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Abstract

Primary cilia are non-motile cilia that function as antennae for cells to sense signals. Deficits of
primary cilia cause ciliopathies, leading to the pathogenesis of various developmental disorders;
however, the contribution of primary cilia to neurodevelopmental disorders is largely unknown.
Fragile X syndrome (FXS) is a genetically inherited disorder and the most common known
cause for autism spectrum disorders. FXS is caused by the silencing of the fragile X mental
retardation 1 (FMRI) gene, which encodes for the fragile X mental retardation protein (FMRP).
Here, we discovered a reduction in primary cilia number and Sonic hedgehog (Shh) signaling

in cerebellar Bergmann glia of ~mr1 KO mice. We further found reduced granule neuron
precursor (GNP) proliferation and thickness of the external germinal layer (EGL) in Fmr1 KO
mice, implicating that primary ciliary deficits in Bergmann glia may contribute to cerebellar
developmental phenotypes in FXS, as Shh signaling through primary cilia in Bergmann glia is
known to mediate proper GNP proliferation in the EGL. Taken together, our study demonstrates
that FMRP loss leads to primary cilia deficits in cerebellar Bergmann glia which may contribute to
cerebellar deficits in FXS.
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Introduction

The primary cilium is a specialized organelle found in most mammalian cell types that
grows from basal bodies and extends from the cell surface. The primary cilium is present in
multiple cell types in the brain, including neurons and glia, and mediates numerous signal
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transduction pathways, such as the Sonic hedgehog (Shh), Wnt, Notch, Hippo, mammalian
target of rapamycin (mTOR), G-protein coupled receptor (GPCR), and platelet-derived
growth factor receptor a (PDGFRa) (Veland et al., 2009; Wheway et al., 2018). Deficits

of primary cilia, in function or formation, cause ciliopathies leading to the pathogenesis

of various developmental disorders and diseases in humans (Badano et al., 2006; Lee

and Gleeson, 2010; Ware et al., 2011) and often show brain phenotypes such as mental
retardation and cognitive defects (Badano et al., 2006). As Shh signaling is critical for
early neurodevelopment, ablation of critical proteins which form primary cilia, including
various intraflagellar transport (IFT) or IFT-associated proteins such as IFT88 and Kif3a,
lead to defects in embryonic patterning and development (Huangfu et al., 2003). Defects in
primary cilia or their associated IFT proteins are also known to lead to severe cerebellar
deficits (Chizhikov et al., 2007; Spassky et. al. 2008). In the postnatal brain, granule neuron
precursors (GNPs) require primary cilia for proliferation and differentiation in multiple
brain regions including the cerebellum (Chizhikov et al., 2007; Di Pietro et al., 2017;
Spassky et al., 2008) and the dentate gyrus (Breunig et al., 2008; Han et al., 2008).

It has been shown that cooperation between Shh signaling and Atoh1, which mainly
expresses in proliferating GNPs in the external germinal layer (EGL) of the cerebellum,

a region important during early postnatal cerebellar development and controls primary cilia
maintenance and function, orchestrate proper GNP development in the cerebellum (Chang
etal., 2019; Flora et al., 2009). Moreover, studies further demonstrate that glia-neuronal
coordination and communication is also crucial for maintaining a proper neuronal number
and normal cerebellar development. The ablation of Shh signaling in Bergmann glia, a type
of astrocyte residing in the Purkinje cell layer (PCL), leads to proliferation deficits in early
stages of cerebellar development by affecting the proliferation of cerebellar GNPs in the
EGL (Cheng et al., 2018; Marazziti et al., 2013), which would eventually differentiate into
granule neurons and migrate to the internal granule layer (IGL), guided by the Bergmann
glia (Xu et al., 2013). Furthermore, the loss of the primary cilia protein Gpr3711, which
specifically expresses in Bergmann glia, has led to reduced Shh signaling, reduced GNP
proliferation in the EGL, and the alteration of cerebellum-mediated behaviors including
motor coordination (Marazziti et al., 2013). These granule neurons produced in the EGL
are important for a variety of tasks in the cerebellum, such as pruning the climbing fibers
which synapse with Purkinje cells and processing both sensory and motor signals (Huang
et al., 2013; Lackey et al., 2018; Manzini et al., 2006; Watanabe and Kano, 2011). Notably,
granule neurons play a key role in motor learning by forming synapses with mossy fibers
(Huang et al., 2013) and assisting with conditioned responses to stimuli (Giovannucci et
al., 2017). Even though primary cilia play a critical role in cerebellum development, the
contribution of primary cilia to neurodevelopmental disorders such as autism spectrum
disorder (ASD), which often demonstrate deficits in cerebellar development, is largely
unknown.

