/p-catenin signaling but = Rack 1" = ok s
Y gnaling bu = hGFAP-Cre;Rack1™™ g 20 £ Raok
impaired Shh signaling pathways. (A) Representative .., (kD) o B o0 = hGFAP-Cre;Rack1®
Western blots examining downstream Wnt/p-catenin 150@ (&) Gli1 £ -
and Shh signaling protein expression in control and 95w | [S@)] B-catenin pS552(Active) 5 §150 PEN
hGFAP-Cre;Rack1™F mutant cerebella at P7 and P14, 95 [==] Active--catenin ) o
. . . 95 [@==| B-catenin pT41/S45(Inactive) @ « 100
respectively. IB, immunoblot; MW, molecular weight. g5-{me] B-catenin(Total) = 2
(B) Quantitative analysis indicates elevated levels of ;g‘i?-_l [==] :gﬁg; T 50
the active form but decreased levels of the inactive = o
- A 130 -{ane] HDAC6 QI\Q\b‘QI\Q\hQI\Q\b‘QI‘Q.\b‘QI\Q\b‘Q%\b‘Q'\QNb‘Q‘\Q\kQ'\Q\D‘ '\Q'\“‘
form of p-catenin and reduced Gli1 and HDAC1/ 34 [ [ Sirt6 e e
HDAC2 expression in hGFAP-Cre;Rack1™ mutants. 2‘;% =] E?C?l' & "W'QO o‘,g Qv_o o &
HDAC6 and Sirt6 expression was not significantly P7 el Pcatenin - ¥ X &
different between controls and mutants. Signifi- C E F G
cantly reduced expression of Rack1 was detected in e ==LVOr = LV-GFP = Rack1"* mRack1™"
LV-Cre-GFP LV-Cre-GFP y e mAtoh1-Cre:Rack1™
mutant (mean + SEM; **P < 0.001, *P < 0.01, n = 3). Rack1%* MW, (kD) et - A Alof-Gre.Racit™e - be S bpae
(C) Schematic showing the primary culture of GNPs Percoll | 1304% ] Glit H a:12 "P o Aanmn MWKD)_ g %
from Rack1F mice and infection with LV-Cre-GFP or gfad?fm o onps  25[S®] Bcatenin pS552 £ 10 : r‘ 1?5‘@6\\1 cEw
LV-GFP control LV. (D and E) Quantitative Western ~ ¢e"ifug, 95{@ =] B-catenin pT41/S455 3 80 721EHDAC1 23
N S - Primary_ ! 95 {wes | B-catenin(Total) =60 TEB&[HDAC2 £ & 5
blot analysis indicates the significantly increased ac- P 72-f@=] HDAC 25 24-[@m=]Rack! @ w
tive form (pS552), but decreased inactive form (pT41/ ; § 72{==1 HDAC2 % 5343 : 43-{wmam p-actin 2 ;
$45), of p-catenin in primary Rack1”F GNPs after LV- 34-{==] Rack1 € ek ’% 4 Primary GNPs @ 0~
Cre-GFP infection compared with LV-GFP-infected 34-{me ] GAPDH 53 -?Qz\

control cells (mean + SEM; **P = 0.0226 and **P = LV-GFP

0.0001, respectively; n = 3). The total level of p-catenin HEEF

LV-Cre  Rack1"" GNPs

B-catenin

was unaltered (P = 0.6028, n = 3). The expression of Gli1 and HDAC1/HDAC2 was also significantly reduced after LV-Cre-GFP infection (mean + SEM; **P = 0.0001,
**P = 0.0009, and **P = 0.0025, respectively; n = 3). Rack1 was used as a positive control (**P = 0.0007, n = 3). (F and G) Representative Western blots and quan-
tification showing reduced expression of downstream Shh signaling molecules in the Atoh1-Cre;Rack1”" mutant cerebellum at P7 (mean + SEM; **P < 0.0001,**P =

