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A B S T R A C T

The G-protein coupled receptor 37-like 1 (Gpr37l1) is specifically expressed in most astrocytic glial cells, in-
cluding cerebellar Bergmann astrocytes and interacts with patched 1 (Ptch1), a co-receptor of the sonic
hedgehog (Shh)-smoothened (Smo) signaling complex. Gpr37l1 null mutant mice exhibit precocious post-natal
cerebellar development, with altered Shh-Smo mitogenic cascade and premature down-regulation of granule cell
precursor (GCP) proliferation. Gpr37l1 expression is downregulated in medulloblastoma (MB) and upregulated
in glioma and glioblastoma tumors.

Shh-associated MBs originate postnatally, from dysregulated hyperproliferation of GCPs in developing cer-
ebellum's external granular layer (EGL), as shown in heterozygous Ptch1+/− knock-out mouse strains that model
human MB occurrence and progression.

This study investigates cerebellar MB phenotypes in newly produced Gpr37l1, Ptch1 double mutant mice.
Natural history analysis shows that Gpr37l1 genetic ablation, in Ptch1+/− model animals, results in marked
deferment of post-natal tumor occurrence and decreased incidence of more aggressive tumor types. It is also
associated with the delayed and diminished presence of more severe types of hyperplastic lesions in Ptch1+/−

mice. Consistently, during early post-natal development Gpr37l1−/−;Ptch1+/− pups exhibit reduction in cere-
bellar GCP proliferation and EGL thickness and a precocious, sustained expression of wingless-type MMTV in-
tegration site member 3 (Wnt3), a specific inhibitor of Shh-induced neuronal mitogenesis, in comparison with
Ptch1+/− heterozygous single mutants. These findings highlight the specific involvement of Gpr37l1 in mod-
ulating postnatal cerebellar Shh-Ptch1-Smo mitogenic signaling in both normal and pathological conditions. The
novel Gpr37l1−/−;Ptch1+/− mouse models may thus be instrumental in the detailed characterization of the
initial phases of Shh-associated MB insurgence and development.

1. Introduction

The vertebrate G-protein coupled receptor 37 and G-protein coupled
receptor 37-like 1 (GPR37 and GPR37L1) proteins are homologous to 7-
transmembrane spanning, G-protein coupled receptors for endothelin
and bombesin peptides (Marazziti et al., 1997; Marazziti et al., 1998;
Valdenaire et al., 1998). Secreted cyto-protective protein and peptides
have been suggested as possibly interacting with both putative re-
ceptors (Liu et al., 2017; Meyer et al., 2013; Smith, 2015). Murine
Gpr37l1 can also have neuroprotective effects during ischemia (Jolly
et al., 2017), while its absence may result in increased seizure

susceptibility (Giddens et al., 2017).
The mammalian Gpr37l1 gene is extensively expressed in most as-

trocytic glial cells, including cerebellar Bergmann glia (BG) astrocytes
(Chaboub et al., 2016; Jolly et al., 2017; Koirala and Corfas, 2010;
Marazziti et al., 2013). In BG astrocytes, the murine Gpr37l1 protein
has been shown to interact with patched 1 (Ptch1), a membrane com-
ponent of the sonic hedgehog (Shh) receptor complex (Marazziti et al.,
2013). Gpr37l1 null mutant mice exhibit a precocious post-natal cere-
bellar development, as a consequence of altered Shh-smoothened (Smo)
mitogenic signaling, with premature down-regulation of neuronal
granule cell precursor (GCP) proliferation and concomitant
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development and maturation of BG astrocytes and Purkinje neurons (Di
Pietro et al., 2016; Marazziti et al., 2013). Genome and transcriptome
analyses have reported somatic mutations and transcriptional upregu-
lation of the Gpr37l1 gene in various types of human glioma and
glioblastoma (Ceccarelli et al., 2016; Johnson et al., 2014) and its
downregulation in human and mouse medulloblastoma (MB) samples
(Lee et al., 2003; Whittier et al., 2013).

Highly malignant, cerebellar MB is one of the most frequently di-
agnosed pediatric brain tumor (Packer, 1999). Distinct MB types are
identified according to specific gene expression profiling subgroups:
Shh and wingless-type MMTV integration site (Wnt) subgroups, as well
as non-Shh, non-Wnt subgroups 3 and 4 (Northcott et al., 2012). Murine
strains that are heterozygous for loss-of-function Ptch1 alleles have been
established as in vivo models of Shh-associated MB tumorigenesis
(Goodrich et al., 1997; Hahn et al., 1998). Homozygous Ptch1 null
mutants are embryonic lethal with widespread defects in the nervous
system and other tissues, while Ptch1+/− mice can survive to adult-
hood, with about 15–30% of all individuals developing MB before
1 year of age (Goodrich et al., 1997; Hahn et al., 1998; Pazzaglia et al.,
2006). Moreover, it has been reported that Shh signaling is con-
stitutively activated in Ptch1+/− MB tissues (Goodrich et al., 1997;
Oliver et al., 2005; Wetmore et al., 2000).

In the murine Ptch1+/− models, numerous hyperplastic lesions arise
as a consequence of the up-regulated Shh-Smo mitogenic cascade and
neuronal GCP hyper-proliferation in the external granular layer (EGL),
during post-natal cerebellar development. From ca. 4 weeks onwards, a
limited number of lesions undergo malignant transformation to MB
initiation and progression (Corcoran et al., 2008; Farioli-Vecchioli
et al., 2012; Oliver et al., 2005), which can only occur in the presence of
ad hoc local cytological and histological conditions, including specific
microenvironmental alterations of intercellular signaling and interac-
tions among Shh-producing Purkinje neurons, proliferating GCPs and
maturing BG astrocytes (Martirosian et al., 2016).

