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SUMMARY

The transition of neural progenitors to differentiated
postmitotic neurons is mainly considered irreversible
in physiological conditions. In the present work, we
show that Shh pathway activation through SmoM2
expression promotes postmitotic neurons dedifferen-
tiation, re-entering in the cell cycle and originating
medulloblastoma in vivo. Notably, human adult
patients present inactivating mutations of the chro-
matin reader BRPF1 that are associated with SMO
mutations and absent in pediatric and adolescent
patients. Here, we found that truncated BRPF1
protein, as found in human adult patients, is able
to induce medulloblastoma in adult mice upon
SmoM2 activation. Indeed, postmitotic neurons re-
entered the cell cycle and proliferated as a result of
chromatin remodeling of neurons by BRPF1. Our
model of brain cancer explains the onset of a subset
of humanmedulloblastoma in adult individuals where
granule neuron progenitors are no longer present.
INTRODUCTION

Tumors are composed of proliferating cells that invade healthy

tissue and grow over time. Even though it is still unclear, it is a

common opinion that the cells of origin should possess a prolif-

erative capacity (Blanpain, 2013; Visvader, 2011). The transition

of neural progenitors to differentiated postmitotic neurons is

considered irreversible in physiological and pathological condi-

tions (Deneris and Hobert, 2014; Nguyen et al., 2006). Therefore,

postmitotic neurons have not been considered as suitable cells

of origin of brain cancer. Interestingly, few groups have attemp-

ted to induce cancer from neurons using full knockout (KO) mice

for cell-cycle regulators or by genetic modification of mice and

Drosophila melanogaster (Ajioka et al., 2007; Friedmann-Morvin-

ski et al., 2012; Southall et al., 2014). Furthermore, it is still un-

clear whether this process could be relevant to human brain
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cancer formation. For instance, human SHH medulloblastoma

(MB) is a brain tumor found in adults and infants that is thought

to originate from cerebellar granule neuron progenitors. Notably,

several groups have shown that Shh pathway activation (SmoM2

overexpression) in mouse granule neuron progenitors is able to

induce Shh MB (Sch€uller et al., 2008; Yang et al., 2008). These

progenitors are present in infants and newborn mice, but they

seem not to be present in adult humans and mice (Marzban

et al., 2015; Yang et al., 2008), therefore suggesting that adult

MB could originate from a different subset of cells. Based on

these data, we speculate that postmitotic neurons are the cells

of origin of adult SHH MBs. Interestingly, several adult SHH

MB patients present truncated mutations of the chromatin

reader BRPF1 that are often associated with Smoothened

(SMO) mutations and completely absent in pediatric and adoles-

cent patients (Kool et al., 2014). Therefore, we investigate

whether BRPF1 mutations could be required to allow tumor for-

mation in adult patients.
RESULTS

SmoM2 Expression in Granule Neurons Promotes MB
In the present work, we investigated if postmitotic neurons

could dedifferentiate in vivo and if this process could lead to

Shh MB in mice. To do so, we induced Shh pathway activation

through the expression of a constitutively active Smo mutant

(SmoM2) to mimic the SMO gain of function mutations present

in human adult SHH MB (Kool et al., 2014; Northcott et al.,

2012). In particular, to examine if neurons can dedifferentiate

in vivo, we conditionally induced SmoM2-EYFP expression

(LSL-SmoM2 mice) in postmitotic neurons using Gabra6-cre

mouse (Aller et al., 2003). Indeed, GABAA receptor a6 subunit

(Gabra6) is expressed only in postmitotic neurons and it has

already been shown that Gabra6-cre mouse induces recombi-

nation in neurons of the cerebellum, midbrain, and cortex. As

shown in Figures 1A and 1B, Gabra6-cre;LSL-SmoM2 mice

developed MBs (7 and 4 months) and showed signs of ataxia,

frequent falls, and weight loss (n = 9). Moreover, Kaplan-Meier

survival analysis showed that less than 50% of the mice were

still alive after 300 days (Figure 1C). Notably, we found
uthor(s).
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Figure 1. SmoM2 Expression in Granule Neu-

rons Promotes Shh MB

(A) Image of 7-month-old Gabra6-cre;LSL-SmoM2

MB.

(B) Hoechst and PCNA staining of brain section of 4-

month-old Gabra6-cre;LSL-SmoM2 mouse. The

arrow points to the tumor.

(C) Kaplan-Meier survival curves of LSL-SmoM2 and

Gabra6-cre;LSL-SmoM2 mice.

(D and E) PCNA and NeuN staining of brain sections

of 4-week-old Gabra6-cre;LSL-SmoM2 mouse (D)

and 4-month-old nude mice, 50 days post injection

(d.p.i.), with Gabra6-cre;LSL-SmoM2 MB cells (E);

arrow points to the tumor. Lower and higher mag-

nifications of (D) are shown in Figures S1AK and

S1AL.

(F) Hoechst and pH3 staining of brain sections of

4-month-old nude mice, 50 d.p.i., with Gabra6-

cre;LSL-SmoM2 MB cells.

(G) Multidimensional scaling of several MB mouse

models, plotting the results of the two principal co-

ordinates. Original GEO dataset entries (GEO:

GSE11859, GSE24628, and GSE33199). PC1, prin-

cipal coordinate 1; PC2, principal coordinate 2.

(H) Boxplots of the median values of the Shh genes

for the human samples (GEO: GSE85217) and

Gabra6-cre;LSL-SmoM2 MB. CD1, normal cere-

bellum tissue; G6, Gabra6-cre;LSL-SmoM2; SHH,

SHH subgroup; WNT, WNT subgroup; 3, group 3; 4,

group 4; P7 GNPC, P7 granule neuron progenitors

cell.

Scale bars, 2 mm in (A), 1 mm in (B), (E), and (F), and

250 mm (D). The dashed lines in (A) and (B) mark the

tumors. d.p.i., days post injection.
cerebellum aberrations and presence of tumor cells expressing

PCNA, a marker of cell proliferation, as early as in 4-week-old

mice (Figure 1D). The tumor localization suggests that it could

originate from neurons of the EGL (external granular layer),

IGL (internal granular layer), or the molecular layer. Several cells

within the tumor were also Sox9 (Figures S1A, S1B, and S1E)

and Sox2 positive (Figures S1C, S1D, and S1E), two cell

markers present in mouse and human SHH MBs (Sutter et al.,

2010; Swartling et al., 2012; Vanner et al., 2014) and expressed
Cell Repor
at higher levels in human adult SHH MBs,

compared to the infant form (Al-Halabi

et al., 2011). Notably, Sox2 and Sox9 pro-

teins are also expressed in mouse neural

stem cells, Bergmann glia cells, and at

low levels in granule neuron progenitors

during cerebellum development (Ahlfeld

et al., 2013; Sutter et al., 2010; Vong

et al., 2015). The tumors were also positive

for doublecortin (Dcx), a marker for highly

proliferative progenitors present in mouse

Shh MBs (Figure S1F). The tumors were

EYFP positive (GFP antibody), thus con-

firming that SmoM2-EYFP is expressed

in cancer cells (Figure S1G). Furthermore,

histopathological and immunophenotypi-
cal analyses confirmed that tumors in Gabra6-cre;LSL-

SmoM2 mice are Shh MBs (Yap1 and Gab1 positive and with

cytoplasmic beta-catenin) (Ellison et al., 2011) (Figures S1I–

S1R). In our search for putative genes required for neuron dedif-

ferentiation, we crossed Gabra6-cre;LSL-SmoM2 mice with

Sox9flox mice. In fact, it has already been shown that SmoM2

requires Sox9 to induce basal cell carcinoma (skin cancer) (Lar-

simont et al., 2015). Interestingly, we also obtained MBs in Ga-

bra6-cre;LSL-SmoM2;Sox9flox/flox mice (3/3 mice; Figure S1H),
ts 29, 4036–4052, December 17, 2019 4037



Figure 2. SmoM2 Promotes Dedifferentiation

of Granule Neurons

(A and B) Hoechst, PCNA, and NeuN staining of

brain sections of P14 Gabra6-cre;LSL-SmoM2

mouse. Square in (A) marks the region shown at

higher magnification in (B). Arrows point to PCNA/

NeuN double-positive cells.

(C and D) Hoechst, Sox9, and NeuN staining of brain

sections of P14 Gabra6-cre;LSL-SmoM2 mouse.

Square in (C) marks the region shown at higher

magnification in (D). Arrows point to Sox9/NeuN

double-positive cells.

(E and F) Hoechst, EdU, and NeuN staining of brain

sections of P21 Gabra6-cre;LSL-SmoM2 mouse,

injected with EdU at P19. Square in (E) marks the

region shown at higher magnification in (F). Lower

magnification of (E) is shown in Figure S2Q. Arrows

point to EdU/NeuN double-positive cells.

Scale bars, 25 mm in (B), (D), and (F). EGL, external

granular layer; IGL, internal granular layer.
indicating that Sox9 functions are not conserved between skin

and brain cancer. To further confirm the tumorigenicity of

Gabra6-cre;LSL-SmoM2 MB cells, we performed tumor trans-

plantation experiments. Specifically, we isolated cells from 4-

month-old tumor-bearing Gabra6-cre;LSL-SmoM2 cerebella

and then we injected the cells into the cerebellum of 4-month-

old nude mice (Foxn1nu). Our results showed that all four mice

injected with Gabra6-cre;LSL-SmoM2 MB cells generated

tumors populated by PCNA, NeuN, and pH 3 positive cells
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(Figures 1E and 1F; data not shown). To

further characterize our mouse model,

we examined the expression profiles

of five different Gabra6-cre;LSL-SmoM2

MBs and compared them to wild-type

(WT) cerebellar tissue obtained from CD1

mice. In particular after determining the

differentially expressed genes (Table S1),

we performed functional annotation

procedures using the Database for Anno-

tation, Visualization and Integrated

Discovery (DAVID) and gene set enrich-

ment analysis (GSEA). As shown in Fig-

ures S1S and S1T, the tumor samples

presented an increase in the expression

of genes linked to cell cycle, DNA repli-

cation, and as expected to the Shh

pathway. Consistently, we observed a

decreased expression of genes related

to normal neuron functions like the syn-

aptic vesicles cycle (Figure S1T). We

then compared our model to several

types of MB mouse models using publicly

available datasets (GEO: GSE11859,

GSE24628, and GSE33199). PCA anal-

ysis showed that the gene expression

profile of tumors retrieved from Gabra6-

cre;LSL-SmoM2 clustered with SmoM2
and Ptch1+/� Shh MB mouse models (Figure 1G). Finally,

we compared our model to human SHH MB gene expression

dataset (GEO: GSE85217), with respect to the enrichment of

the SHH pathway signature. This analysis showed that

Gabra6-cre;LSL-SmoM2 (G6) samples activated the SHH

pathway to the same extent as human SHH MBs (Figure 1H).

Together, these results are consistent with the hypothesis

that Gabra6-cre;LSL-SmoM2 represents a putative Shh MB

mouse model.



