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SUMMARY

Recurrent mutations in chromatin modifiers are spe-
cifically prevalent in adolescent or adult patients
with Sonic hedgehog-associated medulloblastoma
(SHH MB). Here, we report that mutations in the ace-
tyltransferase CREBBP have opposing effects during
the development of the cerebellum, the primary site of
origin of SHH MB. Our data reveal that loss of Crebbp
in cerebellar granule neuron progenitors (GNPs) dur-
ing embryonic development of mice compromises
GNP development, in part by downregulation of
brain-derived neurotrophic factor (Bdnf). Interest-
ingly, concomitant cerebellar hypoplasia was also
observed in patients with Rubinstein-Taybi syn-
drome, a congenital disorder caused by germline mu-
tations of CREBBP. By contrast, loss of Crebbp in

(Affiliations continued on next page)

GNPs during postnatal development synergizes
with oncogenic activation of SHH signaling to drive
MB growth, thereby explaining the enrichment of
somatic CREBBP mutations in SHH MB of adult pa-
tients. Together, our data provide insights into time-
sensitive consequences of CREBBP mutations and
corresponding associations with human diseases.

INTRODUCTION

Medulloblastoma (MB) is an aggressively growing tumor of neu-
roectodermal origin that arises in the posterior fossa. Survival
rates have significantly increased in the last decades, but still
approximately one-third of the patients succumb to their disease.
Moreover, survivors often suffer from severe treatment-related
long-term sequelae (Smoll, 2012). Advancing technologies in
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molecular biology have tremendously changed our knowledge
about the molecular mechanisms that form the basis of MB het-
erogeneity. The tumors are subcategorized into four major mo-
lecular subgroups (Sonic hedgehog [SHH], WNT, group 3, and
group 4), as defined by gene expression or DNA methylation pat-
terns (Hovestadt et al., 2013; Taylor et al., 2012). However,
tumors within one single subgroup of MB may still differ substan-
tially from each other in terms of biology and clinical parameters.
For instance, SHH MBs occur in infants and in adults with distinct
molecular characteristics (Kool et al., 2014).

Several sequencing studies have been performed broadening
our knowledge of genetic alterations in human MBs (Northcott
et al., 2017; Jones et al., 2012). These studies provide evidence
that, among others, alterations affecting the epigenetic machin-
ery play a functional role during MB development and/or pro-
gression across all four subgroups. Of note, we have shown
that chromatin modifiers are particularly often mutated in the
subgroup of adult SHH MBs (Kool et al., 2014). Among these
genes is the transcriptional co-activator CREBBP (CREB-bind-
ing protein), which has been found to be almost exclusively
mutated in adult SHH MBs, and has previously been associated
with the development of different other tumor entities, such as
lung cancer, lymphoma, or leukemia (Peifer et al., 2012; Mul-
lighan et al., 2011; Pasqualucci et al., 2011). Germline mutations
of CREBBP cause the Rubinstein-Taybi syndrome (RTS), a
congenital developmental disorder with a predisposition for ma-
lignancies of the CNS, including MBs (Taylor et al., 2001; Miller
and Rubinstein, 1995). This apparent association of CREBBP
with the development of MB prompted us to investigate the
impact of CREBBP mutations on cerebellar development and
the formation of SHH MBs.

RESULTS

CREBBP Mutations in Human MB Deplete
Acetyltransferase Activity

We and others have previously shown that CREBBP is recur-
rently mutated in human MB with a preponderance of mutations
in adult patients (Figure 1A) (Northcott et al., 2017; Kool et al.,
2014; Jones et al., 2012; Robinson et al., 2012), and we here
add to this list of alterations present in adult SHH MBs (Figure 1B;
Table S1). While looking at CREBBP expression pattern in anno-
tated MB samples (Kool et al., 2014; Cho et al., 2011), we
detected a certain heterogeneity in MB subgroups, but no
correlation of CREBBP expression and survival in SHH MBs (Fig-
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ures S1A-S1C). Furthermore, CREBBP mutated cases did not
cluster together with respect to global gene expression pattern
(Figure S1D).

As the majority of CREBBP mutations in MB are likely to affect
the histone acetyltransferase (HAT) domain by either N-terminal
stop-gain/frameshift mutations or alterations within the HAT
domain (Figure 1B), we investigated their influence on HAT activ-
ity of CREBBP. Indeed, all amino acid substitutions in the HAT
domain are classified as being damaging by computational ana-
lyses (Ng and Henikoff, 2003) Further analysis of the crystal
structure of the HAT domain of the CREBBP homolog EP300
(Liu et al., 2008) showed that recurrent SHH MB-associated mu-
tations are part of the substrate-binding loop L1 or are located
within adjacent regions at the interface of substrate binding (Fig-
ure 1C). From those recurrent mutations, we further assessed
the functional impact of the R1446L, Y1482C, and [11483F
CREBBP mutations on HAT activity, thereby including one alter-
ation (R1446L) that is not an integral part of the L1 loop. Indeed,
all three mutations showed significantly reduced HAT activity in
an in vitro assay (Figure 1D), supporting a role for loss of HAT ac-
tivity of CREBBP in human SHH MB development. All identified
CREBBP mutations in SHH MBs to date were shown to affect
only one allele of CREBBP, indicating a mechanism that is poten-
tially driven by haploinsufficiency or a dominant-negative form of
CREBBP protein. To test the latter hypothesis, we stably ex-
pressed GFP as control alone or in combination with FLAG-
tagged CREBBP protein with selected mutations in HEK293T
cells carrying two endogenous wild-type alleles of CREBBP (Fig-
ure 1E). In line with our experimental setup, western blot ana-
lyses confirmed a significant increase in total CREBBP protein
levels in clones expressing mutant CREBBP protein compared
with control cells (Figures 1F and 1G). We then went on and
quantified acetylation of histone H3 in these cells. Indeed, two
out of three selected mutations of CREBBP protein decreased
acetylation of histone H3 as determined by indirect immunofluo-
rescence (Figures 1H and 1), suggesting that mutated CREBBP
protein might act as a dominant-negative effector over wild-type
CREBBP. Together, these data show that CREBBP mutations
found in human MB compromise HAT activity.

CREBBP Expression during Embryonic Development Is
Essential for Normal Cerebellar Development in Mice
and Man

Crebbp is strongly expressed in murine granule neuron progen-
itors (GNPs), a likely cellular origin for Shh MBs (Schller et al.,
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Figure 1. CREBBP Mutations in Human MB Deplete Acetylation Activity

(A) Incidence of CREBBP mutations in human SHH MB with respect to different age groups.

(B) Human CREBBP protein and selected protein domains with mutations identified in this study (above) or previously described alterations (below) in human MB.
TAD, transactivation domain; CREB, CREB-binding domain; HAT, histone acetyltransferase domain. Numbers in black circles indicate the number of patients
presenting this specific alteration.

(C) Amino acids in HAT domain recurrently mutated in SHH MB (R1446, Y1482, 11483, D1543, R1664, and S1680/L1681) mapped to the corresponding positions
(R1410,Y1446,11447,D1507, R1627, and S1643/L1644) in the crystal structure of the EP300 HAT domain. Lys-CoA inhibitor in blue, substrate-binding loop L1 in
magenta.

(D) In vitro acetylation assay for human wild-type CREBBP protein and mutations R1446L, Y1482C, and 11483F (CREBBP WT: n = 4, CREBBP mutants: n = 3,
Bonferroni post-hoc test of two-way repeated measures ANOVA).

(E) Immunofluorescence for GFP and FLAG of HEK293T cells stably expressing GFP alone or in combination with mutants of human FLAG-tagged CREBBP
(R1446L, Y1482C, and 11483F). Scale bars, 15 um.

(F) Representative western blot images for CREBBP and B-tubulin in stable HEK293T cell clones.

(G) Quantification of total CREBBP protein levels in stable HEK293T cell clones relative to B-tubulin (n = 4 monoclonal clones per construct, Bonferroni post-hoc
test of one-way ANOVA).

(H) Immunofluorescence for total histone H3 and acetylated histone H3 (AcH3 at K9, K14, K18, K23, and K27) in HEK293T cell clones stably expressing either GFP
or CREBBP R1446L, Y1482C, and 11483F mutants. Scale bars, 15 um.

(I) Quantification of chromatin acetylation using indirect immunofluorescence from AcH3 relative to total histone H3 per nucleus (n = 4 monoclonal clones per
construct, Bonferroni post-hoc test of one-way ANOVA).

All graphs display mean + SEM. *p < 0.05, *p < 0.01, **p < 0.001, n.s., not significant. See also Figure S1.
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Figure 2. Crebbp Is Required for GNP Development and Normal Cerebellar Growth

(A) Immunohistochemistry for CREBBP in the murine cerebellum. The arrow points toward the upper rhombic lip. uRL, upper rhombic lip; EGL, external granule
cell layer; ML, molecular layer; IGL, inner granule cell layer. Scale bar, 100 um and 10 um in insets.