This study focused on the possible contribution of Gpr37l1-medi-
ated signaling to MB oncogenesis in Ptch1+/− murine models, given
Gpr37l1's specific interaction with Ptch1 in BG astrocytes and the
premature down-regulation of postnatal GCP proliferation upon genetic
inactivation of the Gpr37l1 gene (Marazziti et al., 2013). The experi-
mental results demonstrated that the genetic ablation of Gpr37l1 was
associated with both a marked delay in tumor occurrence (to> 10
weeks of age) in Ptch1+/− murine models of Shh-subgroup MB and
evident prevalence of classic/desmoplastic tumor types (Ayrault et al.,
2009; Louis et al., 2016; Pickles et al., 2018). Lack of Gpr37l1, also
resulted in the deferred and diminished presence of the more extended,
severe types of hyperplastic cerebellar lesions frequently found in non-
tumor bearing Ptch1+/− animals. Consistently, at the early stages of
post-natal cerebellar development Gpr37l1−/−;Ptch1+/− pups ex-
hibited a pronounced reduction in GCP proliferation and EGL thickness,
as well as the precocious, striking overexpression of wingless-type
MMTV Integration Site Family, Member 3 (Wnt3), a specific inhibitor of
Shh-induced neuronal mitogenesis (Anne et al., 2013), with an asso-
ciated reduction in the level of glioma-associated oncogene family zinc
finger 2 (Gli2) protein, the main transcriptional activator that mediates
Shh signaling (Wechsler-Reya and Scott, 1999).

Taken together, these findings highlight the specific involvement of
Gpr37l1 in modulating postnatal cerebellar Shh-Ptch1-Smo mitogenic
signaling in both normal and pathological conditions, with particularly
critical effects at the initial stages of dysregulated GCP hyper-pro-
liferation and MB oncogenic transformation and progression in Ptch1+/

− models. The novel Gpr37l1−/−;Ptch1+/− mouse line could then be
instrumental to further analyze and characterize at the molecular and
cytological level the very early phases of Shh-associated MB initiation
and development, with parallel assessment of potential applications in
the study of novel clinical and pharmacological approaches.

2. Materials and methods

2.1. Animal strains and housing

The murine B6.129-Ptch1tm1Zim (Ptch1+/−) heterozygous strain
(Hahn et al., 1998) was provided by the INFRAFRONTIER-European
Mouse Mutant Archive (EMMA) Core Structure, Consiglio Nazionale
delle Ricerche, Monterotondo (EMMA strain ID: EM:00159; https://
www.infrafrontier.eu/search?keyword=00159#). A local breeding
colony was established, following one backcross to C57BL/6J wild-type
background. Ptch1+/− males were then crossed with B6;129-
Gpr37l1tm1.2Gtva (Gpr37l1+/−) heterozygous females (Marazziti et al.,
2013) to produce double heterozygous mice (Gpr37l1+/−;Ptch1+/−).
The other described Gpr37l1 and Ptch1 allelic combinations were ob-
tained according to standard breeding schemes. Genotypes were de-
termined by PCR from the DNA extracted from tail biopsies, as pre-
viously described (Hahn et al., 1998; Marazziti et al., 2013). A natural
history study was carried out to examine tumor onset, upon daily ob-
servation of each scored mouse during the first 12months of life. All
animals were euthanized when they were moribund, or when extra-
cranial tumors were evident, and MB analyzed. The presence of hy-
drocephalus was evaluated upon necropsy. The sacrifice date was
scored as the death date. The natural history study showed a total
tumor incidence of 18/65, 34/159, and 15/80 born mice by 12months
of age, while 3, 5 and 1 animals died with no tumor development
(Gpr37l1+/+;Ptch1+/−, Gpr37l1+/−;Ptch1+/−, Gpr37l1−/−;Ptch1+/−

genotypes, respectively).
MB's pathological and histological features were assessed as de-

scribed (Louis et al., 2016; Pickles et al., 2018). Standard histological
preparations (hematoxylin and eosin) were applied to evaluate dis-
tinctive cytological characteristics, including large cell/anaplastic
tumor types. Histopathological MB variants were identified and scored
according to the corresponding World Health Organization (WHO)
classification (Table 1; Louis et al., 2016; Pickles et al., 2018).

Other mice were sacrificed at selected ages (P10, P16, P25,
10 weeks and 1 year) for histopathology analysis of normal cerebellar
tissue and/or to detect precocious MB occurrence and progression into
advanced tumors.

After weaning, mice were housed by litter of the same sex, 3 to 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 animals were born and bred in a specific pa-
thogen-free facility and were subjected to experimental protocols, as
reviewed and approved by the Animal Health Directorate 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
European Union's directives (n. 86/609/EEC and 2010/63/EU) and
relevant Italian and international laws and regulations.

Table 1
Characterization of MB in Gpr37l1+/+;Ptch1+/− and Gpr37l1−/−;Ptch1+/−
mice.