Fragile X syndrome (FXS), the most common known cause for ASDs, is a genetically
inherited neurodevelopmental disorder driven by the silencing of the fragile X mental
retardation 1 (FMRI) gene. The FMR1 gene encodes for the fragile X mental retardation
protein (FMRP), which is an mRNA binding protein and plays critical roles in regulating
FMRP mRNA targets in neurons (Antar et al., 2004; Bakker et al., 2000; Cook et
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al., 2011; Feng et al., 1997, Laggerbauer et al., 2001). FXS patients have a range of
neurodevelopmental deficits, such as cognitive impairment and intellectual disabilities, and
also display cerebellar phenotypes, such as cerebellar ataxia, decreased cerebellar size, and
speech articulation deficits (Bardoni et al., 2006; Greco et al., 2011; O’Donnell and Warren,
2002). Fmr1 KO mice, a model to study FXS, recapitulate human behavioral phenotypes
including cerebellar deficits, such as abnormalities in motor coordination and balance, and
deficits in rhythmic oromotor coordination (Roy et al., 2011). Deficits in mouse eyeblink
conditioning behavior, mediated by the cerebellum, were also observed when FMRP was
conditionally knocked out in the Purkinje cells of the cerebellum, indicating that the altered
plasticity or function of the cerebellum contributes to FXS phenotypes (Koekkoek et. al.
2005). Similar deficits such as impaired cerebellar development and patterning are also
found in other neurodevelopmental disorders such as Joubert syndrome and Bardet-Biedel
syndrome (Aksoy et al., 2011; Mancini et al., 2014, Parisi, 2019; Valente et al., 2014). Both
of these disorders are coined as “ciliopathies’, as they are caused by deficits in primary cilia
or their associated proteins (Waters and Beales, 2011). Due to the similarities between the
neurodevelopmental deficits of FXS and ciliopathies, the possible contribution of primary
cilia in FXS pathophysiology has been raised. Notably, our previous study shows a link
between FXS and primary cilia, as we found primary cilia deficits in newborn neurons of the
dentate gyrus in Fmrl KO mice (Lee et al., 2020). Therefore, investigating further whether
primary cilia contribute to the pathophysiology of FXS can be important in understanding
this disorder.

This study pursued finding a phenotype of primary cilia in the cerebellum using Fmr1 KO
mice. The initial investigation assessed the number of primary cilia in different regions of
the cerebellum (anterior, central, and posterior) in the PCL and the IGL of WT and Fmirl
KO adult mice. Reduced numbers of primary cilia in the FmrZ KO mice were observed in
location-specific, age-specific, and cell type-specific manners in that only Bergmann glia
in the PCL of the posterior cerebellum showed primary cilia deficits after postnatal day 10
(P10). We further observed the reduction of Glil expression, an indicator of Shh signaling
in Bergmann glia, and the reduction of GNP proliferation and thickness in the EGL of Fmr1
KO mice without observing a change in primary cilia number in the EGL. Given that Shh
signaling occurs in the cerebellum during proliferation and that ablation or reduction of
Shh signaling in Bergmann glia leads to proliferation deficits of the cerebellar GNPs in the
EGL (Cheng et al., 2018; Marazziti et al., 2013), our results indicate that dysregulated Shh
signaling in Bergmann glia through primary cilia in £mr1 KO mice may have led to the
reduced proliferation of GNPs and, therefore, the reduced thickness of the EGL observed.
Taken together, we demonstrate that FMRP is required for primary cilia on the Bergmann
glia for proper development of the cerebellum through glia-neuronal communication.

Materials and Methods

Materials.

Paraformaldehyde (PFA) and D(+)-Sucrose were purchased from Acros Organics. Sodium
citrate dihydrate, Triton-X 100, phosphate buffered saline (PBS), Tissue-Plus® O.C.T.
Compound, Permount Mounting Medium, and Superfrost Plus microscope slides were
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purchased from Fisher Scientific. The X-Gal Staining Kit for p-gal staining was purchased
from Genlantis. Isoflurane was purchased from Vetone. Embedding molds were purchased
from Epredia. Goat serum was purchased from Gibco. BrdU, Prolong Gold Antifade
Reagent, and DAPI were purchased from Invitrogen. Nuclear Fast Red solution was
purchased from Sigma-Aldrich.