SmoM2 Promotes Dedifferentiation of Granule Neurons
Our data suggest that Smo gain of function in postmitotic neu-

rons is sufficient to induce MB formation and reinforce the pos-

sibility that neurons are dedifferentiating. To clarify if the granule

neurons started dedifferentiating at early stages of tumor forma-

tion, we analyzed Gabra6-cre;LSL-SmoM2 mice at postnatal

day 14 (P14). As shown in Figures 2A and 2B, few PCNA and

NeuN double-positive cells can be detected at this stage in

mouse cerebellum (33 ± 8 cells in three sections for each brain,

mean ± SD, n = 4 brains), indicating that neurons have started to

proliferate without losing NeuN expression. Notably, we did not

observe PCNA and NeuN double-positive cells in control mice

(LSL-SmoM2) (Figure S1H; data not shown), therefore indicating

that SmoM2 induction upon cre expression was responsible for

this proliferation burst. This suggests that the PCNA and NeuN

double-positive cells could represent the cell of origin of Shh

MBs. Interestingly, we also identified Sox9/Sox2 and NeuN dou-

ble-positive cells, indicating that some neurons while dedifferen-

tiating start expressing markers of neuronal progenitors (Figures

2C, 2D, S1U, and S1V). Of notice, the same phenotype was not

observed in control mice (Figure S1H). Indeed, it has been pub-

lished that rare Sox2-expressing cells are the founding cancer

stem cell population driving cancer initiation and therapy resis-

tance (Vanner et al., 2014) in mouse models of infant Shh MBs.

Based on this knowledge, we analyzed the Gabra6-cre;LSL-

SmoM2 mice at different time points and we detected Sox9/

PCNA and NeuN double-positive cells at P7, P14, P21, and

P28 (Figures S1W–S1AD and S1AE–S1AL). Notably, at P21 we

already observed small clusters of PCNA-positive cells (Figures

S1AI and S1AJ) and aberrant Sox9 expression (Figures S1AA

and S1AB). SmoM2 expression was confirmed by immunofluo-

rescence using a GFP antibody that recognizes the YFP fused

to SmoM2 (Figures S1AM–S1AP). To better detect and identify

dedifferentiated neurons, we crossed the Gabra6-cre;LSL-

SmoM2 mice with LSL-tdTomato mice that express tdTomato

only upon cre recombination (Madisen et al., 2010). As shown

in Figures S2A–S2L, we did not observe tdTomato expression

in mice embryos at embryonic day 16.5 (E16.5) (Gabra6-

cre;LSL-SmoM2;LSL-tdTomato), but we detected PCNA/Sox9

and tdTomato double-positive cells in the IGL at P7 and P14,

when granule neurons are already present. Since Gabra6-cre

mice express cre recombinase also in few deep cerebellar nuclei

(DCN) cells (Aller et al., 2003), we analyzed PCNA expression in

Gabra6-cre;LSL-tdTomato and Gabra6-cre;LSL-SmoM2 in

DCN. Notably, we did not detect any aberrant PCNA staining

at P21 in both mice (Figures S2M–S2P). Therefore, we postulate

that the tumors should not originate from dedifferentiated neu-

rons of DCN. Taken together, these data suggest that the

Sox2/Sox9 and NeuN double-positive cells identified in the cer-

ebellum of Gabra6-cre;LSL-SmoM2 mice could be dedifferenti-

ated granule neurons that originate Shh MB. To further confirm

our hypothesis, we injected EdU in Gabra6-cre;LSL-SmoM2

mice at P19 to avoid EdU incorporation in progenitors (that are

not present at this time point) and to label only neurons that re-

enter in the cell cycle. As shown in Figures 2E, 2F, and S2Q,

we observed small clusters of EdU-positive cells in the IGL in

P21 Gabra6-cre;LSL-SmoM2 mice and not in Gabra6-cre;LSL-

tdTomato mice (Figures S2R and S2S–S2AC). Therefore, we
speculate that the EdU-positive cells could be dedifferentiated

neurons. Since Ptch1 ablation in cerebellar progenitors is able

to induce Shh MB in a few months (Northcott et al., 2012), we

analyzed the effect of Ptch1 loss in postmitotic neurons in Ga-

bra6-cre;Ptch1flox/flox and Gabra6-cre;Ptch1flox/+ mice, but we

did not observe MB development (Figure S1H). To understand

the reason why SmoM2 overexpression, unlike Ptch1 deletion,

leads to tumor formation, we analyzed their cerebella at P14

by quantitative real-time PCR. As shown previously, at this stage

most of the granule neurons have been produced and inGabra6-

cre;LSL-SmoM2 there is no tumor formation yet. Gene expres-

sion analysis revealed that Math1 and Gli1 genes are upregu-

lated specifically inGabra6-cre;LSL-SmoM2mice, but not inGa-

bra6-cre;Ptch1flox/flox (Figure S3A). These data suggest that

SmoM2 overexpression induces a much stronger activation of

Shh signaling andMath1 (specificmarker for granule neuron pro-

genitors) as compared to Ptch1 loss and could explain the pres-

ence of Shh MBs in Gabra6-cre;LSL-SmoM2 and its absence in

Gabra6-cre;Ptch1flox/flox mice. It has also been shown that

Ptch1flox mice are able to induceMBwhen crossedwithmice ex-

pressing recombinase in cerebellar progenitors (GFAP-cre) (Wu

et al., 2017) and we validated the effect of Ptch1 deletion in

Math1-creER;Ptch1flox/+ mice, observing the induction of pro-

genitors overproliferation (Figures S3B and S3C).

Gabra6-Cre Mice Express Cre Recombinase in Neurons
To exclude that Gabra6-cre mice induce recombination in cere-

bellar progenitors, we crossed them with LSL-tdTomato mice

that express tdTomato only upon cre recombination. We then

analyzed if tdTomato was expressed in progenitors at different

postnatal time points. We quantified several thousand tdTomato

positive cells (see STAR Methods) and all of them were negative

for progenitors, glial or proliferationmarkers such as PCNA, pH3,

Sox2, and Sox9 (Figures S3D–S3L). Moreover, almost all tdTo-

mato cells were positive for the neuronal marker NeuN at P4,

P7, P10, and P14 (Figure S3L). Finally, to confirm the specificity

of Gabra6-cre;LSL-tdTomato mice, we crossed them with

Math1-GFP mice that express a Math1 protein fused with GFP

(Rose et al., 2009) only in granule neuron progenitors. As shown

in Figures S4A–S4E, tdTomato-positive cells wereGFP negative.

Interestingly, in Gabra6-cre;LSL-tdTomato mice, tdTomato was

expressed in several brain regions such as the cortex, hippo-

campus, ventral thalamus, and hypothalamus (Figures S4F–

S4J). Taken together, these data indicate that our genetic model

allows manipulation of postmitotic neurons only. Moreover,

these data suggest that only cerebellar neurons are able to dedif-

ferentiate into cancer cells, since we have never observed tumor

masses in other regions of the brain.

Transient Cre Recombinase Expression Promotes
Dedifferentiation of Granule Neurons in LSL-SmoM2

Mice
To prove that Shh MB originates from postmitotic neurons, we

transfected granule neurons of LSL-SmoM2 mice at P21/P24

with a plasmid expressing cre recombinase under the control

of NeuroD1 promoter (pNeuroD1-cre) (Guerrier et al., 2009).

NeuroD1 is expressed in granule neurons and progenitors (Cho

and Tsai, 2006), but at the selected time points granule neuron
Cell Reports 29, 4036–4052, December 17, 2019 4039
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progenitors are no longer present (Tiberi et al., 2014; Yang et al.,

2008) (Figure S4K). As shown in Figure 3A, 4 days after in vivo

transfection of pNeuroD1-cre-IRES-GFP, we detected GFP-

positive cells in the cerebellum IGL, but we did not detect

Sox9/Sox2/PCNA and GFP double-positive cells (Figures 3B

and S4L–S4O). These data suggest that we can specifically

transfect cerebellar neurons. Anyhow, it has been shown by

other groups that Shh pathway activation in granule neuron

progenitors after P12-P14 does not lead to MB formation

(Yang et al., 2008). We have confirmed these data by induction

of SmoM2 with a granule neuron progenitor specific promoter

(Math1-creER) at P21 and we did not obtain MB (Figure S1H).

On the contrary, as shown in Figure 3C, 60 days after

pNeuroD1-cre transfection at P21, we observed MB in only

one mouse (n = 16). Furthermore, we noticed the formation

of PCNA, DCX, pH3, Sox2, and Sox9 positive cells clusters in

the IGL of five other mice (Figures 3D–3F and S4P–S4R). These

data suggest that SmoM2 expression driven by pNeuroD1-cre in

mouse cerebellum (when granule neuron progenitors are not

present) can rarely induce Shh MB. In addition, we investigated

the possibility to dedifferentiate neurons in adult mice. We trans-

fected 2-month-old LSL-SmoM2micewith a plasmid expressing

cre recombinase under the control of human SynapsinI promoter

(phSynI-cre). This promoter has been shown to induce expres-

sion of desired genes in postmitotic neurons and not in glial cells

(K€ugler et al., 2003). Indeed, 4 days after in vivo transfection of

phSynI-cre together with pPB-LSL-tdTomato in 2-month-old

LSL-SmoM2 mice, we did not detect Sox9/Sox2/PCNA/pH3

and tdTomato double-positive cells (Figures S4S–S4U). As

shown in Figures S5A and S5B, we obtained formation of

abnormal PCNA and Sox9 clusters in cerebellum IGL (upon

SmoM2 expression) in two out of seven transfected adult

mice. These clusters are positive for GFP staining, indicating

that transfected cells are expressing SmoM2-YFP. Taken

together, these data suggest that SmoM2 is also able to dediffer-

entiate granule neurons in adult mice.

Mutant BRPF1 Promotes Adult Shh MB Formation
Looking for a molecular mechanism by which SmoM2 induces

neuron dedifferentiation, we exploited already published data

of human SHH MB exome sequencing. Interestingly, recurrent

mutated genes have been identified in adult SHH MBs that

were absent or very rare in pediatric SHH MBs, such as

BRPF1, KIAA0182, TCF4, CREBBP, NEB, LRP1B, PIK3CA,

FBXW7, KDM3B, XPO1, PRKAR1A, and PDE4D (Kool et al.,

2014; Merk et al., 2018). For instance, nonsense and frameshift

BRPF1 mutations have been found to be associated with SMO
Figure 3. Transient Cre Recombinase Expression Promotes Dedifferen

(A) GFP and NeuN staining of brain sections of LSL-SmoM2 mice, 4 d.p.i. at P21

(B) Quantification of GFP and Sox9/Sox2/PCNA double-positive cells in LSL-Sm

(C) Hoechst staining of brain sections of LSL-SmoM2 mice, 60 d.p.i. at P21 with

(D) PCNA and NeuN staining of brain sections of LSL-SmoM2 mice, 60 d.p.i. at

the IGL.

(E) Hoechst and DCX staining of brain sections of LSL-SmoM2 mice, 60 d.p.i. at

the IGL.

(F) Mice with abnormal PCNA+ cell clusters or tumors.

