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SUMMARY

Adhesion G-protein coupled receptors (ADGRs) encompass 33 human transmembrane proteins 

with long N-termini involved in cell-cell and cell-matrix interactions. We show the ADGRB1 
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gene, which encodes Brain-specific angiogenesis inhibitor 1 (BAI1), is epigenetically silenced in 

medulloblastomas (MBs) through a methyl-CpG binding protein MBD2-dependent mechanism. 

Knockout of Adgrb1 in mice augments proliferation of cerebellar granule neuron precursors 

(GNPs), and leads to accelerated tumor growth in the Ptch1+/− transgenic MB mouse model. BAI1 

prevents Mdm2-mediated p53 polyubiquitination, and its loss substantially reduces p53 levels. 

Reactivation of BAI1/p53 signaling axis by a brain-permeable MBD2 pathway inhibitor 

suppresses MB growth in vivo. Altogether, our data define BAI1's physiological role in 

tumorigenesis and directly couple an ADGR to cancer formation.

IN BRIEF

Zhu et al. identify epigenetic silencing of ADGRB1 in medulloblastoma (MB) and show that 

Adgrb1 loss in a transgenic mouse MB model accelerates tumor growth. ADGRB1 encodes BAI1, 

which prevents MDM2-mediated p53 polyubiquitination. Rescue of BAI1 expression increases 

p53 levels and suppresses MB growth.

INTRODUCTION

MB is the most common and aggressive malignant brain tumor in children. Current 

nonspecific cytotoxic therapies cure only a fraction of patients, and cause life-long 

neurological, intellectual and physical disabilities (Smoll, 2012), highlighting the urgent 

need for novel therapeutic approaches. MB has been recently subdivided in four clinically 

and molecularly distinct subgroups: the wingless (WNT) group, the sonic hedgehog (SHH) 

group, group 3 and group 4 (Cavalli et al., 2017; Gilbertson and Ellison, 2008; Jones et al., 

2012; Northcott et al., 2017). The cellular origin and developmental alterations underlying 

the formation of each MB subgroup are active areas of investigation. The most studied and 
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best understood is the SHH group. Recent reports suggest that GNPs represent the cells of 

origin of this subgroup, with genetic alterations in the SHH pathway promoting their 

transformation (Goodrich et al., 1997; Lee et al., 2010; Schuller et al., 2008). Transgenic 

mouse models with either Ptch1 deficiency or constitutively active Smo alleles are able to 

generate MBs that resemble human tumors (Goodrich et al., 1997; Hatton et al., 2008; Lau 

et al., 2012). However, while these animals are prone to MB formation, the tumor incidence 

is low and additional genetic defects such as deficiency of either Trp53 or Pten are necessary 

to increase penetrance and accelerate tumor development (Castellino et al., 2010; Wetmore 

et al., 2001).

In human MBs, TP53 mutations are frequent in the WNT (16%) and SHH groups (21%), but 

are rare in group 3 or 4 tumors (Zhukova et al., 2013). However, group 3 tumors display loss 

of heterozygosity for TP53 as a result of iso17p, and mice with combinations of active c-

Myc and Trp53 null or dominant negative alleles are predisposed to group 3 MB (Kawauchi 

et al., 2012; Pei et al., 2012). Loss of wild-type p53 function can also result from alterations 

in p53-negative regulators (Castellino et al., 2008; Malek et al., 2011). Yet in many MBs 

across all 4 subgroups, a clear mechanism underlying p53 pathway inactivation is still 

missing.

G protein-coupled receptors (GPCRs), the largest family of transmembrane proteins in 

vertebrates, are the molecular targets for about 50–60% of therapeutic drugs worldwide 

(Bridges and Lindsley, 2008; Pierce et al., 2002). Many GPCRs are overexpressed in various 

cancer types and may contribute to tumor growth and metastasis; however, less is known 

about GPCRs acting as tumor suppressors (Dorsam and Gutkind, 2007). A recent study 

suggests that GPCR expression patterns can also delineate MB subtypes (Whittier et al., 

2013), but whether and how GPCR members contribute to MB tumorigenesis remains 

unknown.

The BAI proteins (BAI1-3) belong to the adhesion-subgroup of GPCR (Hamann et al., 

2015), and are predominantly, although not exclusively, expressed in the brain (Nishimori et 

al., 1997; Shiratsuchi et al., 1997). They contain several well-defined protein modules in the 

N-terminus, including thrombospondin type 1 repeats (TSRs), which can regulate 

angiogenesis (Kaur et al., 2005; Klenotic et al., 2010; Nishimori et al., 1997; Zhu et al., 

2011), phagocytosis of apoptotic cells by macrophages (Park et al., 2007) and participate in 

myogenesis (Hochreiter-Hufford et al., 2013). The BAI1 N-terminus can be cleaved, and 

when overexpressed, can inhibit angiogenesis and glioma growth (Cork et al., 2012; Kaur et 

al., 2009; Nishimori et al., 1997; Zhu et al., 2011). Moreover, recent genetic studies have 

shown that the genes encoding BAI family proteins (ADGRB1-3) are silenced and/or 

undergo somatic mutations in several cancers, including melanoma, lung, breast, ovarian and 

brain cancers (Brennan et al., 2013; Kan et al., 2010; Pugh et al., 2012; Robinson et al., 

2015; Zhu et al., 2011). However, the significance of these mutations to cancer formation 

has not been demonstrated. Here, we examined the causal relationship between BAI1 

expression and cancer formation, and determined whether it could be targeted for 

therapeutic gain.
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RESULTS

Epigenetic Silencing of the ADGRB1 gene underlies lack of BAI1 expression in MB

We first analyzed ADGRB1 gene expression in frozen tissues of 6 normal cerebella and a 

cohort of 77 human MBs by RT-PCR. Molecular sub-grouping of all MB samples (Table S1) 

was performed on a Nanostring instrument as described (Northcott et al., 2012b). ADGRB1 
mRNA expression can be readily detected in both fetal and adult normal cerebella; however, 

its expression is strongly reduced in most MB samples (92%, 71/77, Figures 1A and S1A) 

and human MB cell lines (Figure S1B). To independently validate our findings, we analyzed 

a RNA sequencing dataset of 170 MB samples (Northcott et al., 2017) and an expression 

microarray dataset of 64 MB samples (Remke et al., 2011). Overall down regulation of 

ADGRB1 expression in all MB subtypes was evidenced in both datasets (Figures 1B and 

S1C). Examination of a MB tissue array by immunohistochemistry (IHC) evidenced that 

BAI1 is also reduced at the protein level: 51/60MB specimens (85%) exhibited background 

levels, while the remaining 9/60 (15%) had weak to moderate expression (Figure 1C). Taken 

together, these data show that ADGRB1 mRNA and BAI1 protein expression are 

significantly reduced in MBs.