(B) H&E staining of cerebella from hGFAPCre and hGFAPCre::Crebbp™" mice at P25. Scale bar, 200 um.

(C) Whole cerebella of Math?Cre and Math1Cre::Crebbp™" mice at P164. Scale bar, 250 um.

(D) H&E staining of cerebella from Math1Cre and Math1Cre::Crebbp™" mice. The arrow heads point toward the declival sulcus (dcl), the intercrural fissure (itc),
and the uvular sulcus (uvu). Scale bar, 250 pm.

(E) Immunohistochemistry for Ki67, phospho-histone H3 (pHH3), BrdU, and cleaved caspase-3 (CASP3) in the EGL of cerebella from Math1Cre and
Math1Cre::Crebbp™ mice. Scale bar, 40 ym.

(F) Quantification of markers shown in E in Math1Cre::Crebbp"""" mice compared with control mice (n = 5, unpaired t test).

(G) Unsupervised hierarchical clustering of the top 50 genes differentially expressed in P7 cerebella of Math1Cre and Math1Cre::Crebbp
correlation, average linkage).

FI/FI

FIFl mice (n = 3, Pearson

(legend continued on next page)
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2008) (Figure 2A). To determine, whether Crebbp inactivation
leads to brain tumor formation, we generated hGFAPCre::
CrebbpFF mice in order to express a Crebbp N-terminal frag-
ment (designated as Crebbp knockout) in a wide range of neural
stem/progenitor cells that closely resembles CREBBP mutants
found in human MB with stop gain mutations in the N-terminal
part of the protein (Zhang et al., 2004; Zhuo et al., 2001). We
observed an apparent cerebellar hypoplasia and disturbance
of the cerebellar cortex structure in these mice, as well as signif-
icant lethality that was, however, not associated with any signs of
tumor formation in the brain (Figures 2B and S2).

We next used GNP-restricted Math1 promoter sequences to
analyze Crebbp function in GNPs (Machold and Fishell, 2005).
Math1Cre::CrebbpfFl mice showed significant lethality accom-
panied with a significant decrease in body weight and cerebellar
mass (Figures S3A-S3C). Even though haploinsufficiency has
been discussed as a possible mechanism during the develop-
ment of RTS (Tanaka et al., 1997), we did not detect such abnor-
malities in Math1Cre::Crebbp+ mice (Figure S3D). In contrast,
analyses of Math1Cre::Crebbp/F mice displayed cerebellar hy-
poplasia and disturbed foliation (Figures 2C and 2D). Specif-
ically, the declival sulcus within folia VI, the intercrural fissure
separating folia VI and VII, and the uvular sulcus within folia IX,
were shallow or completely absent in mutant mice. Although
Math1 expression in GNP starts at embryonic day 13.5 (E13.5)
(Wang et al., 2005), no morphological changes of the cerebellum
or differences in proliferation and apoptosis in the nascent
external granule cell layer (EGL) were seen at E16.5 (Figures
S3E and S3F). At postnatal day 7 (P7), however, staining for
cleaved caspase-3 revealed a significant increase in apoptotic
GNPs, while proliferation was unaffected (Figures 2E and 2F).

We further performed gene expression profiling using Affyme-
trix Mouse Gene 2.0 ST arrays to look at global changes of gene
expression after Crebbp knockout in cerebella of Math1Cre::
Crebbpf”Fl mice at P7. Unsupervized hierarchical clustering
(Figure 2G) revealed a high level of consistency across biological
replicates (n = 3 cerebella per genotype). Using the criteria | fold
change | > 1.5 and adjusted p < 0.05, we found 158 genes to
be differentially expressed (Table S2). Genes downregulated
after Crebbp knockout included neuronal genes, such as Cdh8
and Neurod6, which have been reported to be potential
targets of the CREB transcription factor (Zhang et al., 2005).
Subsequent gene ontology (GO) analyses revealed that almost
all of the GO terms were predicted to be decreased in
Math1Cre::CrebbpfFl mice, with GO terms indicative of devel-
opmental growth, cell differentiation, and neuronal projection/
synapse development being highly inhibited by loss of Crebbp,
which is in line with the severe cerebellar hypoplasia (Figure 2H;
Table S3). Of note, among the most significantly affected GO
terms by loss of Crebbp were cognition and learning or memory.
Indeed, RTS patients are known to present severe cognitive
impairment as well as difficulty in planning and executing motor

acts (Hennekam et al., 1992; Gotts and Liemohn, 1977), further
supporting the notion that this mouse model mirrors characteris-
tics of RTS.

We further wanted to validate the findings from our mouse
model in humans with a germline alteration of CREBBP. Repre-
sentative magnetic resonance images from an RTS patient and
an age-matched control indeed showed a mildly hypoplastic
inferior vermis and callosal splenium in the RTS patient (Fig-
ure 2l). Further quantification of lateral as well as anterior-poste-
rior cerebellar dimensions of a total of four RTS patients and cor-
responding age-matched controls substantiated this impression
(Figure 2J), thereby mimicking the cerebellar phenotype seen in
our mouse model. Taken together, early and chronic deletion of
Crebbp interferes with GNP cell survival leading to cerebellar hy-
poplasia, and this feature can also be seen in patients with RTS.

Crebbp Expression in GNPs Acts Both in a Cell-Non-
autonomous as well as an Autonomous Way

The process of cerebellar foliation is believed to be mainly
orchestrated by anchoring centers, where GNPs, Bergmann
glia (BG) fibers, and Purkinje cells (PCs) work together to form
cerebellar fissures (Sudarov and Joyner, 2007). Since we saw
defects in cerebellar foliation, we investigated these cell types
in more detail. Surprisingly, even though Math1 promoter se-
quences are described to be inactive in BG or PCs (Machold
and Fishell, 2005), both cell types were affected by the loss of
Crebbp in GNPs (Figure 3A). BG fibers developed bushy
extensions in the EGL and did not form glial endfeet on the pial
surface. Similarly, PC arborization was abnormal in Math1Cre::
CrebbpF’F mice. In wild-type mice, a primary dendrite emanated
from the cell body toward the pial surface, with small dendritic
branches building a fine network within the molecular layer
(ML). In contrast, mutant animals displayed a thickened dendrite
emanating in random angles into the ML, lacking the fine
dendritic network of wild-type animals. To ensure that our Cre
driver was not activating Cre recombinase in PCs, we inter-
crossed a fate mapping lacZ allele by generating MathiCre::
ROSA26lacZF"+ mice. As expected, PCs were not stained by
X-gal, indicating that Math1 sequences in our mouse model
were not active in PCs (Figure 3B). In addition to high apoptotic
activity in GNPs from Math1Cre::Crebbp/F! mice, which is likely
to contribute to the foliation deficits, these animals displayed
GNP ectopia in adult cerebella, indicative of a migration defect
of GNPs (Figures S4A and S4B). Indeed, a bromodeoxyuridine
(BrdU) pulse experiment during early postnatal development
supported this hypothesis (Figures S4C and S4D). While
PAX6+ cells in the ML during adulthood are a rare event in
wild-type mice, the stalled PAX6+ cells on the cerebellar surface
or within the ML in mutant mice did not express CREBBP protein
(Figure 3C). Of note, these ectopic cells stopped proliferating
and did not go on to form tumors, as shown by the lack of Ki67
expression.

(H) Summarized GO terms regulated by chronic Crebbp expression in cerebellar GNPs where node color correlates with adjusted p value and edge width in-

dicates the degree of similarity.

(I) IMR images displaying the sagittal plane from a Rubinstein-Taybi patient and an age-matched control.
(J) Statistical analysis of the maximal lateral diameter of the cerebellum (p = 0.0189) and the maximal anterior-posterior diameter of the vermis (p = 0.0064) from

RTS patients and age-matched controls (n = 4, paired t test).

All graphs display mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S2 and S3.
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Figure 3. Crebbp Expression in GNPs Regulates Cerebellar Development by Cell Non-autonomous and Autonomous Mechanisms

(A) Immunohistochemistry for $100 and Calbindin of cerebella from Math1Cre and Math1Cre::Crebbp™* mice. The arrow points toward glial endfeet. Scale bar,
30 um, 10 um in insets.

(B) X-gal staining of a cerebellum from a Math1Cre::ROSA26lacZ™* mouse. The arrows point toward Purkinje cells. Scale bar, 500 um, 50 um in higher
magnification.

(C) Representative H&E stainings and immunohistochemistry for PAX6, PAX6/CREBBP, and PAX6/Ki67 of cerebella from Math1Cre and Math1Cre::Crebbp™*
mice. The arrows point toward PAX6" ectopic GNPs. Scale bars, 50 um, 10 um for co-stainings.