Scale bars, 1 mm in (C) and 150 mm in (A), (D), and (E). d.p.i. days post injection;
mutations and absent in pediatric and adolescent SHH MBs

(samples ID: AdRep_MB107, MB101, and MB143). The pres-

ence of a premature stop codon could generate truncated

forms of BRPF1 proteins lacking several domains. Brpf1 has

been previously shown to be expressed in granule neurons

and Purkinje cells in newborn mice (You et al., 2014) and we

found that Brpf1 is expressed in mouse cerebellum in P7 and

4-week-old mice (Figures S5C and S5D). We also analyzed the

expression of Brpf1 in adult brains and in Gabra6-cre;LSL-

SmoM2 tumors. As shown in Figure 4A, Brpf1 was found to be

expressed in cerebellar IGL and in a few cells within Gabra6-

cre;LSL-SmoM2 MBs. This indicates that Brpf1 protein is ex-

pressed at low levels in these tumors. Based on the described

association of BRPF1 and SMO mutations in adult SHH MB,

we tested its function in tumor formation. We co-transfected

pNeuroD1-cre with a plasmid that allows constitutive expression

of WT BRPF1 in LSL-SmoM2mice (pPB-BRPF1 WT; Figure 4B).

Notably, we detected no sign of tumor/dysplasia in any of the 19

mice injected with pNeuroD1-cre and pPB-BRPF1 WT (Figures

4C and S5E), suggesting that BRPF1 overexpression blocks

SmoM2’s ability to induce neuron dedifferentiation. To mimic

the mutational background of a subset of human patients, we

generated a truncated form of BRPF1 lacking the bromodomain

and PWWP motif (Figure 4B). Interestingly, we observed tumor

formation when we co-transfected this truncated form of human

BRPF1 (pPB-BRPF1 TR; Figure 4C) and a significant decrease

in mouse survival compared to BRPF1 WT transfection (Fig-

ure 4D). We observed MB formation in 50% of the transfected

mice (three out of six; Figure 4C) and the tumors were DCX,

Sox9, and PCNA positive (Figures 4E-4G, S5F, and S5G). These

data indicate that truncated BRPF1, as found in patients, is able

to induce adult SHHMB. Next, we performed an ex vivo assay to

test if BRPF1 also has a role in neuron dedifferentiation. Cere-

bellar cells from P7 LSL-SmoM2 mice were nucleofected with

phSynI-cre alone or together with pPB-BRPF1 WT. After

7 days of ex vivo culture, we detected several GFP/Sox9/NeuN

triple-positive cells in cerebellar cells nucleofected with

phSynI-cre alone (Figures S5H and S5I), but fewer with co-over-

expression of BRPF1 WT, suggesting that BRPF1 WT blocks

neuron dedifferentiation. Moreover, in the same experimental

setup Gli1 co-overexpression was able to rescue the repressive

effect of BRPF1WT, indicating that the Shh pathway and BRPF1

WT could have antagonistic roles in the dedifferentiation pro-

cess. Interestingly, the nucleofection of phSynI-cre and a

plasmid-expressing truncated BRPF1 did not block neuron

dedifferentiation but rather increased it compared to phSynI-

cre alone (Figure S5J). This suggests that truncated BRPF1
tiation of Granule Neurons and Shh MB in LSL-SmoM2 Mice

with pNeuroD1-cre. The arrow points to GFP and NeuN positive cells.

oM2 mice, 4 d.p.i. at P21 with pNeuroD1-cre (n = 3).

pNeuroD1-cre.

P21 with pNeuroD1-cre. The arrow points to a tumorigenic cell cluster within

P21 with pNeuroD1-cre. The arrow points to a tumorigenic cell cluster within

IGL, internal granular layer; ML, molecular layer.
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could have a dominant-negative effect in promoting neuron

dedifferentiation. Notably, Gli1/2 knockdown was able to

completely block SmoM2 and truncated BRPF1 functions, sug-

gesting that they require Gli1/2 expression to induce neuron

dedifferentiation. Finally, to prove that neurons of adult mice

can also give rise to adult Shh MBs, we transfected adult LSL-

SmoM2 animals (2 months old) with phSynI-cre and pPB-

BRPF1 TR (truncated BRPF1) plasmids. We obtained MB

formation in three mice out of five (Figures 5A–5E) containing

cancer cells positive for GFP, PCNA, and DCX. Furthermore, Ka-

plan-Meier survival analysis showed that less than 50% of the

mice survived 100 days after transfection (Figure 5F). As previ-

ously shown in Figures S5A and S5B, phSynI-cre transfection

alone induced dedifferentiation of granule neurons, but did not

lead to MB formation. This confirms that the Shh pathway and

BRPF1 functions should be altered together in adult mice during

adult Shh MB tumorigenesis. Notably, we did not obtain Shh

MB (n = 11) transfecting truncated BRPF1 alone in 2-month-

old CD1 mice (data not shown). To better characterize the

BRPF1-induced MB, we performed gene expression profiling

of single phSynI-cre+BRPF1 TR and pNeuroD1-cre+BRPF1 TR

tumors (Mouse BRPF1). Interestingly, the activation level of the

Shh signaling pathway in the SmoM2+BRPF1 TR induced tu-

mors was similar to human adult SHH MBs (Figure 5G). To eval-

uate if phSynI-cre+BRPF1 TR and pNeuroD1-cre+BRPF1 TR

tumors mimic human adult SHHMBs, we further compared their

gene expression profiles with mouse and human MB samples.

Based on the genes reported in Al-Halabi et al. (2011) as differ-

entially expressed in human adult versus human infant SHH

MB, pNeuroD1-cre+BRPF1 TR and phSynI-cre+BRPF1 TR

mouse models showed results similar to those for human adult

SHH MB (Figure 5H). Gabra6-cre;LSL-SmoM2 mice (one out of

five samples) showed limited similarity to human adult SHH

MB, while no similarity was observed for Math1-cre;LSL-

SmoM2 mice (GEO: GSE11859). These data suggest that

BRPF1 TR and SmoM2 co-overexpression in adult granule

neurons gives rise to mouse tumors with a gene expression

profile resembling human adult SHH MB. On the other hand,

the tumors obtained from granule neuron progenitors are more

similar to human infant SHH MB (Math1-cre;LSL-SmoM2 mice;

GEO: GSE11859). In addition, we performed immunofluores-

cence for p-AKT and p-S6 and the results have already been

shown to be co-markers only for human adult SHH MB (Kool

et al., 2014). In fact, few human infant SHH MBs are marked

by p-AKT and p-S6 and always in a mutually exclusive way.

The tumors generated upon transfection of pNeuroD1-

cre+BRPF1 TR and phSynI-cre+BRPF1 TR in LSL-SmoM2
Figure 4. WT BRPF1 Is Required to Block Shh MB Formation in LSL-Sm

(A) Hoechst and Brpf1 staining of brain sections of 2-month-old Gabra6-cre;LSL

(B) Representation of human WT BRPF1 and truncated BRPF1. Truncated BRP

C2H2 zinc finger; EPC, enhancer of polycomb-like motif; NLS, nuclear localizati

finger motif.

(C) Mice with Shh MB after transfection at P21 with pNeuroD1-cre and BRPF1 W

(D) Kaplan-Meier survival curves of LSL-SmoM2 mice transfected at P21 with pN

(E and F) Hoechst, NeuN, and DCX staining of brain sections of LSL-SmoM2 mo

region shown at higher magnification in (F).

(G) Hoechst and PCNA staining of brain sections of LSL-SmoM2 mouse; 40 d.p.

Scale bars, 200 mm in (A), 1 mm in (E), 500 mm in (G), and 150 mm in (F). IGL, inte
showed both p-AKT and p-S6, similar to human adult patients

(Figures S5K–S5N; data not shown), while Math1-creER;LSL-

SmoM2 mice present only p-S6 (Figures S5O–S5R). Taken

together, these data suggest that our mouse models resemble

human adult SHH MB. To validate the cooperativity of SmoM2

and truncated BRPF1 in inducing adult Shh MB, we expressed

in adult mice an inducible cre recombinase under the control of

the Etv1 promoter in postmitotic neurons (Sch€uller et al., 2006;

Taniguchi et al., 2011). We transfected Etv1-creER;LSL-

SmoM2 mice with pPB-BRPF1 TR at P90 and then we induced

the recombination with tamoxifen (n = 9). Notably, only one

mouse developed MB (Figures S5S and S5T) and aberrant small

clusters of cells were observed in two other mice (data not

shown). We also tested the specificity of Etv1-creER recombina-

tion, transfecting Etv1cre-ER;LSL-SmoM2 mice at P90 with

pPB-LSL-tdTomato. In these animals, we did not detect any

tdTomato and Sox9/Sox2/PCNA/pH3 double-positive cells

(Figure S5U). This confirms the role of SmoM2 and truncated

BRPF1 in promoting MB formation from postmitotic neurons in

adult mice. Finally, we assessed BRPF1 expression in human

adult SHH MBs derived from six different patients. In all of the

tumors (Figures S5V and S5W; data not shown) we observed

few BRPF1-positive cells within the PCNA-positive tumor cells,

confirming that BRPF1 protein is downregulated in human adult

SHH MBs.

SmoM2 Expression in Granule Neurons Promotes
Widespread Chromatin Plasticity
Considering that dedifferentiation of postmitotic cells requires

overcoming those epigenetic barriers that are established to

maintain cell identity (Fagnocchi et al., 2018; Poli et al., 2018),

we investigated whether SmoM2 expression in granule neurons

was sufficient to alter the chromatin state. To this end, we pro-

filed changes in chromatin accessibility by ATAC-seq in P14

cerebella of Gabra6-cre;LSL-SmoM2 and Gabra6-cre control

mice. ATAC-seq analyses defined approximately 130,000 open

chromatin regions which were equally enriched at promoters

(transcription start sites; TSSs), introns, and intergenic sites,

independently from the genetic background (Figure 6A).

Although most of the peaks were shared between the analyzed

samples, we retrieved 4,029 and 6,025 open regions that were

enriched in Gabra6-cre and Gabra6-cre;LSL-SmoM2, respec-

tively (Figures 6B and S6A). Of importance, the differential

enrichment of these regions was conserved among tissue

samples obtained from independent mice (Figure 6C). The en-

riched regions for ATAC-seq signals showed a typical profile

with narrow peaks, resembling nucleosome-depleted regions,
oM2 Mice

-SmoM2 mouse. The arrows point to Brpf1-positive cells.