To explore the mechanisms underlying ADGRB1 down regulation, we first considered 

whether the gene locus is associated with genetic loss in MB. Human ADGRB1 is located 

on chromosome 8q24, close to the MYC oncogene, a gene amplified in MBs (Bigner et al., 

1990; Northcott et al., 2012a; Robinson et al., 2012). Copy number variation analysis in a 

dataset consisting of 1,087 MB tissues (Northcott et al., 2012a) did not evidence any 

ADGRB1 loss (Figure S2A), possibly reflecting selection to maintain essential adjacent 

genes. We then considered epigenetic mechanisms in ADGRB1 silencing. Methylation-

specific PCR (MS-PCR) showed extensive methylation in the CpG island of ADGRB1 
promoter in all 4 MB groups (Figures 1D, S2B and Table S1), but not in fetal and adult 

normal cerebella (Figure 1D). Promoter methylation correlated with gene silencing, and the 

6/77 tumors that retained ADGRB1 mRNA expression had only partial methylation (Figure 

S2B). Bisulfite-sequencing on 4 randomly selected tumors (one/group) confirmed dense 

CpG methylation in 4 sequenced alleles per sample, while cerebellar controls were 

unmethylated (Figure S2C). Whole genome bisulfite sequencing (WGBS) and DNA 

methylation array analyses (Hovestadt et al., 2014) revealed that differential DNA 

methylation between MB and normal cerebellum was confined to the CpG island in the gene 

promoter (Figures S2D and S2E). Methylation appears to be specific to the ADGRB1 gene 

as well, as the promoter of another family member (ADGRB2) was unmethylated (Figure 

S2F). The IRF6 tumor suppressor gene that shows promoter hypermethylation in all four 

subtypes (Hovestadt et al., 2014) was included as a positive control (Figure S2F). 

Hypermethylation at the ADGRB1 promoter was associated with reduced gene expression in 

the same dataset (Figure S2G). Taken together, these data indicate that hypermethylation of 

the CpG island in the promoter is associated with ADGRB1 gene silencing in MB tissues, 

even though there are some outliers suggesting additional layers of regulation and/or tumor 

tissue heterogeneity.
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We next determined whether methylation in CpG island at ADGRB1 promoter was a 

transformation event or was already present in the cells of origin. We focused on SHH-MB 

as its origin from transformed GNPs during late embryogenesis is widely accepted 

(Goodrich et al., 1997; Lee et al., 2010; Schuller et al., 2008). During cerebellar 

development, GNPs originating from a germinal zone in the upper rhombic lip migrate 

rostrally over the surface of cerebellar anlage to form a mitotically active region named the 

external granular layer (EGL). Once the GNPs terminally differentiate into cerebellar 

granule neurons, they migrate to the internal granular layer (IGL), which becomes the 

granular layer of the mature cerebellum. We used human cerebellum samples from different 

developmental stages and demonstrated by MS-PCR that there was no evidence for cells 

with ADGRB1 silencing (Figure 1D) with a detection sensitivity of 1 silenced allele in 

10,000 (Figure S2H). The human EGL forms during the second trimester of gestation and is 

not fully resorbed till 1 year postnatally (Sidman and Rakic, 1973), so our fetal and infant 

cerebellum samples cover the cell populations from which MB arise in development. To 

further demonstrate that GNPs actively express Adgrb1, we used transgenic reporter mice 

carrying a LacZ gene under the control of the endogenous Adgrb1 promoter (Zhu et al., 

2015). Abundant β-galactosidase expression was observed in the GNPs present in the 

transgenic mice EGL during the early post-natal period (Figure 1E). In sum, these data 

suggest that aberrant DNA methylation at the ADGRB1 promoter is a tumor-specific event.

Adgrb1−/− Mice Show Aberrantly Proliferating GNPs in the EGL

As MB originate from GNPs in the developing cerebellum, and these cells show robust 

expression of Adgrb1 mRNA (Figure 2A), we examined whether loss of BAI1 expression 

during early postnatal development may induce pre-neoplastic lesions in Adgrb1−/− mouse 

cerebellum (Zhu et al., 2015). We observed an overabundance of cells leading to EGL 

thickening in Adgrb1−/− vs. WT mice (Figure 2B) at postnatal day 14 (P14), a time at which 

the EGL normally resorbs in mice. MATH1 is a basic helix–loop–helix transcription factor 

and marker of developing GNPs and SHH-MBs (Northcott et al., 2012b). Crossing 

Adgrb1−/− mice with Math1-GFP reporter mice (Lumpkin et al., 2003) confirmed that the 

abnormally thick EGL consisted of aberrant layers of GFP-labeled GNPs (Figure 2C). 

Consistently, Ki67 staining of the EGL evidenced increased proliferation in Adgrb1−/− vs. 

WT mice (Figure 2D). Moreover, primary cell cultures of Adgrb1−/− GNPs from postnatal 

day 5 (P5) had a higher proliferation rate than WT controls (Figure 2E). Jointly, these results 

support that loss of BAI1 expression in mice leads to excessive growth of GNPs in the EGL.

Deletion of Adgrb1 in Mice Accelerates SHH-MB Formation

To determine whether loss of BAI1 expression might predispose the developing cerebellum 

to transformation, we aged Adgrb1−/− mice and monitored spontaneous brain tumor 

formation. We did not observe any cancer incidence for at least one and a half years (Figure 

3A and data not shown); a small number of mice had to be euthanized during this period due 

to fighting wounds. Since SHH-MBs are known to originate from GNP transformation, we 

next examined whether reduced BAI1 expression might synergize with PTCH1 loss in the 

Ptch1+/− transgenic mice (Goodrich et al., 1997; Oliver et al., 2005). Ptch1−/− mice are 

embryonic lethal, but heterozygotes are viable and develop SHH-MB from spontaneous 

transformation of GNPs in the EGL, albeit with low penetrance (Goodrich et al., 1997; 
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Oliver et al., 2005; Wechsler-Reya and Scott, 2001). Consistent with the literature, Kaplan-

Meier survival curves demonstrated that ~38% of Ptch1+/− mice died of MB by 12 months 

of age (Figure 3A). In sharp contrast, ~90% of the Ptch1+/− mice had died by 4 and 5 

months of age on the Adgrb1−/− and Adgrb1+/− backgrounds, respectively, showing dramatic 

acceleration of the age-of-onset and incidence of MB (p<0.0001; log-rank test). Upon 

histological examination, Ptch1+/− mice brains displayed large intracranial tumors in the 

posterior fossa harboring typical MB features with strong staining of GFAP and MATH1 

(Figures 3B and S3), and a higher proliferation rate was observed in the tumor cells from the 

Ptch1+/−;Adgrb1−/− mice by Ki67 staining (Figure 3B).

To gain further insight into the tumorigenic process, we isolated tumors and examined 

Adgrb1 expression and found it was remarkably reduced in all tumors regardless of Adgrb1 
allele status (Figure 3C). This suggests that tumor formation in Adgrb1+/− mice selects for 

loss of expression of the remaining WT allele. Moreover, it indicates that spontaneous 

formation of MB in Ptch1+/− mice also selects for loss of BAI1 expression. As expected, 

expression of Gli1, a transcriptional driver of an activated SHH pathway, and its target 

Ccnd1, are substantially induced in the tumor tissues (Figure 3C). IHC with vascular 

markers (CD31 and CD144) showed comparable microvascular density (CD31, p=0.60 and 

CD144, p=0.765, respectively, 2-tailed t-test, n=6) in tumors from Ptch1+/− and 

Ptch1+/−;Adgrb1−/− mice (Figure 3D). Taken together, these results demonstrate that 

deletion of Adgrb1 in mice is insufficient to trigger spontaneous tumor formation per se, but 

dramatically increases the penetrance and growth of SHH-MB in the Ptch1+/− mice, likely in 

an angiogenesis-independent fashion.

