Convergence of BMI1 and CHD7 on ERK signalling in medulloblastoma.
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Summary
We describe a novel molecular convergence between BMI1 and CHD7 in the initiation of
medulloblastoma. Identified in a functional genomic screen in mouse models, a
BMI1High;CHD7Low expression signature within medulloblastoma characterises patients with a
poor overall survival. We show that BMI1‐mediated repression of the ERK1/2 pathway leads
to increased proliferation and tumour burden in primary human MB cells and in a xenograft
model, respectively. We provide evidence that DUSP4 repression is dependent on a more
accessible chromatin configuration in G4 MB cells with low CHD7 expression. These finding
extend the current knowledge of the role of BMI1 and CHD7 in medulloblastoma
pathogenesis and raise the possibility that pharmacological targeting of BMI1 or ERK may be
particularly indicated in a subgroup of MB with low expression level of CHD7.
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Introduction
Medulloblastomas (MB) are the most common malignant brain tumours of childhood.
Current standard of care consists of multimodal therapy (surgery with radio‐ and/or
chemotherapy) that does not take into account the specific molecular mechanisms driving
tumour growth. Despite a good overall survival rate, long term survivors face very significant
treatment‐related morbidity and reduced quality of life. Risk stratification of patients based
on molecular subtyping and targeted therapies are essential to reduce secondary disabilities
and improve overall prognosis.
Gene expression profiling of large cohorts of MB has dissected this historically
monomorphous tumour entity into four distinct molecular subgroups (WNT, SHH, Group 3,
Group 4) with divergent prognoses and responses to therapy (Taylor et al., 2012). Recently,
the heterogeneity within these subgroups has been reduced by two independent studies
which have defined additional subtypes (Cavalli et al., 2017; Schwalbe et al., 2017). Whilst
WNT, SHH and Group (G)3 MB are well characterised molecularly and have been shown to
arise from topographically distinct neural progenitor cells (reviewed in (Leto et al., 2015)),
little is known about the molecular and cellular mechanisms underpinning the formation of
G4 MB although it is the most frequent (Ramaswamy et al., 2016).
Oncogenic events affecting chromatin‐modifying genes have been described across the
subgroups (Dubuc et al., 2013), although different modifications are found in the specific
subgroups and their frequency varies (Jones et al., 2013). Inactivating mutations in the
histone demethylase KDM6A and loss‐of‐function mutations in the Trithorax gene MLL3
(Northcott et al., 2012) as well as elevated expression of the Polycomb proteins EZH2
(Robinson et al., 2012) and BMI1 (Behesti et al., 2013) were identified particularly in G4 MB,
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raising the possibility that increased Polycomb repression is an important step in the
pathogenesis of MB and in particular of G4 tumours.
The Polycomb group protein BMI1 is a potent inducer of neural stem cell self‐renewal and
neural progenitor cell proliferation during development and in adult tissue homeostasis
(Leung et al., 2004). Numerous studies demonstrated that BMI1, which is upregulated in a
variety of cancers, has a positive correlation with clinical grade/stage and poor prognosis
(Glinsky et al., 2005). BMI1 is overexpressed across all MB subgroups with the highest levels
of expression detected in G4 tumours, followed by G3, SHH and WNT (Behesti et al., 2013).
The growth of G4 MB is dependent on BMI1 expression, as BMI1 knockdown results in
reduced tumour growth and invasion in a xenograft model (Merve et al., 2014). Also SHH MB
growth is dependent on BMI1 expression, as demonstrated by experimental genetic
approaches where crossing of a mouse model of SHH MB onto a Bmi1‐/‐ background
neutralized tumour formation (Michael et al., 2008). Intriguingly, we recently found that over‐
expression of Bmi1 alone in the cerebellar granule cell progenitors (GCPs), a cell of origin of
MB, is not sufficient to induce MB formation (Behesti et al., 2013). As overexpression of Bmi1
driven by the pan‐neural Cre line, Nestin‐Cre, did not yield MB formation (Yadirgi et al., 2011),
it is conceivable that additional oncogenic events are required to collaborate with BMI1 to
induce MB formation.
Here we used a Sleeping Beauty forward genetic approach in the mouse to identify oncogenic
events collaborating with Bmi1 over‐expression to induce MB formation. We identify a novel
molecular convergence between Bmi1 and Chd7, an ATP‐dependent chromatin remodeler
that fine‐tunes developmental gene expression through modulating chromatin structure
(reviewed in (Basson and van Ravenswaaij‐Arts, 2015)). Importantly, somatic mutations in
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CHD7 have been described in G4 MB (Robinson et al., 2012) although their tumourigenicity in
vivo has not been proven. Here we show that CHD7 controls proliferation of G4 MB cells and
its silencing renders them susceptible to Bmi1‐mediated ERK1/2‐induced proliferation
control, raising the possibility that BMI1 and/or ERK may be promising druggable targets in
this MB subgroup.
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Results
A forward genetic screen identifies Chd7 as a frequent insertion site in MB arising in mice
overexpressing Bmi1 in cerebellar progenitors.
The Sleeping Beauty (SB) transposon‐based mutagenesis system, which uses a transposase
and mutagenic transposon alleles to target mutagenesis to somatic cells of a given tissue in
mice was used to identify random mutations capable of driving tumour development. Mice
overexpressing Bmi1 in glutamatergic progenitors (Math1‐Bmi1 transgenic line, Fig.S1A,B)
were crossed to SB11; T2Onc2 (Copeland and Jenkins, 2010). Triple mutant mice as well as
double mutant controls were generated and kept on tumour watch for 12 months. 10 out of
53 Math1Bmi1; SB11; T2Onc2 mice developed MB (18.9% incidence) while only 3 MB were
detected in 47 SB11; T2Onc2 mice (6.4% incidence), in keeping with an increased
tumourigenicity in the triple mutant mice of 12.5 percentage points (Fig.1A). All tumours had
morphological and immunohistochemical characteristics of MB as assessed by Haematoxylin
and Eosin (H&E) stain and synaptophysin immunostaining (Fig.1B) and histological features
were similar irrespective of their genotype. Next, the tumours were analysed for transposon
common insertion sites in genes (gCIS) to identify candidates that could cooperate with Bmi1
in MB development (Supplementary Data S1). A total of 41 recurrent clonal insertions were
identified in MB originating in Math1Bmi1;SB11;T2Onc2, of which 7 were shared with a
published dataset of SB‐induced insertion sites in MB occurring in Ptch1+/‐ mice (Morrissy et
al.,

