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Abstract Cellular primary cilia crucially sense and
transduce extracellular physicochemical stimuli. Cilium-
mediated developmental signaling is tissue and cell type
specific. Primary cilia are required for cerebellar differen-
tiation and sonic hedgehog (Shh)-dependent proliferation
of neuronal granule precursors. The mammalian G-protein-
coupled receptor 37-like 1 is specifically expressed in
cerebellar Bergmann glia astrocytes and participates in
regulating postnatal cerebellar granule neuron prolifera-
tion/differentiation and Bergmann glia and Purkinje neuron
maturation. The mouse receptor protein interacts with the
patched 1 component of the cilium-associated Shh receptor
complex. Mice heterozygous for patched homolog 1
mutations, like heterozygous patched 1 humans, have a
higher incidence of Shh subgroup medulloblastoma (MB)
and other tumors. Cerebellar cells bearing primary cilia
were identified during postnatal development and in
adulthood in two mouse strains with altered Shh signaling:
a G-protein-coupled receptor 37-like 1 null mutant and an
MB-susceptible, heterozygous patched homolog 1 mutant.
In addition to granule and Purkinje neurons, primary cilia
were also expressed by Bergmann glia astrocytes in both
wild-type and mutant animals, from birth to adulthood.
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Variations in ciliary number and length were related to the
different levels of neuronal and glial cell proliferation and
maturation, during postnatal cerebellar development. Pri-
mary cilia were also detected in pre-neoplastic MB lesions
in heterozygous patched homolog 1 mutant mice and they
could represent specific markers for the development and
analysis of novel cerebellar oncogenic models.
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Introduction

Primary cilia are microtubule-structured organelles that
extend from the cell’s surface and are crucially involved in
sensing and transducing molecular and mechanical extra-
cellular stimuli (Singla and Reiter 2006). Intracellular
signaling provoked by ciliary activity and its alteration is
distinctly tissue and cell type dependent. In particular,
primary cilia are critically required for mammalian brain
development, controlling the activation and modulation of
specific neuronal mitogenic and developmental signals,
such as those of the sonic hedgehog (Shh)- and wingless
type-dependent pathways (Han et al. 2008; Gerdes et al.
2007).

The development and differentiation of the cerebellum
involve a complex set of regulatory pathways that are only
partially understood (Sotelo 2004). In the earliest postnatal
stage, cerebellar Purkinje neurons secrete sonic hedgehog
protein (Shh), which stimulates the proliferation of neu-
ronal granule cell precursors (GCPs) in the external granule
layer (EGL) (Dahmane and Ruiz i Altaba 1999; Wechsler-
Reya and Scott 1999; Wallace 1999). Shh also promotes
the postnatal maturation/differentiation of Bergmann glia
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astrocytes (Dahmane and Ruiz i Altaba 1999). During
postnatal development, both glial astrocytes and GCPs
express high levels of Shh pathway components, such as
the primary cilium-associated, transmembrane transporter-
like patched homolog 1 (Ptchl) and the 7-membrane span
smoothened (Smo) proteins (Vaillant and Monard 2009;
Ruat et al. 2012). Shh proliferative signals are regulated by
several factors, including Ptchl, its primary co-receptor
component (Allen et al. 2011; Izzi et al. 2011). The binding
of Shh to the Ptchl complex leads to ciliary translocation
and derepression of Smo, thus triggering the intracellular
transcriptional activation of several proliferation-related
genes (Ho and Scott 2002).