Expression of p53 is dramatically down regulated in the Adgrb1−/− mice cerebellum

To explore the mechanisms underlying increased penetrance of tumor initiation due to 

Adgrb1 absence, we examined the early postnatal mouse cerebellum for putative oncogenic 

signaling. Examination of proliferation-related proteins at P14 revealed a substantial 

reduction of p53, along with its target, the p21 cell cycle inhibitor (Figure 4A). This 

reduction was specific to Adgrb1−/− mice, as p53 was not decreased in Ptch1+/−;Adgrb1+/+ 

mice. Interestingly, the drop in p53 levels selectively impacted downstream signaling, with 

reduced gene expression of cell cycle regulators Cdkn1a and Gadd45a, but not other p53 

target genes involved in apoptosis or metabolism (Figure 4B). This target gene selectivity 

may reflect the partial acetylation status of p53 in these cells (Kruse and Gu, 2009). We next 

explored the mechanisms underlying p53 reduction. There were no alterations in Trp53 
mRNA levels at P14 (Figure 4B), suggesting a post-transcriptional mechanism. To test 

BAI1’s effects on p53 stability, we first generated human D556 MB cells in which BAI1 

expression can be induced by doxycycline treatment. We treated D556+BAI1 (Tet-on) cells 

with cycloheximide (CHX), a protein synthesis blocker, and compared the kinetics of p53 

degradation with or without BAI1 induction by doxycycline (Figure 4C). In the presence of 

BAI1, p53 half-life was significantly increased; after 3 hr of protein synthesis inhibition, 

there was minimal p53 degradation, while p53 protein was markedly degraded in control 

cells. In sum, these findings reveal a reduction in p53 tumor suppressor levels in the 

Adgrb1−/− cerebellum, and demonstrate that BAI1 expression can impact p53 stability in 

human MB cells.

Zhu et al. Page 6

Cancer Cell. Author manuscript; available in PMC 2019 June 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Association of BAI1 with Mdm2 Inhibits p53 Polyubiquitination and Degradation

We then considered whether BAI1 might act as a negative regulator of Mdm2, the E3 

ubiquitin ligase that regulates p53 stability (Kubbutat et al., 1997). Although a slight 

decrease in Mdm2 levels was observed in human MB cells upon BAI1 induction (Figure 

4C), reduced p53 stability in Adgrb1−/− cerebellum was not related to changes in the 

expression of either total Mdm2 or its phosphorylated form at serine 166 (Figure 4A), which 

can activate p53 degradation (Abe et al., 2008). Next, we examined whether BAI1 could 

block Mdm2-mediated p53 ubiquitination. In BAI1-inducible D556 cells, co-

immunoprecipitation (co-IP) experiments evidenced that p53 polyubiquitination from 

endogenous ubiquitin was remarkably inhibited, which stabilized p53 (Figure 4D, left 

panel). Similar results were obtained upon transient transfection of BAI1-silent human SHH-

MB ONS-76 cells (Ivanov et al., 2016) with expression vectors for BAI1 and HA-tagged 

ubiquitin. Co-IP showed exogenous BAI1 disrupted p53-Mdm2 interaction, reduced p53 

polyubiquitination and stabilized p53 levels (Figure 4D, right panel). To probe for a 

mechanism, we hypothesized that BAI1 might directly interact with and inhibit Mdm2’s E3 

ligase activity towards p53. Co-IP experiments revealed an interaction between Mdm2 and 

BAI1 in MB cells (Figure 4E). The interaction is BAI1-specific as no interactions between 

Mdm2 and BAI2 or BAI3 were detected (Figure S4A), and neither BAI2 nor BAI3 can 

stabilize p53 in MB cells (Figure S4B). To independently confirm the Mdm2-BAI1 

interaction, we used in situ proximity ligation assay (PLA) (Soderberg et al., 2008), an assay 

that can visualize protein interaction in close proximity (<40 nm) in whole cells. Upon BAI1 

induction in D556 cells, fluorescent PLA spots were easily detected, while they were 

inexistent in non-induced cells (Figure 4F) or in parental cells with or without dox (data not 

shown).

To map the Mdm2 binding region on BAI1, we performed co-IP experiments with 

transfected myc-tagged truncated BAI1 constructs in HEK293 cells, and these revealed that 

the seven-transmembrane domain (ΔNT-construct) is required for Mdm2-BAI1 interaction 

(Figure 4G). Consistently, only the ΔNT-construct enhanced endogenous p53 stability in 

ONS-76 cells (Figure S4C). To identify a putative Mdm2 binding site in BAI1’s 7TM, we 

compared the 3 cytoplasmic loops of BAI1-3 (Figure S4D). This alignment evidenced a 

unique VSV motif in BAI1 loop 1, while loops 2 and 3 were more conserved. Co-IP with a 

BAI1 VSV-deletion mutant evidenced a strong reduction in Mdm2 binding, while a loop 2 

mutant had no effect (Figure S4E). Consistently, the ΔVSV mutant failed to stabilize p53 in 

human MB cells (Figure S4F). Taken together, these results support a direct cause-effect 

relationship between BAI1-Mdm2 interaction and p53 stability.

To address the mechanism underlying BAI1 inhibition of Mdm2-mediated p53 degradation, 

we hypothesized that BAI1 binding may impede Mdm2 nuclear localization, as PLA results 

suggested the majority of Mdm2-BAI1 interaction spots occurred outside the nuclear 

compartment (Figure 4F). Analysis of cytoplasmic and nuclear fractions in MB cells showed 

BAI1 expression reduced nuclear 90 kDa Mdm2 (Figures 4H and 4I), the main isoform that 

controls p53 stability (Cheng and Cohen, 2007). As expected, BAI1 expression induced a 

remarkable increase of p53 protein in the nucleus (Figures 4H and 4I). To examine whether 

BAI1 traps Mdm2 at the cell surface, we used biotin to label all surface proteins (Zhu et al., 
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2008) followed by streptavidin bead pull down and BAI1 immunoprecipitation. Examination 

of co-precipitated Mdm2 showed that BAI1 recruits at least part of intracellular Mdm2 to the 

cell surface membrane (Figure 4J). Altogether, these data show that BAI1 protects p53 from 

Mdm2-mediated degradation by sequestering Mdm2 outside the nucleus.

Restoration of BAI1 in MB Cells Inhibits Tumor Growth in vitro and in vivo

Stable restoration of BAI1 expression in BAI1-silent human MB cells reduced cell 

proliferation by ~2-fold compared to controls, and this effect was p53-dependent (Figure 

5A). Genetic knockout of TP53 in colon cancer HCT116 cells also abrogated BAI1’s growth 

suppressive effects (Figure S5). These results demonstrate that BAI1 inhibits in vitro tumor 

cell growth in a p53-dependent manner. Consistently, Mdm2-binding construct BAI1-ΔNT 

could stabilize p53 (Figure S4C) and inhibit cell proliferation, while the BAI1-ΔVSV mutant 

did not bind Mdm2 and had no inhibitory effect on MB cell growth (Figure 5B). To examine 

BAI1’s effects on in vivo MB growth, we established orthotopic xenografts by 

stereotaxically injecting MB cells (D556 and ONS-76) into the cerebella of athymic nude 

mice. Kaplan-Meier survival curves show that restoration of BAI1 expression had dramatic 

anti-tumor effects in both models. 90% of mice with ONS-76 xenografts experienced long-

term survival (Figure 5C) (p=0.0003, log-rank test), while median survival was extended 

from 28 to 50 days (p=0.0002) in mice with D556 xenografts (Figure 5D). Remarkably, the 

therapeutic effect was lost upon stable shRNA-mediated p53 knockdown in both models. 