2016;

Wu

et

al.,

2012)

(Fig.1C).

Among

the

41

gCISes

identified

in

Math1Bmi1;SB11;T2Onc2, 27 were found to be significantly (p<0.05) enriched following Bmi1
overexpression and 3 of these were shared between the two SB‐induced MB models (Fig.1D).
SB‐insertions in Chd7 (Chromodomain helicase DNA binding factor 7) were inactivating
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insertions and so were the majority of insertions in Ptprd while the majority of insertions in
Zcchc7 were activating (Fig.1E). Chd7 is an ATP dependent chromatin remodelling factor
(Bajpai et al., 2010), Ptprd is a member of the protein tyrosine phosphatase (PTP) family
(Pulido et al., 1995) and Zcchc7 is a component of a nucleolar TRAMP‐like complex, an ATP‐
dependent exosome regulatory complex (Lubas et al., 2011). Notably inactivating insertions
in Chd7 were significantly enriched in the Math1Bmi1;SB11;T2Onc2 MB model (3/6) as
compared to the Ptch1+/‐;SB11;T2Onc2 MB model (1/36) (p<0.023) (Fig.1F). Immunostaining
for Bmi1 and Chd7 in the SB‐induced MB with Chd7 insertions as compared to those without
revealed similar and reduced expression respectively (Fig.S1C,D)
Taken together, our data suggests that Bmi1 and Chd7 cooperate to induce MB in a mouse
model.

A BMI1High;CHD7Low molecular signature identifies a subgroup of G4 MB with reduced
overall survival.
Next, we screened primary human medulloblastoma samples for CHD7 mutations. A
collection of 830 primary human MB profiled on Affymetrix SNP6.0 copy number arrays and
subgrouped using Nanostring technology (Northcott et al., 2012) and 281 primary MB
subgrouped using Next‐Generation Sequencing (NGS) across three independent cohorts
(Jones et al., 2012; Pugh et al., 2012; Robinson et al., 2012) were interrogated. Intriguingly,
this analysis identified a molecular convergence on single copy loss of CHD7 via hemizygous
deletion (Fig.2A) or hemizygous mutations (Fig.2B) in G4 MB, while no significant
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enrichment for CHD7 mutations was found in the SHH and WNT subgroups. A graphical
representation of the mutational inactivating events that affect CHD7 is shown in Fig.2C.
Next, we examined the subgroup‐specific expression levels of BMI1 and CHD7 in a large
transcriptomic dataset from primary human MB (n=187, run on Affymetrix HT‐HG‐U133A
arrays) (Cho et al., 2011). While CHD7 is most highly expressed in SHH MBs with relatively
reduced expression in G3 and G4 MBs, the opposite patterns are observed for BMI1
(Fig.S2A,B). A Kaplan‐Meier survival analysis demonstrates that tumours with BMI1High
CHD7Low expression profile have a significantly reduced overall survival as compared to MBs
lacking this profile (Fig.2D, p=0.03028). When we examined this relationship in a molecular
subgroup‐specific manner, a reduced overall survival was observed particularly in G4 MBs
with this signature (Fig.2E, p=0.00154). No significant contribution to patients’ survival was
observed when the relative contribution of BMI1High or CHD7Low was considered (Fig. S2C).
These data support the notion that the BMI1/CHD7 molecular convergence identified in
mouse models reflects a potentially pathogenically relevant mechanism underpinning a
subgroup of G4 MB.