The vertebrate G-protein-coupled receptor 37 and
37-like 1 (Gpr37 and Gpr3711) genes are highly expressed
in brain tissues and encode 7-transmembrane span proteins
with amino acid sequence homology to G-protein-coupled
receptors of the endothelin and gastrin releasing/bombesin
peptides (Marazziti et al. 1997, 1998; Valdenaire et al.
1998). The secreted cytoprotective glycoprotein prosaposin
and derived peptides were found to interact in vitro with
both putative receptors (Meyer et al. 2013). The mam-
malian Gpr3711 protein is specifically expressed in new-
born and adult cerebellar Bergmann glia astrocytes.
Genetic ablation of Gpr3711 results in altered expression of
Shh pathway markers, reduced GCP proliferation, and
precocious maturation of Bergmann astrocytes and Purk-
inje neurons (Marazziti et al. 2013). The Gpr3711 protein
has also been identified as a modulator of neuronal primary
ciliogenesis (Kim et al. 2010) and it interacts and colo-
calizes with Ptchl in mouse Bergmann glia cilia (Marazziti
et al. 2013), suggesting that it may be directly involved in
regulating Shh—Ptch1-Smo ciliary signaling.

Cerebellar medulloblastomas (MBs) have the highest
incidence among malignant brain tumors of childhood,
with maximal occurrence between 4 and 7 years of age.
Certain types of MB are caused by mutations that provoke
the constitutive activation of the cerebellar Shh—Ptchl
pathway, resulting in GCP over-proliferation and malig-
nant transformation (Gerber et al. 2014). Loss-of-function
mutations of the human patched 1 (PTCHI) orthologue
gene are a major risk factor for the Shh subgroup of
cerebellar MBs. Mice heterozygous for loss-of-function
Ptchl mutations, like heterozygous PTCH1 humans, have a
higher incidence of MBs, as well as other tumors. Murine
homozygous Ptchl mutants die between embryonic day
(E) 9.0 and E10.5, with widespread nervous system defects
(Goodrich et al. 1997). Heterozygous PtchI™~ animals can
survive to adulthood, although, on average, 20 % develop
MBs (Goodrich et al. 1997), with continued Shh pathway
activation, proliferation of GCP, and expression of several
markers very similar to the ones found in human MBs
(Corcoran and Scott 2001; Wetmore et al. 2000). Pre-
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neoplastic MB lesions have been described in Prchl™~
mice (Goodrich et al. 1997; Kim et al. 2003; Oliver et al.
2005). They are specifically recognized as foci expressing
the monoclonal antibody Ki67 antigen (Ki67) and actively
investigated as possible targets for precocious detection of
oncogenic transformation (Matsuo et al. 2013).

This study examined the localization and distribution of
primary cilia during cerebellar development and adulthood
in wild-type mice and Gpr37/1~'~ homozygous null ani-
mals, with precocious down-regulation of Shh signaling
and GCP proliferation (Marazziti et al. 2013). The results
of this analysis were compared with the experimental data
obtained with a PrchI™~ MB-susceptible heterozygous
line (Marazziti et al. 2013; Hahn et al. 1998), which shows
opposite phenotypic characteristics, with increased Shh
pathway activation and GCP proliferation, from early
postnatal through adult ages.

The experimental results showed that, in addition to
GCP and Purkinje cells, primary cilia in wild-type and
mutant strains were also found expressed by Bergmann glia
(from postnatal day PO to adulthood). Comparison of
Gpr3711~'~ and wild-type cerebellar samples revealed that
primary cilia’s amount and distribution correlate with the
different extent of neuronal and glial cell proliferation and
maturation. In Ptchl™~ mice, primary cilia were also
found from P16 in pre-neoplastic MB lesions, indicating
that they may represent specific markers for the study of
oncogenic initiation and progression and the development
and analysis of novel cerebellar oncogenic models.

Materials and Methods
Animals and Housing

Hetero- and homozygous Gpr3711 knock-out mutant mice
(Gpr3711™"~ and  Gpr37117'~; MGI allele symbol:
Gpr3711<tm1.2Gtva>; MGI accession no.: 5439169) and
their wild-type littermates with a mixed genetic back-
ground (75 % C57BL/6J; 25 % 129S/SvEv) were gener-
ated and used as previously described (Marazziti et al.
2013). Heterozygous Ptchl knock-out mutant mice
(PtchI™~; MGI allele symbol: Ptchl<tmlZim>; MGI
accession ID: 1857935; (Hahn et al. 1998), with a mixed
genetic background (129S2/SvPas original background,
backcrossed >5 times to C57BL/6), were provided by the
European Mouse Mutant Archive (EMMA) Core Structure
(Monterotondo, Italy; strain accession no.. EM:00159;
https://www.infrafrontier.eu/search?keyword=00159).