0.0039, and **P = 0.0002, respectively; n = 3).
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Rack1/p-Catenin Double Mutants in NSCs, but Not GNPs, Show Genetic
Rescue Effects. To determine whether the overactivation of the
Whnt/p-catenin signalit}g Fpathway detected in AGFAP-Cre;RackI™
and Atohl-Cre;Rackl””™ mutants is essential for impaired cere-
bellar development, we simultaneously deleted Rackl and Ctnnbl
(coding p-catenin) in NSCs by generating hGFAP-Cre;Rack1™";
CtnnbI™™ (WGFAP-DKO) double-KO mutant mice and in GNPs
by generating Atohl-Cre;Rackl™";CtnnbI"™ (AtohI-DKO) double-
KO mutant mice, respectively (Fig. 64). Western blot analysis
confirmed significantly decreased Rackl levels in hGFAP-Cre;
Rack1®F and Atohl-Cre;Rack1™® single mutants as well as in
hGFAP-DKO and Atohl-DKO mice (Fig. 6 B, C, E, and F). Simi-
larly, significantly decreased expression of p-catenin was also
confirmed in AGFAP-Cre— or Atohl-Cre-mediated CtnnbI™'"
single-KO mice and in h"GFAP-DKO or Atohl-DKO mice (Fig. 6 B,
C, E, and F). Importantly, the cerebellar foliation and lamination
defects observed in A”GEAP-Cre;Rack1™™ mutants were significantly
recovered at P7 in AGEAP-DKO mice (Fig. 64), suggesting double
deletion of Rackl and Ctmnbl in NSCs could effectively rescue
cerebellar morphological abnormalities in hGFAP-Cre;Rack1™™
mutants. In stark contrast, in Afohl-DKO mutant cerebellum, the
impaired foliation and lamination in rostral parts were indistin-
guishable from those in Atoh1-Cre;Rackl”™ mutants at P14 (Fig. 6D),
indicating that double deletion of Rack! and Cmnbl in GNPs is
insufficient to rescue the cerebellar developmental deficits in AtohI-
Cre;Rack1™F mutants.

We next asked if the expression of Shh signaling molecules
Glil and HDAC1/HDAC?2 is altered in either hGEAP-Cre— or
Atohl-Cre-mediated Ctnnbl or Rackl™;:CmnbI"" KO mice.
Decreased expression of Glil and HDAC1/HDAC2 in both
Rack1™ and CnnbI1™" single mutants was significantly rescued
in hAGFAP-DKO mice, but not in AtohI-DKO mice (Fig. 6 C and
F). In addition, using cultured primary GNPs isolated from
CtnnbI™ single-floxed mice or Rack1™:Ctnnb1"™* double-floxed
mice, we found that Ctmnbl single KO in GNPs did not affect
Glil and HDACI expression (SI Appendix, Fig. S11). Moreover,
DKO of Rack! and Ctnnbl in GNPs did not rescue the decreased
expression of Glil and HDAC1/HDAC?2 (SI Appendix, Fig. S12),
which was consistent with the results observed in Atohl-DKO
mutants in vivo (Fig. 6 E and F).

Fig. 6. Simultaneous deletion of p-catenin in NSCs, A

Although AGFAP-Cre;Rack1™ mutant mice died around P21,
hGFAP-DKO mutant mice were fertile and survived past 6 mo.
Similarly, using the footprint test and rotarod assay, we found
that motor behavioral deficits observed in A”GFAP-Cre;Rack1™'*
mutant mice were significantly rescued in A GFAP-DKO mice (SI
Appendix, Fig. S13). Together, these results suggest that double
deletion of Rackl and Ctnnbl in NSCs, but not in GNPs, suffi-
ciently rescues disrupted cerebellar development and locomotor
function in AGFAP-Cre;RackI™ mice.