CHD7 controls proliferation of G4 MB cells in vitro in a BMI1‐dependent fashion.
Patient‐derived MB lines, some of which have been maintained as orthotopic xenografts
(Zhao et al., 2012), were chosen to further dissect this novel molecular signature. Firstly, we
confirmed the subgroup affiliation by analysing their gene espression against a classifier
(Robinson et al., 2012). Principal Component Analysis (PCA) of data obtained from RNAseq
analysis confirmed that ICb1299, a line we have recently shown to be dependent on BMI1
for growth and intraparenchymal invasion in a xenograft model (Merve et al., 2014), and
9
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CHLA‐01‐Med belong to G4 with a significant overlap with G3, whilst ICb1595 belongs to G3
(Fig.3A). These lines were chosen for further analysis and they were expanded and shortly
maintained in vitro to perform functional studies. Hierarchical clustering of RNA sequencing
datasets of the cultured cells and the original datasets obtained from patient’s tumour
(Zhao et al., 2012) confirmed that although some shift in gene expression did occur after in
vitro culturing, they remained reasonably similar to the cells isolated from the xenografts
and retained their subgroup affiliation (Fig.S3A). Validation on independent cultures
confirmed very high expression of Otx2, a transcription factor overexpressed in the majority
of G4 MB (Bunt et al., 2010) in all three lines with concomitant high expression levels of the
G3/G4 markers (Lin et al., 2016). LMX1A and LHX2 in CHLA‐01‐Med and EOMEOS and LHX2
in ICb1595 (Fig.3B). The expression of Math1, Gli1 and GAB1, markers of granule cell
progenitors and SHH MB (Ayrault et al., 2010) was negligible in these lines compared to two
patient‐derived SHH MB lines, ICb984 and ICb1338 (Fig.3B).
Next, we compared the expression of BMI1 and CHD7 in these lines with human cerebellum
and found similar expression levels for both genes in all MB lines and human cerebellum of
early postnatal timepoints (newborn and two months of age). In contrast, the expression of
BMI1 was higher in all lines compared to adult cerebellum whilst it was similar for CHD7
(Fig.3C). These findings verified that ICb1299 and CHLA‐01‐Med are suitable models to test
the contribution of CHD7 to G4 MB pathogenesis in the context of BMI1 overexpression.
Line ICb1595 was also analysed further to dissect the specificity of the BMI1/CHD7
molecular convergence to G4 MB.
Lentivirus‐mediated CHD7 knockdown (Fig.S3B) resulted in increased proliferation of all
lines (Fig.3D), an effect that was BMI1‐dependent as it was neutralised by concomitant
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BMI1 knockdown (Fig.S3B and Fig.3D). Importantly, reconstitution of CHD7 expression in
ICb1299 after silencing (Fig. S3D) brought proliferation back to basal level (Fig.S3E,F).
Together, these data indicate that CHD7 represses proliferation in G4 and G3 MB cells that
overexpress BMI1.

Genome wide expression analysis identifies CHD7 and BMI1 as key regulators of neuronal
differentiation and proliferation of G4 MB primary cells.
To clarify the molecular mechanism mediating the synergistic effect between CHD7 and
BMI1 in MB differentiation and proliferation, we carried out a genome‐wide analysis of gene
expression in the ICb1299 MB line. In particular, we set out to assess the impact of silencing
CHD7 in a BMI1 overexpressing G4 MB primary cell line (shCHD7) compared with the same
primary cell line treated with scrambled shRNA as control (Ctr vs shCHD7). The impact of
silencing BMI1 in shCHD7 cultures compared to silencing only CHD7 was also assessed
(shCHD7 vs shCHD7;shBMI1), in addition to an evaluation of the impact of silencing BMI1 in
the context of CHD7 expression (Ctr vs shBMI1). 360 genes were differentially expressed in
Ctr vs shCHD7 (277 upregulated and 83 downregulated), 1175 in shCHD7 vs shCHD7;shBMI1
(406 upregulated and 769 downregulated) and 584 in Ctr vs shBMI1 (224 upregulated and
360 downregulated) when a threshold of 0.05 for statistical significance and 0.6 for absolute
log2 expression change was applied. Firstly, we confirmed that no changes in the subgroup‐
defining marker expression were noted upon silencing CHD7 or BMI1 or both (Fig.S3C).
Pathway analysis carried out on the MetaCore platform highlighted different functions and
pathways for these three comparisons. Interestingly, different terms and pathways were
impacted in the different conditions tested. In the Ctr vs shCHD7 comparison, Nervous
11
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System Development, Synaptic transmission (GO process), Neuron part and Neuron
Projection (GO location) and Synaptic contact, Transmission of nerve impulse, Neurogenesis
and Chromatin condensation in prometaphase (process networks) were significantly
enriched. Regulation of G1‐S transition, Regulation of angiogenesis (process networks),
Oxidative phosphorylation and Oxidative stress (Pathway Maps) were highlighted for the
comparison shCHD7 vs shCHD7;shBMI1 and cell adhesion (Pathways Maps) and cell cycle S
phase and M phase as well as DNA damage were impacted in the Ctr vs shBMI1 comparison
(Fig.3E).
Assessment of enrichment for PcG targets among the differentially expressed (DE) genes in
CHD7‐depleted cells (using the statistical significant cut‐off of p<0.01) revealed that 15 of
the 68 DE genes were previously reported to possess H3K27me3 on their promoters in
mouse neural progenitor cells (Mohn et al., 2008), representing a 2.62‐fold enrichment (p =
0.0035), (Fig.3F). An enrichment of 2.25‐fold (p = 0.012) and 4.8‐fold (p‐value < 1e‐04) was
found when the data were compared with the proportion of PcG target genes in human
fibroblasts (Bracken et al., 2006) and in a MB dataset (Hovestadt et al., 2014) respectively
(Fig. 3F). These results support the notion that CHD7 functionally relates to the Polycomb
complex in MB.
Taken together, these data suggest that the differentiation potential of MB G4 is controlled
by CHD7 via direct or indirect interplays with gene repressed by the Polycomb complex in
neural progenitors.