The following primary antibodies were used in this study: mouse anti-BLBP (1:200;
Abcam; ab131137), mouse anti-Sox-2 (1:100; Santa Cruz; sc-365964), mouse anti-

S-100p chain (1:100; Santa Cruz; sc-393919), mouse anti-NeuN (1:500; Millipore-Sigma;
MAB-377), chicken anti-calbindin (1:400; Encor; CPCA-Calbindin), rabbit anti-Arl13b
(1:700; Proteintech; 17711-1-AP), rabbit anti-BLBP (1:300; Abcam; ab32423), rat anti-
BrdU (1:200; Novus; NB500-169), and rat anti-BrdU (1:200; Abcam; ab6326). The
following secondary antibodies were used in this study: donkey anti-mouse 1gG-Alexa Fluor
647 (1:500), donkey anti-rabbit 1gG-Cy3 (1:500), donkey anti-chicken IgG-Alexa Fluor 647
(1:500), donkey anti-chicken 1gG-Cy2 (1:500), and donkey anti-rat IgG-Alexa Fluor 488
(1:200) from Jackson ImmunoResearch Laboratories.

FVB.129P2-Pde6l* Tyr¢cFmr1im™1Cor) (FVB Fmrl KO; JAX: #004624), FVB.129P2-
Pde6b* Tyr*¢MAntd (FVB control mice for Fmr1 KO; JAX: #004828), and G/i1tm2Al))
(Glil-/acz JAX: #008211) mice were purchased from Jackson Laboratory. FVB Fmrl

KO males (FmirI™) were crossed with control females (Fmr1*!*) to obtain heterozygous
Fmrl females (Fmr1*/7), which were then crossed with control males (FmrtY) to

obtain male FmrI KO mice (FmrI™Y) and male control WT littermates (FmrI*"). For
Glil-/acZ experiments, heterozygous FVB Frmrl females (Fmri*/~) were crossed with
heterozygous Glil-/acZ males (Glil-/acZ*") to obtain male Glil-/acZ; Fmrl KO mice (Glil-
lacZ=,Fmr1™") and male Glil-/acZ:WT control littermates (Glil-/acZ*~; Fmr1™). Mice
for each genotype were chosen randomly for all experiments. All mice were housed in the
university’s animal facility which was maintained under standard humidity and temperature
with day-night cycles of 14 hr light and 10 hr darkness. Food and water were provided ad
libitum. The use and care of animals in this study follows the guidelines of the UTHSCSA
Institutional Animal Care and Use Committee.

BrdU Injections.

BrdU was administered through intraperitoneal injection to label proliferating GNPs in the
EGL. Postnatal mice (P7 or P10) were injected with 50 mg kg~! body weight of BrdU
intraperitoneally 3 times (starting at P6 or P9), each 8 hr apart, and perfused with 4% PFA 8
hr after the last injection.

Brain Preparation.

Postnatal mice (P7, P10, P14, P28, P30, or adult) were anesthetized with isoflurane and
perfused intracardially with PBS followed by 4% PFA (w/v) in 1X PBS. Brains were
dissected out and fixed in 4% PFA for 4 hr at 4°C, and then stored in 30% sucrose
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for 2 days. Brains were kept at —80°C after being embedded into embedding mold with
Tissue-Plus® O.C.T. Compound. Sagittal sections (20 um) were obtained by cryostat and
collected onto a Superfrost Plus slide. The sections were stored in —20°C until used for
immunostaining as previously described (Lee et al., 2020) or p-gal staining.

Immunostaining.

For immunostaining, all sections were prepared as described above (see Brain Preparation
Section) and were post-fixed by methanol for 10 min at —20°C, followed by antigen retrieval
for 15 min. Antigen retrieval was performed by steaming in a citrate buffer (0.294% sodium
citrate, 0.05% Tween 20 in distilled water, pH 6.0) for 15 min with subsequent cooling

over ice for 10 min. After being washed 3 times with PBS for 5 min, the sections were
incubated for 1 hr at room temperature with blocking solution (5% goat serum and 0.01%
Triton-X 100 in 1X PBS). After that, the sections were incubated with primary antibodies
(aside from anti-BrdU and anti-Arl13b) overnight at 4°C. The sections were then washed

3 times with PBS for 10 min, followed by incubation with secondary antibodies for 1.5 hr
at room temperature. After again being washed 3 times with PBS for 5 min, the sections
were incubated with 1X DAPI for 5 min and then washed twice for 5 min. They were then
incubated in 70% ethanol for 1 min before being mounted with ProLong Gold Antifade
Reagent. Immunostained sections were kept in 4°C. For BrdU immunostaining, after initial
primary antibody incubation, the brain tissues were washed 4 times with PBS for 10 min
and incubated in 2M HCI for 30 min at 37°C before being incubated with BrdU and Arl13b
primary antibodies for 4 hr at room temperature, which was then followed by washing and
secondary incubation as mentioned above.

B-galactosidase (B-gal) staining.

For B-gal staining, all sections were prepared as described above (see Brain Preparation
Section). B-gal activity was detected in 20 um frozen sections by incubation in 1X X-gal
solution from the X-Gal Staining Kit at 37°C for 4-6 hr unless otherwise indicated. Sections
were counterstained in Nuclear Fast Red for 3 min. The sections were then washed with
distilled water, followed by incubation with 75% ethanol for 1 min before being mounted
with Permount Mounting Medium.