These data further establish BAI1 as a tumor suppressor in human MB, and indicate p53 is a 

key mediator of its downstream suppressive signaling.

Methylated DNA binding protein MBD2 participates in ADGRB1 gene silencing

Next, we wanted to gain a better understanding of the molecular mechanism underlying 

ADGRB1 gene silencing in human MB cells with the hope of identifying opportunities for 

therapeutic reactivation. We performed chromatin immunoprecipitation (ChIP) in BAI1-

silent MB cells, and found strong tri-methylation of histone H3 at lysine 9 (H3K9me3), a 

marker of condensed (silenced) chromatin, and little evidence for histone H3 acetylated at 

lysine 9 (H3K9ac), a marker of active chromatin (Figure 6A), confirming gene silencing. 

Interestingly, promoter silencing was accompanied by the binding of MBD2 (Figure 6A), a 

methyl-CpG–binding domain protein that binds methylated DNA and suppresses gene 

expression (Ballestar and Wolffe, 2001; Wade, 2001). To test whether there was a functional 

interaction, we stably knocked down MBD2 expression in MB cells and observed 

reactivation of BAI1 expression (Figure 6B). Taken together, these results suggest that 

MBD2 plays a direct role in ADGRB1 silencing.

Small Molecule MBD2 Pathway Inhibitor Suppresses MB Growth

We then explored the feasibility of pharmacologically reactivating the endogenously 

silenced ADGRB1 alleles in the tumor toward therapeutic gain. We used KCC-07, a small 

molecule that prevents binding of MBD2 to methylated DNA (Reichert, 2010; Wyhs et al., 

2014). We then evaluated KCC-07 for its ability to reactivate ADGRB1 expression and 

permeate across the blood-brain barrier. KCC-07 had excellent brain distribution as more 

than 2-fold higher drug concentration in the brain tissue than in the plasma (Figure 6C). 

Moreover, treatment of BAI1-silent MB cells with KCC-07 largely abrogated MBD2 
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binding to the ADGRB1 promoter (Figure 6D) and restored BAI1 mRNA and protein 

expression (Figures 6E and 6F) at low concentrations. KCC-07 also clearly inhibited MB 

cell growth in vitro (Figure 6G), consistent with induction of anti-proliferative 

BAI1/p53/p21 signaling (Figure 6F).

We next tested KCC-07’s effect on two orthotopic human MB xenograft models (D556 and 

D425). Fourteen days after MB cell implantation in the cerebellum, mice were treated 

intraperitoneally (i.p.) with KCC-07. The drug increased median survival in both models: 

from 22.5 to 29 days (p<0.0001) in D556 xenografts (Figure 7A), and 25.5 to 30 days 

(p=0.0054) in D425 xenografts (Figure S6A). Tumor size was reduced, and reactivation of 

BAI1 expression along with augmented nuclear p53 was detected in the KCC-07 group 

(Figure 7B). Since MBD2 pathway inhibition may reprogram the expression of multiple 

genes, we considered whether the anti-tumor effect of KCC-07 was BAI1-dependent. We 

infected D556 cells with lentiviruses expressing shRNAs targeting BAI1, which neutralized 

the reactivation of BAI1 expression by KCC-07 (Figure 7C). We then tested the therapeutic 

effect of KCC-07 in mice implanted with the D556-BAI1-shRNA cells. Remarkably, the 

silencing of BAI1 completely abrogated the survival advantage conferred by KCC-07 

(p=0.16, log-rank test) (Figure 7C), demonstrating that the anti-tumor effects observed were 

BAI1-dependent. We next determined whether the anti-tumor effect of KCC-07 was p53-

dependent. Knockdown of p53 blocked the beneficial effect of KCC-07 both in vitro (Figure 

S6B) and in vivo (Figure 7D). In summary, these data show that KCC-07 is able to inhibit 

MB growth in vivo by reactivating the BAI1-p53 tumor suppressor axis and, thereby, 

represents a promising chemical scaffold for further drug development.

DISCUSSION

BAI1 is an ADGR highly expressed in the brain and we now show that its expression is lost 

in all four subtypes of human MB, the most aggressive pediatric brain tumor. We 

demonstrate a role for BAI1 in regulating proper cerebellar development and preventing 

transformation of neural progenitors during EGL expansion. Our findings suggest BAI1 is a 

tumor suppressor in MB, define it as an upstream protector of p53, and thereby reveal that 

alteration in ADGRB1/BAI1 represents a point of vulnerability in cancer.

When crossing Adgrb1−/− mice with several mutant mouse lines that are predisposed to 

cancer, we found a dramatic decrease in survival rate in the Ptch1+/− mice, a SHH-MB 

mouse model. Histology of the mouse brain evidenced MB in the cerebellum, showing that 

physiological deficiency of BAI1 contributes to cerebellar transformation. Adgrb1 loss per 
se did not lead to spontaneous tumor formation, nor did it generally augment tumorigenesis 

in the mouse brain, as crossings with Pten+/−, Ink4a−/−, or Gfap-Cre;Trp53LoxP/LoxP mice 

yielded no tumors (data not shown). This indicates that deletion of Adgrb1 alone is not 

sufficient to initiate malignant transformation, or that other Bai family proteins may 

compensate for BAI1 loss. Unexpectedly, Adgrb1 loss did not alter the vascular phenotype 

of spontaneous mouse MB, in contrast to BAI1’s effect in overexpression studies (Cork et 

al., 2012; Kaur et al., 2009). This suggests that under physiological conditions, BAI1 

suppresses tumor growth independently of angiogenesis, which is consistent with the lack of 

vascular defects in Adgrb1−/− mice brains (Zhu et al., 2015).
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Importantly, we identified a physiological function for BAI1 as a protector of the p53 tumor 

suppressor. This is consistent with prior findings showing that p53 loss increases penetrance 

and accelerates tumor formation in mouse MB models (Lau et al., 2012; Momota et al., 

2008; Uziel et al., 2005; Wetmore et al., 2001). Mechanistically, we showed that BAI1 

suppresses tumor formation by binding Mdm2, the p53 E3 ubiquitin ligase, thereby reducing 

its nuclear levels and stabilizing p53. Taken together, these results define a BAI1-p53 

signaling axis and show its importance in brain tumorigenesis. Although the majority of 

MBs lack p53 mutations, about 40% show dysfunctional p53 target gene expression (de 

Bont et al., 2008), suggesting that additional mechanisms eliminate the tumor surveillance 

activity of p53. Our findings now demonstrate that loss of BAI1 expression leads to an 

alternative way to reduce p53 activity across all four groups of MB. The reduction in p53 

expression is partial, so we do not exclude that in some tumors this might precede further 

inactivation of the p53 pathway through subsequent mutations. Further studies are warranted 

to define the role of BAI1/p53 signaling loss in other cancers. Somatic mutations in 

ADGRB1 have been found in many cancers including melanoma, lung, breast, ovarian and 

brain tumors (Brennan et al., 2013; Kan et al., 2010; Pugh et al., 2012; Robinson et al., 

2015), but whether these alter BAI1 function or are passenger mutations is unknown.