Comparative analysis with G4 MB datasets reveals activation of ERK pathway upon CHD7
silencing via BMI1‐mediated repression of DUSP4.
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To identify the genes mediating the pro‐proliferative effect of CHD7 silencing in a BMI1
overexpressing context and to ensure we were focusing on those relevant for MB patients, a
comparative analysis with the expression data of the G4 MB subgroup of patients with a
BMI1High;CHD7Low signature (Fig.2E) was carried out. Five genes that were upregulated upon
BMI1 knockdown in the shCHD7 cell model were also expressed at lower level in the
BMI1High;CHD7Low patient group compared to the remaining patients, while 15 genes were
downregulated in the shCHD7;shBMI1 cell model and expressed at higher levels in the
BMI1High;CHD7Low patient group (Fig.4A and Fig.S4A). Pathway analysis carried out on the
MetaCore platform for all 20 genes indicated ERK signal transduction as the most significant
pathway affected (Fig.S4B). A literature review identified DUSP4, HIF‐1 and COL8A2 as
being linked to ERK signalling and analysis of a published dataset of ChIPSeq data for Bmi1 in
neural stem cells and glioblastoma cells identified DUSP4 as a direct Bmi1 target gene
(Gargiulo et al., 2013). Moreover, several members of the DUSP gene family were
upregulated in an RNASeq dataset comparing neural stem cells lacking Bmi1 versus control
in the mouse (Gargiulo et al., 2013). Upregulation of DUSP4 was confirmed in both G4 MB
lines upon silencing of BMI1 (Fig.4B) and lower expression level of DUSP4 was confirmed in
the G4 MB subgroup with a BMI1High;CHD7Low signature (Fig.4C). Interestingly, no
upregulation of DUSP4 expression was noted in the G3 MB line upon CHD7 silencing
(Fig.S4C). Next, we assessed chromatin accessibility in the vicinity of the DUSP4 TSS using
the Assay for Transposase‐Accessible Chromatin (ATAC) method (Buenrostro et al., 2013).
Silencing of CHD7 increased DNA accessibility around the DUSP4 TSS and the DUSP4
promoter (Fig.4D,E), a configuration that was lost upon concomitant silencing of BMI1
(Fig.4E).
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Western blot analysis for pERK1/2 and ERK1/2 demonstrated pathway activation in
conditions where BMI1 is expressed and in a more pronounced fashion when CHD7 is
silenced (Fig.5A,B), in keeping with DUSP4 gene repression by BMI1. Indeed, knockdown of
BMI1 significantly reduced ERK1/2 pathway activation in G4 MB lines (Fig.5A,B) as predicted,
and in line with the upregulation of DUSP4 observed in the genome‐wide comparative
expression analysis. Importantly, no overactivity of ERK signalling was found in the G3 MB
line (Fig.S5A), in keeping with no evidence of DUSP4 upregulation (Fig.S4C). These data
suggest a model where CHD7 silencing increases chromatin accessibility at the DUSP4 locus
to facilitate BMI1‐mediated repression and consequent ERK pathway activation in G4 MB.
In conditions where both BMI1 and CHD7 are silenced ERK pathway activation is down to
baseline levels, a finding which is unlikely to be mediated by DUSP4 as BMI1/CHD7 are
silenced and the chromatin configuration at the locus is closed (Fig.4E).
To determine whether this BMI1‐CHD7 connection also applied to freshly isolated cells and
not a feature of cells maintained through several in vitro passages, we obtained neural
progenitor cells (NPC) from human fetal brains. These cells expressed high levels of BMI1 as
compared to adult cerebellum, albeit not as high as G4 MB cells (Fig.5C and Fig. S5C). We
found that the ERK1/2 pathway activity was increased (Fig.5D,E) upon CHD7 silencing
(Fig.S5D), which led to increased proliferation in a BMI1‐dependent fashion also in these
cells (Fig. 5F).
Next, we assessed whether activation of ERK signalling was an essential mediator of the pro‐
proliferative phenotype observed upon silencing of CHD7 in G4 MB cells.
Treatment of ICb1299 cells with an ERK inhibitor effectively inhibited the pathway (Fig. S5E)
and lead to neutralisation of the increased proliferation observed upon silencing of CHD7,
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an effect that was also observed in control cells (Fig.5G and H). Re‐expression of CHD7 in
ICb1299 rescued the pro‐proliferative phenotype induced by CHD7 knockdown (Fig.S3D,E,F)
and neutralised the ERK pathway overactivity in these cells (Fig.S5B).
Finally lentiviral‐mediated overespression of mCherry‐DUSP4 (Fig. S5F) in ICb1299 abolished
the ERK overactivation mediated by CHD7 silencing (Fig. 5 I,L and M).
In conclusion, these data highlight a novel mechanism mediating BMI1/CHD7 pro‐
proliferative role in MB G4, which impacts on ERK and is regulated by DUSP4.