After weaning, mice were housed by litter of the same sex,
3-5 per cage, and maintained in a temperature-controlled
room at 21 + 2 °C, on a 12-h light—dark cycle (lights on at
07:00 a.m.), with food and water available ad libitum. All
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animals were born and bred in a specific pathogen-free
facility and were subjected to experimental protocols, as
reviewed and approved by the Ethical and Scientific
Commission of Veterinary Dept. of the Italian Ministry of
Health, according to the ethical and safety rules and
guidelines for the use of animals in biomedical research
provided by the Italian laws and regulations, in application
of the relevant European Union’s directives (no. 86/609/
EEC and 2010/63/EU).

Antigens and Antibodies for Immunofluorescence
Labeling

The materials used in this study were as follows: ADP-
ribosylation factor-like 13B (Arl13b): UCDavis/NIH
NeuroMab Facility monoclonal antibody, clone N295B/66
(mArl13b), 1:500 and Proteintech polyclonal antiserum
(pArl13b), 1:1000; brain lipid-binding protein (Blbp):
Millipore polyclonal antiserum, 1:100; 5-bromo-2'-deox-
yuridine (BrdU): Millipore monoclonal antibody, clone
BU-1, 1:100; calbindin 1 (Calbl/CalbD-28K): Sigma-
Aldrich monoclonal antibody, clone CB-955, 1:200; con-
tactin 2 (Cntn2/TAG-1): R&D Systems polyclonal anti-
serum, 1:100; intraflagellar transport 88 (Ift88): Proteintech
polyclonal antiserum, 1:50; Gpr3711: Mab Technologies
monoclonal antibody, clone 7-4A1 sc-B12, 1:100; prolif-
erating cell nuclear antigen (Pcna): Thermo Pierce mono-
clonal antibody, clone PC10, 1:150; Ptchl: Santa Cruz
Biotechnology polyclonal antiserum; 1:50; Ki67 antigen
(Ki67): ThermoFisher polyclonal antiserum, 1:100; and
SRY (sex-determining region Y)-box 9 (Sox9): Millipore
polyclonal antiserum, 1:100; y-tubulin (Sigma-Aldrich
monoclonal antibody, clone GTU-88, 1:400).

Immunofluorescence and Quantitative Analysis

De-paraffined mid-vermal sections of age-matched brains
from C57BL/6J wild-type or mutant male mice and their
wild-type littermates were processed for immunofluores-
cence labeling and 4/, 6-diamidino-2-phenylindole (DAPI)
nuclear staining, according to standard protocols. Fluores-
cence micrographs were acquired with a TCS SP5 laser
scanning confocal microscope (Leica Microsystems) using
manufacturer’s imaging software. Quantitative image
analysis was performed with the Imaris 5.0.2 software
(Bitplane). For each section, the total number of cilia
(identified as shown in Fig. 2a) in the entire sectioned area
of the EGL or Purkinje cell layer (PCL) was counted and
normalized by the layer length. The average values of
cilium length and normalized total number were calculated
upon analysis of at least three non-adjacent sections from
three (representative) cerebellar lobes of three animals per
genotype and age group. Total cilium counts were about

25,000 in EGL and 8000 in PCL and they did not signifi-
cantly differ between the two genotypes. Cilium length
measurements were performed on about 270 and 360 cilia
per genotype and age group. The average ratio of Bergman
glial cells versus Purkinje neurons was found to be about
8-10 to 1 in all analyzed samples, independent of the
genotype or age group. Sections of similar size in similar
regions were chosen, analyzed, and compared. All mea-
surements were conducted with the observer blind to the
identity of the slides. Images from a representative exper-
iment are shown.