Rack1-Mediated Stabilization of HDAC1/HDAC2 Is Essential for GNP
Proliferation and Migration by Activating Shh Signaling. As double
deletion of Rackl and Ctnnbl genes in GNPs cannot rescue
impaired cerebellar development, we next examined whether the
Shh signaling network is instead involved in regulating GNPs.
Our previous results identified decreased Shh signaling, including
lower Glil and HDAC1/HDAC2 expression, in Rackl-deleted GNPs.
Given that HDACI1 up-regulates Glil transcription and Glil
deacetylation enhances Shh signaling (43, 44), we asked if Rackl
deletion down-regulates HDAC1/HDAC?2, and whether this re-
sponse critically underlies the impaired Shh signaling activation
and developmental defects in GNPs. Overexpression of Rack1 in
HEK?293 cells up-regulated HDAC1/HDAC?2 expression at a
posttranslational, but not transcriptional, level in a dose- and time-
dependent manner (Fig. 74A-D and SI Appendix, Fig. S14). HDAC1
was heavily ubiquitinated in the presence of hemagglutinin-tagged
ubiquitin (HA-UDb), but ubiquitinated HDAC1 was notably reduced
after cotransfection with Rackl (Fig. 7E). The Rackl-driven re-
duction of ubiquitinated HDACI1 was verified using reverse coim-
munoprecipitation (co-IP) (Fig. 7F), indicating that Rackl controls
the ubiquitination and stability of HDAC1/HDAC?2. In addition,
the interaction between HDACI and its E3 ligase MDM2 was
strongly inhibited in the presence of Rackl (Fig. 7 G and H). To-
gether, these findings reveal that Rackl regulates the stability of
HDACI1/HDAC2 by suppressing the ubiquitylation and MDM2-
mediated proteasomal degradation pathway.

The expression of HDAC1I/HDAC?2 was significantly reduced in
both AGFAP-Cre;Rackl™ and Atohl-Cre;Rackl®™ mutant mice
(P <0.01, n = 3; Fig. 8 A-D). In contrast, the depletion of Rack! led
to significantly increased levels of acetylated histone H4 (Acy-H4)
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degradation. Protein extracts were immunoprecipi-

tated with either anti-Flag or anti-HA and immunoblotted for HA or Flag, respectively. IgG was used as a negative control. The black arrowhead indicates Flag-
HDAC1 (n = 4). IP, immunoprecipitate. (G and H) HEK293 cells were cotransfected with Flag-HDAC1 and HA-MDM?2 with or without Rack1-GFP, and protein
extracts were immunoprecipitated with anti-HA or anti-Flag and immunoblotted for Flag or HA, respectively. IgG was used as a negative control. The black

arrowhead indicates Flag-HDAC1 (n = 4).

(P =0.0001, n = 3; Fig. 8 A-D), suggesting that Rackl is in-
volved in the regulation of histone H4 deacetylation by stabilizing
HDACI1/HDAC?2 in GNPs. Interestingly, intracerebroventricular
injection of romidepsin, a specific pharmacological inhibitor for
HDAC1/HDAC2, dramatically suppresses cerebellar fissure for-
mation (Fig. 8E), suggesting a critical role of HDAC1/HDAC2 for
cerebellum development.

In addition, romidepsin-mediated HDAC1/HDAC?2 inhibition
reduced Glil and up-regulated Acy-H4 expression in vivo, sug-
gesting lower Shh signaling levels (Fig. 8 F and G). Using EdU
labeling to monitor proliferation and migration of GNPs after
exposure to romidepsin, we found significantly reduced EGL
width in treated mice (60.00 + 1.84% of controls; P < 0.001, n =
3). The percentage of EAU* cells in the EGL dramatically de-
creased to hardly detectable levels (29.88 + 1.36% in controls vs.
0.61 + 0.13% in romldepsm P < 0.001, n = 3; Fig. 8 H-J). This
result recapitulates our Pprev10us observations in A”GFAP-Cre;Rack1™
and Atoh1-Cre;RackI™™ mutants (Fig. 3 D-F and SI Appendlx Fig. S5
A and B), suggesting that HDAC1/HDAC?2 activation is required for
the development of GNPs in vivo and, more broadly, cerebellar de-
velopment (44). Together, these results suggest that Rackl-mediated
stabilization of HDAC1/HDAC?2 is essential for the proliferation and
migration of GNPs by activating Shh signaling.

Discussion

This study reveals a pivotal role of Rackl-mediated down-regulation
of Wnt/B-catenin signaling in NSCs and up-regulation of Shh sig-
naling in GNPs for controlling normal cerebellar development
(Fig. 9). In the absence of Rackl, simultaneous deletion of B-catenin
in NSCs significantly rescued cerebellum developmental deficits.
Significantly decreased HDAC1/HDAC?2 expression in Rackl-
deleted GNPs prevented Shh signaling activation, resulting in
abnormal GNP migration and differentiation that contributes to
grossly dysmorphic cerebella.