Gpr37l1+/+;Ptch1+/− Gpr37l1−/−;Ptch1+/−

Tumor type (Ayrault et al.,
2009)

No. of mice % No. of mice %

Non invasive 12 66.6 11 73.3
Invasive 6 33.3 4 26.6
Hydrocephalus 9 50 5 33
Histological type (Pickles

et al., 2018)
Classic/desmoplastic 12 66.6 15 100
Extensive nodularity/large

cell/anaplastic
6 33.3 0 0
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2.2. Antibodies used for immunofluorescence labeling

Brain lipid binding protein (Blbp; 1:100, Millipore, Temecula, CA,
USA); calbindin 1 (Calb1/CalbD-28 K; 1:200, clone CB-955, Sigma-
Aldrich, St. Louis, MO, USA); cyclin-dependent kinase inhibitor 1B
(Cdkn1B/p27Kip1; 1:200, clone 57; BD Biosciences); glial fibrillary
acidic protein (Gfap; 1:50, clone 4A11, BD Pharmingen, Allschwil,
Switzerland); glial high affinity glutamate transporter (glutamate as-
partate transporter, Glast; 1:100, Novus Biologicals, Littleton, CO,
USA); Gpr37l1 (1:100, clone 7-4A1 Mab Technologies, Stone Mountain,
GA, USA); antigen identified by monoclonal antibody Ki-67 (Ki67/
Mki67 antigen; 1:100, ThermoFisher, Waltham, MA, USA); phospho-
histone H3 complex (PH3; 1:200, Millipore); vesicular glutamate
transporter 1 (Vglut1; 1:1000, Synaptic System, Goettingen, Germany);
vesicular glutamate transporter 2 (Vglut2; 1:100, clone 8G9.2,
Millipore); vimentin (1:100, Sigma-Aldrich), wingless-type MMTV
Integration Site Family, Member 3 (Wnt3; 1:200, D-9, Santa Cruz
Biotechnology, Santa Cruz, CA, USA).

2.3. Histology, immunofluorescence and quantitative analysis

Entire brains were removed, fixated and sectioned from P10 pups
(before the occurrence of any MB symptom) or from mice with MB
(according to the natural history study). De-paraffined sagittal sections
were stained with hematoxylin and eosin (Sigma-Aldrich) or processed
for immunofluorescence labeling and 4′,6-diamidino-2-phenylindole
(DAPI; Thermo Fisher Scientific, Waltham, MA, USA) staining, ac-
cording to standard protocols with antigen retrieval. Fluorescence and
bright-field micrographs were acquired with a motorized LMD7000
microscope or with TCS SP5 laser scanning confocal microscope (Leica
Microsystems). For quantification of cerebellar layer thickness of P10
pups, 3 images (at identical locations in the cerebellar vermis, between
lobules V and VI) from 3 different animals of each genotype group were
analyzed with the ImageJ analysis software (National Institute of
Mental Health, National Institutes of Health, Bethesda, MD).
Histopathological MB variants were identified and scored as indicated
above (Table 1; Louis et al., 2016; Pickles et al., 2018).

2.4. Quantitative PCR analysis

Adult Gpr37l1+/+;Ptch1+/− mice with or without MB were used to
extract total cerebellar RNA from tumorous or normal tissue areas.
First-strand cDNA was then synthesized using the Superscript II
synthesis kit (Invitrogen Inc., Carlsbad, CA, USA) according to manu-
facturer's protocol. RT-quantitative PCR (qPCR) reactions were per-
formed using the ABI PRISM 7000 Sequence Detection System, with
TaqMan Gene Expression Master Mix (Applied Biosystems, Foster City,
CA, USA). Predesigned real-time PCR assay reagents were purchased
(Life Technologies, Carlsbad, CA, USA) for the mouse Gpr37l1
(Mm00661872_m1) and glyceraldehyde 3-phosphate dehydrogenase
(Gapdh; 4352932E) genes. All of the experiments were run in triplicate,
and the results were normalized to Gapdh expression. Results were
quantified by the comparative threshold method (Livak and
Schmittgen, 2001) and delta-delta cycle threshold (Ct) values were
expressed relative to the average value of normal adult cerebellum.

2.5. Pre-neoplastic lesion analysis

Healthy mice were sacrificed at selected ages (P25, 10 weeks, and
1 year) for histopathological detection and analysis of hyperplastic
cerebellar lesions and their pre-tumorigenic progression. De-paraffined
sagittal sections were processed as indicated above, cerebellar lesions
were identified along the entire mediolateral axis and their area was
measured with the ImageJ software, upon staining with hematoxylin
and eosin (Sigma-Aldrich) or by Ki67 immunolabeling and DAPI
staining. Ki67-labeled cells in cerebellar lesions were quantified with

the ImageJ analysis software. The number of positive cells was counted
in 3 non-adjacent sections from 2 to 5 animals of each genotype and age
group and plotted as the mean percentage of positive cells over the total
number of cells. All measurements were performed with the observer
blind to the identity of the slides.

2.6. Cell proliferation and differentiation analysis

Sectioned brains from MB-bearing mice or from P10 or P16 pups
were immunolabeled with antibodies specific for PH3 (1:200,
Millipore) or p27Kip1 (1:200, BD Biosciences) and DAPI staining ac-
cording to standard protocols with antigen retrieval.

PH3-labeled cells in EGL of P10 pups, in preneoplastic region of P16
pups or in tumorous areas of MB-bearing mice were quantified with the
ImageJ analysis software. Sections of similar size in similar regions
were chosen and analyzed. The average count of positive cells was
obtained from 3 non-adjacent sections from each animal (n=3) and
plotted as the mean number of positive cells/area. All measurements
were performed with the observer blind to the identity of the slides.