F1 lacks the bromodomain and the PWWP motif. Bromo, bromodomain; CH,

on signal; PWWP, Pro-Trp-Trp-Pro motif; PZP, PHD finger-zinc knuckle-PHD

T or BRPF1 TR.

euroD1-cre+BRPF1 WT or pNeuroD1-cre+BRPF1 TR.

use, 40 d.p.i. at P21, with pNeuroD1-cre+BRPF1 TR. Square in (E) marks the

i. at P21 with pNeuroD1-cre+BRPF1 TR.

rnal granular layer. d.p.i. days post injection.
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occupied by transcription factors (TFs) (Figure 6D). We

confirmed that the ATAC-seq profiling on cerebella tissue en-

ables the identification of cis-regulatory elements as we identi-

fied specific DNA-binding motifs enriched on the specific

ATAC-seq peaks (Figure 6E). In Gabra6-cre samples we found

binding motifs for neural-specific TFs and architectural proteins

such as CTCF, which are normally enriched at sites of chromatin

looping including enhancers (Rada-Iglesias et al., 2018). On Ga-

bra6-cre;LSL-SmoM2 ATAC-seq peaks, we identified DNA-

binding motifs of lineage-specifying TFs, which are expressed

during cerebellum development, such as Sox2 and Math1 (Fig-

ures 6E and S6B). These data were corroborated by Gene

Ontology analysis on the genes annotated on specific ATAC-

seq peaks highlighting the enrichment of specific signatures

associated with stem-cell-like features and cancer pathways in

Gabra6-cre;LSL-SmoM2 (Figures 6F and S6C). This pattern

was further confirmed by comparing the identified chromatin

open regions with those that specified distinct stages of devel-

oping cerebellum (Frank et al., 2015). By quantifying the ATAC-

seq signals on the previously identified chromatin accessible

sites enriched at P14 and P60 (compared to P7) of developing

cerebellum, we determined decreases in chromatin accessibility

in Gabra6-cre;LSL-SmoM2, respect to Gabra6-cre (Figures 6G,

S6D, and S6E). In sum, these results showed that activation of

SmoM2 in granule neurons induced changes in chromatin

accessibility at cis-regulatory elements. These data suggest an

increment of chromatin plasticity by means of favoring diversity

in the chromatin contexts, priming for the activation of progeni-

tor-associated transcriptional programs.

Truncated Brpf1 Expression Elicits Chromatin Plasticity
by Activating Super-Enhancers
As we showed that upon SmoM2 activation the truncated

BRPF1 protein induced MB in adult mice and considering its

presumed function in chromatin regulation (Yan et al., 2017),

we investigated whether it could favor tumorigenesis by pro-

moting chromatin plasticity and neuronal dedifferentiation.

To this end, we profiled the chromatin accessibility changes

occurring in postmitotic neurons, in response to SmoM2 acti-

vation alone or in cooperation with truncated BRPF1. We took

advantage of the human neuroepithelial-like stem cells AF22,

that have a gene expression pattern resembling hindbrain

fate and committed to generate postmitotic neurons in vitro

(Falk et al., 2012; Tailor et al., 2013) (Figure S6F). Indeed,

quantitative real-time PCR analysis showed that differentiated

AF22 cells expressed high levels of ZIC1 gene, a specific
Figure 5. Truncated BRPF1 Promotes Adult Shh MB

(A) Image of LSL-SmoM2 mouse; 60 d.p.i. at 2 months, with phSynI-cre+BRPF1

(B) Hoechst staining of brain section of LSL-SmoM2mouse; 60 d.p.i. at 2 months,

(C–E) Hoechst, DCX (C), PCNA (D), and GFP (E) staining of brain sections of LSL

(F) Kaplan-Meier survival curves of LSL-SmoM2mice transfected at 2 months wit

(B), and 500 mm in (C)–(E).

(G) Boxplots of the median values of the SHH pathway for the human samples (G

and 60 d.p.i. phSynI-cre+BRPF1 TR. CD1, normal cerebellum tissue. 3, group 3

genitor cells; SHH, SHH subgroup; WNT, WNT subgroup.

(H) Hierarchical clustering of different Shh MB mouse models data and huma

expression profiles using 108 differentially expressed genes in human adult vers

d.p.i., days post injection; IGL, internal granular layer.
marker for cerebellar granule neurons (Aruga et al., 1998) (Fig-

ure S6G). To resemble the scenario already analyzed in

mouse, we nucleofected AF22 with pPB-hSynI-creER as con-

trol (Ctrl), and with pPB-hSynI-creER+pPB-LSL-SmoM2

(SmoM2) or pPB-hSynI-creER+pPB-LSL-SmoM2+pPB-LSL-

BRPF1 TR (SmoM2+BRPF1 TR) to measure their cooperativ-

ity. Moreover, we tested the nucleofection with pPB-hSynI-

creER+pPB-LSL-BRPF1 TR (BRPF1 TR) to assess if truncated

BRPF1 alone was sufficient per se to alter chromatin accessi-

bility. Of importance, quantitative real-time PCR analysis

confirmed that SmoM2 overexpression increases GLI1

mRNA levels in differentiated AF22 neurons (Figure S6H), as

observed in Gabra6-cre;LSL-SmoM2 mice (Figure S3A).

Thereafter, we profiled changes in chromatin accessibility by

ATAC-seq in AF22 neurons expressing the different combina-

tions of SmoM2 and BRPF1 (Figure 7A). ATAC-seq analyses

defined comparable numbers of open chromatin regions that

were similarly distributed within the genome (Figures 7A and

S7A–S7C). At first we confirmed that SmoM2 activation deter-

mined an increment in chromatin accessibility at specific cis-

regulatory elements that were enriched for stem cells and

Sox-family transcription factors (Figures S7D–S7G). Of impor-

tance, GSEA analysis confirmed that expression of SmoM2 in

human neurons negatively correlated with neuron chromatin

accessible sites enriched at P14 and P60 (Figures S7H and

S7I). Together, these results showed that we recapitulated

the chromatin accessibility pattern found in mouse cerebella

in response to SmoM2, also in human neurons. Thereafter,

we investigated the contribution of truncated BRPF1 to alter

the chromatin landscape. Differential analyses retrieved spe-

cific ATAC-seq regions enriched in BPRF1 TR and

SmoM2+BRPF1 TR conditions (Figures 7B and 7C), which

showed a profile resembling accessible cis-regulatory ele-

ments, similar to the ones detected in the mouse models (Fig-

ures 7D and S7J). GSEA analysis on the ATAC-seq signals

showed that SmoM2 activation correlated with cerebellum

development, SHH pathways, and stem cell signatures, while

we concurrently measured a decreased in chromatin accessi-

bility on those regions associated with genes related to mature

neuron functions (Figure 7E). These analyses indicate that, in-

dependent from the genetic background, SmoM2 activation

increased chromatin accessibility at stem/progenitor genes

associated loci in neurons. Importantly, these features were

further elicited by truncated BRPF1 (Figure S7K). Considering

that cell fate specification and maintenance of cell identity are

regulated by the activation of enhancers (also in human MBs)
TR. The arrow points to tumoral mass.

with phSynI-cre+BRPF1 TR. The dashed lines and arrow in (B) mark the tumor.

-SmoM2 mouse; 60 d.p.i. at 2 months, with phSynI-cre+BRPF1 TR.

h either phSynI-cre or phSynI-cre+BRPF1 TR. Scale bars, 2 mm in (A), 1 mm in

EO: GSE85217) and our samples. BRPF1, 40 d.p.i. pNeuroD1-cre+BRPF1 TR

; 4, group 4; G6, Gabra6-cre;LSL-SmoM2; P7 GNPC, P7 granule neuron pro-

n adult/infant SHH MB data on both samples distances and samples gene

us human infant SHH MB.
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Figure 6. SmoM2 Expression in Granule Neurons Favors Widespread Chromatin Plasticity and Activation of Stem/Progenitor-Associated

Genes
(A) Boxplots showing the genomic distribution of ATAC-seq peaks, with respect to transcription start sites (TSSs), transcription termination sites (TTSs), 50UTR,
30UTR, exons, introns, intergenic regions, and non-coding genes.

(legend continued on next page)
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(Lin et al., 2016), we asked whether the measured changes in

chromatin accessibility were associated with enhancers mod-

ulation. ATAC-seq analysis on annotated human enhancers

(Shen et al., 2014) showed that, while BRPF1 TR per se did

not alter chromatin accessibility (Figure S7L), its co-expres-

sion with SmoM2 induced an increment of chromatin opening

(Figure 7F). Given the relative spread pattern of the retrieved

ATAC-seq signal distribution on these enhancers (Figure 7F),

we asked whether the expression of SmoM2+BRPF1 TR could

augment chromatin accessibility to lineage-specifying clus-

tered enhancers, referred as super-enhancers (Lovén et al.,

2013). By clustering ATAC-seq peaks, which reside in prox-

imity in a given locus, we identified super-enhancers in all

the analyzed conditions (Figures 7G and S7M). Independently

from the genetic background, we noticed that the expression

of BRPF1 TR increased the number of unique super-en-

hancers (Figures 7G and S7M). Of importance, in the

SmoM2+BRPF1 TR neurons we defined 241 clusters of en-

hancers with an average size spanning over 33 kb (Figures

7G and 7H). By measuring the relative enrichment of the

ATAC-seq signal, we depicted a clear increase in chromatin

accessibility associated with the concomitant expression of

SmoM2 and BRPF1 TR (Figure 7H). Moreover, we found that

the identified super-enhancers were linked to key genes

involved in cerebellum development (GBX2 and LMX1B) (Was-

sarman et al., 1997; Guo et al., 2007) and chromatin remodel-

ing (KDM6B, KDM4B, KMT2C). Gene Ontology analyses

confirmed that the SmoM2+BRPF1 TR super-enhancers

were specifically associated with chromatin-modifying en-

zymes, but also with base-excision repair, suggesting a

possible involvement of DNA damage response (Figures 7I

and S7N). Finally, to assess whether the identified cis-regula-

tory elements in neurons expressing SmoM2+BRPF1 TR

resembled specific chromatin features of human SHH MBs,

we measured changes of chromatin accessibility on the previ-

ously annotated SHH MB enhancers (Lin et al., 2016). This

analysis showed that BRPF1 TR expression induced an incre-

ment of chromatin opening on SHH enhancers (Figure 7J) and

also on SHH associates super-enhancers (Figure 7K). Of

importance, the contribution of BRPF1 TR to increased chro-

matin accessibility was specifically dependent on SmoM2

activation, as the same changes were not detected in trun-

cated BRPF1 alone (Figures S7O and S7P). Taken together,

these data showed that truncated BRPF1 cooperates with

SmoM2 by promoting chromatin accessibility at clustered en-

hancers that are linked to genes involved in chromatin

remodeling.
(B) Venn diagram showing the overlap between ATAC-seq peaks in Gabra6-cre

(C) Heatmap representing the normalized ATAC-seq signal (Z score) on the top 2,

SmoM2 cells.

(D) Average tag density plot of the normalized (RPM) ATAC-seq signal on the diff

(bottom panel) cells.

(E) Motif enrichment analysis on the specific ATAC-seq peaks in Gabra6-cre (lef

(F) Gene Ontology analysis on the genes annotated to specific ATAC-seq peak

Pathways from Reactome, Panther, WikiPathways, and KEGG databases were a

(G) Boxplots showing the normalized read counts of ATAC-seq signals in Gabr

persensitive sites (DHSs), resulting in more accessibility in P14 (left) or P60 (right

***p < 0.001, as assessed by a two-tailed, unpaired Student’s t test. P14 Gabra6
DISCUSSION

Cancer is viewed as an evolutionary conserved process that

results from the accumulation of somatic mutations in the

progeny of a normal cell and it is a common opinion that the

cells of origin should possess a proliferative capacity (Blan-

pain, 2013; Visvader, 2011). Interestingly, few groups have at-

tempted to induce cancer from neurons using full KO mice for

cell-cycle regulators or by genetic modification of mice and

Drosophila melanogaster although rare targeting of progeni-

tors cannot be excluded (Alcantara Llaguno and Parada,

2016; Arlotta and Berninger, 2014). Notably, adult SHH MB

arises when progenitors are no longer present and for this

reason postmitotic neurons could represent the cell of origin.