(D) gqRT-PCR for Crebbp and Bdnf relative to 82m in cerebella from P12 animals with indicated genotypes (n = 5, Bonferroni post-hoc test of one-way ANOVA).
(E) Western blot analysis using antibodies against CREBBP, BDNF, and B-tubulin in cerebellar protein lysates from mice with indicated genotypes.

(F) Chromatin immunoprecipitation analysis of Bdnf promoter regions P1 and P4 using a histone H3 pan-acetyl-specific antibody (n = 3, unpaired t test).

(G) Fluorescent immunohistochemistry for PAX6 and GFAP from cerebellar explant cultures from Math1Cre and Math1Cre::Crebpr”F' mice treated with vehicle
or BDNF (200 ng/mL).

(H) Quantification of PAX6" cells outside the explants relative to the circumference of the explant in mm (n = 3, Bonferroni post-hoc test of one-way ANOVA).
All graphs display mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. See also Figure S4.

It has been shown that expression of the neurotrophin, brain-
derived neurotrophic factor (BDNF), is critical for GNP develop-
ment, as it regulates GNP survival and serves both as a
chemokinetic and chemotactic factor to organize GNP migra-
tion (Zhou et al., 2007; Choi et al., 2005; Borghesani et al.,
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2002). Indeed, Bdnf knockout mice resemble our Math1Cre::
CrebbpfFl mice in several ways as they share (1) increased
granule cell death, (2) abnormal cerebellar foliation, (3) deficits
in GNP migration, and (4) abnormal PC arborization (Schwartz
et al., 1997). We therefore investigated levels of Bdnf expression



in our mouse model at late postnatal stages, as Bdnf expression
is known to increase during maturation (Puehringer et al., 2013).
gRT-PCR at P12 indeed revealed a significant reduction of Banf
levels in mutant mice (Figure 3D). Of note, Badnf levels were unaf-
fected in Math1Cre::Crebbpf/+ mice, possibly explaining the
lack of a cerebellar phenotype in these mice. Western blot ana-
lyses further confirmed the reduction of BDNF protein (Figure 3E).
As CREBBP harbors HAT activity, reduced acetylation may be a
possible mechanism for the reduced Bdnf expression levels that
we observed in our mouse model. We therefore investigated the
acetylation status of two promoter regions of Bdnf isoforms
known to be expressed in the brain of the mouse (Aid et al.,
2007). Chromatin immunoprecipitations for pan-acetylated his-
tone H3 (AcH3) at these genomic loci showed a significant
reduction of AcH3 association in mutant mice (Figure 3F), giving
a mechanistic insight into the downregulation of Bdnf in
these mice.

We further aimed at functionally investigating the contribution
of Bdnf downregulation to the cerebellar phenotype seen in our
mouse model by focusing on the impaired migration of GNPs.
To do so, we first tested the ability of cerebellar explant cultures
to recapitulate the impaired migration (Frick et al., 2012). Explant
cultures from both Math1Cre and Math1Cre::Crebbpf’F! mice
developed a radial pattern of development with GFAP+ glial pro-
cesses emanating from the explant and PAX6* GNPs migrating
along these extensions (Figure 3G). However, explants from
mutant mice showed a significant decrease in the overall number
of migrating GNPs as well as in the distance of GNP migration
(Figure 3H). In order to test whether Bdnf downregulation might
contribute to the impaired GNP migration, we added recombinant
BDNF to explant cultures from control and mutant mice. Indeed,
BDNF addition rescued the migration defect from mutant mice,
both in terms of total numbers of GNPs migrating as well as the
distance of migration covered by GNPs (Figures 3G and 3H).
Together, these data suggest that Crebbp-dependent expression
of Bdnf in the cerebellum is essential for normal development.

Chronic Loss of Crebbp Impairs Viability of

GNP-Derived MB

While early loss of Crebbp in GNPs alone was not sufficient to
induce tumor formation, we further analyzed both the impact of
a heterozygous or homozygous Crebbp knockout in GNPs in
an oncogenic setting by intercrossing an activated allele of
Smoothened (SmoM2) (Grammel et al., 2012; Schuller et al.,
2008). As before, analyses of our mouse models at E16.5
revealed no apparent effect of either a heterozygous or homozy-
gous Crebbp knockout on overall tumor appearance, prolifera-
tion, and apoptosis, compared with wild-type Crebbp tumors
(Figures 4A and 4B). However, at postnatal stage, GNP-derived
tumor cells with a homozygous Crebbp knockout showed lower
BrdU incorporation and increased apoptosis compared with
wild-type tumors, while we did not detect those changes for tu-
mors with a heterozygous loss of Crebbp. As the analysis of
overall survival rates of these mice might be distorted by the pri-
mary lethality of Math1Cre::CrebbpFF mice, we performed allo-
genic transplantations of tumor cells with either a homozygous
or in-litter controls with a heterozygous Crebbp knockout into
cerebella of wild-type mice and analyzed tumor development
(Figure 4C). In line with our previous results, mice transplanted

with tumor cells harboring a homozygous knockout of Crebbp
displayed a significant reduction in tumor incidence (31.3%)
compared with control mice (90.9%, Figure 4D). Also, mice
transplanted with Crebbp-deficient tumor cells showed a signif-
icantly better overall survival (Figure 4E). Thus, Crebbp expres-
sion in embryonal GNPs does not convey tumor-suppressive
functions. In fact, in a similar manner as during normal develop-
ment, chronic loss of Crebbp induces apoptosis in GNP-derived
Shh tumors.

Acute Loss of Crebbp at Postnatal Stage Interferes with
GNP Cell-Cycle Exit

As CREBBP mutations in human SHH MBs show a clear prepon-
derance in adult patients, we speculated that Crebbp tumor-
suppressive functions in GNPs might be restricted to later
developmental stages. In line with this hypothesis, acute deletion
of Crebbp induced by Cre-encoding retroviral particles in GNP
cultures of P5 Crebbp/F! mice significantly increased prolifera-
tion (Figures 5A and 5B). To validate these results in vivo, we
generated Math1CreER™2::CrebbpfF! (designated as MCre’2:;
Crebbp) mice to specifically knockout Crebbp in postnatal
GNPs by tamoxifen (TAM) injection at P5 (Figure 5C). While we
did not observe an increase in apoptotic activity in GNPs in these
mice after TAM treatment, acute loss of Crebbp at P5 was
accompanied by a significant increase in proliferation of GNPs
(Figures 5D and 5E). To validate our inducible mouse model,
we also deleted Crebbp at different stages of embryonic devel-
opment. While we did not see any apparent effect of Crebbp
knockout at E18.5 when analyzed at P7, the knockout of Crebbp
at E14.5 closely mimicked the situation seen after chronic
Crebbp loss in Math1Cre::Crebbpf"F mice (Figure S5), suggest-
ing that the differences in phenotype after chronic and acute
Crebbp knockout are directly related to the stage of develop-
ment of the GNPs.

We next analyzed cell-cycle duration in primary GNPs in
response to loss of Crebbp by using an 5-ethynyl-2’-deoxyuri-
dine (EdU)/BrdU double labeling approach. These analyses
confirmed that cell-cycle duration of postnatal GNPs in vitro
was not altered by loss of Crebbp (Figures 5F and 5G). In fact,
GNPs with or without Crebbp knockout had a similar cell-cycle
duration of about 20 hr, being well in line with previous data (Be-
renguer et al., 2013). To address, whether loss of Crebbp may
inhibit cell-cycle exit of GNPs, we used sequential labeling of
cells in S phase in MCre'2::Crebbp and control mice treated
with TAM. Of note, quantification showed a significantly higher
fraction of GNPs re-entering the cell cycle after 20 hr in response
to acute loss of Crebbp (Figures 5H and 5I). We therefore
conclude that Crebbp expression contributes to cell-cycle exit
of GNPs during postnatal development.

Crebbp Acts as a Tumor Suppressor at Late Stages of
MB Initiation

We assumed that a failure to exit the cell cycle will cooperate
with an oncogenic activation of Shh signaling specifically at
postnatal stages, as supported by experiments on primary
GNP cultures (Figures S6A and S6B). To test this hypoth-
esis in vivo, we generated Math1CreERT2::Crebbp™/FISmoM2-
YFPFI+ (MCre™2::CrebbpSmoM2) and Math1CreERT2::SmoM2-
YFPFI/+ (MCreT2::SmoM2) mice and induced aberrant Shh
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Figure 4. Chronic Loss of Crebbp Reduces Cell Viability of GNPs and SHH-Associated Medulloblastoma at Postnatal Stages

(A) H&E staining and immunohistochemistry for CREBBP, BrdU, and CASP3 in tumors from Math1Cre::SmoM2™* mice with wild-type Crebbp (left), a hetero-
zygous (middle), or a homozygous (right) deletion of Crebbp. Arrowheads illustrate tumor expansion. Scale bars, 200 um, 10 um in insets.