2.7. Western blot analysis

Protein extracts were prepared from whole cerebella of P10 pups or
adult animals (n=3). Tissue samples were homogenized in lysis buffer
(120mM NaCl, 20mM HEPES, 5mM EDTA, 10% glycerol, 1% Triton X-
100, Roche complete protease inhibitors), cleared by centrifugation and
the protein content of the supernatant was quantified by Biorad DC
assay (Bio-Rad Laboratories, Hercules, CA, USA). Protein samples
(50 μg) were separated by SDS-PAGE and analyzed by Western blot,
according to standard protocols. Protein antigens were labeled with
primary antibodies specific for: Shh (1:400, Santa Cruz Biotechnology),
Ptch1 (1:1000, clone 413,220, R&D Systems, Minneapolis, MN, USA),
Gpr37l1 (1:1000, clone 7-4A1 Mab Technologies), Glast (EAAT1; 1:200,
Santa Cruz Biotechnology), glioma-associated oncogene family zinc
finger 2 (Gli2; 1:500; Abcam), Wnt3 (1:1000, Santa Cruz
Biotechnology), α-tubulin (1:1000, clone DM 1A, Sigma-Aldrich).
Horseradish peroxidase-conjugated secondary antibodies, specific for
mouse or rat (Amersham Biosciences-GE Healthcare, Piscataway, NJ,
USA) immunoglobulins were used, following producer's instructions.
The blotted membranes were then processed for chemiluminescence
detection with an ECL kit (Amersham) and imaging and quantification
of immunoreactive bands (Chemidoc XRS+ imager and Image Lab
software, Bio-Rad).

The intensity of each band was normalized to the intensity of the
corresponding α-tubulin band. The average values of each experimental
group were expressed in arbitrary units, as a ratio to the mean values
obtained from the Gpr37l1 wild-type control group at P10.

2.8. Statistical analysis

Unless otherwise noted, all data are expressed as mean ± SEM and
were analyzed using Prism 5 (GraphPad Software, La Jolla, CA, USA).
The level of significance was set at P < 0.05.

3. Results

3.1. Absence of Gpr37l1 markedly delays MB occurrence in Ptch1+/− mice

The possible influence of Gpr37l1 on MB incidence and progression
was studied, upon production and application of novel Gpr37l1, Ptch1
murine double mutant models (Hahn et al., 1998; Marazziti et al.,
2013). MB incidence in heterozygous Ptch1+/− mouse lines varies ac-
cording to their genetic background, with a greater tendency observed
upon backcrossing to C57BL/6 wild-type background (Mille et al.,
2014). The Ptch1+/− strain (Hanh et al. 1998;> 10 backcrossing
generations to C57BL/6) was crossed to mixed (ca. 75% C57BL/6, 25%
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129 wild-type background) Gpr37l1 heterozygous null mutants (Hahn
et al., 1998; Marazziti et al., 2013). Gpr37l1+/−;Ptch1+/−, Gpr37l1+/

+;Ptch1+/− and Gpr37l1−/−;Ptch1+/− colonies, as well as the other
resulting genotype groups, were derived and maintained by subsequent
sibling intercross and assessed for the incidence of lethality caused by
MB during the first year of age. As expected, survival analysis indicated
that wild-type Ptch1 mice (Gpr37l1+/+;Ptch1+/+ and Gpr37l1−/

−;Ptch1+/+) did not develop MB (Fig. 1A). Gpr37l1-expressing, Ptch1
heterozygous mutants developed lethal MB with an incidence of 27.7%
(Gpr37l1+/+;Ptch1+/−) or 21.4% (Gpr37l1+/−;Ptch1+/−), similar to
the original Ptch1+/− single-mutant animals (Fig. 1A) (Goodrich et al.,
1997; Hahn et al., 1998; Pazzaglia et al., 2006). Remarkably, lack of
functional Gpr37l1 in Gpr37l1−/−;Ptch1+/− mice resulted in lower
incidence (18.7%) and significantly delayed development of MB
(Fig. 1A). The temporal analysis of tumor presentation showed that the
median age of onset in the Gpr37l1−/−;Ptch1+/− group was
22.43 weeks, with an highly significant difference compared to 7.35
and 12.57 weeks in the Gpr37l1 wildtype and Gpr37l1+/− heterozygous
group, respectively (Fig. 1B). Consistently, MBs were present before
10 weeks of age in the majority of Gpr37l1+/+;Ptch1+/− and
Gpr37l1+/−;Ptch1+/− mice (11 animals with tumor before 10 weeks of

age over a total of 18 animals with tumor, 11/18= 61.0% and 16/
34= 47.1%, respectively), while tumors were detected between 20 and
30weeks of age in most Gpr37l1−/−;Ptch1+/− animals (7/
15= 46.6%) (Fig. 1A). The overall analysis of the relative survival
curves showed a consistent, albeit not significant, trend (Fig. 1A). In
most cases, the tumors displaced and compressed the normal cerebellar
architecture (Fig. 1C). Comparison of cerebellar samples from adult,
tumor-bearing Gpr37l1+/+;Ptch1+/− and Gpr37l1−/−;Ptch1+/− mice
(Table 1) showed a lower incidence of MB-induced hydrocephalus, in
the absence of Gpr37l1. This was accompanied by a higher incidence of
noninvasive tumors, which were confined to the periphery of the cer-
ebellum and a lower proportion of tumors that invaded normal areas of
the cerebellum (Table 1). (Wetmore et al., 2000; Ayrault et al., 2009).
Histopathological analysis (Table 1; Fig. 1C) also revealed a strong
prevalence of classic/desmoplastic MB and the lack of highly pro-
liferating, large cells/anaplastic tumors in Gpr37l1−/−;Ptch1+/− sam-
ples (Louis et al., 2016; Pickles et al., 2018).