In the present work we showed that constitutive activation of

Shh pathway induced by SmoM2 mutation, specifically in

mouse cerebellar granule neurons, promotes the expression

of progenitor- and proliferation-associated markers, enabling

postmitotic neurons to re-enter in the cell cycle and give rise

to Shh MB. Interestingly, activation of the Shh pathway in

other CNS neurons does not induce cancer, suggesting that

granule neurons have defined intrinsic characteristics that

allow the dedifferentiation process. Notably, the deletion of

oncosuppressor Ptch1 in granule neurons was not able to

recapitulate Shh MB development, as observed with the over-

expression of SmoM2. Indeed, Ptch1 deletion led to a lower

induction of Shh signaling as compared to SmoM2 constitu-

tive activation, suggesting that other mutational hits could

be required. In line with our observations, it has been recently

found that tumor suppressors deletion in neurons (cerebral

cortex) leads to extended cell division but no glioma formation

(Alcantara Llaguno et al., 2019). On the other hand, we per-

formed oncogene overexpression (smoothened gain of func-

tion) and we checked for co-mutated genes in the adult SHH

MB. Several adult SHH MB patients present truncated muta-

tions of the chromatin reader BRPF1 that are often associated

with SMO mutations and absent in pediatric and adolescent

patients (Kool et al., 2014). To mimic the mutational back-

ground of a subset of human patients, a truncated form of

BRPF1 was overexpressed together with SmoM2, exploiting

the neuronal promoters NeuroD1 and hSynI. Truncated

BRPF1 and SmoM2 co-overexpression led to neuronal dedif-

ferentiation and Shh MB in adult mice. Our data show that a

second mutational hit is essential to faithfully recapitulate the

adult condition, because constitutive activation of the Shh

pathway alone rarely induced MB; otherwise, the co-overex-

pression of SmoM2 and truncated BRPF1 in adult mice is
and Gabra6-cre;LSL-SmoM2 cells.

000 most differentially enriched peaks in eitherGabra6-cre orGabra6-cre;LSL-

erential peaks, enriched in Gabra6-cre (top panel) or Gabra6-cre;LSL-SmoM2

t panel) or Gabra6-cre;LSL-SmoM2 (right panel) cells.

s in Gabra6-cre (top panel) or Gabra6-cre;LSL-SmoM2 (bottom panel) cells.

nalyzed.

a6-cre and Gabra6-cre;LSL-SmoM2 cells, on previously reported DNase hy-

) cerebella, when compared to P7 cerebella.

-cre (n = 3) and Gabra6-cre;LSL-SmoM2 (n = 4) cerebella.
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able to promote adult Shh MB development. Gene expression

analysis confirmed the similarity between human adult SHH

MBs and the tumors originated by truncated BRPF1 and

SmoM2 co-overexpression. Notably, only the oldest Gabra6-

associated MB resembles the transcriptomic level of human

adult SHH MB, probably due to its late onset. In addition, tu-

mors generated upon transfection of truncated BRPF1 ex-

hibited p-Akt and p-S6 markers that are exclusively associ-

ated to human adult SHH MB patients. Finally, ATAC-seq

analysis revealed that SmoM2 overexpression reshaped the

chromatin structure of granule neurons, enriching the number

of open chromatin regions associated with stem/progenitor-

like genes. Moreover, it pointed out a synergistic mechanism

between SmoM2 and truncated BRPF1 in modifying the chro-

matin accessibility of postmitotic neurons, increasing the num-

ber of super-enhancers associated with chromatin organiza-

tion/modification genes. Overall, the performed experiments

demonstrated the role of truncated BRPF1 in altering the chro-

matin landscape of cis-regulatory elements. We believe that

these findings could open new roads toward understanding

the link between chromatin reshaping and cell dedifferentia-

tion occurring in human patients and leading to tumor forma-

tion. Our work establishes a mouse model for human adult

SHH MB, showing that postmitotic granule neurons own the

capability to re-enter in the cell cycle and give rise to tumors

upon the proper oncogenic mutational hit. Remarkably, we un-

cover that BRPF1 might be one of the key genes involved in

adult Shh MB formation and its truncated form could be rele-

vant to mimicking neuronal dedifferentiation and adult Shh MB

development.
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ming the Super-Enhancers Landscape

Ss, TTSs, 50UTR, 30UTR, exons, introns, intergenic regions, and non-coding

L-BRPF1 TR and hSynI-creER+LSL-SmoM2+LSL-BRPF1 TR cells.

most differentially enriched peaks in either hSynI-creER+LSL-BRPF1 TR or

ntial peaks, enriched either in hSynI-creER+LSL-BRPF1 TR (top panel) or

ER+LSL-SmoM2+LSL-BRPF1 TR cells. All gene lists are enriched with a

R+LSL-SmoM2 and hSynI-creER+LSL-SmoM2+LSL-BRPF1 TR cells, on

F1 TR enhancers, showing the presence of 241 super-enhancers. Repre-

cell lines, hSynI-creER+LSL-SmoM2+LSL-BRPF1 TR-specific super-en-

2+LSL-BRPF1 TR-specific super-enhancers. Pathways from Reactome,

ynI-creER+LSL-SmoM2 and hSynI-creER+LSL-SmoM2+LSL-BRPF1 TR

rize the SHH MB. Analyses are performed on two biological replicates for
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Recombinant DNA

pNeuroD1-IRES-GFP Guerrier et al., 2009 RRID:Addgene_61403

pNeuroD1-cre-IRES-GFP This paper N/A

pAAV-hsyn-flex-dsRed-shvgat Yu et al., 2015 RRID:Addgene_67845

pAAV-hSynI-cre This paper N/A

pPB CAG rtTA-IN Takashima et al., 2014 RRID:Addgene_60612

pRCF-Brpf1 Dr. Jacques Côté (Laval University

Cancer Research Center)

N/A

pPB-CAG-3xFlag-BRPF1-IRES-GFP This paper N/A

pPB-CAG-3xFlag-BRPF1-TR-IRES-GFP This paper N/A

pDZ264 Larson et al., 2011 RRID:Addgene_35193

pPB-CAG-LSL-MCS-IRES-GFP This paper N/A

pPB-CAG-LSL-tdTomato This paper N/A

pPB-CAG-LSL-BRPF1 TR-IRES-GFP This paper N/A

SmoM2 (W535L)-pcw107-V5 Martz et al., 2014 RRID:Addgene_64628

pPB-CAG-LSL-MCS-IRES-Venus This paper N/A

pPB-LSL-SmoM2-IRES-Venus This paper N/A

pR275 lenti-NeuroD1prom-CreERT2-WPRE Dr. Franck Polleux

(Columbia University)

N/A

pPB-hSynI-MCS-IRES-Venus This paper N/A

pPB-hSynI-creER-IRES-Venus This paper N/A

pCMVHahyPBase Wellcome Sanger Institute,

Cambridge UK

N/A

pCAG-GLI1 Tiberi et al., 2014 N/A

pSilencer2.1-CAG-Venus (pSCV2) Dr. Franck Polleux

(Columbia University)

N/A

pSCV2-sh1Gli1 This paper N/A

pSCV2-sh1Gli2 This paper N/A

pPB-CAG-Venus This paper N/A

pPB-CAG-MCS-IRES-GFP This paper N/A

Software and Algorithms

ImageJ NIH https://imagej.nih.gov/ij/

Prism 6 GraphPad Software https://www.graphpad.com/

Adobe Illustrator Adobe https://www.adobe.com/it/products/

illustrator.html

Adobe Photoshop Adobe https://www.adobe.com/it/products/

photoshop.html

FastQC Brabaham Bioinformatics https://www.bioinformatics.babraham.

ac.uk/projects/fastqc/

Trimmomatic Bolger et al., 2014 N/A

Bowtie2 Langmead and Salzberg, 2012 N/A

SAMtools Li et al., 2009 N/A

BEDtools version 2.24.0 Quinlan and Hall, 2010 https://bedtools.readthedocs.io/en/latest/

bedGraphToBigWig program ENCODE https://www.encodeproject.org/software/

bedgraphtobigwig/

UCSC Genome Browser N/A http://genome.ucsc.edu/

HOMER software Heinz et al., 2010 N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

TM4 MeV v4.9 software MeV http://mev.tm4.org/

BoxPlotR N/A http://shiny.chemgrid.org/boxplotr/

ngsplot 2.47 Shen et al., 2014 N/A

Enrichr Chen et al., 2013; Kuleshov

et al., 2016

N/A

GREAT McLean et al., 2010 N/A

Gene set enrichment analysis (GSEA) Subramanian et al., 2005 N/A

Rank Ordering Of Super-Enhancers (ROSE) tool Whyte et al., 2013; Lovén

et al., 2013

N/A

AffyQC module tool Eijssen et al., 2013 N/A

affy package Gautier et al., 2004 N/A

BrainArray custom CDF (mouse4302mmengcdf

version 22)

Dai et al., 2005 N/A

rma normalization method Irizarry et al., 2003 N/A

org.Mm.eg.db Bioconductor https://bioconductor.org/packages/release/

data/annotation/html/org.Mm.eg.db.html

limma package Ritchie et al., 2015 N/A

Database for Annotation, Visualization and Integrated

Discovery (DAVID) Bioinformatics Resources v6.8

Huang et al., 2009 N/A

fgsea package (GSEA) Subramanian et al., 2005;

Sergushichev, 2016

N/A

KEGG Pathways dataset (mouse profile, accessed in

January 2018)

N/A https://www.genome.jp/kegg/

Gene Set Knowledgebase (GSKB) Bioconductor http://ge-lab.org/gskb

COMBAT normalization (inSilicoMerging package) COMBAT N/A

Gene Expression Omnibus (GEO) NCBI https://www.ncbi.nlm.nih.gov/geo/

Custom CDF (HuGene11stv1_Hs_ENTREZID, ver 22) BrainArray http://brainarray.mbni.med.umich.edu/

Brainarray/Database/CustomCDF/

CDF_download.asp

org.Hs.eg.db Bioconductor N/A

Ensembl database (accessed in January 2018) N/A http://www.ensembl.org//useast.ensembl.

org/index.html?redirectsrc=//www.ensembl.

org%2Findex.html

mouse4302.db Bioconductor N/A

hugene11sttranscriptcluster.db Bioconductor N/A

HOM_MouseHumanSequence.rpt N/A http://www.informatics.jax.org/

library(oligo) Bioconductor N/A

library(pd.mouse430.2) Bioconductor N/A

library(mouse4302.db) Bioconductor N/A

library(genefilter) Bioconductor N/A

library(pd.hugene.1.1.st.v1) Bioconductor N/A

library(hugene11sttranscriptcluster.db) Bioconductor N/A

library(sva) Bioconductor N/A

library(data.table) CRAN N/A

library(factoextra) CRAN N/A

library(pheatmap) CRAN N/A
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Luca