(B) Quantification of BrdU* cells and CASP3" cells in tumors from indicated mice (n = 5, Bonferroni post-hoc test of two-way ANOVA).

(C) H&E stainings and immunohistochemistry for Ki67 and CREBBP of brain sections after orthotopic transplantation of tumor cells derived from either
Math1Cre::Crebbp™*SmoM2™"* or Math1Cre::Crebbp™SmoM2™* donor mice into cerebella of wild-type mice. Arrowheads illustrate tumor expansion. Scale

bars, 500 pm, 10 um in insets.

(D) Contingency table showing tumor incidence in transplanted tumor mouse models (Fisher’s exact test).
(E) Survival analysis of transplanted tumor mouse models (Ncrepppri+ = 11, Ncrebbprre = 16, Kaplan-Meier log rank test). Mice being asymptomatic at the time of

preparation were included as censored.
All graphs display mean + SEM. **p < 0.001, ***p < 0.0001.

signaling by TAM induction at different stages during develop-
ment (Figures 6A and 6B). Tumor induction at E14.5 supported
our findings based on the Math1Cre driver line, with a clear in-
crease in apoptotic activity and decrease in proliferation at
postnatal stages in tumors with loss of Crebbp, while we did
not see these differences when animals received TAM during
late embryonic stage (E18.5) (Figures S6C and S6D). However,
MCreT2::CrebbpSmoM2 mice treated with TAM at P5 displayed
a thicker EGL and significantly more proliferating cells at P12
than MCre™::SmoM2 mice. Consequently, these mice showed
a significantly enhanced tumor growth and a reduced overall
survival (Figure 6C). Of note, induced tumor mice with a hetero-
zygous loss of Crebbp did not show any difference in terms of
overall survival compared with MCre’2::SmoM2 mice (data
not shown).

To test whether tumor-suppressive functions of Crebbp might
be mediated by the expression of Bdnf in a similar way to the sit-
uation during embryonic development, we asked, whether Bdnf
expression in postnatal GNPs might regulate Shh pathway and
proliferation. Treatment of cultured GNPs with BDNF protein
significantly reduced expression of Ptch1 and Gli1 (Figure S6E).
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In line with that, acute loss of Bdnf in cultured GNPs increased
their proliferation both in vitro and in vivo (Figures S6F and
S6G). We next determined whether Bdnf expression might be
regulated by Crebbp in mouse MB. As shown by gRT-PCR
and western blot, tumors with loss of Crebbp showed signifi-
cantly lower levels of Bdnf expression (Figures 6D-6F). We
then sought to determine if the acute loss of Bdnf might coop-
erate in a similar way with oncogenic Shh activation, as seen af-
ter acute loss of Crebbp. Analyses of Math1Cre™2::Bdnf/F!
SmoM2-YFPFI’+ (MCre2::BdnfSmoM2) mice 1 week after TAM
induction at P5 revealed a thickening of the EGL during early tu-
mor development, which was much more drastic than that seen
in control tumor mice (Figure 6G). Also, BrdU pulse labeling
showed a significant increase in proliferation in these mice
compared with controls (Figure 6H), suggesting that loss of
Bdnf enhanced tumor growth at this stage. To further validate
whether Bdnf downregulation in these tumors is indeed respon-
sible for aggressive tumor growth, we assessed the effect of
BDNF treatment on proliferation of tumor cells with wild-type
or loss of Crebbp in vitro. Indeed, BDNF treatment of cultured
tumor cells from MCre™2::CrebbpSmoM2 mice significantly
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Figure 5. Acute Loss of Crebbp during Postnatal Development Enhances GNP Proliferation

(A) Cerebellar GNP cultures from P5 Crebbp™ mice were transduced with indicated retroviruses and pulse labeled with BrdU. The arrows point toward BrdU*/
GFP* cells. Scale bar, 20 pm.

(B) Quantification of BrdU incorporation in cultures shown in (A) (n = 5, paired t test).

(C) H&E staining and immunohistochemistry for CREBBP of cerebella from Math1CreER™? (MCre') and Math1CreER"::Crebbp™"" (MCre?::Crebbp) mice
treated with tamoxifen (TAM). The arrow in the inset points toward a CREBBP ~ cell in the EGL. Scale bars, 50 um, 10 pm in insets. EGL, external granule cell layer;
ML, molecular layer; IGL, inner granule cell layer.

(D) Immunohistochemistry for CASP3, BrdU, and pHH3 of TAM-induced MCre™ and MCre'2::Crebbp mice. Pictures show the EGL. Scale bar, 20 um.

(legend continued on next page)
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inhibited proliferation, whereas we did not observe a similar
effect of BDNF on control tumor cells (Figures 61 and 6J). In addi-
tion, the effect of BDNF treatment was abrogated by the pres-
ence of TrkB-specific inhibitors ANA-12 and Cyclotraxin-B
(Cazorla et al.,, 2011; Cazorla et al.,, 2010), suggesting that
BDNF signaling via its cognate receptor TrkB is a downstream
mechanism in Shh MBs with loss of Crebbp.

To gain further insights into the downstream effects of loss of
Crebbp in MB, we again performed microarray analysis, which
revealed 48 genes to be differentially expressed between tumors
from MCre™2::SmoM2 and MCre'2::CrebbpSmoM2 mice (Fig-
ure 7A). While no enrichment of functional GO terms could be as-
signed to these genes at a significant level (data not shown), one
of the genes upregulated in Crebbp knockout tumors was Gli3, a
member of the Shh pathway (Table S4). gRT-PCR confirmed this
upregulation, and revealed a substantial increase in mRNAs of
Gli1 and the direct GIi1 target Ptch1 (Agren et al., 2004) (Fig-
ure 7B). Consistent with this finding, protein levels of both GLI3
and GLI1 were significantly elevated after loss of Crebbp in post-
natally induced tumors (Figures 7C and 7D), being well in line
with the fact that Gli7 is a direct transcriptional target of Gli3
(Dai et al., 1999). By contrast, loss of Crebbp in embryonically
induced tumors was associated with lower GLI3/GLI1 levels.
These data suggest that loss of Crebbp in late-stage tumors
directly enhances oncogenic Shh signaling via regulation of Gli
effectors.

To extend these observations to patient-derived tumors, we
conducted RNA sequencing for two independent tumor cohorts
of adult SHH MBs and performed differential gene expression
analysis. In doing so, we identified a total of 154 genes (Heidel-
berg cohort) and 166 genes (Toronto cohort) as being differen-
tially expressed (Table S5). Of note, while only four genes were
present in both gene lists, the expression of differentially ex-
pressed genes positively correlated across both tumor cohorts
(Figure S7). Interestingly, none of the SHH components found
to be upregulated in the mouse tumors with Crebbp knockout
were seen to be upregulated in human tumors with CREBBP
mutation at a significant level. However, gene set enrichment
analysis, which was used to look for co-ordinated changes in
well-defined gene sets, identified E2F signaling, a pathway
downstream of Shh signaling in GNPs and implicated in MB for-
mation (Olson et al., 2007; Marino et al., 2003; Oliver et al., 2003),
as well as SHH signaling itself as top signatures enriched in tu-
mors with CREBBP mutation consistent across both cohorts
(Figure 7E; Table S6). Further functional annotation of recurrent
leading-edge genes from signatures significantly enriched in
either CREBBP wild-type or mutation cases across cohorts
(Table S7) revealed top GO terms from cases with CREBBP
mutation to be associated with DNA replication, mitosis, or

cell-cycle regulation, all functional categories that have been
shown to be positively regulated by Shh in GNPs (Oliver et al.,
2003). In contrast, GO terms enriched in CREBBP wild-type
cases were linked with neuron-associated functions such as
synaptic signaling. These data suggest that CREBBP alterations
in both murine and human MB foster tumor growth by enhancing
SHH output.

DISCUSSION

Mutations in genes coding for chromatin modifiers are frequent
in adult SHH MB (Kool et al., 2014), However, it is still unclear
how these mutations contribute to tumor development and
growth. We report here on opposing effects of CREBBP muta-
tions during cerebellar development that underlie both the path-
ogenesis of RTS-associated cerebellar malformations and the
development of adult SHH MB.