Imaging and Analysis.

For primary cilia immunostaining, images were taken in each brain region of interest by
Zeiss Apotome fluorescence microscope with 40x oil objective lens, 10 um range with 1
pm intervals. Two images were taken from the inner region (toward the inner side of the
fissures where lobes are adjacent to each other, as shown in Figure 1A and 4A) of each lobe
of the brain analyzed per animal (lobe V, lobe VI, lobe VIII, and lobe IX for all animals,
aside from animals immunostained with NeuN, where only two images from lobe IX were
taken). All 11 slices in a 10 um thickness were counted from the region of interest (same
size for all images to compare between groups) for Arl13b* primary cilia and normalized by
the number of BLBP™, calbindin*, NeuN*, or DAPI* cells. For BrdU analysis, images were
taken by Zeiss Apotome fluorescence microscope with 40x oil objective lens, 10 pm range
with 1 um intervals. 4 images for P7 or 3 images for P10 were taken from the inner region
(toward the inner side of the fissures where lobes are adjacent to each other, as shown in
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Figure 1A and 4A) of each lobe of the brain analyzed per animal (Iobe VIII and lobe IX for
all animals). In 11 slices with a total 10 pm thickness, 8 slices from slice 1 to 8 were counted
from the region of interest (same size for all images to compare between groups) for BrdU™*
and normalized by the number of DAPI* cells. For B-galactosidase staining, images were
taken by N-Storm Nikon microscope with 20x objective lens. Two images were taken from
the inner region (toward the inner side of the fissures where lobes are adjacent to each other,
as shown in Figure 1A and 4A) of each lobe of the brain analyzed per animal (lobe V11 and
lobe 1X for all animals). The number of LacZ* cells in an area of 5000 pm? were counted
and analyzed through GraphPad Prism 7.0.

Statistical Analysis.

Results

All data was analyzed using GraphPad Prism 7.0. Significant differences were designated by
student’s unpaired ~test. For all comparisons, values of P<0.05 were considered significant,
and all data were presented as mean £ SEM. Outliers were determined using the ROUT
method with Q=0.01%. All the statistics showed that variances are similar between the
groups that are being statistically compared. No statistical methods were used to pre-
determine sample sizes, but all sample sizes are similar to those generally employed in

the field. Sample size (n) is indicated in each figure legend. None of the samples were
excluded for the analysis.

Primary cilia are significantly reduced specifically in the Purkinje cell layer of the posterior
cerebellum in Fmrl KO mice

To investigate whether adult ~mr1 KO mice showed primary ciliary deficits, we analyzed
primary cilia in various lobes of the cerebellum, specifically the anterior (defined as lobes

| to V), central (defined as lobes V1 to V1), and posterior (defined as lobes VIII to X)
cerebellum (Reeber et al., 2012; White and Sillitoe, 2013), and in the PCL and the IGL
layers, where cells express primary cilia (Figure 1A). The molecular layer (ML) was not
analyzed as it consists of mostly cell processes, while the EGL has already disappeared

by the third postnatal week in mice after cell migration is complete (Xu et al., 2013).
Sagittal sections of cerebellum from adult WT and FmrZ KO mice were prepared, and
immunostaining of ADP ribosylation factor-like GTPase 13b (Arl13b, red), to visualize
primary cilia, and DAPI nuclear staining (grey), to visualize cells, were performed (Figure
1B). Arl13b* primary cilia were counted and normalized by the number of DAPI* cells in
the PCL and the IGL layers of the anterior (lobe V), central (Iobe V1), and posterior (Iobes
VII/1X) cerebellum (Figure 1B) from adult WT and FmrZ KO mice. As a result, Arl13b*
primary cilia were significantly reduced in the PCL of the posterior region of the cerebellum
from adult £mrZ KO mice compared to WT mice, while no significant difference in primary
cilia number was found in the PCL of the anterior or central regions between WT and Fmr1
KO mice (Figure 1C: Left graph). Moreover, in the IGL, there was no significant difference
in the number of primary cilia between WT and FmrZ KO mice in all three regions (Figure
1C: Right graph). Our results suggest that a reduction of Arl13b* is specifically seen in the
PCL of the posterior cerebellum in adult Fmr1 KO mice.
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In order to check the EGL, we also analyzed primary cilia in the posterior cerebellum of WT
and Fmr1 KO mice at P7, when the EGL is still present (Figure S1). As a result, we did

not find a significant reduction in primary cilia number in the EGL of the posterior region

of the cerebellum in P7 Fmr1 KO mice (Figure S1B), as well as no significant reduction in
the IGL (Figure S1C). Given that our result showed a significant reduction of primary cilia
in the PCL of adult Fmr1 KO mice (Figure 1), we further checked the PCL in the anterior,
central, and posterior regions of P7 mice. However, no significant reduction in primary cilia
number was found in any of PCL regions of FmrZ KO mice compared to WT mice at age P7
(Figure S1D-S1F), implicating that primary cilia reduction in FmrZ KO mice is potentially
age-dependent.