Rack1 Determines the Size and Foliation of the Cerebellum. The
cerebellar cortex contains distinct cell types that are positioned
in a typical layered pattern. The outmost EGL contains dividing
GNPs, which proliferate and migrate inward to form the termi-
nally differentiated granule cells in the innermost IGL. Migrat-
ing GNPs pass through the middle PCL, which contains the cell
bodies of PCs and BGs. As GNPs differentiate and migrate into
the IGL, the EGL is eventually depleted and the ML is expanded
from cells populating the area and growth of PC dendrites (3).
This intricate pattern of neurogenesis and migration is tightly
controlled by cell-autonomous and indirect signals in the de-
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veloping cerebellum, which are not yet fully understood. In this
study, we used various Cre recombinase-expressing lines to as-
sess the function of Rackl in cerebellar development. Our re-
sults demonstrate that Rackl deletion in either NSCs or GNPs
leads to a profound disruption of the cerebellar histo-
architecture. Furthermore, the effect of Rackl at the cellular
level is cell type-specific. In particular, deletion of Rackl in
embryonic NSCs causes severe cerebellar hypoplasia, de-
creased proliferation and migration of GNPs, dyslamination of
PCs, and the generation of BGs with abnormal morphologies.
Of note, hGFAP-Cre recombinase—expressing embryonic radial
glial cells give rise to GNPs and BGs, but not PCs (28, 46) (S
Appendix, Fig. S2B). Thus, the morphologlcal and lamination
defects of PCs found in #GFAP-Cre;Rack1”" mutants point to
non—cell-autonomous regulation of Rackl on PC development.
Our analys1s using GNP-specific Rackl KO mice, Atohl-Cre;
RackI™, further confirmed this notion (Flg 1 and SI Appen-
dix, Fig. S9) Intriguingly, Rackl deletion in BGs results in
structurally normal cerebellum, whereas disrupted BGs were
observed in both hKGFAP-Cre; RackIF " and AtohI-Cre;Rackl™™
mutant mice, suggesting that Rackl could directly regulate the
generation of BGs by modulating NSC proliferation and differen-
tiation or indirectly via its functions in GNPs, but not through cell-
autonomous effects in BGs. Notably, Rackl is a scaffolding protein
localized within the cytoplasm and nuclei (47), and how this in-
tracellular protein can non—cell-autonomously affect BG differen-
tiation from its location in GNPs and granule cells requires
further investigation.

Unlike development of the cerebral cortex, the size and fo-
liation of the cerebellum occur much later in postnatal devel-
opment (4), during which RL-derived GNPs proliferate and
migrate tangentially above the surface of the cerebellum and
sequentially give rise to the EGL and IGL (6, 48, 49), as well as
determining cerebellar patterning. Previous results show that
GNPs acquire their fate from the onset of their migration in the
RL (1, 6, 48). Here, we show that Rackl critically regulates GNP
proliferation and migration during both embryonic and post-
natal stages, which, in turn, determines the distinct foliation
pattern of the mouse cerebellum.