In Vivo Proliferation Assays and Data Analysis

P3, P5, or P7 Gpr3711 ~~ and wild-type male littermates
received a single BrdU injection (0.1 mg/g body weight)
2 h prior to euthanasia. Brains were dissected and tissue
preparation and processing was performed as described
above. Double immunofluorescence labeling was per-
formed using anti-BrdU and anti-Blbp antibodies. Fluo-
rescence micrographs were acquired with a motorized
LMD7000 microscope (Leica Microsystems) using the
manufacturer’s imaging software. Quantitative analysis of
doubly positive cells was performed with the Imagel
software. Experiments were performed in at least three
animals per genotype and age group. Sections of similar
size in similar regions were chosen and analyzed. The
percentage of Blbp- and BrdU-double-positive over BrdU-
positive cells in the PCL was calculated upon cell counting
in the entire sectioned area of at least three non-adjacent
sections from each mouse. All measurements were per-
formed with the observer blind to the identity of the slides.

Pre-neoplastic Lesion Analysis

Cerebella from P16 and P25 Ptchl™~ pups were harvested
as described above. The entire cerebellum from each ani-
mal was serially sectioned. To identify pre-neoplastic
lesions for each cerebellum, every fifth slide (12—14 slides
per cerebellum) was stained with Ki67, Arl13b, and DAPL
Images of the lesions were taken on TCS SP5 laser scan-
ning confocal microscope (Leica Microsystems) using
manufacturer’s imaging software.

Western Blot Analysis

Protein extracts were prepared from the cerebella of
Gpr3711~'~ or wild-type male pups at different postnatal
developmental stages (P5, P10, and P15) or adulthood. The
tissue samples were homogenized in lysis buffer (120 mM
NaCl, 20 mM Hepes, 5 mM EDTA, 10 % glycerol, 1 %
Triton X-100, Roche complete protease inhibitors), cleared
by centrifugation, and the protein content of the
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supernatant was quantified by Bio-Rad DC Protein Assay
(Bio-Rad). Protein samples (50 pg) were separated by
SDS/PAGE and analyzed by Western blot, according to
standard protocols. Protein antigens were labeled with
primary antibodies specific for Arl13b (Proteintech poly-
clonal antiserum, 1:1000) and o-tubulin (Sigma mono-
clonal antibody, clone DM 1A, 1:1000). Horseradish
peroxidase-conjugated secondary antibodies, specific for
mouse  (Amersham) or rabbit (Cell Signaling)
immunoglobulins, were used, following the manufacturer’s
instructions. The blotted membranes were then processed
for chemiluminescence detection with an ECL PRIME kit
(Amersham), exposed and imaged (ChemiDoc XRS+
Imager; Bio-Rad).

Statistical Analysis

All data were analyzed by ¢ test, simple factorial ANOVA
with genotype and age as between-subject factors using
StatView 5.0 PowerPC software (SAS Institute Inc.). Level
of significance was set at P < 0.05.

Results

Primary Cilia in Cerebellar Bergmann Astrocytes
During Postnatal Development and Adulthood

The presence and distribution of primary cilia in the murine
cerebellum throughout postnatal development and at adult
age were investigated by morphological and immunohis-
tological analysis of sagittal sections from wild-type
C57BL/6J mouse at various postnatal stages and adulthood,
following previous analysis on cerebellar samples from P5
pups of mixed background (C57BL6/J; 129S/SvEv)
(Marazziti et al. 2013). Cilia were specifically stained with
a monoclonal antibody or a polyclonal antiserum against
the specific ciliary marker Arll13b (Caspary et al. 2007,
Larkins et al. 2011) both producing an identical pattern of
immunoreactivity (Fig. 1c). Arl13b marked ciliary mem-
branes (Fig. la—c), while specific y-tubulin immunolabel-
ing was localized to the microtubular basal bodies from
where primary cilia emerge (Fig. 1c). Primary cilia were
extensively detected in the EGL (in proliferating Pcna-
positive and in post-mitotic TAG-1-positive neurons) from
P5 to P15 and in the PCL from P5 to adulthood (Fig. 1a, b),
while only scattered ciliary staining was found in internal
granule layer (IGL), at any sampled age. These findings
were in agreement with previous reports on the cerebellar
distribution of other ciliary markers, at distinct pre- and
postnatal stages (Chizhikov et al. 2007; Spassky et al.
2008). The Arl13b staining was also confirmed by double
immunolabeling of Ift88, a specific marker of primary cilia
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axonemes during mammalian development and disease
(Pazour et al. 2000); Fig. Sla—c). The pattern of expression
of the ciliary markers was similar from anterior to posterior
regions of the cerebellum. Double immunolabeling of adult
PCL samples with antibodies against Arl13b and cell type-
specific markers for Purkinje neurons (Calb) or Bergmann
glia astrocytes (Sox9 or Blbp) indicated that in adulthood
primary cilia extend with comparable density from both
cell types (Fig. 1c). The same results were obtained with
double immunolabeling of postnatal cerebellar samples
from PO to P20 (Fig. 2a and data not shown). Thus, the
application of specific immunomarkers unequivocally
shows that Bergmann glia astrocytes also possess primary
cilium throughout postnatal development and in adulthood,
alongside neuronal GCPs and Purkinje cells (Spassky et al.
2008; Bishop et al. 2007).