Primary cilia loss in Fmrl KO mice are cell-specific to the Bergmann glia and age-
dependent in the cerebellum

Next, we determined if the phenotype observed in Figure 1 was cell type-specific among the
three major cell types in the PCL, which are granule neurons, Purkinje cells, and Bergmann
glia. In order to investigate primary cilia on specific cell types, we immunostained the
posterior cerebellum of adult WT and Fmr1 KO mice with the following cell markers:
neuronal nuclear protein (NeuN, cyan) to visualize granule neuron, calbindin (green) to
visualize Purkinje cells, or BLBP (yellow) to visualize Bergmann glia, along with Arl13b
(red) and DAPI nuclear staining (grey) (Figure 2A). We then determined whether granule
neurons (NeuN™), Purkinje cells (calbindin*), and Bergmann glia (BLBP*) in the PCL of
the posterior cerebellum had primary cilia (Arl13b*, blue arrows) or did not have primary
cilia (Arl13b~, magenta arrowheads) (Figure 2A). As a result, granule neurons and Purkinje
cells did not show a significant change in primary cilia number between WT and Fmr1 KO
mice, but Bergmann glia showed a significant reduction of primary cilia number in Fmr1
KO mice compared to WT mice (Figure 2B). When immunostaining with antibodies for
other cellular markers for Bergmann glia, S-100p8 and Sox-2, there was still a significant
reduction in primary cilia number in Fmr1 KO mice compared to WT mice (Figure S2),
which confirms the reduction of primary cilia in Bergmann glia. Furthermore, Bergmann
glia, marked by BLBP, S-100p, or Sox-2, as well as Purkinje cells, marked by calbindin, in
both the anterior and central regions of the cerebellum in WT and FmrZ KO mice showed
no significant difference in number of primary cilia (Figure S3). This indicates that the
reduction of primary cilia in the PCL of FmrZ KO mice is specific to Bergmann glia in the
posterior cerebellum and not in other cell types or regions of the cerebellum.

Bergmann glia are unipolar astrocytes that are associated with Purkinje cells in the PCL

of the cerebellum and have unique roles both in early postnatal cerebellar development

and in the mature cerebellum (Saab et al., 2012; Yamada et al., 2000). They are

located directly next to Purkinje cells and interact with them in multiple ways, such as
controlling Purkinje cell membrane potential (Wang et al., 2012) and regulating Purkinje
cell synaptic transmission through glutamate receptors (Farmer et al., 2016; Saab et al.,
2012). Importantly, Bergmann glial primary cilia perform Shh signaling by receiving

Shh molecules secreted by Purkinje cells (Farmer et al., 2016). Notably, it has been
previously demonstrated that altering Shh signaling in Bergmann glia has led to alterations
in Bergmann glial properties making them similar to that of velate astrocytes (Farmer et al.,
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2016). Other previous studies further showed that reduced Shh signaling in the Bergmann
glia reduced cerebellar size, and notably, decreased cerebellar GNP proliferation in the EGL,
indicating that Bergmann glia mediate neuronal-glial communications (Cheng et al., 2018;
Marazziti et al., 2013). Given this neuronal-glial communication is crucial during early
postnatal cerebellar development through primary cilia and Shh signaling in Bergmann glia
(Cheng et al., 2018; Marazziti et al., 2013), knowing when Bergmann glia begin to lose
primary cilia in FmrZ KO mice is critical in understanding the role of the primary cilia in
the Bergmann glia to elucidate FXS pathophysiology. To investigate when the primary cilia
loss in Bergmann glia begins in Fmr1 KO mice, Arl13b* primary cilia were counted and
normalized by Bergmann glia population (BLBP™) in the PCL of the posterior cerebellum in
P7, P10, P14, P28, or adult WT or Fmr1 KO mice (Figure 2C). As a result, while P7 animals
showed no significant difference in primary cilia number between WT and Fmr1 KO mice,
P10 and older Fmr1 KO mice showed a significant reduction in the number of primary cilia
(Figure 2D), indicating that primary cilia loss in Bergmann glia of FmrZ KO mice occurs
age-dependently. Further investigation showed that there is no significant difference in the
number of Bergmann glia or Purkinje cells between genotypes in various age groups tested
(Figure S4). Overall, our results demonstrate that primary cilia reduction is specifically
found in Bergmann glia (cell type-specific) of the posterior cerebellum (location-specific)
starting at P10 (age-specific) in Fmr1 KO mice.