Germline mutations of CREBBP are associated with the devel-
opmental disorder RTS (Giles et al., 1997; Petrij et al., 1995).
Apart from the known predisposition for cancer development,
increasing evidence suggests that cerebellar malformations
such as hypoplasia and Dandy-Walker-like alterations are
frequent findings in RTS (Greco et al.,, 2009; Bonioli et al.,
1989). These observations perfectly match the impaired cere-
bellar development in our model system with chronic Crebbp
knockout, as well as the cerebellar phenotype seen in MRIs of
RTS patients. Our data suggest that persistent expression of
Crebbp throughout development governs a transcriptional
network that enables GNPs to survive and differentiate during
postnatal development. We further provide evidence that the
complex phenotype seen in our mouse model is in part due to
a deregulation of the neurotrophin Bdnf. Indeed, a Crebbp-
dependent regulation of Bdnf expression has been suggested
in several biological contexts (Zhu et al., 2014; Caccamo et al.,
2010). However, seeing the much more severe phenotype in
our mice compared with Bdnf knockout mice, it seems likely
that other additional mechanisms are involved in the pathogen-
esis following loss of Crebbp. Further studies are needed to fully
investigate these alterations. Of note, while haploinsufficient
mechanisms are believed to lead to RTS (Tanaka et al., 1997;
Petrij et al., 1995), our data suggest that Crebbp does not act
in a haploinsufficient manner in murine GNPs or GNP-derived
mouse tumors, being well in line with more recent reports (Wu
etal., 2012; Kung et al., 2000). While this might seem to disagree
with heterozygous CREBBP mutations in RTS and MB patients,
we provide in vitro evidence that at least some SHH MB-associ-
ated CREBBP mutants act in a dominant-negative manner, be-
ing well in line with observations of dominant-negative forms of
CREBBP protein in mouse models (Oike et al., 1999). Together,

(E) Quantification of CASP3*, BrdU*, and pHH3"* cells in TAM-induced MCre'? and MCre'2::Crebbp mice (n = 3, unpaired t test).

(F) GNP cultures from P5 Crebbp™* mice were transduced with indicated retroviruses and consecutively labeled with EdU and BrdU to determine cell-cycle
duration. Pictures are shown for BrdU pulse applied 20 hr after EJU pulse. The arrowheads depict EJU* cells, the arrows BrdU*EdU™* cells. Scale bar, 10 um.
(G) Quantification of the number of BrdU*EdU*GFP* cells in the EQU*GFP* cell population in transduced GNPs (n = 3, paired t test).

(H) Double pulse labeling with EdU and BrdU in MCre™ and MCre™2::Crebbp mice. The arrowheads depict EdU* cells, the arrows BrdU*EdU"* cells. Scale

bar, 10 pm.

() Quantification of BrdU™ cells in the EAU* cell population in the EGL of MCre™ and MCre'2::Crebbp mice after treatment regimen shown in (F) (n = 3, unpaired

t test).

All graphs display mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001. See also Figure S5.
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the ability of a specific CREBBP mutant to act as a dominant-
negative effector, as well as the susceptibility of a given cell
type to haploinsufficiency of CREBBP, is likely to explain the
variety of phenotype penetrance in RTS, and our data add to
this by showing that Crebbp does not act in a haploinsufficient
manner during cerebellar development.

Even though only a very limited number of MBs from RTS
patients have been described in more detail, it seems that these
tumors are not necessarily SHH tumors arising in adults. In fact,
reported cases occurred in children (Miller and Rubinstein,
1995), and a more recent report (as well as our own unpublished
data) suggest that these tumors represent group 3 or group 4 MB
(Bourdeaut et al., 2014). While these observations in RTS pa-
tients appear not to fit to the findings in sporadic MBs, they fit
well to our findings that chronic ablation of Crebbp rather antag-
onizes the development of Shh MBs from GNPs. In fact, they
support the hypothesis that group 3 and 4 MBs do not originate
from hemispheric GNPs (Lin et al., 2016), and underline that the
role of CREBBP mutations for group 3 and 4 MB needs to be
investigated in future studies.

The tumor-suppressive functions of Crebbp restricted to late-
stage granule neuron development are well in line with the
preferred occurrence of CREBBP mutations in adult SHH MBs
and suggest that the demography of patients with SHH MBs
is directly associated with the developmental stage of GNPs
at tumor initiation. This hypothesis further matches our previous
data, showing that Shh MB formation from postnatal GNPs in
mice is primarily restricted to the cerebellar hemispheres, the
most prevalent location of SHH MBs in adult patients (Ohli
et al., 2015; Wefers et al., 2014). Mechanistically, we show
here that a Crebbp-dependent regulation of Bdnf at least in
part is responsible for the tumor-suppressive functions of
Crebbp during postnatal development. While most studies
assign an oncogenic role to its expression, BDNF might also
act as a tumor suppressor depending on the tumor entity
(Huth et al., 2014; Au et al., 2009; Li et al., 2007). While our
data show that BDNF acts as a tumor suppressor in GNPs
and GNP-derived MB, it is not clear whether this is due to direct
action of BDNF on the SHH pathway, or merely a secondary ef-
fect of BDNF-induced differentiation. This needs to be investi-
gated in future studies.

Intriguingly, Gli3, a member of the Shh pathway was identified
to be significantly upregulated in postnatally induced, Crebbp-
deficient tumors. GLI3 has been shown previously to directly
interact with CREBBP, and while CREBBP hereby acts as a
co-activator, full-length GLI3 independently of CREBBP shows
substantial transcriptional activation of downstream targets
such as Gli1 (Dai et al., 1999). The similarity between RTS and
syndromes caused by GL/3 mutations, such as Pallister-Hall
syndrome, suggest that the biochemical interaction between
CREBBP and GLI3 may influence SHH signaling (Cohen,
2010), and this is supported by our data showing that increased
Gli3 expression due to acute loss of Crebbp correlates with
higher GLI1 protein levels. Furthermore, transcriptional profiling
revealed an enrichment of target genes from SHH and E2F in hu-
man SHH MBs with CREBBP mutation, implying that loss of
CREBBP in these tumors enhances SHH output. Of note, neither
expression of GLI3 and GLI/7 nor H3K27 acetylation at these loci
as determined by chromatin immunoprecipitation sequencing
were found to be significantly altered in SHH MBs with CREBBP
mutation (data not shown). While this seemingly does not fit to
the results found in our mouse model, this is not surprising given
the fact that most adult SHH MBs harbor mutations in other chro-
matin modifiers, which might fulfill similar functions as CREBBP.
For instance, mutations affecting the SWI-SNF complex, such as
ARID1B, SMARCA2, or SMARCB1, may be seen in these tumors
(Kool et al., 2014), and alterations of the latter have recently been
described to drive GLI1 overexpression and SHH signaling acti-
vation in malignant rhabdoid tumors (Jagani et al., 2010). In this
way, our mouse model might reflect a direct function of CREBBP
that is not obscured by the effects of other mutations modifying
the genomic landscape of human MBs.

In conclusion, we found that chronic biallelic inactivation of
Crebbp in GNPs leads to cerebellar hypoplasia, a phenotype
that we show is also seen in patients with RTS. Also, we defined
a late temporal window of GNP development, during which loss
of Crebbp synergizes with Shh signaling to enhance pathway
output and drive tumor growth. Further study is needed to inves-
tigate the precise role of individual mutations in chromatin-modi-
fying genes in the development of MB, and whether or not these
mutations might represent vulnerabilities that can be targeted to
treat individual tumors.

Figure 6. Crebbp Acts as a Tumor Suppressor at Late Stages of Medulloblastoma Initiation

(A) Math1CreER?::SmoM2™"* (MCre?::SmoM2) and Math1CreER™2::Crebbp™f'SmoM2F"™* (MCre™::CrebbpSmoM2) mice were induced with tamoxifen (1 mg)
at E14.5 or P5 and subsequently pulse labeled at P12 with BrdU for 2 hr. H&E staining and immunohistochemistry for CASP3 (insets), BrdU, and CREBBP of the
EGL. Additional stainings after TAM induction at P5 are shown for P45. Scale bars, 250 um at P45, others 50 pym, 10 um in insets.

(B) Quantification of CASP3* and BrdU* cells in the EGL of MCre"2::SmoM2 and MCre'2::CrebbpSmoM2 mice at P12, with TAM induction at E14.5 or P5 (n = 5,
unpaired t test).

(C) Kaplan-Meier curves showing overall survival of MCre’?::SmoM2 (n = 25) compared with tumor mice with homozygous loss of Crebbp (MCre™:
CrebbpSmoM2, n = 26) after tamoxifen induction at P5 (log rank test). Mice being asymptomatic at the time of preparation were included as censored.

(D) gRT-PCR analysis for Crebbp and Bdnf relative to 2m in tumors from MCre'?::SmoM2 and MCre'?::CrebbpSmoM2 mice (n = 3, unpaired t test).

(E) Representative western blot images for BDNF and calreticulin in tumors from MCre™::SmoM2 and MCre™::CrebbpSmoM2 mice. A protein lysate from adult
hippocampus and recombinant human BDNF were run along as controls.

(F) Densitometric quantification of BDNF protein levels in tumors with or without loss of Crebbp relative to calreticulin. (n = 4, unpaired t test).