Primary Cilium Number and Length During
Postnatal Cerebellum Development

Cerebellar GCP proliferation requires functional primary
cilia and sustained Shh-mediated mitogenic signaling (Han
and Alvarez-Buylla 2010). Genetic ablation of the Ptchl-
associated Gpr3711 receptor results in the premature down-
regulation of GCP proliferation and post-mitotic differen-
tiation and precocious maturation of Bergmann glial fibers
and differentiation of Purkinje neurons and concomitant
alterations of the Shh-Ptchl-Smo signaling pathway
(Marazziti et al. 2013). Following immunolabeling of
Arl13b (Fig. 2a), the amount, distribution, and length of
primary cilia were studied in cerebellar sections from
Gpr3711™"" and Gpr3711~'~ pups, at distinct postnatal
stages (Fig. 2). The analysis of the average number of
primary cilia in the GCP-enriched EGL of Gpr3711™'* and
Gpr37117"~ pups showed significant differences between
the two genotype groups (Fig. 2b). At PS5, both genotypes
showed a similar amount of primary cilia, while P10 null
mutants exhibited a significant reduction with respect to
wild-type controls (¢ test: 15y = 4.31, P = 0.0076). Both
genotype groups had a comparable decrease at P15
(ANOVA: effect of age, F(3 = 67.07, P < 0.0001).
Consistent results were obtained from the analysis of PCL,
which is enriched in Bergmann astrocytes and Purkinje
neurons and also in migrating granule neurons from P5 to
P15. Gpr3711~'~ samples showed a marked increase in
cilium number at P5 (¢ test: 7 4y = —3.10, P < 0.05) and a
significant decrease at P10 (7 test: #(; 4y = 4.36, P < 0.05),
compared to wild-type controls (ANOVA: effect of age,
Fiisy =22.82, P <0.0001; effect of genotype,
Fa18 =079, P =038  not significant (NS);
age x genotype, F3 15 = 4.71, P = 0.013).

Ciliary axoneme lengthening directly influences cell
cycle time and its reduction, as well as increases axoneme
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Fig. 1 Staining of cerebellar primary cilia. a Cerebellar immunoflu-
orescence labeling of Arl13b (green) and DAPI nuclear staining
(blue) in PS5, P10, and P15 pups and adult wild-type C57BL/6J mice.
b DAPI staining and double immunofluorescence labeling of Arl13b
(green) and Pcna (red, upper panel) or TAG-1 (red, lower panel) in
EGL from P5 wild-type C57BL/6J mice. Insets display a higher
magnification of boxed areas. ¢ DAPI staining and double
immunofluorescence labeling of Arl13b (green) and y-tubulin (red)