Shh signaling is reduced in Bergmann glia of Fmrl KO mice

Since Shh signaling and primary cilia in Bergmann glia are known to contribute to cerebellar
development, such as GNP proliferation in the EGL through Shh signaling (Cheng et

al., 2018; Marazziti et al., 2013), we further determined whether Shh signaling levels

in Bergmann glia of Fmr KO mice are altered using Glil-/acZ mice, which are /acZ
knock-in mutant mice that can be used to determine Glil expression levels. We performed
B-galactosidase (/ac2) staining of the cerebellum from Glil-/acZWT and Glil-/acZ Fmrl
KO mice, as Glil is a well-defined indicator of Shh signaling and is primarily expressed

in cerebellar Bergmann glia in the PCL (Corrales et al., 2004). As a result, while P7 Fmr1
KO mice showed no significant Shh signaling changes, P10, P14, and P30 Fmr1 KO mice
demonstrated reduced Shh signaling compared to WT mice in the PCL (Figure 3). Given
that Glil expresses mainly in Bergmann glia in the PCL and our findings showed that
Bergmann glia number didn’t change in various ages of Fmr1 KO mice (Figure S4A), we
conclude that Shh signaling is reduced in the Bergmann glia of Fm7r1 KO mice at P10, P14,
and P30.

FMRP loss induces reductions of GNP proliferation in the EGL and the thickness of EGL

Previous studies showed that Shh signaling of Bergmann glia in the PCL is critical for the
proliferation of cerebellar granule precursors in the EGL (Cheng et al., 2018; Marazziti et
al., 2013). Given that a reduction of primary cilia number and Shh signaling in Bergmann
glia was observed in Fmr1 KO mice from P10 but not at P7, we next determined whether

the primary cilia loss in Fmr1 KO mice affects the proliferation of cerebellar GNPs and the
thickness of the EGL (Figure 4A). In order to investigate cell proliferation in the EGL, we
labeled proliferating cells using BrdU, and checked if GNP proliferation in the EGL of Fmr1
KO mice was altered. Since the EGL is present in mice until approximately the end of the
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second postnatal week and is completely depleted around P20 (Marazziti et al., 2013; Galas
etal., 2017), we injected BrdU into P6 or P9 WT and FmrZ KO mice (3 times, 8 hr apart),
and then collected the brains at P7 or P10, which was 8 hr after the last injection. As a result,
at P7, there was no significant difference in the number of proliferating cells (BrdU*;DAPI™)
in the EGL between WT and Fmr1 KO mice (Figure 4B—C). However, at P10, the number
of proliferating cells in the EGL was significantly decreased in FmrZ KO mice compared

to WT mice (Figure 4B-C), indicating decreased proliferation of cells in the EGL of Fmr1
KO mice compared to WT mice. Moreover, we found that the EGL thickness was reduced

at P10 in Fmr KO mice compared to WT mice, while no difference was observed at P7 in
Fmrl KO mice (Figure 4D). This decrease in EGL thickness could be due to a disruption in
cerebellar development led by decreased proliferation of GNPs in the EGL (Wallace, 1999).
To exclude the possibility that decreased GNP proliferation is due to cilia deficits in the
cerebellar GNPs of the EGL as a previous study has demonstrated (Chang et al., 2019),

we counted the number of primary cilia in the EGL of WT and FmrZ KO mice and found

no significant difference between WT and FmrI KO mice (Figure 4E), indicating that the
primary cilia loss in the Bergmann glia of Amr1 KO mice is what affects GNP proliferation
and the thickness of EGL in Fmr1 KO mice. These results demonstrate that reduction of

Shh signaling due to the primary cilia loss in the Bergmann glia of FmrZ KO mice causes
decreased proliferation of GNPs in the EGL.

Discussion

Defective primary cilia have been associated with diverse human diseases including Bardet-
Biedl, Joubert, Meckel-Gruber and Oral-facial-digital type 1 syndromes (Badano et al.,
2006). The pathology of these disorders known as ciliopathies include neurodevelopmental
deficits and cognitive defects, suggesting that primary cilia are required for the proper
development or function of the brain. Despite this growing evidence of primary cilia
contribution to brain development and intellectual disabilities, the functional role of primary
cilia in neurodevelopmental disorders, such as FXS, is largely unknown. FXS patients have
a range of developmental deficits, such as cognitive impairment and intellectual disabilities,
and also display cerebellar behavioral phenotypes (Bardoni et al., 2006; Greco et al.,