(G) H&E staining and immunohistochemistry for BrdU for MCre™?::SmoM2 and MCre?::BdnfSmoM2 mice that were induced with TAM (1 mg) at P5 and pulse
labeled at P12 for 2 hr. Scale bars, 25 pm.

(H) Quantification shows fraction of BrdU* cells in the EGL (n = 3, unpaired t test).

(1) Tumor cells from MCre'2::SmoM2 and MCre'2::CrebbpSmoM?2 mice were cultured in vitro and treated with vehicle, BDNF (200 ng/mL) alone or in combination
with the TrkB inhibitors ANA-12 (1 uM) or cyclotraxin-B (CTB) (200 nM) for 24 hr. Scale bars, 10 um.

(J) Quantification of the fraction of BrdU* cells in cultured tumor cells with the treatment regimen shown in (I) (n = 4, paired t test).

All graphs display mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001. See also Figure S6.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal anti GFP

Mouse monoclonal anti FLAG

Mouse monoclonal anti Histone H3

Rabbit polyclonal anti Histone H3

Mouse monoclonal anti Ki67

Rabbit polyclonal anti phospho Histone H3 (Ser10)
Mouse monoclonal anti BrdU (MoBU-1)

Rabbit monoclonal anti cleaved Caspase-3 (Asp175)
Mouse monoclonal anti Pax6

Rabbit polyclonal anti GFAP

Rabbit polyclonal anti S100

Rabbit polyclonal anti Calbindin D-28K

Rabbit polyclonal anti CREBBP

Mouse monoclonal anti BDNF

Rabbit polyclonal anti BDNF

Rabbit polyclonal anti GLI1 (V812)

Goat polyclonal anti GLI3

Mouse monoclonal anti -Tubulin (TUB 2.1)
Chicken polyclonal anti Calreticulin

Santa Cruz Biotechnology
Sigma-Aldrich

Active Motif

Abcam

Dako

Cell Signaling Technology
Thermo Fisher Scientific
Cell Signaling Technology
Developmental Study Hybridoma Bank
Dako

Dako

Millipore

LifeSpan BioSciences
Abcam

(Aguado et al., 2007)

Cell Signaling Technology
R&D Systems
Sigma-Aldrich

Thermo Fisher Scientific

Cat # sc-8334, RRID:AB_641123
Cat# F1804, RRID:AB_439685
Cat# 39763, RRID:AB_11142498
Cat# ab47915, RRID:AB_873860
Cat# M7249, RRID:AB_2250503
Cat# 9701, RRID:AB_331535

Cat# B35128, RRID:AB_2536432
Cat# 9664, RRID:AB_2070042
RRID:AB_528427

Cat# Z0334, RRID:AB_10013382
Cat# 70311, RRID:AB_10013383
Cat# AB1778, RRID:AB_2068336
Cat# LS-B3360, RRID:AB_2083956
Cat# ab203573, RRID:AB_2631315
N/A

Cati# 2534, RRID:AB_2294745
Cat# AF3690, RRID:AB_2232499
Cat# T4026, RRID:AB_477577
Cat# PA1-902A, RRID:AB_2069607

Bacterial and Virus Strains

pIRES-GFP This paper N/A
pCre-IRES-GFP This paper N/A
Biological Samples

Human medulloblastoma tissue samples This paper N/A

Chemicals, Peptides, and Recombinant Proteins

BDNF recombinant human protein
ANA-12

Cyclotraxin-B (CTB)

N-2 Supplement

B27 Supplement

bFGF recombinant human protein
Mouse EGF

Thermo Fisher Scientific
Sigma-Aldrich

Tocris

Gibco

Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich

Cat# 10908010

Cat# SML0209, CAS: 219766-25-3
Cat# 5062, CAS: 1203586-72-4
Cat# 15410294, CAS: 10102-18-8
Cat# 17504044

Cat# 13256029, CAS: 106096-93-9
Cat# SRP3196

Critical Commercial Assays

Click-iT EdU Alexa Fluor 488 Imaging Kit
Anti-FLAG M2 Affinity Gel

EpiSeeker ChIP Kit — Histone H3 (acetyl)
SensiFAST™ SYBR® No-ROX Kit

EnVision+ System-HRP

High Capacity cDNA Reverse Transcription Kit

Thermo Fisher Scientific
Sigma-Aldrich

Abcam

Bioline

Dako

Thermo Fisher Scientific

Cat# C10337
Cati# A2220
Cat# ab117150
Cat# BIO-98005
Cat# K4007
Cati# 4368814

Deposited Data

Microarray Super Series Raw and analyzed data This paper GEO: GSE107263
Experimental Models: Cell Lines
Human embryonic kidney cells: HEK293T ATCC Cat# CRL-3216

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Organisms/Strains

Mouse: SmoM2'°xP Jackson Laboratory JAX# 005130

Mouse: Math1-Cre Jackson Laboratory JAX# 011104

Mouse: Math1-CreER™ Jackson Laboratory JAX# 007684

Mouse: hGFAP-Cre Jackson Laboratory JAX# 004600

Mouse: Crebbp'® (Zhang et al., 2004) N/A

Mouse: Bdnf'>P (Rauskolb et al., 2010) N/A

Oligonucleotides

Forward primer for Beta-2 microglobulin, This paper N/A

CCTGGTCTTTCTGGTGCTTG

Reverse primer for Beta-2 microglobulin, This paper N/A

TATGTTCGGCTTCCCATTCT

Forward primer for Crebbp, This paper N/A

AGTCATCACAGCAGCAACCA

Reverse primer for Crebbp, This paper N/A

GCACCTCTGTCTTCATTTCCA

Forward primer for Bdnf, This paper N/A

ACAAGGCAACTTGGCCTACC

Reverse primer for Bdnf, This paper N/A

TCGTCAGACCTCTCGAACCT

Forward primer for Bdnf promoter P1, This paper N/A

TCATCACTCACGACCACGTC

Reverse primer for Bdnf promoter P1, This paper N/A

GCCTCTCTGAGCCAGTTACG

Forward primer for Bdnf promoter P4, This paper N/A

GCGCGGAATTCTGATTCTGG

Reverse primer for Bdnf promoter P4, This paper N/A

AAAGTGGGTGGGAGTCCA

Recombinant DNA

Plasmid: pBabe-puro-FLAG-hCREBBP-IRES-GFP This paper N/A

Plasmid: pBabe-puro-FLAG-hCREBBP-R1446L- This paper N/A

IRES-GFP

Plasmid: pBabe-puro-FLAG-hCREBBP-Y1482C- This paper N/A

IRES-GFP

Plasmid: pBabe-puro-FLAG-hCREBBP-11483F- This paper N/A

IRES-GFP

Software and Algorithms

FIJI NIH https://imagej.net/Fiji/Downloads

PyMOL Schrodinger https://pymol.org/2/

Cytoscape National Institute of General Medical http://www.cytoscape.org/download.php
Sciences

GSEA Broad Institute http://software.broadinstitute.org/gsea/

index.jsp
R: A Language and Environment for R Core Team https://www.R-project.org

Statistical Computing

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed and will be fulfilled by the Lead Contact, Ulrich
Schuller (u.schueller@uke.de).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

SmoM2-YFP™F (Mao et al., 2006), hGFAPCre (Zhuo et al., 2001), Math1CreER™ (Machold and Fishell, 2005) and ROSA26lacz
(Soriano, 1999) mice were obtained from The Jackson Laboratory (Bar Harbour, ME, USA). Generation of Math1Cre, Crebbp™ and
Bdnf mice has previously been described (Rauskolb et al., 2010; Matei et al., 2005; Zhang et al., 2004). Genotyping was performed
by PCR using DNA from tail genomic DNA. All mice were maintained on a 12 h dark/light cycle and housed with a maximum of five
mice per cage. We used animals of both sexes for the experiments. All experimental procedures were approved by the Government
of Upper Bavaria, Germany (Reference number 55.2-1-54-2532-10-14).

Cell Culture

HEK293T cells were cultivated in DMEM medium supplemented with 10% FCS, glutamine (2 mM) and Pen/Strep (100 pg/ml) at 37°C,
5% CO,. HEK293T cells derive from a female donor. Cells were seeded at 1 million cells per 10 cm dish and typically reached con-
fluency 48 h after seeding. For sub-culturing, cells were detached with Trypsin-EDTA (0.25%), washed once and seeded on a
new dish.