disassembly, and allows cells to enter S-phase more rapidly
(Basten et al. 2013). Comparative analysis of average pri-
mary cilium length in EGL and PCL was performed in
Gpr3711™"" and Gpr3711~'~ samples, from P5 to adult-
hood (Fig. 2c). Samples from P10 null mutants showed a
significant increase in PCL cells (¢ test: f( 3 = —3.02,
P < 0.05) and a non-statistically significant trend in EGL
cells, with respect to wild-type controls. Western blot
analysis was performed to monitor possible effects of
Gpr3711 genetic ablation on Arll3b protein expression,
which might directly influence cilium assembly and
structure (Larkins et al. 2011) and therefore the quantifi-
cation of ciliary parameters. The experimental results
(Fig. S1d) revealed no significant difference in the Arl13b
cerebellar protein levels between wild-type and Gpr3711
null mutant samples, at all studied postnatal ages (P5, P10,
and P15).

Specific variations in ciliary parameters are related to
alterations of cell proliferation in the developing

1dvd/ge L hvyw
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or calbindin 1 (Calb; red) or Sox9 (red) or Blbp (red) in PCL from
adult wild-type C57BL/6J mice. Scale bars a 25 pm, b, ¢ 5 pm.
Dashed lines indicate EGL border (a, b); asterisks and dashed lines
(a, ¢) indicate Purkinje neuron somata. EGL external granule layer,
ML molecular layer, PCL Purkinje cell layer, Bg Bergmann glial cell,
mArli13b Arl13b monoclonal antibody, pAr/13b Arll13b polyclonal
antiserum

mammalian brain and other organs (Wheway et al. 2013;
Aguilar et al. 2012). Cerebellar cell proliferation was
therefore studied in P3—-P7 samples from wild-type or
Gpr3711 = littermates, upon in vivo BrdU incorporation,
2 h post-injection (Fig. 3a). BrdU-positive cells were
mainly localized in the EGL and PCL in all samples from
both genotypes. A significant reduction in the number of
proliferating EGL neurons was detected in Gpr3711~'~ P7
samples, as previously reported (Marazziti et al. 2013).
Proliferating Bergmann astrocytes in the PCL were iden-
tified by BrdU and Blbp double immunofluorescence
labeling. Most glial cells were found in a proliferative state
in P3 and P5 samples from both genotypes. Null mutant
pups exhibited a significantly reduced proportion of BrdU-
and Blbp-double-positive cells at P7, in comparison with
wild-type littermates (Fig. 3b; ANOVA: effect of age,
Foi2 =21.68, P =0.0001; effect of genotype,
Faiy=1525 P <0.005; age X  genotype,
F.12) = 8.46, P = 0.005). Thus, the above variations in
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Fig. 2 Quantification of primary cilium length and number in wild-
type and Gpr37l1~'~ mouse cerebella. a Representative images of
immunofluorescence labeling of Arl13b (green) alone (right) or in
combination with Blbp (red; left) in cerebellar samples from P10
Gpr37117'* littermates. Dashed lines indicate selected areas corre-
sponding to EGL or PCL, used for primary cilium counting and length
measurements; Bergmann glial cell body borders were delimited in
white; asterisks indicate Purkinje neuron somata. EGL external
granule layer, PCL Purkinje cell layer, Bg Bergmann glial cell body,

ciliary parameters are concomitant with the altered prolif-
eration of both cerebellar neurons and glial cells, during the
postnatal development of Gpr3711~"~ pups.

Primary Cilia in Pre-neoplastic MB Lesions
of Ptch1™~ Mice

The studied distribution of cerebellar primary cilia in the
Gpr3711~'~ strain was compared with the results obtained
with a Ptchl™~ MB-susceptible heterozygous line, which
shows opposite phenotypic characteristics, with sustained
Shh—Smo pathway activation and GCP hyperproliferation
(Hahn et al. 1998). In wild-type pups, the physiologic EGL
regression initiates at P14 and is completed by P21, while
Ptchl™~ mutants retain residual GCPs in the EGL (Thomas
et al. 2009). Cerebellar samples from Prchl™™ mice were
analyzed at P16 and P25, when pre-tumorigenic MB lesions
derived from hyperproliferating GCPs can be distinctly
observed and identified in the EGL, as Ki67-positive foci
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va velate astrocytes, mArl13b Arl13b monoclonal antibody. Scale bar
10 pm. b Quantification of the average number of primary cilia,
normalized by the respective layer length, in EGL and PCL in
Gpr3711 ++ and Gpr3711 ~/~ littermate mice from P5 to adulthood
(mean + SEM), n = 3/4 per group; *P < 0.05 +/4 versus —/—,
unpaired 7 test. ¢ Quantification of the average length of primary cilia
in EGL and PCL in Gpr3711™" and Gpr3711~'~ littermate mice from
PS5 to adulthood (mean + SEM), n = 3/4 per group; *P < 0.05 +/+
versus —/—, unpaired ¢ test