CHD7 controls tumour volume in a BMI1/pERK‐dependent fashion in xenograft models.
To evaluate the in vivo relevance of these findings, we injected shCHD7 ICb1299 cells, as
well as shCHD7;shBMI1 and shBMI1 cells into the cerebellum of newborn mice. Xenografted
mice were kept on tumour watch until symptoms of increased intracranial pressure
developed, when they were culled. Histological analysis of the tumours did not reveal
morphological differences between MB originating from the different conditions, including
the expression of markers such as Synaptophysin (Fig.6A), OTX2 (Fig.S6A) and the lack of
expression of GAB1 (Fig.S6B) and GLI1 (Fig.S6C). Stereological assessment of tumour volume
revealed larger MBs in mice engrafted with shCHD7 cells, an effect which was lost upon
concomitant silencing of BMI1 in the engrafted cells (Fig.6B). Increased proliferation in
shCHD7‐tumours was confirmed with immunohistochemical detection of Ki67 (Fig.6C,D).
Silencing of CHD7 did not affect intraparenchymal invasion, while silencing of BMI1 alone
significantly hampered tumour cell invasion (Fig.S6D), in keeping with previous reports
(Merve et al., 2014). Overactivity of the ERK pathway was confirmed in the shCHD7
xenografts (Fig.6E).
15

Badodi et al. Page16

Together, these data support the conclusion that CHD7 depletion enhances proliferation of
G4 MB cells via a BMI1/pERK mechanism.