We found that the extensive loss of expression of BAI1 in MB was at least in part related to 

epigenetic alterations of the ADGRB1 gene, and that the silencing was not present in fetal 

and post-natal cerebellum, including GNPs of the EGL, a cell population at the origin of 

some MB subtypes. ADGRB1 promoter methylation was associated with the binding of 

MBD2, a methyl-CpG binding protein believed to play an active role in gene silencing by 

establishing a repressive chromatin environment (Ballestar and Wolffe, 2001; Le Guezennec 

et al., 2006; Wade, 2001). The presence of MBD2 on the chromatin was necessary to 

maintain epigenetic silencing, as we were able to reactivate ADGRB1 expression through 

targeting MBD2.

MB is the most common malignant brain tumor in children and there is hope that rational 

and targeted therapies can be developed to treat patients with MB (Huse and Holland, 2010). 

To address this need, we sought pharmacological means to target epigenetic silencing events 

at the ADGRB1 gene. We showed that KCC-07, an inhibitor of MBD2 binding to 

methylated DNA (Reichert, 2010), could reactivate ADGRB1 expression. KCC-07 was bio-

available, depleted MBD2 from the ADGRB1 promoter, led to induction of BAI1 and p53 

expression, and reduced human MB growth in culture and in MB mouse models in a p53 

and BAI1-dependent way. Since dysfunction of the p53 pathway plays a key role in 

resistance to MB chemotherapy (Tabori et al., 2010; Weeraratne et al., 2011), p53 

reactivation through epigenetic restoration of ADGRB1/BAI1 expression represents an 

important therapeutic goal in this disease. Importantly, KCC-07 showed excellent brain 

distribution and significantly extended the survival of MB xenografts in vivo. KCC-07 was 

well tolerated, consistent with the finding that MBD2-knockout mice are viable with only 

mild phenotypic changes (Hendrich et al., 2001). The pharmacological targeting of MBD2 

in cancer has not been realized to date, highlighting the importance of our study. Prior 

studies investigating epigenetic approaches to cancer therapy have mainly targeted either 

DNA methyltransferases (DNMTs) or the histone deacetylases (HDACs) (Foulks et al., 

2012; Mahindra et al., 2012). Our data demonstrate that pharmacological targeting of MBD2 

Zhu et al. Page 10

Cancer Cell. Author manuscript; available in PMC 2019 June 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



is possible in the brain, and represents an epigenetic therapy for MB. Further optimization of 

this scaffold holds promise for the development of a clinical candidate drug.

In summary, we found that Adgrb1 deficiency leads to developmental defects in the mouse 

cerebellum, and significantly accelerates MB tumorigenesis. These results advance our 

understanding of the diversity and complexity of signaling pathways that can engender MB 

disease, and establish a mouse model for therapeutic testing. Combined with the silencing of 

ADGRB1 gene expression in patient-derived MB samples, these data suggest that adhesion 

GPCR BAI1 is a tumor suppressor in the brain. Our data further identify a hitherto unknown 

interaction between BAI1 and Mdm2, which is a regulatory mechanism for p53 stability; 

and unveils a point of vulnerability of the p53 pathway through silencing or mutation of 

ADGRB1 in cancer. Our demonstration that a brain-permeable small-molecule MBD2 

inhibitor potently antagonizes MB growth provides proof-of-concept for its further 

development towards a first in class therapeutic. Altogether, our findings provide insight into 

the neurobiological mechanisms underlying cerebellum development and neoplastic 

transformation, and establish BAI1 and the associated signaling pathways as important 

therapeutic targets for MB treatment.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Dr. Erwin G. Van Meir (evanmei@emory.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All protocols for mouse experiments were approved by the Institutional Animal 

Care and Use Committee (IACUC) at Emory University. Adgrb1−/− mice (Zhu et al., 2015) 

and Ptch1+/− mice (Goodrich et al., 1997; Oliver et al., 2005) were initially on a mixed C57/

Bl6/129Sv background and were backcrossed with WT C57/Bl6 mice for more than 10 

generations before any experiments in this paper. Adgrb1+/− mice were crossed with 

Ptch1+/− mice to generate cohorts for MB experiments. Mice were aged and humanely 

euthanized upon signs of morbidity. Math1-GFP mice (Lumpkin et al., 2003) were bred with 

Adgrb1−/− mice to generate pups for quantification of GFP-positive cells in the EGL.

Xenografts in nude mice—Outbred athymic nude mice (Hsd:Athymic Nude-Foxn1nu 

069, Envigo/Harlan, females; 8–10 weeks old) were anesthetized, an incision was made in 

the midline of the scalp over the cerebellum, and a small hole was made in the skull (1 mm 

lateral to midline) using a beveled (sharp point) 18G needle. 5×105 cells in a 5 µL volume 

were injected with a 24 G Hamilton syringe mounted on a micromanipulator at a 30° angle 

to the surface of the cerebellum, at a depth of 1 mm.

Cell culture—Human MB cell lines (ONS-76, D556, D425 and Daoy) were maintained in 

DMEM with 10% fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin at 

37°C in an atmosphere of 5% CO2. STR profiling to authenticate the cell lines was 

performed by the Cancer Center of Texas Tech University Health Sciences Center.
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METHOD DETAILS

RT-PCR—Total RNA was isolated with Trizol reagent (Thermo Fisher Scientific) and the 

first-strand cDNA was prepared using an AMV RNA PCR kit (TaKaRa) from 1 µg total 

RNA. PCR amplification for ADGRB1 mRNA detection was carried out with an initial 

denaturing step at 95°C for 5 min, then 30 (or 35) cycles of PCR (95°C for 30 s, 52°C for 45 

s, and 72°C for 45 s) and a further extension at 72°C for 10 min. Quantitative PCR was 

performed in triplicate using SYBR green (Thermo Fisher Scientific) and a 7500 Fast Real-

Time PCR machine (Applied Biosystems). Specific primer sequences are listed in Table S2.

Transfection of cells—Transient transfection of MB cells was performed with 

lipofectamine 3000 according to the manufacturer’s instruction (Thermo Fisher Scientific) 

with minor modifications. Cells were incubated with serum free DMEM containing 

plasmids/lipofectamine 3000 reagent mixture for at least 8 hr before being switched to 

DMEM+10% serum for 2–3 days. The transfection efficiency could reach ~90%. For stable 

MB cell clones with either BAI1- or p53-knockdown, MB cells were infected with BAI1- or 

p53-specific shRNA-expressing lentiviral particles in the presence of polybrene (5 µg/ml) 

(Santa Cruz). Two days later, cells were selected with puromycin (1 µg/ml) (Santa Cruz) for 

2 weeks. Nuclear and cytoplasmic extract preparation was performed with the nuclear 

extract kit (Active Motif).