(Matsuo et al. 2013). At both ages, the EGL in normal tissue
areas contained residual, Arl13b-positive GCPs (Fig. S2),
with very rare or no Ki67-positive neurons at P16 or P25,
respectively (Fig. S2b, e). Normal tissue areas also exhibited
no alteration of primary cilium distribution in the PCL
(Fig. S2c¢, f). Focal and diffuse hyperproliferating GCPs were
present at both ages (Fig. 4a, d) and Ki67-positive foci were
readily identified (Fig. 4b, e). Atypical cells in Ki67-positive
foci exhibited round or polygonal shape and relatively larger
nuclei and double immunofluorescence staining with the
Arl13b marker showed that nearly all of them contained a
primary cilium (Fig. 4b, c, e, f).

Discussion
Brain glial astrocytes exert crucial functions in regulating

neuronal activity by release of chemical transmitters and
secretion of protein or peptide factors that modulate
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Fig. 3 Postnatal proliferation of cerebellar Bergmann glial cells in
wild-type and Gpr3711 ~/~ mice. a Representative images of double
immunofluorescence labeling of BrdU (green) and Blbp (red) in
cerebellar samples from P5 or P7 Gpr3711** and Gpr37i1~'~
littermates. Double-positive PCL cells are marked by arrowheads.
Scale bar 10 um. b Percentages of BrdU- and Blbp-double-positive

neuronal gene expression and metabolism (Araque et al.
2001). Astrocyte differentiation and development/matura-
tion is related to specific activation of Shh—Smo signaling
cascades (Gallo and Deneen 2014) that occur in many other
cell types at primary cilium structures. Primary cilia-like
projections have been identified in mouse cerebral cortical
astrocytes and cultured hippocampal neurons and astro-
cytes (Bishop et al. 2007); in addition, mouse subventric-
ular astrocytes have ciliary organelles protruding into the
ventricle suggesting that they may sense cerebrospinal fluid
factors (Doetsch et al. 1999). In the present study, cere-
bellar primary cilia were identified by specific immunola-
beling of the ciliary membrane marker Arl13b and double
immunolabeling of the ciliary axoneme marker Ift88 or the
ciliary basal body marker y-tubulin. By means of combined
staining with various cell type-specific immunoreagents,
primary cilia were found localized also in non-neuronal,
cerebellar Bergmann glial cells, in agreement with the
hypothesis that they are required for sensing and trans-
ducing extracellular stimuli. Postnatal alterations of ciliary
functions, with unregulated activation of Shh—-Smo sig-
naling in cerebellar GCPs, can lead to neuronal precursor
hyperproliferation and increased occurrence of Shh

cells over BrdU-positive cells in cerebellar PCL samples from P3, P5,
or P7 Gpr3711*"*+ and Gpr3711 ™/~ littermates; (mean - SEM), n = 3
per genotype; **P <0.005 +/+ versus —/—, P7; *P <0.05,
##p <0.005 P7 versus P3 and PS5, respectively, in —/— group;
8P < 0.05 P3 versus P7 in +/+ group, unpaired ¢ test