Discussion
The PcG gene BMI1 is upregulated in a variety of cancers, where it correlates with
clinical grade/stage and a poor prognosis. Importantly it is a highly druggable molecule, hence
understanding its mechanism of action in tumourigenesis will be essential to guide the further
development and clinical testing of BMI1 pharmacological inhibitors.
Here we show that genome wide in vivo insertional mutagenesis (T2Onc2) driven by
the Sleeping Beauty (SB11) transposase in glutamatergic progenitor cells engineered to over‐
express Bmi1 results in MB formation. On the Bmi1 over‐expressing background, we observe
frequent T2Onc2 inactivating insertions in the chromatin remodelling factor Chd7 (Bajpai et
al., 2010; Whittaker et al., 2017), suggesting that Bmi1 overexpression and Chd7 loss of
function cooperate to induce MB. Importantly we show the relevance of this novel molecular
convergence for human MB. In fact, high expression of BMI1 in combination with low
expression of CHD7 was found to be associated with a poor prognosis in human MB,
particularly those of the G4 subgroup and loss of function mutations of CHD7 are significantly
enriched for in this subgroup.
The SB transposon mutagenesis is a powerful in vivo screening tool for cancer gene
discovery. In the context of MB, this tool has been successfully used to identify novel
candidates genes, particularly in the context of SHH MB as expected when using Math1‐
drivers; however many of the candidate genes identified with this tool are known to be over‐
expressed or silenced in non‐SHH models of the human disease (Dey et al., 2013; Genovesi et
16
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al., 2013; Mumert et al., 2012; Wu et al., 2012). We have studied the BMI1/CHD7 molecular
convergence in G4 MB because of the results of the mutation analysis in human tumours
indicating that genetic lesions leading to reduced CHD7 expression are found almost
exclusively in G4 MB ‐and never in SHH MB‐ and because of the negative prognostic
correlation of the BMI1High;CHD7Low signature found exclusively in G4 MB. Thus, while we
initially sought to model the effects and consequences of BMI1‐overexpression in a SHH‐
model of MB, this forward genetic screen uncovered a novel, previously uncharacterized,
molecular axis whose signalling modulates the pathogenesis of a proportion of human G4 MB
instead. Interestingly, there is mounting evidence of a glutamatergic cell of origin for at least
a proportion of G4 MB, as recently suggested by a computational reconstruction of core
regulatory circuitry which identified subgroup specific transcription factors (Lin et al., 2016),
hence highlighting a potential ontogeny link between the discovery tool we used and the
molecular signature we have identified. Further studies in genetically engineered mouse
models will be confirm or dispute this hypothesis.
We have used primary G4 MB cells to dissect the contribution of CHD7 to
tumourigenesis, both in vitro and in vivo in a xenograft model. We show deregulated
expression of neural differentiation markers upon silencing of CHD7, an effect which is in
keeping with a pro‐neurogenic role of CHD7 as previously described (Feng et al., 2013; Jones
et al., 2015). Genome‐wide analysis of gene expression upon CHD7 silencing reveals many
more upregulated genes as compared to downregulated genes, in keeping with CHD7
functioning as a repressor in our experimental setting. This is in agreement with a reported
role of CHD7 as a repressive modulator of ES‐cell specific gene expression via targeting
enhancer regions (Schnetz et al., 2010). In keeping with CHD7 functioning as a repressor in
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our experimental setup, no synergism between CHD7 and Sox2 was observed, an interaction
known to lead to gene activation (Engelen et al., 2011). Sox4 and 11 are also unlikely to
mediate CHD7 function in our setting because CHD7 promotes an open chromatin
configuration at their promoters (Feng et al., 2013).
We show increased proliferation of G4 MB cells upon CHD7 silencing in vitro as well
as increased tumour volume upon orthotopic xenografting of these cells into NOD/SCID mice,
an effect that is dependent on BMI1 expression. Bioinformatics analysis of the deregulated
genes identified in a comparative gene expression analysis with human MB datasets revealed
a BMI1‐dependent convergence on modulation of ERK signalling via repression of DUSP4 in
CHD7 depleted cells. Meta‐analysis of publicly available ChIPSeq and RNASeq datasets
(Gargiulo et al., 2013) confirmed that DUSP family members are direct target genes of Bmi1.
We provide evidence of an altered chromatin accessibility at the promoter of DUSP4 upon
CHD7 silencing. This is in keeping with the recently reported ability of CHD7 to alter chromatin
accessibility in primary cerebellar granule neuron progenitors (Feng et al., 2017; Whittaker et
al., 2017) and it provides support to the notion that PcG‐mediated gene repression is
counteracted by a compacted chromatin configuration induced by CHD7 in G4 MB cells. Our
findings are in good agreement with a previously reported role of DUSP4 in promoting
neuronal differentiation and repressing proliferation via repression of the ERK pathway (Kim
et al., 2015). Furthermore, activation of ERK signalling has been shown to control a proneural
genetic program during cortical development and to activate an Ascl1‐controlled neuronal
differentiation program (Li et al., 2014). Overactivity of the pathway was found to exert a pro‐
proliferative role in SHH MB (Brechbiel et al., 2014; Sengupta et al., 2012) and in other brain
tumours, pilocytic astrocytomas and glioneuronal tumours (Li et al., 2014). It has never been

18

Badodi et al. Page19

reported in G4 MB and importantly a biomarker signature potentially predicting a response
to ERK inhibitors has never been described. We show that activation of ERK signalling via
repression of DUSP4 by BMI1 is not found in a G3 MB line, lending additional support to the
conclusion that this molecular convergence is functionally relevant only in a subset of G4 MB.
Pharmacological inhibition of ERK signalling confirmed the functional relevance of this novel
regulatory loop in the G4 MB lines analysed. Finally, silencing CHD7 in human neural
progenitor cells expressing high levels of BMI1, induced overactivation of the ERK pathway
and increased proliferation of these cells in vitro. These data raise the possibility that a
BMI1High;CHD7Low signature are oncogenic in human progenitor cells; genetically engineered
models recapitulating this signature in a spatio‐temporally controlled fashion will be essential
to test this hypothesis.
The reversible nature of epigenetic modifications makes them attractive therapeutic
targets and pharmacological agents which can potentially reverse altered chromatin states
are currently being trialled. Our findings extend the current knowledge of the role of two
essential chromatin modifiers, BMI1 and CHD7, in MB pathogenesis and raise the possibility
that pharmacological targeting of BMI1 may be particularly indicated in a subgroup of MB
with low expression level of CHD7. Alternatively, the use of ERK inhibitors could also be
further explored for MB treatment and we provide here essential preclinical evidence that
BMI1 and CHD7 could be useful biomarkers to define the patient subgroup that could benefit
from this approach.