2011; O’Donnell and Warren, 2002). Fmr1 KO mice, a mouse model for FXS, recapitulate
human behavioral deficits including cerebellar deficits (Roy et al., 2011); notably, deficits
in synaptic structure, plasticity, and eye-blink conditioning behavior were observed when
FMRP was conditionally knocked out in Purkinje cells of the cerebellum, indicating that
the altered plasticity or function of the cerebellum could be the cause of FXS phenotypes
(Koekkoek et. al. 2005). In this report, we demonstrate that primary cilia loss and Shh
signaling reduction are found in the cerebellar Bergmann glia of F7rZ KO mice. This
finding suggests a link between primary cilia and FXS, as well as provides a novel cellular
phenotype of Bergmann glia in the condition of FMRP loss. The cerebellum has recently
emerged as one of the key brain regions affected in autism, and anatomical, clinical, and
neuroimaging studies strongly suggest that the cerebellum supports cognitive functions,
including language and executive functions (Becker and Stoodley, 2013). Interestingly, our
result shows that primary cilia deficits are detected in the posterior region of the cerebellum
in Fmr KO mice, which correlates with previous studies demonstrating panfoliar atrophy
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and decreased size of the cerebellar vermis in the posterior region of the cerebellum in

FXS patients (Greco et al., 2011; Reiss et al., 1988). Notably, damage or deficit to the
posterior region of the cerebellum has been linked to cognitive deficits such as memory and
language, whereas the anterior and central regions have been found to have a greater effect
on motor control (Stoodley and Schmahmann, 2010; Stoodley et. al., 2012). The cognitive
deficits seen in FXS are consistent with the behaviors mediated by the posterior cerebellum.
Our results also demonstrate the ciliary loss in cerebellar Bergmann glia, which suggest

a potential contribution of primary cilia deficits to cerebellar phenotypes of FXS through
neuronal-glial communications. Together with our recent report demonstrating primary cilia
deficits in the newborn neurons from dentate gyrus of FmrZ KO mice (Lee et al., 2020),
primary cilia can be proposed as a potential contributor in the development of postnatal born
neurons in both cerebellum and dentate gyrus of FXS. Elucidating the further mechanisms
underlying this contribution of primary cilia loss to FXS pathophysiology can be a potential
future study that can fill our current knowledge gap.

Bergmann glia are specialized astrocytic cells in the cerebellum, and are a close anatomical
partner to Purkinje cells (Bellamy, 2006). Bergmann glia contribute to Purkinje cell dendritic
elaboration by synapsing on Purkinje cell dendrites (Lippman et al., 2008; Yamada et al.,
2000) and by receiving Shh signaling from Purkinje cells (Farmer et al., 2016). In early
postnatal cerebellar development, Bergmann glia extend processes upward through the ML
to the EGL and end at the pial surface to provide structural support and guide the migration
of granule neurons from the EGL to the IGL (Xu et al., 2013). More recently, Bergmann

glia were found to regulate the proliferation of cerebellar GNPs in the EGL through Shh
signaling via primary cilia (Cheng et al., 2018; Marazziti et al., 2013). Therefore, our finding
of both primary cilia reduction and Shh signaling reduction specifically in the Bergmann
glia implies deficits in Bergmann glia function, which may have led to altered interactions
with GNPs in the EGL. Since Glil, a Shh signaling product found in Bergmann glia, is
known to be downregulated soon after GNPs differentiate (Corrales et al., 2004), this implies
that the reduced thickness of the EGL in Fmr KO mice at P10 may be caused by early
differentiation of the GNPs due to altered communication with Bergmann glia through Shh
signaling. Given that we found a novel cellular deficit in the cerebellum of FmrZ KO mice,
revealing the underlying molecular mechanism of how FMRP ablation leads to reduced
primary cilia in the Bergmann glia and how this phenotype contributes to an EGL phenotype
(reduced GNP proliferation and thickness) in Fmr1 KO mice can be a potential follow up
study. Given that FMRP is an mRNA-binding protein that associates with polyribosomes
and regulates the trafficking, stability, and translation of mMRNA (Laggerbauer et al., 2001,
Lee et al., 2011), one potential scenario might be that FMRP may contribute to this primary
cilia phenotype directly or indirectly by regulating mRNAs, which are critical for primary
ciliogenesis. The molecular mechanisms underlying primary cilia deficits in Bergmann glia
of FXS can be further investigated by identifying FMRP mRNA targets and characterizing
how FMRP regulates primary cilia.