Marked immunolabeling of reactive gliosis markers Gfap and vi-
mentin (Kumanishi et al., 1985; Zamanian et al., 2012) was observed in
tumor areas, from Gpr37l1+/+;Ptch1+/− and Gpr37l1−/−;Ptch1+/−

mice (Fig. 2A, B), with minimal or absent expression of glial high

Fig. 1. MB survival curves, age distribution and tumor morphology in Gpr37l1+/+;Ptch1+/−, Gpr37l1+/−;Ptch1+/− and Gpr37l1−/−;Ptch1+/− mice. (A) Kaplan-
Meier survival curves, comparing mice expressing two (Gpr37l1+/+;Ptch1+/− n=65), one (Gpr37l1+/−;Ptch1+/− n=159), or no (Gpr37l1−/−;Ptch1+/− n=80)
Gpr37l1 wild-type alleles, followed over the first 12months of age. The occurrence or absence of MB was checked in each scored mouse. Control groups included
Gpr37l1+/+;Ptch1+/+ (n=25) and Gpr37l1−/−;Ptch1+/+ (n= 25) mice. Log-rank (Mantel-Cox) tests were performed. Statistical significance was determined using
GraphPad Prism software (version 5.0), with P-values< .05 as significance threshold (**P < 0.005, Gpr37l1+/+;Ptch1+/+ vs. Gpr37l1+/+;Ptch1+/−; *P < 0.05,
Gpr37l1−/−;Ptch1+/+ vs. Gpr37l1−/−;Ptch1+/−; Gpr37l1+/+;Ptch1+/+ vs. Gpr37l1+/−;Ptch1+/−). (B) Median age of MB symptom onset in Gpr37l1+/+;Ptch1+/−,
Gpr37l1+/−;Ptch1+/− or Gpr37l1−/−;Ptch1+/− mice. Statistical significance was determined using GraphPad Prism software (version 5.0). ***P < 0.0005,
Gpr37l1+/+;Ptch1+/− vs. Gpr37l1−/−;Ptch1+/−; ** P < 0.006, Gpr37l1+/+;Ptch1+/− vs. Gpr37l1+/−;Ptch1+/−, Wilcoxon rank test. (C) Upper panels: re-
presentative DAPI staining (blue) of cerebellar tumor sagittal sections from adult Gpr37l1+/+;Ptch1+/− (left) or Gpr37l1−/−;Ptch1+/− (right) mice. Lower panels:
higher magnification, representative micrographs of cerebellar hematoxylin-eosin staining, corresponding to upper panel's boxed areas (yellow line) at boundaries
between normal tissues and tumors, from adult Gpr37l1+/+;Ptch1+/− (left) or Gpr37l1−/−;Ptch1+/− (right) mice. Scale bars: 500 μm (upper panels), 100 μm (lower
panels).
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affinity glutamate transporter (Glast), a specific Bergmann glia marker
(Fig. 2C, E). Immunolabeling and quantitative PCR assays of adult
Gpr37l1+/+;Ptch1+/− MB samples also showed drastically reduced
levels of Gpr37l1 mRNA and protein (Fig. 2C, D). Both Gpr37l1+/

+;Ptch1+/− and Gpr37l1−/−;Ptch1+/− tumorous tissues showed si-
milar, very reduced expression of the Shh co-receptor, Ptch1, in com-
parison to normal tissues, as previously reported for single-mutant,
Ptch1+/− animals (Fig. 2E) (Oliver et al., 2005).

3.2. Absence of Gpr37l1 delays and reduces occurrence of hyperplastic
lesions in Ptch1+/− mice

Sample groups (n=8–12) of healthy, non MB-bearing Gpr37l1+/

+;Ptch1+/− and Gpr37l1−/−;Ptch1+/− animals at P25, 10 weeks and
1 year of age were separately sacrificed to study and compare occur-
rence and progression of hyperplastic lesions in the two genotype
groups. Lesions were identified by histological staining and im-
munolabeling of Ki67-positive cells (Matsuo et al., 2013; Tamayo-
Orrego et al., 2016) and scored according to their area classification
(Fig. 3A). Lack of Gpr37l1 caused the maximal incidence of lesions to be
delayed to ca. 10 weeks and drastically reduced their occurrence at
1 year (Fig. 3B). Gpr37l1−/−;Ptch1+/− animals also showed a later (ca.

10 weeks) prevalence of hyperplastic lesions of the more extended types
(Fig. 3C; Fig. S1B), with a concomitant, marked increase in the per-
centage of Ki67-positive cells, in comparison to Gpr37l1+/+;Ptch1+/−

mice. Furthermore, the ablation of Gpr37l1 resulted in the absence of
large lesions (> 1mm2) at 1 year of age (Fig. 3C, D; Fig. S1B).

3.3. Precocious down-regulation of postnatal GCP proliferation in
Gpr37l1−/−;Ptch1+/− pups

Cerebellar samples from P10 Gpr37l1+/+;Ptch1+/− (n=13) and
Gpr37l1−/−;Ptch1+/− (n=16) littermates were analyzed to compare
cell proliferation and layering, at a developmental stage when cere-
bellar development is still ongoing, but preneoplastic lesions are not yet
occurring (Mille et al., 2014).

Several specific markers were labeled by immunofluorescence to
evaluate neuronal and glial cell proliferation and maturation (Fig. 4)
(Marazziti et al., 2013). Gpr37l1−/−;Ptch1+/− pups exhibited a re-
duced number of granule neurons in EGL and increased BG maturation
and Purkinje cell differentiation, in comparison with Gpr37l1+/

+;Ptch1+/− P10 pups (Fig. 4, A-D'). Labeling of the proliferating cell
nuclear antigen Ki67 (Ki67; Fig. 4, D-D') and the post-mitotic nuclear
marker, p27Kip1 (P27; Fig. 4, E-E') also showed a lower density of