Opposite Regulation of Wnt/$-Catenin and Shh Signaling Pathways by
Rack1 During Cerebellum Development. In cancer cells, Rackl
activates Shh signaling but suppresses Wnt/p-catenin signaling
by binding and stabilizing the p-catenin destruction complex
(34, 35), which includes adenomatous polyposis coli (APC).
APC helps maintain the appropriate Wnt signaling activity that
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Fig. 8. Pharmacological inhibition of HDAC1/HDAC2 activity in the early
postnatal cerebellum phenocopies Rack? mutants. (A and B) Representa-
tive Western blots and quantification examining the expression of HDAC1/
HDAC2, Acy-H4, and Rack1 in control and hGFAP-Cre;Rack1™ mutant
cerebellum at P7. The expression of HDAC1/HDAC2 and Rack1 was sig-
nificantly decreased, whereas Acy-H4 was significantly increased in
hGFAP-Cre;Rack1”F mutants (mean + SEM; **P = 0.0006, **P = 0.0004,
**P =0.0012, and **P < 0.0001, respectively; n = 3). IB, immunoblot; MW,
molecular weight. (C and D) Representative Western blots and quantifi-
cation examining the expression of HDAC1/HDAC2, Acy-H4, and Rack1 in
control and Atoh1-Cre;Rack1”" mutant cerebellum at P7. Atoh1-Cre;
Rack1™ mutants show a significant decrease in HDAC1/HDAC2 and
Rack1 expression, while Acy-H4 was dramatically increased (mean + SEM;
**P = 0.0008, **P = 0.0006, **P = 0.0042, and **P < 0.0001, respectively;
n = 3). (E) Schematic showing the experimental design and Nissl staining
of cerebellar sections at P2 following treatment with the HDAC1/
HDAC2 pharmacological inhibitor romidepsin (0.6 mg/kg) at PO. (Scale bar:
500 pm.) a, anterior; Chp, choroid plexus; d, dorsal; ICV, intracerebroventricular;
Mes, mesencephalon; p, posterior; v, ventral; VZ, ventricular zone. (F and G)
Representative Western blots and quantification examining Acy-H4 and
Gli1 expression in control and romidespin-treated groups (mean + SEM;
**P < 0.0001, n = 3 for each examined protein). (H) Representative images of
immunofluorescent staining with anti-NeuN, anticalbindin, anti-Pax6, and anti-
EdU antibodies showing impaired cerebellar morphogenesis at P2 and deficient
cellular proliferation following romidepsin treatment. (Scale bar: 500 pm.) (/ and
J) Quantitative analysis shows significantly decreased Pax6™ EGL width and
fewer EdU-incorporated GNPs within the EGL after treatment with romidepsin
at PO (mean + SEM; **P < 0.0001, n = 5).

is necessary for radial progenitor function and cerebral corti-
cogenesis, and double deletion of APC and p-catenin rescues
cortical defects in Apc mutant mice (50). Here, we further
elucidate the interplay between Rackl and Wnt/p-catenin sig-
naling in the control of cerebellar morphogenesis. Specifically,
Rack1 deletion in NSCs or GNPs results in increased p-catenin
activation. Intriguingly, the cerebellum developmental defects
in NSC- or GNP-specific Rackl KOs were similar to those in
mice with constitutive activation of f-catenin or loss of APC
(20, 51, 52). Surprisingly, the codeletion of p-catenin only res-
cued cerebellar defects in A GFAP promoter-specific, but not
Atohl promoter-specific, Rackl conditional KOs (Fig. 7), sug-
gesting that increased Wnt/B-catenin signaling in the absence of
Rack1 in NSCs, but not GNPs, is crucial for the disrupted cerebellar
morphogenesis.
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Previously, several lines of evidence have linked Wnt signaling
inhibition to impaired NSC proliferation and severe brain malfor-
mations (53, 54). These seemingly contradictory results are likely due
to the divergent roles that Wnt signaling plays in the CNS, and that
Wnt likely requires precise time- and cell type-specific regulation by
multiple molecules to maintain physiological activity levels that en-
sure normal development. Together with previous reports, our data
suggest the following. First, Wnt/B-catenin signaling is critical for
early NSC/NPC proliferation, but the repression of this signaling
pathway may be an essential switch that allows the transition from
proliferation to differentiation to generate the GNP pool. Second,
the time-specific regulation of Wnt signaling is extremely subtle;
thus, the role of Wnt/B-catenin can be divergent in the same cell
population depending on different embryonic developmental phases
and in postnatal stages. Third, Rackl-mediated Wnt/B-catenin sig-
naling homeostasis seems to be essential and critical for cerebellar
development during the embryonic and postnatal stages.