Immunohistochemical Analysis—For the tissue array study, 60 MB tumor specimens 

were sectioned and mounted on one slide. Sections were deparaffinized and subjected to 

antigen retrieval by boiling (20 min, 100°C) in 0.01 M Tris HCL (pH 10). Slides were then 

incubated with a 1:200 dilution of BAI1 antibody. Immunostaining was detected with the 

avidin-biotin complex method, using diaminobenzidine as the chromogen (Abcam). Slides 

were scanned with a Nanozoomer 2.0 HT (Hamamatsu) and the MetaMorph Premier 

software was used to quantify staining intensity (Five fields/tumor). BAI1 status was 

assessed based on relative staining intensity unit [absent (0), weak (1) (units, 1–75), 

moderate (2) (units, 76–150), strong (3) (units, 151–225)] and percentage of positive tumor 

cells [0% (0), <10% (1), 10–50% (2), 51–80% (3), 81–100% (4)]. Immunoreactivity scores 

(IHC scores) were determined through multiplying the staining score by the percentage 

score to give a maximum of 12 (Zhu et al., 2011). Quantification of Ki67-positive cells was 

performed with NIH ImageJ software with IHC toolbox plugin.

Immunoprecipitation and immunoblotting—Cells were rinsed with ice-cold PBS and 

solubilized for 15 min on ice in radioimmuno-precipitation assay (RIPA) buffer 

supplemented with protease inhibitors. Lysates were then centrifuged in a microfuge at 

12,000 rpm for 10 min, and the supernatants were immunoprecipitated at 4°C with 

antibodies (5 µg/ml) for 4 hr followed by protein A/G beads (Santa Cruz) overnight. After 

centrifugation, beads were washed five times with RIPA buffer. Bound proteins were eluted 

with 2× SDS sample buffer and subjected to SDS-PAGE. Proteins resolved on SDS-PAGE 

were transferred to nitrocellulose membranes (Bio-Rad). Nitrocellulose blots were incubated 

at room temperature for 1 hr in blocking buffer (PBS with 0.1% Tween 20 and 5% milk), 

followed by incubation with indicated antibodies at 4°C overnight. After three 15-min 

washes with PBS containing 0.1% Tween 20, the blots were incubated with horseradish 
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peroxidase-conjugated secondary antibody (Thermo Fisher Scientific). Immunoreactive 

bands were visualized using enhanced chemiluminescence substrate (Thermo Fisher 

Scientific). All immunoblotting was repeated at least three times. For quantitative analysis, 

autoradiographic films were scanned with an Epson 1680 scanner, and the captured image 

was analyzed with NIH ImageJ software.

X-Gal staining—The cerebellum was removed and fixed in fresh 4% 

paraformaldehye/PBS (pH 7.4) for 1 hr at 4°C. The tissue was then rinsed (3×15 min) with 

washing buffer (100 mM sodium phosphate, pH 7.4, 2 mM MgCl2, 0.01% sodium 

deoxycholate, 0.02% NP-40) at room temperature. Staining was performed overnight in 

washing buffer plus 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, and 1 

mg/ml X-gal (Thermo Fisher Scientific). The tissue was then washed once and post-fixed 

overnight in 10% formalin at 4°C before sending to the Winship Cancer Institute Cancer 

Tissue and Pathology shared resource for sectioning.

DNA methylation analysis of the ADGRB1 gene core promoter—Genomic DNA 

was isolated from the tissues using the DNeasy tissue kit (Qiagen). The bisulfite reaction 

was carried out on 1 µg of genomic DNA with the EZ DNA Methylation-Direct kit (Zymo). 

For bisulfite-sequencing, PCR amplification was performed on bisulfite-modified DNA (see 

Table S2 for primers) and PCR products containing 30 CpG sites within the CpG island of 

the ADGRB1 gene core promoter were purified by electrophoresis on 1% agarose gels using 

the Qiaquick™ gel extraction kit (Qiagen), ligated into pGEM-T vectors (Promega) and then 

introduced into TOP10 competent bacteria (Thermo Fisher Scientific). Four randomly 

selected bacterial colonies containing individual alleles from each sample were sequenced.

Primary GNP culture—Cerebella from P5 mice were dissected aseptically, cut into small 

pieces, and digested in 0.05% trypsin at 37°C for 5 min. The tissue was then triturated using 

pipettes to obtain a single-cell suspension. The cell suspension was added on top of a step 

gradient of 35% and 65% Percoll and centrifuged in a table top microfuge at high speed 

(12,000 rpm) for 15 min at room temperature. GNPs were harvested from the 35/65% 

interface. For staining of bromodeoxyuridine (BrdU) in GNP cultures, cells were pulsed 

with 10 µM BrdU (Sigma) for the final 4 hr of culture. At the end of culture, cells were fixed 

with 4% paraformaldehyde for 15 min and incubated with 2N hydrochloric acid (HCl) for 

10 min to denature DNA. The acid was neutralized with 0.1 M sodium tetraborate (pH 8.5), 

and cells were washed in PBS and subsequently stained overnight with anti-BrdU 

antibodies.

Chromatin Immunoprecipitation Assay (ChIP)—Cells were washed with PBS for 3 

times and incubated with 1% formaldehyde for 10 min. After cross-linking, the cells were 

lysed in FA buffer (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA pH 8, 1% 

Triton X-100, 0.1% Sodium deoxycholate, 0.1% SDS, plus protease inhibitors) and 

sonicated using a Misonix sonicator MX2020 (setting 8, 15 s for 3 times). Sonicated lysates 

were centrifuged in a microfuge at 14,000 rpm at 4°C for 15 min to remove insoluble 

fractions. An aliquot of the chromatin preparation was set aside and designated as input 

fraction. The cleared chromatin (200 µg aliquot) was immunoprecipitated with 5 µg of 
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antibodies and incubated overnight at 4°C with rotation. Protein A/G agarose slurry 

preabsorbed with salmon sperm DNA was then added and rocked overnight at 4°C. Protein 

A/G immune complexes were collected by brief centrifugation at 3,000 rpm and washed. 

Immune complexes were eluted with buffer (100 mM NaHCO3 and 1% SDS) and DNA was 

recovered by DNA purification columns (Qiagen), and analyzed by PCR.

Proximity Ligation Assay (PLA)—PLA was performed using the Duolink in situ PLA 

Detection Kit (Sigma). Briefly, D556+BAI1 (Tet-on) cells were treated with doxycycline (1 

µg/ml) for 2 days to induce BAI1 expression. Cells without Dox treatment were used as 

negative controls. Cells were fixed with 4% paraformaldehyde for 15 min, permeabilized in 

0.1% Triton-X-100 for 15 min followed by blocking with 5% goat serum for 1 hr. Cells were 

then incubated overnight with rabbit anti-BAI1 polyclonal antibody and mouse anti-Mdm2 

monoclonal antibody. The proximity ligation reaction and visualization of signals were 

performed as per the manufacturer’s protocol. Hoechst staining was performed as the last 

step to detect cell nuclei. PLA signals, recognized as green fluorescent dots, were visualized 

and images were taken by confocal microscopy (Leica TCS SP8).

Biotin labeling of surface proteins—To label surface proteins, cells were washed with 

cold PBS containing 1 mM MgCl2 and 0.1 mM CaCl2 and incubated with sulfo-NHS-SS-

biotin (0.5 mg/ml) (Thermo Fisher Scientific) in the same buffer at 4°C for 30 min. The 

labeling reaction was quenched by incubation with 0.1 M glycine for 10 min. Cells were 

washed 3 times with cold PBS and harvested in RIPA buffer containing protease inhibitors. 