Tiberi (luca.tiberi@unitn.it). Plasmids generated in this study are available upon request with Material Transfer Agreements
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Rosa26-LSL-SmoM2 (#005130), Rosa26-LSL-tdTomato (#007908), Ptch1flox/flox (#012457), Math1-creER (#007684), Sox9flox/flox

(#013106),Math1-GFP (#013593), Etv1-creER (#013048), nudemice (#002019) were purchased from The Jackson Laboratory. Males

and females Gabra6-cre;LSL-SmoM2 mice were analyzed at E16.5, P7, P14, P21, P28, 3 months, > 5 months. Males and females

Gabra6-cre;LSL-tdTomato mice were analyzed at P0, P4, P7, P10, P14, P21. Males and females Gabra6-cre;Ptch1flox/+ mice

were analyzed at 3months and> 5monthswhereasmales and femalesGabra6-cre;Ptch1flox/floxmicewere analyzed at P14, 3months

and > 5 months. Males and females Gabra6-cre;LSL-SmoM2;Sox9flox/flox mice were analyzed at 4 weeks and 3 months. Males and

females Gabra6-cre;LSL-tdTomato;Math1-GFP mice were analyzed at P0 and P7. Males and females Math1creER;LSL-SmoM2

mice were injected with tamoxifen at P5 or P21 and then analyzed at 1 months, 3 months and > 5months. Males and femalesMath1-

creER;Ptch1flox/+ mice were injected with tamoxifen at P5 and analyzed at 4 months. Males and females Etv1-creER;LSL-SmoM2

mice were transfected with pPB-BRPF1 TR at P90 and then injected with tamoxifen. Those mice where analyzed at 138 days

post injection. Males and females LSL-SmoM2 mice were analyzed at P14, P28, 3 months and > 5 months. Males and females

LSL-SmoM2 mice were transfected with pNeuroD1-cre, pNeuroD1-cre + BRPF1 TR or pNeuroD1-cre + BRPF1 WT, phSynI-cre

or phSynI-cre + BRPF1 TR and analyzed at 40, 60 and 100 days post injection. We did not detect any sex dependet differences

in all mice analyzed. We thank Prof. William Wisden for providing us with Gabra6-cre mice. Mice were housed in a certified Animal

Facility in accordance with European Guidelines. Mice were monitored daily for neurological symptoms of brain tumors: weight loss,

hydrocephalus, kyphosis, altered gait, lethargy; and euthanized immediately when recommended by veterinary and biological ser-

vices staff members. The experiments were approved by the Italian Ministry of Health as conforming to the relevant regulatory

standards.

Human Adult SHH Medulloblastoma Samples
Human adult medulloblastoma brain sections from a 44-year-old female patient and a 40-year-old male patient have been provided

by prof. Giangaspero from Department of Radiologic, Oncologic and Anatomo Pathological Sciences, University Sapienza of Rome,

Rome, Italy and IRCCS Neuromed, Pozzilli, Isernia, Italy.

Cell Lines and Primary Cell Cultures
Primary Ex Vivo Cerebellar Cell Cultures

Cerebella were dissected from P7 LSL-SmoM2 mice (males and females) and cells were dissociated by pipetting in dissociation

medium (81,8 mM Na2SO4, 30 mM K2SO4, 5,8 mM MgCl2, 0,25 mM CaCl2, 1 mM HEPES pH 7,4, 20 mM Glucose, 0,2 mM

NaOH). Cells were nucleofected with 10 mg of total DNA in 100 ml of nucleofection buffer (5mM KCl, 15mMMgCl2, 10 mM Glucose,

120 mM K2HPO4/KH2PO4, pH7.2), using the A-033 program and a Nucleofector 2b Device (Amaxa). For the nucleofection ten

different combinations of plasmids were used.

Combination 1: pPB CAG-IRES-GFP, pPB CAG-Venus, pPBase;

Combination 2: pPB CAG-BRPF1 WT-IRES-GFP, pPB CAG-Venus, pPBase;

Combination 3: pPB CAG-BRPF1 TR-IRES-GFP, pPB CAG-Venus, pPBase;

Combination 4: phSynI-cre, pPB CAG-IRES-GFP, pPB CAG-Venus, pPBase;

Combination 5: phSynI-cre, pPB CAG-BRPF1 WT-IRES-GFP, pPB CAG-Venus, pPBase;

Combination 6: phSynI-cre, pPB CAG-BRPF1 TR-IRES-GFP, pPB CAG-Venus, pPBase;

Combination 7: phSynI-cre, pCAG-GLI1, pPB CAG-IRES-GFP, pPB CAG-Venus, pPBase;

Combination 8: phSynI-cre, pPB CAG-BRPF1 WT-IRES-GFP, pPB CAG-Venus, pCAG-GLI1, pPBase;

Combination 9: phSynI-cre, pPB CAG-IRES-GFP, pPB CAG-Venus, psh1-Gli1, psh1-Gli2, pPBase;

Combination 10: phSynI-cre, pPB CAG-BRPF1 TR-IRES-GFP, pPB CAG-Venus, psh1-Gli1, psh1-Gli2, pPBase.

Nucleofected cells were plated in poly-D-lysine coated 24-well plates (each cerebellum was used to fill 4 wells) and grown in Neu-

robasal medium supplemented with: 20% FBS, 3 mM KCl, 2,1 mg/ml glucose, penicillin/streptomycin and 2mM L-glutamine. Me-

dium was partially changed every 3 days. Cells were fixed after 7 days of growth using PFA 4%.

AF22 Cell Cultures

Human iPSC-derived neuroepithelial-like stem cells AF22 at passage 30, were cultured in a 1:1 ratio mixture of Neurobasal and

DMEM/F12 media supplemented with N2 (1:100), B27 (1 ml/ml), 10 ng/ml EGF and 10 ng/ml FGF2. 2x10̂ 6 AF22 cells were nucleo-

fected with 20 mg plasmid DNA in 200 ml nucleofection buffer using the T-020 program and a Nucleofector 2b device (Amaxa). AF22

cells were differentiated into neurons as previously described (Falk et al., 2012). Briefly, neurons were induced culturing the cells for

three weeks in a 1:1 ratio mixture of Neurobasal and DMEM/F12 media supplemented with N2 (1:100), B27 (1:50) and 300 ng/ml

cAMP. After 19 days of differentiation, 500 ng/ml 4-Hydroxytamoxifen was added to the differentiationmedia. Two days later neurons

were collected for downstream analyses. Four nucleofection plasmid combination were tested.
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Combination 1: pPB-hSynI-creER, pPB-CAG-LSL-tdTomato, pPBase;

Combination 2: pPB-hSynI-creER, pPB-CAG-LSL-tdTomato, pPB-LSL-SmoM2, pPBase;

Combination 3: pPB-hSynI-creER, pPB-CAG-LSL-tdTomato, pPB-LSL-BRPF1 TR, pPBase;

Combination 4: pPB-hSynI-creER, pPB-CAG-LSL-tdTomato, pPB-LSL-SmoM2, pPB-LSL-BRPF1 TR, pPBase.

METHOD DETAILS

Plasmids
The coding sequence of Cre recombinase was cloned into pNeuroD1-IRES-GFP creating pNeuroD1-cre-IRES-GFP. pNeuroD1-

IRES-GFP is a gift from Franck Polleux (Guerrier et al., 2009) (Addgene plasmid # 61403). The coding sequence of cre recombinase

was cloned into pAAV-hsyn-flex-dsRed-shvgat (Yu et al., 2015) (Addgene#67845), forming pAAV-hSynI-cre (phSynI-cre). The coding

sequence of human BRPF1 was amplified by PCR from a plasmid of Dr. Jacques Côté (Laval University Cancer Research Center,

Canada) and cloned into pPB CAG rtTA-IN (Takashima et al., 2014) (Addgene #60612), forming pPB-CAG-3xFlag-BRPF1-IRES-

GFP (pPB-BRPF1 WT). Truncated human BRPF1 was amplified by PCR from WT 3xFlag-BRPF1 (1-574aa) and cloned into pPB-

CAG rtTA-IN (Takashima et al., 2014) (Addgene #60612) forming pPB-CAG-3xFlag-BRPF1-TR-IRES-GFP (pPB-BRPF1 TR). The

coding sequence of tdTomato was amplified by PCR from pDZ264 (Larson et al., 2011) (Addgene#35193) and cloned into pPB-

CAG-LSL-MCS-IRES-GFP, forming pPB-CAG-LSL-tdTomato. Truncated human BRPF1 was amplified by PCR from pPB-CAG-

3xFlag-Brpf1-TR-IRES-GFP and cloned into pPB-CAG-LSL-MCS-IRES-GFP, forming pPB-CAG-LSL-BRPF1 TR-IRES-GFP (pPB-

LSL-BRPF1 TR). The coding sequence of human SmoM2 was amplified by PCR from SmoM2 (W535L)-pcw107-V5 (Martz et al.,

2014) (Addgene#64628) and cloned into pPB-CAG-LSL-MCS-IRES-Venus, forming pPB-LSL-SmoM2-IRES-Venus (pPB-LSL-

SmoM2). The coding sequence of creERT2 was cloned from pR275 lenti-NeuroD1prom-CreERT2-WPRE (gift from Franck Polleux)

and cloned into pPB-hSynI-MCS-IRES-Venus, forming pPB-hSynI-creER-IRES-Venus (pPB-hSynI-creER). The plasmid encoding

a hyperactive form of the piggyBac transposase, pCMVHahyPBase (PBase) was provided from the Wellcome Sanger Institute,

Cambridge UK. The plasmid encoding the overexpression of GLI1 transcription factor (pCAG-GLI1) was provided by Tiberi et al.

(2014). Double-stranded oligonucleotides coding for mouse Gli1 shRNA (target sequence, 50- TCGGAGTTCAGTCAAATTA �30) (Ti-
beri et al., 2014), mouse Gli2 shRNA (target sequence, 50- AATGATGCCAACCAGAACAAG �30) (Tiberi et al., 2014) were cloned

downstream of the U6 promoter into the pSilencer2.1-CAG-Venus (pSCV2) (gift from Franck Polleux) according to the pSilencer in-

structions from Ambion, forming pSCV2-sh1Gli1 and pSCV2-sh1Gli2. Venus was amplified from pSCV2, to generate pPB-CAG-

Venus plasmid (pPB-Venus). The backbone pPB-CAG-MCS-IRES-GFP (pPB-GFP) was used as readout of nucleofection efficiency

in ex vivo cerebellar assay. All plasmid used for in vivo transfection, ex vivo nucleofection and AF22 cell culture; pNeuroD1-cre-IRES-

GFP (pNeuroD1-cre), pAAV-hSynI-cre (phSynI-cre), pPB-CAG-3xFlag-Brpf1-IRES-GFP (pPB-BRPF1WT), pPB-CAG-3xFlag-Brpf1-

TR-IRES-GFP (pPB-BRPF1 TR), pPB-CAG-LSL-BRPF1-TR-IRES-GFP (pPB-LSL-BRPF1 TR), pPB-LSL-SmoM2-IRES-Venus (pPB-

LSL-SmoM2), pPB-hSynI-creER-IRES-Venus (pPB-hSynI-creER), pPB-CAG-LSL-tdTomato, pPB-CAG-IRES-GFP (pPB-GFP),

pPB-CAG-Venus (pPB-Venus), pCAG-GLI1, pSCV2-sh1Gli1 (psh1-Gli1), pSCV2-sh1GLI2 (psh2-Gli2), pCMV-HahyPBase (PBase)

are purified using the NucleoBond� Xtra Midi kits (Macherey-Nagel).