Interestingly, in contrast to the overactivation of Wnt/p-catenin
signaling, both Glil and Gli2 expression was significantly de-
creased, indicating the impaired Shh signaling pathway in
Rack1-deleted mice (Fig. 5). Shh is the major mitogen derived
from PCs that promotes GNP proliferation by inducing the
expression of Glil and downstream genes during cerebellar
development (1, 12). Our results demonstrate that the impaired
response to Shh signaling in Rackl mutant mice may be caused
by the abnormal activation of Smoothened receptor and
destabilized HDACI/HDAC2 expression in Rackl mutant
GNPs (43, 44) (Fig. 9). Previous studies have shown opposing
activities of Shh and Wnt signaling pathways during somite and
inner ear development (55, 56). Wnt signal promotes Atohl
expression (57-59), which is an essential gene for both inner
ear hair cell and cerebellar granule neuron formation. In con-
trast, Shh signaling in the inner ear represses or delays Atohl
transcription, further supporting the opposite roles that Wnt
and Shh play in hair cell development. Intriguingly, consistent
with our findings in Rackl mutant cerebellum, constitutively
active Wnt/B-catenin induces inappropriate proliferation of Atoh1*
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Fig. 9. Working model for Rack1 in cerebellar development. Rack1 inhibits
Whnt/B-catenin signaling by promoting the APC-, axin-, and GSK-3p-mediated
proteasomal degradation of p-catenin. (Left) Lowered f-catenin transcrip-
tional activity within the nucleus impairs NSC self-renewal at early cerebellar
development. (Right) In contrast, Rack1 activates Shh/Gli signaling trans-
duction by inhibiting MDM2-mediated proteasomal degradation of HDAC1/
HDAC2, which, in turn, promotes the stabilization and transcriptional ac-
tivity of Gli1/2 in GNPs during postnatal cerebellar development. Fzd, Friz-
zled; Smo, Smoothened; Ubi, ubiquitin; UPS, ubiquitin/proteasome system.
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granule neurons, thereby preventing regular migration of granule
neurons and normal cortical layering of the developing cerebellum
(52). In contrast, Shh signaling critically influences the initial phases
of territorial determination and regulates cerebellar progenitor cell
proliferation and maturation during early embryonic development
(60). Therefore, it is possible that early activation of Wnt/
B-catenin is crucial for the initial development of the EGL by
promoting NSC proliferation, while later on, as the Shh signaling
pathway is gradually activated (12), down-regulation of the Wnt/
B-catenin signaling pathway becomes important for the mainte-
nance, proliferation, and migration of granule neurons.

Furthermore, the cross-talk between Wnt/p-catenin and Shh
signaling pathways has been demonstrated in both embryonic
organ morphogenesis and cancer development (61-63), indicating
Shh may serve as an inhibitor of the Wnt/pB-catenin signaling
pathway. Together with those of others, our results support a
model in which Wnt/p-catenin signaling controls NSC lineage
commitment, Shh signaling stimulates GNP development, and both
pathways are precisely modulated and integrated by Rackl during
cerebellar development. Finally, Shh-induced histone deacetylase
activation is required for proliferation of GNPs and cerebellar
formation (43, 44, 64). Here, we found that Rackl-mediated
HDACI1/HDAC?2 stabilization in GNPs is critical for Shh signal-
ing activation and cerebellar development. This demonstration
shows Rackl activation of the Shh signaling pathway by inhibiting
the proteasomal degradation of HDAC1/HDAC2.

Rack1 in Medulloblastoma Formation and Neural Development.
Cerebellar granule neurons account for the majority of neu-
rons in the human brain (65). Dysfunctional Wnt/B-catenin and
Shh signaling in cerebellar granule neurons are also associated
with medulloblastoma, the most common malignant type of pe-
diatric brain tumor (1, 16, 17). Defining the extracellular cues
and intracellular signaling pathways that coordinate cerebellar
neurogenesis, especially the proliferation, migration, and differ-
entiation of GNPs, has been critical in unraveling the mechanisms
underlying medulloblastoma formation and growth (66). In this
study, we have shown severe cerebellar hypoplasia in Rackl mu-
tant mice as a result of abnormal GNP development. Moreover,
HDACs have emerged as promising targets in preclinical anti-
medulloblastoma drug development (64, 67). The Rackl-mediated
regulation of HDACI1/HDAC?2 in GNPs described in this study
reveals a potential signaling pathway in medulloblastoma path-
ogenesis, which requires further exploration.