Lysates were incubated with streptavidin agarose resins (Thermo Fisher Scientific) overnight 

at 4°C to isolate biotinylated proteins.

Molecular subgrouping of MB tissues—MB tumor sample subgroup affiliation was 

determined using 22 MB subgroup-specific gene expression profiles. 100 ng total RNA was 

hybridized to oligonucleotide probes and nCounter Elements TagSet (NanoString 

Technologies, Inc, Seattle, WA) at 67°C for 16 hr. Procedures of mRNA quantification were 

carried out according to the protocol from NanoString nCounter System (NanoString 

Technologies, Inc).

Analysis of array datasets—For RNA-seq analysis of ADGRB1 expression in 7 control 

cerebella and 170 primary MBs (Figure 1B), the TPM (Transcripts Per Kilobase Million) 

value of each sample (kindly provided by Dr. Peter Lichter and colleagues) from the 

(Northcott et al, 2017) dataset was plotted to make a chart with software Graphpad Prism 5.

For analysis of ADGRB1 mRNA expression in human MBs (Figure S1C), dataset 

GSE28245 (Remke et al., 2011) was used. It contains 64 MB samples from 4 subtypes with 

a pool of 24 normal cerebellum tissues as controls. The probe ID for ADGRB1 is 

A_23_P125056. The log2 value of each sample/normal control was obtained from the array 

directly and plotted for all 4 subtypes by Graphpad Prism 5.

For analysis of DNA methylation pattern in ADGRB1 gene by whole-genome bisulfite-

sequencing (Figure S2D), the methylation value (kindly provided by Dr. Peter Lichter and 

colleagues) for 3,141 informative CpG sites across human chromosome 8:143,530,799–
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143,626,259 (GRCh37 coordinates) was plotted with the Spotfire software package (TIBCO 

Software, Palo Alto, CA).

For analysis of DNA methylation pattern in ADGRB1 gene by methylation array (Figure 

S2E), the β value [methylated/(methylated+unmethylated)] from 109 probes across 

ADGRB1 gene (29 upstream of TSS, 6 in the 5’UTR/1st exon, 72 in the gene body and 2 in 

the 3’UTR) was obtained from the dataset GSE54880 (Hovestadt et al., 2014). The Spotfire 

software package was used to generate a heatmap with sample values.

DNA methylation at 3 gene core promoter (Figure S2F) was analyzed in the DNA 

methylation dataset GSE54880 (Hovestadt et al., 2014). Three probes within the 5’UTR/1st 

exon region were randomly chosen for each gene analyzed. ADGRB1 1st exon is designated 

as ch8:143,545,341–143,546,343. For ADGRB1, probes were cg03924566 (5'UTR/1st 

exon), cg09968723 (1st exon) and cg14695492 (1st exon). For ADGRB2, probes were 

cg07187863 (5'UTR/1st exon), cg10773309 (5'UTR) and cg15469507 (5'UTR). For IRF6, 

probes were cg09509183 (TSS200), CG10074409 (5’UTR/1st exon), and cg22029157 

(TSS200).

For analysis of DNA methylation/expression of ADGRB1 gene (Figure S2G), gene 

expression value from RNA-seq dataset (Northcott et al., 2017) and β value from DNA 

methylation dataset (Hovestadt et al., 2014) were used. Methylation pattern was shown in 

CpG island in ADGRB1 exon 1 (5 probes) in 5 normal cerebella and 169 MB samples.

QUANTIFICATION AND STATISTICAL ANALYSIS

Results were analyzed using either two-tailed Student's t test or 2-way analysis of variance 

(ANOVA) in Graphpad Prism 5.0 software to assess statistical significance. p values <0.05 

were considered to be statistically significant. All histogram data represent mean ± SEM 

(standard error of the mean).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

The demonstration that BAI1 is a tumor suppressor in MB reveals a direct crosstalk 

between ADGR and p53 signaling, and provides a causal relationship between ADGRs 

and cancer. The discovery of an upstream regulator of the p53 tumor suppressor is highly 

significant because of this pathway’s involvement in many cancers. Alteration of this 

pathway through BAI1 silencing reveals a vulnerability in cancer, and provides an 

opportunity for therapeutic exploitation through epigenetic reactivation. We provide 

proof-of-principle that this can be achieved with a chemical scaffold targeting the MBD2 

pathway, and this lead molecule is actionable for translation into a first-in-class 

therapeutic intervention against MB, and possibly other cancers.
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HIGHLIGHTS

• Adgrb1 gene deficiency dramatically enhances tumor growth in a mouse MB 

model

• BAI1 protects p53 from Mdm2-mediated degradation

• ADGRB1 is silenced in human MB and can be reactivated by a MBD2 

pathway inhibitor

• Epigenetic reactivation of BAI1 stabilizes p53 and blocks MB growth in mice
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Figure 1. Epigenetic Silencing of ADGRB1/BAI1 Expression in MB
(A) RT-PCR analysis of ADGRB1 mRNA expression in patient MB tumors and normal 

human fetal, infant and adult cerebellum. GAPDH was used as a control.

(B) Analysis of ADGRB1 mRNA levels in 7 normal cerebella (NC) and 170 MB samples by 

RNA-Seq (Northcott et al., 2017). TPM, Transcripts Per Kilobase Million. Individual data 

points with the mean ± SEM are shown. *** p<0.0001, ** p<0.01, t test.

(C) IHC staining of BAI1 in a de-identified, formalin-fixed, paraffin-embedded tissue array 

containing 60 MBs shows low (51 cases; score 0–4) or moderate (9 cases; score 6–9) BAI1 

expression. Scale bar, 200 µm. For inset, scale bar, 100 µm.

(D) MS-PCR analysis of DNA methylation in the CpG island of the ADGRB1 promoter. 

Representative results (n=3) of 1 sample from each MB group and 6 normal cerebella are 

shown.
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(E) β-Gal staining for Adgrb1 promoter activity in Adgrb1-LacZ reporter mice at postnatal 

day 10 (P10). ML, molecular layer. Scale bar, 100 µm.

See also Figures S1, S2 and Table S1.
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Figure 2. Adgrb1 Loss Enhances GNP proliferation
(A) RT-PCR analysis of Adgrb1 mRNA expression in GNPs isolated from WT and 

Adgrb1−/− mice at postnatal day 5 (P5). Primers in two different gene locations were tested 

(exons 2 and 3–6).

(B) H&E staining shows the EGL at postnatal day 14 (P14) in WT and Adgrb1−/− mice 

(KO) cerebellum (arrows). Scale bar, 50 µm. Right, quantification of EGL thickness. ***, 

p<0.0001, 2-tailed Student’s t-test, n=15.

(C) Fluorescence microscopy of mouse cerebella at P14 shows GFP-positive cells (arrows) 

in the EGL of Math1-GFP;KO (Adgrb1−/−) mice versus control Math1-GFP;WT 

(Adgrb1+/+) mice. Scale bar, 50 µm.
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(D) IHC and quantification of Ki67 positive cells in EGL at postnatal day 7. **, p<0.001, 2-

way ANOVA test, n=8. Scale bar, 30 µm.