Conclusion

This study pursued finding a phenotype of primary cilia in the cerebellum using Fmr1 KO
mice. The initial investigation assessed the number of primary cilia in different regions of
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the cerebellum (anterior, central, and posterior) in the PCL and the IGL of WT and Fmirl
KO adult mice. Our results demonstrate that primary cilia reduction is specifically found in
Bergmann glia (cell type-specific) of the posterior cerebellum (location-specific) starting at
P10 (age-specific) in Fmr1 KO mice. We further observed the reduction of Glil expression,
an indicator of Shh signaling in Bergmann glia, and the reduction of GNP proliferation

and thickness in the EGL in Fmr1 KO mice without observing a change in primary cilia
number in the EGL. Given that Shh signaling in Bergmann glia plays a critical role in GNP
proliferation in the EGL, our results indicate that dysregulated Shh signaling in Bergmann
glia through primary cilia in £FmrZ KO mice may have led to the reduced proliferation

of GNPs and, therefore, the reduced thickness of the EGL observed. In conclusion, we
demonstrate that FMRP is required for primary cilia on the Bergmann glia for proper
development of the cerebellum possibly through glia-neuronal communication.
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Figure 1. Number of primary ciliaisreduced specifically in the Purkinje cell layer of the
posterior cerebellum in adult Fmrl KO mice. See also Figure S1.

(A) Schematic of adult cerebellum regions and layers. (B) Immunostaining of Arl13b (red)
with DAPI nuclear staining (grey) in the PCL and IGL of the anterior (left), central (middle),
and posterior (right) cerebellum of adult WT (top) and Fmr1 KO (bottom) mice. Dotted
white lines indicate the borderline of each layer (ML, PCL and IGL). Scale bar, 20 pm. (C)
Quantification of the percentage of Arl13b* cells among DAPI* cells in the PCL (left) or
IGL (right) of the cerebellum from adult WT and FmrZ KO mice. n=4-8 for each group,
mean + SEM. Student’s unpaired #test. ***P<0.001.
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Figure 2. Number of primary ciliaisreduced specifically in Bergmann gliain the posterior
cerebellum of adult Fmrl KO mice, and significant reduction in primary cilia number starts at
P10. See also Figure S2, S3, and 4.

(A) Immunostaining of Arl13b (red), NeuN (cyan, top), calbindin (green, middle), and
BLBP (yellow, bottom) with DAPI nuclear staining (grey) in the posterior cerebellum of
adult WT (left) and FmrZ KO (right) mice. Blue arrows, Arl13b* cells; Magenta arrowheads,
Arl13b cells. Scale bar, 10 um. (B) Quantification of the percentage of Arl13b* cells among
NeuN* cells (top), calbindin* cells (middle), or BLBP* cells (bottom) in the cerebellum
from adult WT and FmrZ KO mice. (C) Immunostaining of Arl13b (red) and BLBP (yellow)
with DAPI nuclear staining (grey) in the PCL of P7, P10, P14, P28, and adult WT (left)

and Fmrl KO (right) mice. Blue arrows, Arl13b* cells; Magenta arrowheads, Arl13b™ cells.
Scale bar, 10 um. (D) Quantification of the percentage of Arl13b* cells among BLBP* cells
in the cerebellum from WT and FmrZ KO mice. n=4-8 for each group (A), n=8-24 for each
group (C), mean + SEM. Student’s unpaired #test. *P<0.05; **P<0.01; ***P<0.001.
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Figure 3. Shh signaling isreduced in the Bergmann glia of Fmrl KO mice starting at P10. See

also Figure $4.

(A) B-galactosidase staining (b/ue) and nuclear staining (red) of the PCL in the cerebellum
from Glil-/acZWT (left) and Glil-/acZ Fmrl KO (right) mice at P7, P10, P14, and P30.
Scale bar, 50 pm. (B) Quantification of the number of B-galactosidase* cells in region of
interest in square microns (Um?2). n=24-48 for each group, mean + SEM. Student’s unpaired
ttest. **P<0.01; ***P<0.001; ****P<0.0001.
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Figure 4. GNP proliferation in the EGL and thickness of EGL arereduced in the posterior
cerebellum of Fmrl KO mice at P10.

(A) Schematic of location analyzed in the posterior cerebellum. (B) Immunostaining of
Arl13b (red) and BrdU (cyan) and DAPI nuclear staining (grey) in the EGL of WT (top) and
Fmr1 KO (bottom) mice at P7 and P10. Dotted yellow lines indicate the borderline of EGL
from one lobe. Scale bar, 20 um. (C) Quantification of the percentage of BrdU* cells among
DAPI* cells in the EGL from WT and FmrZ KO mice. (D) Measurement of the thickness of
the EGL in microns (um) from WT and Fmr1 KO mice. (E) Quantification of the percentage
of Arl13b* cells among DAPI™ cells in the EGL from WT and FmrZ KO mice. n=6-9

for each group (C, E), n=2-3 for each group (D), mean £ SEM. Student’s unpaired #test.
***P<0.001; ****P<0.0001.
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