As a seven-WDR domain—containing scaffolding protein, Rack1
has been previously shown to regulate neurite outgrowth, dendritic
transport, and neural degeneration, suggesting a broader role in
neural development and brain disorders in addition to regulating
cerebellar morphogenesis (32). Recent human genetic studies have
begun to recognize the importance of WDR genes in brain disor-
ders, notably in intellectual disabilities associated with microcephaly
and abnormal neural development (68). Thus, future investigations
into the role of Rackl in controlling brain development, emotion,
and cognitive behaviors are warranted.

Materials and Methods

A more detailed description of material and methods is provided in S/ Ap-
pendix, Materials and Methods.
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Animals. The hGFAP-Cre, Atohl-Cre, GLAST-CreER™?, Ai9, Rack1™, and
Ctnnb 1 lines were generated as previously described (46, 69-72). Homo-
zygous Rack1™" mice were crossed with mice expressing a transgene
encoding Cre recombinase driven by each particular promoter. Conditional
KO mice were generated by the second generation, and Rack1 littermates
served as controls. GLAST-CreER™ recombinase was activated by i.p. in-
jection of 50 mg/kg of 4-hydroxy tamoxifen (H7904; Sigma—Aldrich) once per
day for four times from E17.5 to PO (details are provided in SI Appendix).
Mice genotypes were determined by PCR assay using murine tail DNA (de-
tails are provided in S/ Appendix). All experiments with animals were per-
formed in accordance with protocols approved by the Institutional Animal
Care and Use Committee of Beijing Institute of Basic Medical Sciences.

Immunofluorescent Staining. The immunofluorescent staining of frozen cere-
bellar sections was performed using standard techniques as previously de-
scribed (73). Briefly, frozen sections (30 pm) were washed for 10 min with 0.5%
Triton X-100/PBS (PBS-T) for three times and then blocked with 3% BSA in PBS-
T for 1 h. The sections were then incubated overnight at 4 °C with primary
antibodies (details are provided in S/ Appendix). The sections were washed for
10 min with 0.5% PBS-T for three times and subsequently treated with Alexa
Fluor 594- or Alexa Fluor 488-conjugated fluorescent secondary antibody
(1:500; Thermo Fisher Scientific). Nuclear staining was visualized with a
mounting medium with DAPI (H-1200; VECTASHIELD). All images were pro-
cessed and analyzed using FV10-ASW or Image Pro Plus software.

Western Blot and Co-IP. The experiments were performed as previously described
(74). Briefly, cerebellum tissues or cells were lysed by radioimmunoprecipitation
assay (89901; Thermo) supplemented with 1x protease inhibitor mixture (A32965;
Thermo) and phosphatase inhibitor mixture or immunoprecipitation lysis buffer
[50 mM Hepes (pH 7.9), 150 mM NadCl, 10% glycerol, 1% Triton X-100, 1.5 mM
MgCl,, 1 mM EDTA, 1 mM NaF] supplemented with 1x protease inhibitor mixture
(A32965). Protein concentration was measured using the BCA Protein Assay Kit
(23227; Thermo). To identify the protein levels of the bound proteins, samples
(20-50 pg) were electrophoresed on SDS/PAGE and transferred to PVDF mem-
branes (10600023; General Electric). The membranes were then blocked with 5%
skim milk in 0.1% Tris-buffered saline/Tween 20 for 1 h and incubated overnight
at 4 °C with primary antibodies (details are provided in S/ Appendix). In each co-IP
experiment, IgG was used as a negative control. Horseradish peroxidase and ECL
(RPN2232; General Electric) were used to image protein bands on film. The film
signal was electronically scanned and analyzed by Image Pro Plus.

Statistical Analysis. The cerebellar immunofluorescence images were taken
from 2 x 2-4 x 4 slices for confocal scanning or imaged with 20x or 40x
objective multiple-layer scans. Inmunofluorescence images were statistically
analyzed using Image Pro Plus for fluorescence intensity, the number of
positive cells per unit area, and the thickness of positive cell layers. Western
blots, cerebellum area, and behavioral data were statistically analyzed using
NDP.view and GraphPad Prism 6.0. The data between the two independent
groups were shown as mean + SEM for at least three independent experi-
ments. The experimental data were analyzed using the Student's t test, x°
test, or one-way ANOVA. P < 0.05 (*) or P < 0.01 (**) was considered a
statistically significant difference.
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