(E) In vitro proliferation of primary GNP cultures isolated from P5 WT and Adgrb1−/− (KO) 

mice. Cycling cells were either stained for Ki67 (green fluorescence) or labeled with BrdU 

and visualized through the red fluorescence signal. Hoechst 33342 counterstaining (blue) 

reveals the nuclei. Scale bar, 200 µm. Histograms show quantification of BrdU and Ki67 

positive cells, ***, p<0.0001, 2-way ANOVA test, n=5. All histogram data represent mean ± 

SEM.
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Figure 3. Adgrb1 Loss Increases Penetrance and Accelerates Tumor Growth in the Ptch1+/− 

SHH-MB Mouse Model
(A) Kaplan-Meier curves show the survival of Ptch1+/− mice in the presence of hemi- or 

homozygous deletion of Adgrb1 (p<0.0001; log-rank test).

(B) H&E staining of 5-month-old Ptch1+/− and Ptch1+/−;Adgrb1−/− mouse cerebella with 

tumor. IHC shows Ki67 staining in tumor cells and quantification is shown by histogram, 

p=0.005, t test, n=6. Scale bar, 30 µm.

(C) RT-PCR analysis of mRNA expression of Adgrb1, Ptch1 and SHH pathway markers 

(Gli1 and Ccnd1) in adult normal cerebellum and MB from mice with indicated genotypes.

(D) Representative images show IHC staining for endothelial cell markers CD31 (top) and 

CD144 (VE-cadherin, bottom) in 5-month-old mice MB. Scale bar, 100 µm.

All histogram data represent mean ± SEM. See also Figure S3.
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Figure 4. BAI1 blocks Mdm2-mediated p53 Polyubiquitination and Degradation
(A) Representative immunoblots (n=3) show indicated protein expression in WT and 

Adgrb1−/− mouse cerebellum at P14.

(B) qRT-PCR analysis of p53 target gene expression in WT and Adgrb1−/− cerebellum at 

P14. Histogram data represent mean ± SEM.

(C) Western blot showing p53 expression in the D556+BAI1 (Tet-on) MB cells +/− 

doxycycline (Dox) treatment. CHX (50 µg/ml) was used and normalized fraction of 

remaining p53 levels after 1–3 hr is indicated.

(D) Left panel, IP was performed with anti–p53 antibody, and polyubiquitination of p53 was 

determined by anti-ubiquitin antibody with or without Dox treatment. Right panel, ONS-76 

cells were transiently transfected with BAI1 and HA-ubiquitin expression vectors. IP was 

performed with anti–p53 antibody, followed by IB detection of ubiquitin chains (anti-HA 

antibody) or Mdm2.
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(E) IP with BAI1 antibodies in D556 and ONS-76 human MB cells followed by IB of 

Mdm2.

(F) Representative confocal images of PLA in D556-BAI1 tet-on cells (+/− 1 µg/ml Dox, 48 

hr). Green spots are regions of signal amplification denoting BAI1-Mdm2 interaction. 

Nuclear stain (DAPI) is blue. Scale bars, 10 µm.

(G) Top, schematic diagram shows myc-tagged BAI1 truncated constructs. NT=N-terminus, 

ΔNT=N-terminal truncated, CT=C-terminus. Bottom, IP with Mdm2 antibodies in HEK293 

cells followed by IB of myc tag.

(H) Cell fractionation shows distribution of 90-kDa Mdm2 and p53 in D556+BAI1 (tet-on) 

cells and transiently transfected ONS-76 cells. Cytoplasmic (C) and nuclear (N) fractions are 

shown. All blots show representative images from 3 independent experiments with similar 

results.

(I) Analysis of p53 and Mdm2 nuclear localization by immunofluorescence upon BAI1 

induction in D556+BAI1 (tet-on) cells. Scale bar, 10 µm.

(J) D556+BAI1 (tet-on) cell surface proteins were biotinylated and collected by streptavidin-

bead pulled-down. IP was then performed with BAI1 antibodies on purified cell surface 

proteins followed by IB of Mdm2.

See also Figure S4.
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Figure 5. BAI1 inhibits MB Growth in vitro and in vivo in a p53-dependent manner
(A) Left, cell proliferation of D556+BAI1 (tet-on) cells with stable p53 knockdown upon 

BAI1 induction. Fold is the ratio of live cells on day 3/day 0. Right, cell proliferation of 

ONS-76 MB cells with stable transfection of BAI1 +/− p53 shRNA lentivirus was measured 

for 5 days. Efficiency of shRNA-mediated knockdown was evaluated by Western blots 

(insets). ***, p<0.0001, 2-way ANOVA, n=3.

(B) Effect of BAI1 WT and mutants on ONS-76 cell proliferation. Fold is the ratio of live 

cells on day 3/day 0. ***, p<0.0001, 2-way ANOVA, n=5.

(C) Kaplan-Meier curves show the survival of mice with intracranial xenografts of ONS-76 

cells infected by lentiviral-expressed BAI1 +/− stable p53 knockdown (p=0.0003; log-rank 

test).

(D) Kaplan-Meier curves show the survival of mice with intracranial xenografts of D556 

cells infected by lentiviral-expressed BAI1 +/− stable p53 knockdown (p=0.0002; log-rank 

test). Right, representative images show H&E staining of MB sections, and arrows show 

tumor. Scale bar, 1 mm.

All histogram data represent mean ± SEM. See also Figure S5.
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Figure 6. KCC-07 distributes to the Brain and Inhibits Tumor Growth in vitro
(A) Analysis of histone H3 marks and MBD2 binding on ADGRB1 promoter in human MB 

cells by ChIP assay.

(B) WB analysis of BAI1 protein expression in human MB cells with MBD2-shRNAs.

(C) Left panel, structure of MBD2 pathway inhibitor KCC-07. Right, concentration of 

KCC-07 in the plasma (PL), cerebral cortex (CC) and cerebellum (CB) one hr after i.p. 

injection (100 mg/kg).

(D) ChIP assay shows the effect of KCC-07 treatment (10 µM, 48 hr) on the binding of 

MBD2 to ADGRB1 promoter in MB cells.

(E) RT-PCR analysis of ADGRB1 expression in MB cell lines with KCC-07 treatment.

(F) Western blot shows the effect of KCC-07 on BAI1/p53/p21 protein expression in MB 

cells. All blots show representative images (n=3).
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(G) Effect of KCC-07 treatment (10 µM, 3 days) on the growth of MB cell lines in vitro. 

***, p<0.0001, 2-way ANOVA test, n=3. Histogram data represent mean ± SEM.
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Figure 7. KCC-07 Inhibits Orthotopic MB Growth in mice xenografts
(A) Kaplan-Meier survival curves show effect of KCC-07 (100 mg/kg i.p.; 5 days/week) on 

the survival of mice harboring D556 intracranial xenografts. p<0.0001, log-rank test.

(B) Effect of KCC-07 on tumor size (H&E), BAI1 and p53 expression (IHC) in tumors from 

(A). Scale bar in H&E images, 1 mm. Scale bar in IHC images, 25 µm.

(C) Kaplan-Meier survival curves shows effect of KCC-07 on the survival of mice harboring 

intracranial xenografts of D556 cells with lentiviral shRNA-mediated abrogation of BAI1 

(p=0.16, log-rank test).

(D) Kaplan-Meier survival curves shows effect of KCC-07 on the survival of mice harboring 

intracranial xenografts of D556 cells with lentiviral shRNA-mediated abrogation of p53 

(p=0.23, log-rank test).

See also Figure S6.
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