In Vivo Transfection of Granule Neurons
A mix of plasmid DNA (0,5 mg/ml) and in vivo-jetPEI transfection reagent (Polyplus-transfection) was prepared according to the man-

ufacturer’s instructions. pPBase and piggyBac donor plasmids were mixed at a 1:4 ratio. P21-24 and 2, 3-month-old LSL-SmoM2

mice (males and females) were anaesthetised with 2% isoflurane and medially injected at �1.6 mm rostral to lambda, 0 mmmidline,

and 1 mm ventral to the skull surface, with 10 mL of DNA transfection reagent mix using a Syringe with a 30-gauge needle.

Transplantation of Tumor Cells in Nude Mice
Tumor of 4-month-old Gabra6-cre;LSL-SmoM2 mouse was single cell dissociated in trypsin and resuspended in Neurobasal me-

dium at a concentration of 3,2x10̂ 4 cells/ml. For transplantation, 4-month- old nude mice (males and females) were anaesthetised

with 2% isoflurane and medially injected at �1.6 mm rostral to lambda, 0 mm midline, and 1 mm ventral to the skull surface, with

10 mL of freshly isolated tumor cells using a 26 s-gauge Hamilton syringe. The cells were injected slowly, and the incision was sutured

with one or two drops of medical glue. Animals were monitored for 50 days post-transplantation; brains were fixed by perfusion with

4% paraformaldehyde and then appropriate cryoprotected in 30% sucrose (wt/vol, Merck).

Histopathological Evaluation
ThreeGabra6-cre;LSL-SmoM2 tumors were diagnosed by neuropathologists Francesca Gianno and Felice Giangaspero. In addition

to standard hematoxylin and eosin staining, immunostaining was done on formalin-fixed paraffin-embedded tumors after dewaxing

and rehydrating slides. Antigen retrieval was performed by incubating slices in citrate based pH 6.0 epitope retrieval solution. Primary

antibodies were incubated overnight at 4�C and secondary antibodies for 1 hour at room temperature in Antibody solution. ABC so-

lution was used 2 hours at room temperature (Vectastain Elite ABC Kit Standard PK-6100). The sections were incubated with the
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substrate at room temperature until suitable staining was observed (DAB Peroxidase Substrate Kit, SK-4100). Nuclei were counter-

stained with Hematoxylin (Abcam, ab220365).

Immunofluorescence
E16.5, P0, P4, P7, P10, P14, P21, P28, 3, 4, 7-month-old mice (males and females) were perfused with 4% paraformaldehyde and

then brains were cryoprotected in 30%sucrose (wt/vol, Merck). Immunofluorescence stainings were performed on slides, 20/30-mm-

thick cryosections. Blocking and Antibody solutions consisted of PBS supplemented with 3% goat serum, 0.3% Triton X-100

(Sigma). Primary antibodies were incubated overnight at 4�C and secondary for 1 h at 15–25�C. Nuclei were stained with bisbenzi-

mide (Hoechst#33258, Sigma). Sections and coverslips were mounted with Permanent Mounting Medium (PMT030).

EdU Staining
P19 Gabra6-cre;LSL-SmoM2 and Gabra6-cre;LSL-tdTomato mice (males and females) were i.p. injected with 50 mg/kg EdU and

sacrificed at P21. EdU staining was conducted on brain slices, using Click-iT EdU imaging kit (Invitrogen, Carlsbad, CA), according

to the manufacturer’s protocol. This protocol was adapted for histological staining of brain tissue as follows. Slides containing

mounted frozen brain sections were fixed with 4% paraformaldehyde in phosphate buffer saline (PBS) for 15 min. Fixation step is

required to maintain previous staining since EdU labeling has to be performed later. Slides were washed with 3% bovine serum al-

bumin (BSA) in PBS and then permeabilized with 0.5% Triton X-100 in PBS for 20min. The sections were again washed with 3%BSA

in PBS and then incubated with a Click-iT reaction cocktail containing PBS 1X, 4 mM CuSO4, Alexa Fluor� 488 Azide, and reaction

buffer additive for 30 min, while protected from light. The sections were washed once more with 3% BSA in PBS and the incubated

with Hoechst (#33258) for DNA staining.

Imaging
Imageswere acquiredwith a Zeiss Axio ImagerM2 (AxiocamMRc, AxiocamMRm), and Zeiss AxioObserver Z1 equippedwith Colibri

1, ApoTome 1 and Cell Observer modules. Confocal imaging was performed with either Leica TCS Sp5 or NIKON Eclipse TI2 Spin-

ning Disk confocal Imager optical. Images were processed using ImageJ software. Figures were prepared using Adobe Photoshop

(Adobe).

Cell Quantification
For quantification of Sox9/Sox2/PCNA positive cells in 4-week-oldGabra6-cre;LSL-SmoM2mice, we used at least three sections of

each brain (three brains for each marker), quantified cells: 101 Sox9+/Hoechst+ cells within 2700 Hoechst positive cells, 119 Sox2+/

Hoechst+ cells within 2700 Hoechst positive cells, 2672 PCNA+/Hoechst+ cells within 2700 Hoechst positive cells. For quantification

of Edu and NeuN double positive cells, we used at least three sections in three different brains, quantified cells: 79 Edu+/NeuN+ cells

within 900 Edu positive cells in Gabra6-cre;LSL-SmoM2mice, 0 Edu+/NeuN+ cells within 477 Edu positive cells in Gabra6-cre;LSL-

tdTomato mice. For quantification of Edu and tdTomato double positive cells, we used at least three sections in three different

brains of Gabra6-cre;LSL-tdTomato, quantified cells: 0 Edu+/tdTomato+ cells within 368 Edu positive cells. For quantification of

tdTomato and PCNA double positive cells we have used at least six sections of each brain (three brains for each time point), we quan-

tified: P4 = 927 tomato positive cells, P7 = 9145 tomato positive cells, P10 = 42940 tomato positive cells, P14 = 106090 tomato pos-

itive cells. For quantification of tdTomato and pH3 double positive cells we have used at least six sections of each brain (three brains

for each time point), we quantified: P4 = 4786 ph3 positive cells, P7 = 842 ph3 positive cells, P10 = 1676 ph3 positive cells, P14 = 350

ph3 positive cells. For quantification of tdTomato and Sox2 double positive cells we have used at least six sections of each brain

(three brains for each time point), we quantified: P10 = 8905 sox2 positive cells, P14 = 8422 sox2 positive cells. For quantification

of tdTomato and Sox9 double positive cells we have used at least six sections of each brain (three brains for each time point), we

quantified: P10 = 7953 sox9 positive cells, P14 = 8061 sox9 positive cells. To identify the tomato positive cells Rosa26-CAG-LSL-

tdTomato mice without cre have been used to detect background levels. For quantification of tdTomato and GFP double positive

cells in Gabra6-cre;Math1-GFP;LSL-tdTomato mice, we used at least three sections of each brain (three brains for each time point),

quantified cells: P0 = 0 GFP+/tdTomato+ cells within 41 tdTomato positive cells, P7 = 0 GFP+/tdTomato+ cells within 1805 tdTomato

positive cells. For quantification of Sox9/Sox2/PCNA and GFP double positive cells in P21 Rosa26-CAG-LSL-SmoM2 mice trans-

fected with pNeuroD1-cre-IRES-GFP at least three sections of each brain have been used (three brains for each marker), quantified

cells: GFP+/Sox9+ = 0 cells, GFP+/Sox9- = 1105 cells, GFP+/Sox2+ = 0 cells, GFP+/Sox2- = 978 cells, GFP+/PCNA+ = 0 cells, GFP+/

PCNA- = 1182 cells. For quantification of Sox9/Sox2/PCNA/pH3 and tdTomato double positive cells in 2-month-old Rosa26-CAG-

LSL-SmoM2 mice transfected with phSynI-cre and pPB-CAG-LSL-tdTomato at least three sections of each brain have been used

(three brains for eachmarker), quantified cells: tdTomato+/Sox9+ = 0 cells, tdTomato+/Sox9- = 2361 cells, tdTomato+/Sox2+ = 0 cells,

tdTomato+/Sox2- = 819 cells, tdTomato+/PCNA+ = 0 cells, tdTomato+/PCNA- = 1139 cells, tdTomato+/pH3+ = 0 cells, tdTomato+/

pH3- = 2005 cells. For quantification of Sox9/Sox2/PCNA/pH3 and tdTomato double positive cells in 3-month-old Etv1cre-

ER;LSL-SmoM2 mice transfected with pPB-CAG-LSL-tdTomato at least three sections of each brain have been used

(three brains for each marker), quantified cells: tdTomato+/Sox9+ = 0 cells, tdTomato+/Sox9- = 390 cells, tdTomato+/Sox2+ = 0 cells,
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tdTomato+/Sox2- = 532 cells, tdTomato+/PCNA+ = 0 cells, tdTomato+/PCNA- = 410 cells, tdTomato+/pH3+ = 0 cells, tdTomato+/

pH3- = 570 cells. For the quantification of the nucleofected ex vivo cerebellar cells, we quantified at least 300 cells GFP+NeuN+

cells for each condition from three biological repeats. The background levels of GFP/YFP have been detected in cerebellar cells

nucleofected without plasmids.

RNA Isolation and Real-Time PCR Analysis
Total RNA from samples were isolated with TRIzol Reagent (Invitrogen) and reverse transcribed using iScript cDNA synthesis kit (Bio-

rad) according to the manufacturer’s instructions. Quantitative PCR was performed using Power SYBR Green PCR Master Mix

(Applied Biosystems).

Survival Analysis
Survival analysis was performed calculating the lifespan in days of every Rosa26-LSL-SmoM2, Gabra6-cre; Rosa26-LSL-SmoM2

and Rosa26-LSL-SmoM2 mouse transfected with each specific combination of plasmids. Kaplan-Meier survival curves (Figures

4D and 5F) do not take in consideration LSL-SmoM2 mice transfected with pNeuroD1-cre+BRPF1-TR (Figure 4C) and phSynI-

cre+BRPF1-TR which were sacrificed at a fixed experimental endpoint. Mice died due to undetermined causes during the study

were censored in the analysis.