Fig. 2. Glial and Shh pathway marker expression in adult cerebella of Gpr37l1+/+;Ptch1+/− and Gpr37l1−/−;Ptch1+/− mice with or without MB. (A, B)
Representative images of glial fibrillary acidic protein (Gfap; red, A) or vimentin (red, B) immunofluorescence labeling and nuclear DAPI staining (blue) in MB and
adjacent areas of adult Gpr37l1+/+;Ptch1+/− or Gpr37l1−/−;Ptch1+/− cerebella. (C) Representative images of glial high affinity glutamate transporter (Glast; red,
left panel) or Gpr37l1 (green, right panel) immunofluorescence labeling and nuclear DAPI staining (blue), in MB and adjacent areas of adult Gpr37l1+/+;Ptch1+/−

cerebella. Scale bars: 50 μm (A, B), 25 μm (C). ML, molecular layer; IGL, internal granular layer. (D) Quantitative PCR analysis of Gpr37l1 expression in normal or
tumorous tissue from adult Gpr37l1+/+;Ptch1+/− cerebella. Data are shown as mean ± s.e.m. (n=3 mice per group), ***P < 0.0001, normal tissue vs. tumorous
tissue, unpaired t-test. (E) Representative Western blot analysis of cerebellar samples from Gpr37l1+/+;Ptch1+/− and Gpr37l1−/−;Ptch1+/− mice. Adult animals of
both genotypes with (T) or without (N) MB were used to prepare cerebellar protein extracts.
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proliferating GCPs in outer EGL, as well as of post-mitotic, differ-
entiating neuronal precursors in inner EGL, in all cerebellar lobes of
P10 Gpr37l1−/−;Ptch1+/− pups. Measurements of cerebellar layer
thickness confirmed the occurrence of significantly thinner EGL and
thicker ML, in P10 Gpr37l1−/−;Ptch1+/− pups compared to Gpr37l1+/

+;Ptch1+/− littermates (Fig. 4F and Fig. S2A). Control wild type
Ptch1+/+ pups exhibited a smaller EGL thickness (Fig. S2A), as a con-
sequence of the reported, lower level of GCP proliferation (Hahn et al.,
1998).

Wnt3, a specific inhibitor of Shh-induced neuronal mitogenesis
(Anne et al., 2013), was also found more extensively expressed in the
Purkinje layer (PL), ML and EGL in P10 Gpr37l1−/−;Ptch1+/− samples,
consistent with a precocious exertion of its inhibitory effects on pro-
liferating GCPs (Fig. 4C-C').

We assessed the level of proliferation in cerebellar tissues at dif-
ferent MB histopathological stages in Gpr37l1+/+;Ptch1+/− and
Gpr37l1−/−;Ptch1+/− mice: EGL at P10, preneoplasia at P16 (one of
the earliest stage at which preneoplastic lesions can be distinguished),
and advanced MB (tumors obtained from mice with terminal illness).
Qualitative and quantitative analysis of phospho-histone H3-positive,
proliferating cells were carried out with samples of the above tissues,
from both Gpr37l1+/+;Ptch1+/− and Gpr37l1−/−;Ptch1+/− animals
(Fig. 5). The lack of Gpr37l1 was found to be associated with a marked
reduction in the density of proliferating EGL's neuronal precursors,
compared to Gpr37l1 wild-type controls, while no significant variation

of proliferating cell density was detected in preneoplastic or advanced
MB samples (Fig. 5B). TUNEL assays revealed minimal, comparable
proportions of apoptotic cells in all sampled histopathological stages,
from both Gpr37l1+/+;Ptch1+/− and Gpr37l1−/−;Ptch1+/− mice (Fig.
S2B). No genotype-specific change of post-mitotic, p27Kip1-positive
cell density was detected in preneoplastic or advanced tumor samples,
with prevalent nuclear or cytoplasm localization (Fig. S3), respectively,
as reported (Bhatia et al., 2009).

Western blot and comparative quantitation of cerebellar protein
levels in healthy mice (Fig. 5C, D) showed a precocious, > 2-fold
overexpression of Wnt3 in Gpr37l1−/−;Ptch1+/− P10 pups and a non
significant tendency to its diminished expression in adults of the same
genotype, in comparison with Gpr37l1 wild-type control samples
(Fig. 5C, D). The expression of the Gli2 transcription factor was sig-
nificantly reduced in Gpr37l1−/−;Ptch1+/− P10 pups (Fig. 5C, D),
consistent with the results of previous studies on the precocious upre-
gulation of Wnt3-mediated, anti-proliferative signaling (Anne et al.,
2013). The Gli2 protein was absent in all analyzed adult samples, as
already reported (Fig. 5C, Kimura et al., 2005). Instead, Shh expression
was found not significantly varied in both Gpr37l1−/−;Ptch1+/− P10
and adult samples (Fig. 5D).

4. Discussion

The present study has resulted from the production and analysis of

Fig. 3. Lack of Gpr37l1 delays occurrence and progression of hyperplastic cerebellar lesions. (A) Representative hematoxylin-eosin staining of sagittal sections of
hyperplastic cerebellar lesions of chosen area groups and immunolabeling of Ki67-positive cells (red) in injured tissues (middle right panel; blue: nuclear DAPI
staining), in Gpr37l1+/+;Ptch1+/− and Gpr37l1−/−;Ptch1+/− mice at P25, 10 weeks and 1 year of age. Arrowheads and dashed lines (yellow) indicate hyperplastic
lesions. Scale bars: 100 μm. (B) Relative frequencies of hyperplastic cerebellar lesions in Gpr37l1+/+;Ptch1+/− and Gpr37l1−/−;Ptch1+/− animals at P25 (Gpr37l1+/