Primary Cell Cultures

For all primary cultures, animals were decapitated under anesthesia and cerebella were dissected and freed of meninges and choroid
plexus. For GNP cultures, cerebella from P5 mice were incubated in Trypsin/EDTA (0.25%) solution for 10 min and mechanically
minced. GNPs were grown on poly-L-ornithine-coated wells in DMEM:F12 (Gibco) media containing 10% fetal calf serum (Gibco)
for 6 h before changing to serum-free medium (DMEM:F12, N-2 supplement, 25 mM KCI and 100 pg/ml Pen/Strep) containing
SHH (3 ng/ml) for 24 h prior to virus infection. For cerebellar explant cultures, cerebella from P3 mice were cut into small pieces which
were passed through a 400 pum nylon mesh. Resulting cerebellar pieces were grown on poly-L-ornithine/laminin-coated coverslips for
5 days in DMEM:F12 media (Gibco) with N-2 supplement, 25mM KCl and 10% fetal calf serum. For rescue experiments, the medium
was supplemented with human BDNF protein (200 ng/ml) and explants were maintained in culture for 5 days, changing the medium
every 2 days. Tumor cell culture was performed as described for culturing GNPs with the following exceptions: tumor cells were main-
tained in Neurobasal media containing B27 supplement, human bFGF (20 ng/ml), mouse EGF (20 ng/ml), glutamine (2 mM) and Pen/
Strep (100 pg/ml).

METHOD DETAILS

Mice Treatments

For analysis of proliferation in vivo, mice were pulse labelled with EAU (5-ethynyl-2-deoxyuridine; Sigma-Aldrich) and/or BrdU
(5-bromo-2-deoxyuridine; Sigma-Aldrich) at a concentration of 20.53 pg/g or 25 ng/g body weight, respectively. For the induction of
Cre activity in Math1-creER™? mice, pregnant dams or pubs were injected with 1 mg tamoxifen dissolved in corn oil intraperitoneally.

Orthotopic Transplantation of Tumor Cells

Tumor cells from Math1-cre::Crebbp™*SmoM2-YFP™* and Math1-cre::Crebbp™'SmoM2-YFP™* mice were isolated when tumor-
prone mice showed clinical symptoms. Mice were killed by cervical dislocation, the skull was opened under sterile conditions and the
tumor was dissected in HBSS solution (supplemented with 6 g/l glucose, pH 7.4). Tumor was washed once in HBSS solution and
incubated in Trypsin-EDTA (Sigma-Aldrich; supplemented with DNAse 100 pg/ml) at 37°C for 10 min. Next, trypsin was inactivated
by adding culture medium supplemented with 10 % fetal calf serum and tumors were subsequently isolated by pipetting up and
down. Finally, cells were counted in a Neubauer chamber and 600.000 cells were transplanted into cerebella of wild type mice.
For allogenic transplantation of tumor cells, recipient mice were orally treated with Novalgin (25 pg per g body weight) 30 min before
transplantation. For anesthesia, mice were injected with “Hellabrunner solution” (1.1 mg/ml xylazine, 12.8 mg/ml ketamine,
1.2 mg/ml acepromazine in 0.9 % NaCl solution) intraperitoneally. Mice were stereotactically fixed, a small incision was made to
be able to see Lamda coordinates on the skull. A small hole was drilled in the midline 3 mm caudal from Lamda. Cell suspensions
were injected using a 20 gauge needle over a period of 2 minutes, after which the needle was left in place for additional 2 minutes
before being retracted with caution. Wounds were sutured and wound areas were disinfected properly. After the manipulation,
animals were monitored one every hour for a duration of 6 hours. During the process of tumor formation, animals were monitored
once a day for tumor-associated symptoms such as ataxia und lethargy.

Pulse Labeling GNP Cultures

After incubation with viral supernatant, cells were maintained in SHH-supplemented medium for the indicated period of time. To
determine proliferative activity, cells were pulsed with BrdU 2 h prior to fixation in 4 % paraformaldehyde. For cell cycle analysis,
transduced cells were initially labelled with EdU for 2h, further cultured and secondarily labeled with BrdU after indicated incubation
periods to determine the fraction of double labelled cells in the transduced cell population.
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Production of Retroviral Particles

For production of retroviral particles, HEK293T cells were co-transfected using X-tremeGene (Roche) with retroviral constructs en-
coding for either IRES-GFP or Cre-IRES-GFP sequences together with plasmids encoding for gag-pol and Vsv-g constructs. Pack-
aging cells were re-fed 12 h after transfection and retroviral supernatants were collected every 24 h for three days. Supernatants were
pooled and stored at -80°C.

Generation of FLAG-Tagged CREBBP Mutants

A mammalian expression vector encoding the human CREBBP protein with an N-terminal FLAG tag was used in this study (pBabe-
puro-FLAG-CREBBP-IRES-GFP). A site-directed mutagenesis protocol based on an assembly PCR reaction was used to create
intragenic Agel/Mlul-fragments of human CREBBP carrying the desired mutation (primer sequences available upon request). The
presence of the desired mutations and the integrity of the open reading frame were confirmed in all constructs by enzymatic digestion
and sequencing.

Isolation of Recombinant FLAG-Tagged Proteins

HEK 293T cells were used for the expression of FLAG-tagged CREBBP proteins. FLAG-tagged proteins were isolated using the
FLAG Immunoprecipitation Kit (Sigma-Aldrich). Purity and integrity of isolated FLAG-tagged proteins was assessed by western
blot. For assessment of protein concentration, extinction coefficients and molecular weight for all FLAG-tagged CREBBP forms
were calculated using the ProtParam tool (www.expasy.org). Finally, absorbance at 280 nm was measured (NanoDrop) and protein
concentrations were calculated according to Beer’s law.

Protein Structures and In Vitro Acetylation Assay

The crystal structure of the EP300 HAT domain was previously deposited at RCSB PDB (www.pdb.org) under accession code 3BIY.
Acetyltransferase (HAT) activity was assessed using the Histone Acetyltransferase Activity Assay Kit (Abcam) according to manufac-
turer’s instructions. Briefly, 200 ng of purified human CREBBP protein (wild-type or selected mutants) were subjected to the in vitro
acetylation assay in a 96 well plate. The plate was incubated at 37°C in an absorbance reader (Optima) and absorbance at 450 nm
was measured every hour for a period of 5 hours. For data analysis, background absorbance of a negative control was subtracted
from each sample at the respective time point. HAT activity is expressed as relative absorbance value per nug protein.

Generation of Stable HEK293T CREBBP Clones

HEK293T cells were cultivated in DMEM medium supplemented with 10% FCS, glutamine (2 mM) and Pen/Strep (100 pg/ml). Cells
were transfected with pBabe-puro-FLAG-IRES-GFP constructs carrying respective human SHH-MB associated CREBBP mutants
using the calcium phosphate method and subsequently selected with 2 pg/ml puromycin to generate monoclonal, single-cell
populations.

Analysis of Histone Acetylation

Stably transfected HEK293T clones were seeded on slides, fixed in formaldehyde the following morning for 1h at room temperature
and blocked in 10% normal goat serum in PBS for 30 min. Cells were incubated with primary antibodies against histone H3, acetyl
histone H3 and GFP for 1h at room temperature. Subsequently, cells were washed 3 times and incubated with secondary antibodies
(goat anti mouse Alexa555, ab150114, Abcam; goat anti rabbit Alexa488, A-11034, Life Technologies; goat anti rat Alexa647,
ab150159, Abcam) for 1h at room temperature, washed and counterstained with DAPI. Images were acquired and individual nuclei
with clear GFP signal were masked on the basis of the DAPI signal. Analysis of images was performed using ImageJ. For each image,
the mean background signal was determined using least 5 different areas free of any cell bodies. Next, the integrated densities and
the area were measured for each GFP-positive nucleus. The corrected total cell fluorescence (CTCF) for histone H3 and acetyl his-
tone H3 for each nucleus was determined as follows:

CTCF = Integrated Density — (Area * Mean Background signal)

Immunohistochemistry and Image Quantification

Immunohistochemistry on paraffin-embedded sections was performed using standard protocols with primary antibodies under opti-
mized conditions. Visualization was performed using EnVision + System-HRP/DAB (DAKO) according to manufacturer’s recommen-
dations. Sections developed with the EnVision + System were counterstained with hematoxylin to stain cell nuclei. To visualize EAU in
combination with BrdU, we applied the Click-iT EdU Imaging Kit (Thermo Fisher) in combination with MoBu-1 BrdU antibody. EdU/
BrdU double stainings were visualized with secondary antibodies coupled with Alexa 488/555 fluorophores and counterstained with
Hoechst33342. For all quantifications of cellular markers in the EGL, we used pictures from lobules IV and V of the cerebellum for
better comparison. To determine the fraction of cells in the EGL positive for a specific marker, we counted the total number of cells
in the EGL (identified by Hematoxylin stain) and the number of cells positive for the marker (chromogenic signal or fluorescent signal
for double stainings). ImagedJ was used for counting.
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X-gal Stainings

For detection of B-galactosidase in cryosections, unfixed material was equilibrated in PBS, incubated in X-gal working solution
(2 mg/ml X-gal, 5 mM K4Fe(CN)g, 5 mM KzFe(CN)g, 2 mM MgCl,, 0.02% NP40 and 0.1% sodium deoxycholate in PBS) for 3 h,
washed n PBS and counterstained in Kernechtrot.