subgroup MBs, the most common and severely malignant
brain tumors of childhood (Han et al. 2009). Primary cilia
were therefore studied in detail throughout postnatal cere-
bellar development and adulthood, in a Gpr37l1 /=
homozygous null line with reduced GCP proliferation and
precocious maturation of Bergmann astrocytes and Purk-
inje neurons and concomitant alteration of Shh-mediated
mitogenic signaling (Marazziti et al. 2013). The compar-
ison of data obtained from Gpr37/1~'~ and wild-type lit-
termate samples revealed significant variations in cilium’s
number, distribution, and length in Bergmann glia and
neuronal GCPs and Purkinje cells, which were consistent
with the cerebellar phenotype reported for the null mutant
animals. The significant reduction in the average number of
primary cilia in EGL cells of Gpr37l1~"~ pups at P10
reflects the precocious down-regulation of neuronal GCP
proliferation. These findings are in agreement with previ-
ous reports showing the involvement of primary cilia in
regulating cerebellar development and Shh-induced GCP
proliferation (Marazziti et al. 2013; Spassky et al. 2008). A
similar decrease was also found in Gpr3711~'~ PCL cells at
P10, following a marked increase at PS5, with a parallel
increase in the average cilium length. Bergmann astrocytes
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mArl13b/Ki67/DAPI

mArl13b/Ki67/DAPI

| DAPI |

mAri13b/Ki67/DAPI |

Fig. 4 Staining of cerebellar pre-neoplastic lesions in Prchl™ ™ mice.
DAPI staining (blue; a—f) and Arll13b and Ki67 immunolabeling
(green and red; b, c, e, f) of sagittal cerebellar sections from Ptchl =
mice, at P16 (a, b, ¢) or P25 (d, e, f). a, d Red arrows indicate areas of

constitute the vast majority of PCL cells and proliferate
during postnatal cerebellar development, while post-mi-
totic Purkinje neurons do not (Yamada and Watanabe
2002). This study analyzed Bergmann glial postnatal pro-
liferation in null mutant and wild-type animals, by BrdU
incorporation experiments. The resulting data confirm and
extend previous findings on the precocious differentiation
and maturation of cerebellar astrocytes in the absence of
the Gpr3711 protein (Marazziti et al. 2013) and specifically
relate the measured variations in ciliary parameters to the
concomitant changes of Bergmann glial mitotic activity in
the PCL of Gpr3711~'~ pups.

The reported data corroborate the hypothesis that
prosaposin or other related glycoprotein or peptide
ligands could specifically activate postnatal Gpr3711 sig-
naling in Bergmann glial cells, thus modulating Gpr3711—
Ptchl interaction and consequently Ptchl-controlled
astrocytic ciliary assembly and Shh—-Smo mitogenic sig-
naling during the initial stages of cerebellar development
(Dahmane and Ruiz i Altaba 1999; Meyer et al. 2013; Sun
et al. 1994). Functional cilia can be involved in either

@ Springer

pre-neoplastic lesions. b, e Higher magnification of boxed areas in
panel a and d. ¢, f Higher magnification of boxed areas in panel b and
e. mArl13b, monoclonal antibody anti-Arl13b. Scale bars 200 um (a,
d), 10 um (b, ¢, e, f)

promotion or repression of basal cell carcinoma, MB, and
other tumor types driven by activating mutations in the
Shh—Smo pathway, which lead to hyperproliferative sig-
naling and oncogenic transformation (Han et al. 2009;
Basten et al. 2013). Primary cilia were then analyzed in a
Ptchl™~ heterozygous line, which shows opposite phe-
notypic characteristics, in comparison to the Gpr3711 null
mutant strain, as it models constitutive Shh—Smo activa-
tion, GCP hyperproliferation, and MB susceptibility,
similar to PTCHI heterozygous humans (Hahn et al.
1998). Primary cilia were reliably detected in all cells of
pre-neoplastic MB foci in Prchl™~ mice. Thus, the
specific detection of primary cilia could be usefully
applied for the study of early, pre-neoplastic MB lesions
and the comparative analysis of novel cerebellar onco-
genic models. Precocious identification of ciliated,
hyperproliferating cells could in fact be instrumental for
the development of more efficient in vivo and ex vivo
experimental procedures, aimed at specifically targeting
mitogenic ciliary functions and Shh—Smo signaling (Han
et al. 2009).
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