+: 12 mice, 7 with lesions; Gpr37l1−/−: 10 mice, 4 with lesions), 10 weeks (Gpr37l1+/+: 10 mice, 4 with lesions; Gpr37l1−/−: 10 mice, 6 with lesions) and 1 year
(Gpr37l1+/+: 8 mice, 6 with lesions; Gpr37l1−/−: 9 mice, 1 with lesions) of age. *P < 0.015, Gpr37l1+/+;Ptch1+/− vs. Gpr37l1+/−;Ptch1+/−, Fisher's exact test.
(C) Relative frequencies of hyperplastic cerebellar lesions (as scored in B) according to their area classification, in Gpr37l1+/+;Ptch1+/− and Gpr37l1−/−;Ptch1+/−

animals at P25, 10 weeks and 1 year of age. (D) Percentage of Ki67-positive cells in cerebellar lesions (as scored in B) according to their area classification, in
Gpr37l1+/+;Ptch1+/− and Gpr37l1−/−;Ptch1+/− animals at P25 and 10weeks. (nd: Ki67-positive cells not detected; hyphens indicate the absence of the corre-
sponding lesion type).
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the novel Gpr37l1−/−;Ptch1+/− murine model line. It shows that a
significant delay in Shh-type MB occurrence and progression occurs in
Ptch1+/− mice that also lack the functional Gpr37l1 protein. The re-
ported data indicate that the Gpr37l1 putative membrane receptor, a
selective marker of cerebellar BG astrocytes (Di Pietro et al., 2016;
Marazziti et al., 2013) has a specific role during the initial stages of MB
oncogenic transformation and tumorigenesis, as induced by GCP hy-
perproliferation in Ptch1+/− model animals. The absence of Gpr37l1
results, in particular, in the precocious overexpression of Wnt3, with
consequent and concurrent inhibitory effects on postnatal granule
neuron proliferation.

Previous studies (Di Pietro et al., 2016; Marazziti et al., 2013) have
revealed that the mouse Gpr37l1 protein colocalizes and interacts with
Ptch1 in BG's membranes and its genetic inactivation alters the timing
of GCP proliferation during postnatal cerebellum development, with
precocious activation at P3 and down-regulation at P7. BG and Purkinje
neurons also undergo anticipated differentiation and maturation and
this is accompanied by precocious PC synaptogenesis by climbing and
parallel fibers.

Similar alterations of GCP proliferation, BG and Purkinje neurons
maturation take place in Gpr37l1−/−;Ptch1+/− pup's cerebella and
they counterbalance, at least in part, the concomitant hyper-pro-
liferative effects due to decreased Ptch1 levels. These findings reveal an
unanticipated partial dominance of the Gpr37l1 null mutant phenotype,

in the context of Ptch1 heterozygous loss-of-function mutation, and
constitutively activated Shh signaling (Goodrich et al., 1997; Oliver
et al., 2005; Wetmore et al., 2000).

Thus, the lack of Gpr37l1 can ultimately reduce the occurrence and
severity of Ptch1+/−-induced hyperproliferating EGL lesions at a cri-
tical time window during the first postnatal weeks, with a corre-
sponding delay in the tumorigenic transformation of hyperplastic tissue
injuries (at ca. 10 weeks), in agreement with the natural history analysis
and other results detailed by the present study.

The experimental data also indicate that mature BG cells, as iden-
tified by specific Gpr37l1 and Glast labeling, do not participate to re-
active gliosis, which is consequent on MB occurrence and progression.
Consistently, Gpr37l1 absence does not significantly affect astrogliosis
reaction to tumorous tissue lesions, as well as tumor progression and
growth.

It is possible to hypothesize that Shh-Ptch1-Smo mitogenic stimu-
lation at the initial postnatal stages of EGL development may be spe-
cifically modulated by Gpr37l1-controlled, functional cross-talk among
BG and interacting neuronal cells. Indeed, the genetic ablation of
Gpr37l1 results in the increased expression of cerebellar Shh, Smo,
Ptch1 and other mitogenic markers at the earliest stages of postnatal
murine development (Marazziti et al., 2013).

This study has revealed that the Gpr37l1 null mutant genotype is
also strikingly associated with the precocious, marked overexpression

Fig. 4. Cerebellar morphology and cellular proliferation in P10 Gpr37l1+/+;Ptch1+/− and Gpr37l1−/−;Ptch1+/− pups. (A-A', B-B′) Representative images of double
immunofluorescence labeling with antibodies specific for calbindin 1 (red, Calb) and brain lipid binding protein (green, Blbp), or vesicular glutamate transporter 1
(red, Vglut1) and vesicular glutamate transporter 2 (green, Vglut2), in sagittal cerebellar sections of P10 Gpr37l1+/+;Ptch1+/− (A, B) or Gpr37l1−/−;Ptch1+/− (A',
B′) pups. Nuclei were stained with DAPI (blue). Dashed white lines distinguish EGLs from two adjacent cerebellar lobes. (C-C′) Representative images of wingless-
type MMTV integration site, member 3 (green, Wnt3) and nuclear DAPI staining (blue), in sagittal cerebellar sections of P10 Gpr37l1+/+;Ptch1+/− (C) or Gpr37l1−/