Immunocytochemistry

Immunohistochemistry of all cell cultures was carried out by fixing the cells for 30 min in formaldehyde and blocking the cells in 10%
normal goat serum. Subsequently, cells were incubated with primary antibodies. Primary antibodies can be seen in the Key
Resources Table. Secondary antibodies were goat anti mouse Alexa488 (A-11-29, Life Technologies), goat anti rabbit Alexa555
(ab150078, Abcam) or goat anti rat Alexa 647 (ab150159, Abcam). Cultures were counterstained with DAPI.

Western Blot Analysis

Protein was extracted using RIPA buffer, separated electrophoretically in NUPAGE 4 - 20 % Bis-Tris or 3 — 8 % Tris-Acetate gels
(Thermofisher) and blotted on a PVDF membrane (Millipore) using standard procedures. Optimal concentrations for all antibodies
were evaluated empirically. Protein bands were visualized using horse radish peroxidase (HRP)-coupled secondary antibodies
(BioRad) and SuperSignal West Dura solution as substrate (Thermofisher). Image acquisition was done using either ImageQuant
LAS 4000 (GE Healthcare Life Sciences) or HyBlot CL autoradiography film (Denville Scientific). For western blot analyses of
BDNF protein, 40 pg of protein extract were diluted to a total volume of 20ul with Laemmli buffer and incubated at 99°C for 5 minutes.
Samples were then centrifuged at 13.400rpm for 90s, using an Eppendorf Mini Spin centrifuge before loading on 18% PAA gels. After
electrophoresis, proteins were blotted on Immuno-Blot PVDF membranes (Roth, BioRad) using a BioRad Trans Blot Semi Dry (SD)
chamber. Blocking and antibody incubation was performed in heat-inactivated and filtered 1xTBST, 10% goat-serum, 5% milkpow-
der (Biorad) for 3—4h. For BDNF detection, rabbit anti-BDNF (Aguado et al., 2007) was used at 1:4000 in blocking solution and
incubated at 4°C overnight. Chicken anti Calreticulin in 1xXTBST, 0,01% NaN3 as a loading control. For detection, ECL Plus-kit
(GE-Healthcare) was used in combination with horseradish peroxidase-coupled secondary antibodies (Jackson Immuno-research).

Quantitative Real Time PCR (qRT-PCR)

RNA from mouse tumors was extracted using Trizol (Invitrogen) according to manufacturer’s protocol. Reverse transcription was per-
formed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to manufacturer’s specifications.
For Crebbp, Bdnf and p2m, PCR reactions were performed in triplicates using the SensiFAST SYBR No-ROX Kit (Bioline) in a
LightCycler480 Instrument (Roche). For each set of primers, postamplification melting curves were analyzed using the
LightCycler480 software to ensure selective amplification of the desired product. The housekeeper gene Beta-2-micoglobulin
was used in gRT-PCR for relative quantification. gRT-PCR for Gli1, Gli2, Gli3, Ptch1, Smo and Sufu was performed using
Tagman gene expression assays with the following Tagman probes: Gli7 Mm00494645_m1, Gli2 Mm01293117_m1, GIi3
Mm00492333_m1, Ptch1 Mm00970977_m1, Smo Mm01162710_m1, and Sufu Mm00489385_m1. Values were normalized to Gapdh
levels.

Chromatin Immunoprecipitations

ForChIP-gPCR, the EpiSeeker ChIP Kit — Histone H3 (acetyl) — Tissue Kit (abcam) was used according to manufacturer’s recommen-
dations. Quantification of immunoprecipitated DNA was performed using gRT-PCR with primers specific for Bdnf promoters P1 and
P4. Each ChIP DNA fraction was normalized to the corresponding Input DNA fraction to account for chromatin sample preparation
differences. Normalized ChIP fractions for replicate samples were averaged. Mock immunoprecipitations using a mouse IgG anti-
body were included as a control. Finally, percent of input DNA values for each ChlIP fraction were calculated by linear conversion.

Microarray and Gene Ontology Analysis

Total RNA was extracted from whole cerebella. For global gene expression profiles, hybridization was performed on GeneChip
Mouse Gene 2.0 ST Arrays (Affymetrix) and normalized using the Robust Multi-Array Average method. An empirical Bayes moderated
t-statistics approach implemented in the LIMMA package for R was used for differential expression detection. The Benjamini and
Hochberg’s approach was used to control for false discoveries. Cluster analyses were performed using Morpheus (Broad Institute)
or TM4 Microarray Software Suite (MeV v4.8) using Pearson correlation with average linkage. Gene Ontology analysis was performed
using the Compact Compare of Annotations tool from g:Profiler (http://biit.cs.ut.ee/gprofiler/) using the list of differentially expressed
genes. As reference, data from the Gene Ontology Consortium, the KEGG pathway and the Reactome database were used. Sum-
marization of GO terms in enrichment maps was performed using REVIGO (http://revigo.irb.hr/) and visualized using Cytoscape.

Sequencing of Human Tumor Samples

For tumors from the Munich cohort, the CREBBP gene (NM_004380) was amplified by PCR using AmpliTaq Gold and AccuPrime
Polymerase Systems (Life Technologies, Carlsbad) with optimized primers (primer sequences will be made available upon request).
PCR products were subjected to Sanger sequencing using the Big Dye Terminator v1.1 Cycle Sequencing Kit (Life Technologies).
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Sequence analysis was performed using an ABI PRISM 3130 Genetic Analyzer. The identified alterations were compared to the
dbSNP database (build 144) and the Exome Variant Server, NHLBI Exome Sequencing Project (ESP) (data release ESP6500SI-
V0.3.1) to identify known single nucleotide polymorphisms.

RNA-Seq and Differential Gene Expression Analysis

For tumors from the Heidelberg cohort, RNA-seq data was collected (MB53, MB56, MB59, MB60, MB61, MB63) from a previous
study (Northcott et al., 2017). All reads were aligned to human reference genome hs37d5 using STAR (Dobin et al., 2013) (version
STAR_2.3.0e_r291), with parameters “—outSAMunmapped within —outQSconversionAdd 0 —outFilterMultimapNmax 1”. Raw read
counts were calculated using the R/Bioconductor package GenomicAlignments (Lawrence et al., 2013) and gene annotation from
Gencode 19 (https://www.gencodegenes.org/releases/19.html). For tumors from the Toronto cohort, sequence reads were aligned
using STAR (v.2.5.1b) against hg19, with quantMode enabled for GeneCounts, and gene annotations derived from Gencode 19.
Differential gene expression analysis was performed using the R/Bioconductor package DESeq?2 (Love et al., 2014).

Gene Set Enrichment Analysis (GSEA)

GSEA for gene expression data was performed using the indicated gene set collections from the Molecular Signature Database
(Broad Institute) using 1000 gene set permutations and a FDR threshold of 5% according to recommendations by the Broad Institute.
For GSEA on expression data derived from RNA-seq analyses, we used the GSEAPreranked tool (Broad Institute). In here, genes
were ranked based on their log2 fold change between CREBBP wild type and mutation groups as determined by DESeq2.

Publication Consent for Human Data
Written informed consent was provided for the publication of all shown magnetic resonance images.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data presented are mean + s.e.m., and each data point represents an individual animal or experiment. Graphs illustrating exper-
iments with n < 5 show individual data points. Statistical analyses were done using the Prism4 software (Graph Pad). P values < 0.05
were considered significant (*P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001). The unpaired t test (two-tailed) or paired t test (two-
tailed) was applied to compare the means of two groups. For comparison of three or more groups, the ordinary one-way ANOVA with
post-hoc Bonferroni test for multiple comparisons was applied. Time course experiments with three or more groups were analyzed
using the two-way repeated measures ANOVA with post-hoc Bonferroni test for multiple comparisons. For comparison of categorical
variables in a contingency table, the Fisher’s exact test was used. Kaplan-Meier survival curves were established to analyze the sur-
vival of mice and patients, respectively. The log-rank test was used to examine the significance of results. For correlation analyses of
gene expression across different samples, we used a Pearson correlation approach.

DATA AND SOFTWARE AVAILABILITY

The complete gene expression values are accessible as part of previously reported series through GEO Series accession numbers
GEO: GSE49243, GSE10327, and GSE37418. Accession numbers and corresponding databases for sequencing data can be
retrieved from Kool et al., (2014). Data from the Toronto cohort have been deposited at the European Genome-phenome Archive un-
der accession number EGAD00001001461. All microarray generated in this study and herein published for the first time have been
deposited under the accession number GEO: GSE107263.
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