ATAC-Seq
ATAC-Seq Samples Preparation

We performed ATAC-seq on frozen cerebella from P14 Gabra6-cre;LSL-SmoM2 and control Gabra6-cre mice and on hSynI-

creER+LSL-tdTomato, hSynI-creER+LSL-BRPF1 TR, hSynI-creER+LSL-SmoM2 and hSynI-creER+LSL-SmoM2+LSL-BRPF1 TR

nucleofected AF22 neuroephitilial-like stem cells, as previously described (Corces et al., 2017). Briefly, we first dounced frozen cere-

bella in 2 mL cold homogenization buffer (0.017 mM PMSF, 0.17 mM b-mercaptoethanol, 320 mM sucrose, 0.1 mM EDTA, 0.1%

NP40, 5 mM CaCl2, 3 mM Mg(Ac)2, 10 mM Tris pH 7.8) and pelleted at 100 RCF for 1 min. We next isolated nuclei by transferring

400 ul of supernatant in a plastic tube and sequentially added 400 ul of 50% Iodixanol solution (homogenization buffer and 50% Io-

dixanol solution), 600 ul of 29% Iodixanol (homogenization buffer, 160 mM and 29% Iodixanol solution) and 600 ul of 35% Iodixanol

solution (homogenization buffer, 160 mM and 35% Iodixanol solution) to the bottom of the tube, avoiding mixture of layers. At this

point cell lines were also processed in order to isolate their nuclei. We centrifuged for 20 min at 3,000 RCF and we discarded upper

layers of the gradient in order to collect 200 ul from the nuclei band.We counted nuclei and transferred 50.000 into a tube with 1mL of

ATAC-Resuspension Buffer (RSB) + 0.1% Tween-20 (10 mM Tris-HCl pH 7.4, 10 mM NaCl, 3 mMMgCl2, 0.1% Tween-20). We pel-

leted nuclei by centrifuging for 10 minutes at 500 RCF and resuspended in 50 ul cold ATAC-RSB containing 0.1% NP40, 0.1%

Tween-20, and 0.01% Digitonin,. We lysed for 3 minutes on ice and washed with 1 mL of cold ATAC-RSB + 0.1% Tween-20. We

then transposed the samples by resuspending in 50 ul of transposition mix (25 ul 2x TD buffer, 100nM transposase, 16.5 ul PBS,

0.5 ul 1% digitonin, 0.5 ul 10% Tween-20, 5 ul H2O) and incubated at 37�C for 30 minutes. We purified the transposed DNA using

the QIAGEN MinElute PCR Purification Kit (cat. # 28004) and eluted in 10 mL elution buffer. Next we amplified the transposed DNA

fragments in the PCRmix (10 mL transposed DNA, 10 mL nuclease-free H2O, 2.5 mL 25 mMPCRPrimer 1, 2.5 mL 25 mMBarcoded PCR

Primer 2 and 25 mL NEB Next High-Fidelity 23 PCRMaster Mix cat. # M0541L). The final ATAC-seq libraries were purified using the

QIAGEN MinElute PCR Purification Kit, quantified at the Qubit Fluorometer (Invitrogen, cat. #Q33226) and quality controlled with the

High Sensitivity DNA Assay at the 2100 Bioanalyzer (Agilent, cat. # G2939BA). Four and three independent biological replicates,

sequenced as independent libraries, were performed for Gabra6-cre;LSL-SmoM2 and control Gabra6-cre, respectively. Two inde-

pendent biological replicates, sequenced as independent libraries, were performed for hSynI-creER+LSL-tdTomato, hSynI-

creER+LSL-BRPF1 TR, hSynI-creER+LSL-SmoM2 and hSynI-creER+LSL-SmoM2+LSL-BRPF1 TR cell lines. All libraries were

sequenced as single reads of 50 bp with the Illumina HiSeq2500.

ATAC-Seq Data Processing

Sequenced reads from all independent sequenced libraries were quality assessed by using fastQC (https://www.bioinformatics.

babraham.ac.uk/projects/fastqc/) and trimmedwith Trimmomatic (Bolger et al., 2014). Reads frombiological replicates weremerged

for all analysis, unless differentially stated in figure legends. Total readswere aligned to either themouse genomeNCBI37/mm9 or the

human genome GRCh37/hg19 using Bowtie2 (Langmead and Salzberg, 2012), using the parameters ‘–very-sensitive -k 1’, thus dis-

carding ambiguous reads mapping at multiple sites. Duplicated reads and reads mapping on mitochondrial DNA were discarded for

further analysis with SAMtools (Li et al., 2009). Normalized BigWig tracks of ATAC-seq signals were generated with BEDtools 2.24.0

(https://bedtools.readthedocs.io/en/latest/) (Quinlan and Hall, 2010) and the bedGraphToBigWig program (https://www.

encodeproject.org/software/bedgraphtobigwig/) and visualized on the UCSC Genome Browser (http://genome.ucsc.edu/). The

HOMER software (Heinz et al., 2010) was further used to analyze ATAC-seq data. The command ‘findPeaks’ was used for peak call-

ing with these parameters ‘-size 150 -minDist 1000’; the command ‘get-DifferentialPeaks’ was used to find peaks with differential

ATAC-seq signals between two conditions (‘-F 2 -P 0.001’); the command ‘findMotifsGenome.pl’ was used for motifs enrichment

analysis; the command ‘annotatePeaks.pl’ was used to annotate peaks to related genes and genomic regions and to count the
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number of normalized reads on specific regions. Tag counts were then used to produce heatmaps with TM4 MeV v4.9 software

(http://mev.tm4.org/) and boxplots with with BoxPlotR (http://shiny.chemgrid.org/boxplotr/). Average tag density plot of the normal-

ized (RPM) ATAC-seq signals were generated with the ngsplot 2.47 (Shen et al., 2014) command ngs.plot.r and plotted with Graph-

Pad Prism (GraphPad Software, San Diego, California, USA, https://www.graphpad.com). Annotated genes were checked for bio-

logical processes and pathways enrichment using both Enrichr (Chen et al., 2013; Kuleshov et al., 2016) and GREAT(McLean et al.,

2010). Gene set enrichment analysis was performed with GSEA (Subramanian et al., 2005) on publicly available gene sets. Super-

enhancers were called with the Rank Ordering Of Super-Enhancers (ROSE) tool (Lovén et al., 2013; Whyte et al., 2013), using the

ATAC-seq signal and with default parameters.

Microarray Analysis
Differential Gene Expression Analysis

As a first step, we checked the quality of the raw data file (CEL file) using the AffyQC module tool (Eijssen et al., 2013) observing that

the quality indicator values were within the recommended thresholds. Then we follow the quantification procedures using a standard

workflow: raw data files were processed with affy package (Gautier et al., 2004) using BrainArray custom CDF( Dai et al., 2005)

(mouse4302mmengcdf version 22) and normalized/summarized using rma method(Irizarry et al., 2003). The additional gene annota-

tion was retrieved using org.Mm.eg.db package (https://bioconductor.org/packages/release/data/annotation/html/org.Mm.eg.db.

html.). To obtain the differential gene list, we used the principles of linear models and empirical bayes methods as implemented in

the limma package (Ritchie et al., 2015). In this way we obtained a list of 1183 differential expressed genes (absolute log fold change

greater than 1.5 and multiple-testing adjusted p values < 0.05 (Benjamini and Hochberg, 1995). The functional annotation was per-

formed using two approaches: a) the upregulated genes or downregulated genes (Huang et al., 2009) were analyzed separately

through the Database for Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resources v6.8 using the strin-

gent parameter set equal to ‘‘high’’ and the background parameter set to match the actual microarray platform. b) Gene set enrich-

ment analysis was performed using the version implemented in fgsea package (Sergushichev, 2016; Subramanian et al., 2005) per-

forming 10000 permutations and using as database the combination of the KEGG Pathways dataset (mouse profile, accessed in

January 2018) and the Gene Set Knowledgebase (GSKB), a comprehensive knowledgebase for pathway analysis in mouse (for detail

see http://ge-lab.org/gskb).

Gene Expression Comparison

Mouse comparison. We download from Gene Expression Omnibus the raw data from different datasets (GEO: GSE11859,

GSE24628, GSE33199) comprehending several types of Medulloblastoma mouse models as well normal cerebellum tissues. The

low level analysis was performed as described above. To remove the possible batch bias and compare these samples to our

data, we performed COMBAT normalization as implemented in inSilicoMerging package (Johnson et al., 2007). Then we performed

Classical Multidimensional Scaling of all merged datasets, plotting the results of the two principal coordinates.

Human comparison. We download from Gene Expression Omnibus the raw data of the GEO: GSE85217 dataset. The low level

analysis was performed as described above with the differences of the used custom CDF (HuGene11stv1_Hs_ENTREZID, ver 22)

and the annotation package (org.Hs.eg.db). Then we used the human-mouse orthologsmapping information from the Ensembl data-

base (accessed in January 2018) to re-annotate the mouse dataset into human identifiers. Also in this case, we used the COMBAT

normalization method to reduce the differences between platforms and organisms. Then we calculated the median values of the

Sonic Hedgehog Pathway genes using the human gene list from KEGG database.

Similarity of Mouse and Human Adult SHH MB

Our pNeuroD1-cre+BRPF1 TR, phSynI-cre+BRPF1 TR and Gabra6-cre;LSL-SmoM2 mice data and Math1-cre;LSL-SmoM2 mice

data (GEO: GSE11859) were combined with human adult and infant SHH MB data (GEO: GSE85217). As previously described,

data was normalized using rma method and COMBAT was used to remove potential batch bias. Annotation for mouse data was ob-

tained using mouse4302.db package while annotation for human data was obtained using hugene11sttranscriptcluster.db package.

Human-mouse orthologs mapping was performed using HOM_MouseHumanSequence.rpt table available from www.informatics.

jax.org. Hierarchical clustering using differential expressed genes from Al-Halabi et al. (2011), with observed absolute log2 fold

change greater than 2 was performed using Pearson’s correlation coefficient as distance measure. Clustering analysis was per-

formed on samples.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis
Quantitative Real-Time-PCR Analysis

Data are presented as mean + s.e.m. of three biologically independent P14 cerebella (Figure S3A) or differentiated AF22 cells (Fig-

ure S6H). Two-tailed Student’s t test was used for calculating significance values.

Ex Vivo Cerebellar Cell Cultures

Data are presented as mean + s.e.m. of three biologically independent ex vivo experiments. Two-tailed Student’s t test was used for

calculating significance values. PiggyBac n = 1733 cells, BRPF1 WT n = 1841 cells, BRPF1 TR n = 1637 cells, hSynI-cre n = 1185
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cells, hSynI-cre+BRPF1 WT = 1321 cells, hSynI-cre+BRPF1 TR = 837 cells, hSynI-cre+BRPF1 WT+GLI1 n = 4238 cells, hSynI-

cre+GLI1 n = 2156 cells, hSynI-cre+shGli1+shGli2 n = 3796, hSynI-cre+BRPF1 TR+shGli1+shGLi2 n = 3505 (Figure S5J).

Survival Statistical Analysis

Data were displayed using the Kaplan-Meier format and statistical significance of the results was tested using the Log-rank (Mantel-

Cox) test. Gabra6-cre;LSL-SmoM2 n = 23 mice, LSL-SmoM2 n = 11 mice (Figure 1C); pNeuroD1-cre + BRPF1 TR n = 17 mice,

pNeuroD1-cre + BRPF1 WT n = 19 mice (Figure 4D); phSynI-cre + BRPF1 TR n = 12 mice, phSynI-cre n = 22 mice (Figure 5F).

DATA AND CODE AVAILABILITY

The data discussed in this publication have been deposited in NCBI’s Gene Expression Omnibus (GEO). The accession number for

the ATAC-seq data reported in this paper is GEO: GSE127733.
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