−;Ptch1+/− (C′). pups. Yellow arrowheads indicate Wnt3-labeled cells in the Purkinje layer (C) or EGL (C′). Yellow asterisks mark Purkinje neuron's somata. (D-E').
Representative images of Ki67 antigen (red, Ki67, upper panels) or p27Kip1 (green, P27, lower panels) immunofluorescence labeling and nuclear DAPI staining
(blue), in sagittal cerebellar sections of P10 Gpr37l1+/+;Ptch1+/− (D) or Gpr37l1−/−;Ptch1+/− (D') pups. (F) Quantification of EGL, ML and IGL average thickness in
P10 Gpr37l1+/+;Ptch1+/− or Gpr37l1−/−;Ptch1+/− pups. Data are shown as mean ± s.e.m.; (n=3 mice per group). P-values< .05 were used as significance
threshold from unpaired two-tailed Student's t-test (*P < 0.05: Gpr37l1+/+;Ptch1+/− vs. Gpr37l1−/−;Ptch1+/−). EGL, external granular layer; oEGL, outer portions
of EGL; iEGL, inner portions of EGL; ML, molecular layer; PL, Purkinje cell layer. Scale bars: (A-C′) 25 μm, (D-E') 10 μm.
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of Wnt3, a specific inhibitor of Shh-induced neuronal mitogenesis,
whose production depends on the maturation status of PC (Salinas
et al., 1994). The postnatal up-regulation of cerebellar Wnt3 expression
critically decreases EGL neuronal precursor's growth, upon inhibition of
Shh-mediated signaling through a non-canonical Wnt3-frizzled
pathway (Anne et al., 2013; Salinas et al., 1994). Therefore in the
Gpr37l1−/−;Ptch1+/− double mutant pups the absence of Gpr37l1 can
cause a precocious surge in cerebellar Shh signaling, as well as Wnt3-
mediated anti-proliferative effects, including the reported down-reg-
ulation of the Gli2 transcription factor (Anne et al., 2013), with con-
sequent, earlier down-regulation of Shh-induced, GCP mitogenesis and
of tumorigenesis-susceptible, focal hyperproliferation. It is worth
nhoting that the postnatal, cell type-specific ablation of Shh production
by developing murine BG astrocytes results in a markedly similar
phenotype, including elevated Wnt-mediated signaling and con-
comitant reduction of the EGL (Cheng et al., 2018). These findings
suggest that BG-mediated Shh signaling can specifically regulate Wnt's
antagonistic effects on GCP proliferation.

Other reports also indicate that BG astrocytes can process and se-
crete both Shh and Wnt3 (Farmer et al., 2016; Okuda et al., 2016; Xu
et al., 2013) and Gpr37l1 could be involved in regulating their pro-
duction. For instance, given its direct intracellular interaction with
Ptch1 (Marazziti et al., 2013), it could affect Ptch1 trafficking and

membrane location and therefore Shh-, Ptch1-dependent autocrine
pathways that cross-regulate Shh and Wnt production (Regan et al.,
2017). Gpr37l1 might also interact on Wnt-associated, regulating pro-
teins, similar to what already described for the chaperoning effects
exerted by the homologous Gpr37 receptor on the Wnt co-receptor, the
low-density lipoprotein receptor-related protein 6 (Berger et al., 2017).

In addition, Gpr37l1 could participate in BG's modulation of Shh
and Wnt3 production by Purkinje neurons (Ugbode et al., 2017), e.g. by
regulating astrocyte's production of cholesterol derivatives or other
molecules that are required for post-translational, functional mod-
ification of Shh and/or Wnt3 precursors (Cunningham et al., 2015; Ng
et al., 2016). Novel detailed studies with ex vivo cerebellar astrocyte
and neuronal cultures from wild-type, Gpr37l1−/−, Gpr37l1−/

−;Ptch1+/− pups are being carried out to verify the above hypothesis.
Overall, the newly described Gpr37l1−/−;Ptch1+/− murine line

could be suitably applied as an ad hoc model to further investigate the
very early phases of Shh-associated MB initiation and progression.
Moreover, it could be instrumental to set-up and assess novel genetic or
chemical (Ngo et al., 2017) protocols aimed at altering in vivo
Gpr37l1's and related protein's functions, for their possible application
in novel clinical and pharmacological approaches.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.expneurol.2018.11.004.

Fig. 5. Cerebellar cell proliferation, Wnt3, Gli2 and Shh protein expression in Gpr37l1+/+;Ptch1+/− and Gpr37l1−/−;Ptch1+/− mice. (A) Representative images of
phospho-histone H3 complex immunofluorescence labeling (green, PH3) and nuclear DAPI staining (blue) in P10 EGL, P16 preneoplastic and adult advanced MB
samples from Gpr37l1+/+;Ptch1+/− or Gpr37l1−/−;Ptch1+/− mice. Scale bars: 10 μm. (B) Quantification of PH3-positive cell density in P10 EGL, P16 preneoplastic
and adult advanced MB samples from Gpr37l1+/+;Ptch1+/− or Gpr37l1−/−;Ptch1+/− mice. Data are shown as mean ± s.e.m. P-values< .05 were used as sig-
nificance threshold from unpaired two-tailed Student's t-test (*P < 0.05: Gpr37l1+/+;Ptch1+/− EGL vs. Gpr37l1−/−;Ptch1+/− EGL, Gpr37l1+/+;Ptch1+/− EGL vs.
Gpr37l1+/+;Ptch1+/− advanced MB, Gpr37l1+/+;Ptch1+/− preneoplasia vs. Gpr37l1+/+;Ptch1+/− advanced MB. **P < 0.005: Gpr37l1+/+;Ptch1+/− EGL vs.
Gpr37l1+/+;Ptch1+/− preneoplasia). (C) Representative Western blot analysis of cerebellar samples from P10 or adult Gpr37l1+/+;Ptch1+/− and Gpr37l1−/

−;Ptch1+/− mice. (D) Densitometric quantification of immunostained Wnt3, Shh and Gli2 proteins in whole cerebellar extracts prepared at P10 or adulthood from
Gpr37l1+/+;Ptch1+/− or Gpr37l1−/−;Ptch1+/− littermate mice. The average values of each experimental group are expressed in arbitrary units, as a ratio to the
mean values obtained from the P10 Gpr37l1 wild-type control group. Data are shown as mean ± s.e.m. (n=3 mice per group), *P < 0.05, Gpr37l1+/+;Ptch1+/−

vs. Gpr37l1−/−;Ptch1+/−, unpaired t-test.
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