Experimental procedures
Detailed methods are available in the Supplemental Information.
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SB mutagenesis
Male and female Math1‐Bmi1, Math1‐Bmi1;SB11;T2Onc2 or T2Onc2 mice (12 to 20 weeks
of age; at the time they developed signs of MB) were used. We did not perform a formal
sample size estimate for the study but based our experimental plan on our previous
experience with Sleeping Beauty mutagenesis screening. When mice showed clinical signs of
increased intracranial pressure they were culled, the brains were removed and either fixed
in formalin for histological assessment or used for genomic DNA extraction. All the
procedures involving animals have been approved by the institutional Animal Care
Committee, in no case tumour‐bearing animals were allowed to reach a tumour burden
compromising normal behaviour, food and water intake or exceeding the approved volume
of 1,700 mm3.
Culture conditions for patient‐derived MB lines
Patient‐derived MB lines were obtained from Dr Xiao‐Nan Li, Baylor College of Medicine,
Texas Children Cancer Centre, USA (Shu et al., 2008; Zhao et al., 2012). ICb1299 were
cultured in DMEM (high glucose, GlutaMAX™, ThermoFisher) supplemented with 10% foetal
bovine serum and 1% Penicillin‐Streptomycin. ICb1595, ICb984 and ICb1338 were cultured
in NeuroCult NS‐A Basal Medium (Human) (STEMCELL) supplemented with NeuroCult
Proliferation Supplement (Human) (STEMCELL), 1% Penicillin‐Streptomycin, 2g/ml Heparin
(STEMCELL), 20ng/mL EGF (recombinant mouse, Peprotech) and 10ng/mL bFGF (human
recombinant, Peprotech). ICb1595, ICb984 and ICb1338 were cultured on plates coated with
Poly‐L‐ornithine and Laminin (Sigma). CHLA‐01‐Med were purchased from ATCC (CRL3021)
and grown in DMEM‐F12 (Gibco) supplemented with B27 (Gibco), 20ng/mL EGF and
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10ng/mL bFGF. Cells were maintained at 37ºC and were sub‐cultured every 3 days once they
reached confluence.
Proliferation assay
Patient‐derived cells infected with lentiviral constructs coding for shBMI1 and/or shCHD7
were analysed with cell growth curve and EdU staining to assess their proliferation potential
compared to scramble control.
In vivo orthotopic xenografts
All procedures had Home Office approval (Animals Scientific Procedures Act 1986, PPL
70/7275) and were carried out as previously reported (Merve et al., 2014). Mice were killed
when developing neurological signs and brains were removed and placed in 10% formalin for
24 h and then transferred to PBS.
Inhibition of MEK/ERK activity
Patient‐derived cells were treated with the MEK inhibitors, PD98059 (Cell Signaling) or
U0126 (Cell Guidance Systems) at different concentrations. After 1 hour of treatment, cells
were harvested and lysed for protein analysis. Alternatively, to assess proliferation
potential, cells were treated twice with U0126 50 M before pulsing with EdU or collect
them for Western blot analysis.
Western blot analysis
Total protein extracts were prepared with RIPA buffer supplemented with protease
inhibitors. Nuclear protein extracts were obtained as previously described (Badodi et al,
2015). Equal amounts of protein extracts were separated by SDS‐PAGE and analysed by
Western blot.
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Statistical Analysis
Differences between groups were determined by one‐way ANOVA, followed by Dunnett’s
post hoc test (ATAC experiments) or Tukey’s multiple comparison test (all other
experiments) to determine which groups differ significantly from control. Any p‐values <
0.05 were considered significant. *p˂0.05; **p˂0.01; ***p˂0.001; ****p˂0.0001.
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Figure Legends
Figure 1 Identification of oncogenic events cooperating with Bmi1 to promote MB
development using the Sleeping Beauty (SB) Transposon System.
A: Kaplan‐Meier survival analysis and summary of animal models used to assess the
contributions of Bmi1 to MB development. The addition of Bmi1 overexpression to SB11;
T2Onc2 led to increased MB formation. B: Histology shows morphological (H&E) and
immunohistochemical (Synaptophysin) features of MB in Math1‐Bmi1; SB11; T2Onc2 C:
Comparison of recurrent SB‐insertions identified in Math1‐Bmi1; SB11; T2Onc2 with those
identified in Ptch1+/‐ ; SB11; T2Onc2 mice (Morrissy et al., 2016), highlighted CHD7 as a
recurrent clonal insertion. D: Bar graph representation of recurrent SB‐insertions in Math1‐
Bmi1; SB11; T2Onc2 versus Ptch+/‐; SB11; T2Onc2 mice highlighting events significantly
(p<0.05) enriched following Bmi1 overexpression. E: SB‐insertion maps for candidate genes
identified in Math1‐Bmi1; SB11; T2Onc2 mice including: Zcchc7 (activating and inactivating
insertions), Chd7 (inactivating insertions) and Ptprd (inactivating and activating insertions). F:
The statistically significant enrichment of Chd7 insertions identified in Math1‐Bmi1; SB11;
T2Onc2 MB model versus the Ptch1+/‐ ; SB11; T2Onc2 MB model. Scale bar is 2mm in B left
and 125 m B centre and right. See also Figure S1.
Figure 2 A BMI1High;CHD7Low signature in MB with poor prognosis.
A: Graphical representation of the percentage of MB with CHD7 single copy loss across
subgroups with enrichment in G4. B: CHD7 mutational analysis across molecular subgroups.
C: Graphical representation of the mutational inactivating events that affect CHD7 D‐E:
Kaplan‐Meier survival analysis demonstrates that tumours with a BMI1High;CHD7Low signature
have a significantly (p=0.03028) reduced overall survival (D). When we examine this
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relationship in a subgroup‐specific manner, the same trend (p=0.00154) holds true for G4 MB
(E). See also Figure S2.
Figure 3 Increased proliferation upon CHD7 silencing is BMI1‐dependent in non‐WNT, non‐
SHH MB patient‐derived cell models.
A: Scatterplots of the first 3 principal components of the Robinson dataset (Robinson et al.,
2012). Points are shaded based on their subgroup. Ellipses represent the 99% confidence
intervals of each subgroup, computed using the covariance matrix of each subset. RNAseq
data of G4 (ICb1299 and CHLA‐01‐Med) and G3 primary MB cells were subjected to the
same PCA transformation and are shown in cyan, magenta and black respectively. B: Heat
map representation of relative expression of selected MB markers in patient‐derived cells
(ICb1299 and CHLA‐01‐Med: G4; ICb1595: G3; ICb1338 and ICb984: SHH). OTX2, EOMEOS,
LMX1A and LHX2 are mainly expressed by G4 and G3 cells while GAB1, GLI1 and MATH1 are
specifically expressed by SHH cells. C: Expression of BMI1 and CHD7 in ICb1299, CHLA‐01‐
Med and ICb1595 patient‐derived MB lines, is comparable to their expression in the early
postnatal cerebellum (BMI1) and adult cerebellum (CHD7). D: Increased proliferation upon
CHD7 silencing is BMI1‐dependent (n=3). E: Pathway analysis reveals different processes
and pathways affected by silencing CHD7 and BMI1 individually or concomitantly. F: Venn
diagram analysis representing the fold enrichment of PcG target genes in the cohort of
genes deregulated in CHD7‐depleted cells, as compared to the expected values in murine
NPC (neural progenitor cells) (Mohn et al., 2008), in human fibroblasts (Bracken et al., 2006)
and in human MB (Hovestadt et al., 2014) as previously reported. Data are represented as
mean ± SEM. See also Figure S3.
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Figure 4 Molecular convergence on activation of ERK signalling pathway upon CHD7
silencing is mediated by repression of DUSP4 by BMI1.
A: Comparative analysis with human MB datasets identified conserved DE genes in G4 MB
cells upon BMI1 knockdown in a CHD7 silenced context and in G4 MB with a
BMIHigh;CHD7Low signature. Venn diagram representing the analysis. B: Western Blot analysis
(top) and quantification (bottom) show CHD7‐dependency of BMI1‐mediated repression of
DUSP4 in G4 MB cells. Histograms show mean ± SEM (n = 3).
C: Box plot showing lower expression of DUSP4 in BMI1High;CHD7Low G4 MB. D: Assessment
of DNA accessibility in the vicinity of the DUSP4 TSS by Assay for Transposase‐Accessible
Chromatin (ATAC). Schematic representation of the promoter region of DUSP4 with primer
locations. E: Increased accessibility in CHD7‐silenced cells is lost upon concomitant silencing
of BMI1. Data are represented as mean ± SEM. See also Figure S5.
Figure 5 The pro‐proliferative state of the G4 MB cells upon silencing of CHD7 is mediated
by ERK1/2.
A: Overactivity of the ERK1/2 signalling pathway in ICb1299 CHD7‐silenced cells is
neutralised by concomitant BMI1 silencing. B: Similar effects are seen in CHLA‐01‐Med. C:
BMI1 expression in G4 MB cells and in NSC197 is higher than adult cerebellum as shown by
Western Blot analysis. D‐E: Silencing of CHD7 in NPC cells leads to ERK1/2 pathway
overactivation as shown by Western blot analysis and quantification (n = 2). F: Increased
proliferation is seen upon CHD7 silencing in NSC, a finding that is neutralised by incubation
with a BMI1 inhibitor G: Increased proliferation as assessed by EdU pulse/chase is
dependent on ERK1/2 overactivity, as demonstrated by its reduction upon pharmacological
inhibition of ERK in ICb1299. H: Quantification of the findings. I‐L: Overespresion of
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exogenous mCherry‐DUSP4 abolishes ERK signalling overactivation mediated by CHD7
silencing. Western blot analysis (H) of ICb1299 transduced with empty LeGO control or
LeGO‐mCherry‐DUSP4 and quantification (I). Data are represented as mean ± SEM (n=3). M:
Immunofluorescence of ICb1299 transduced as described in H. Green arrows indicates CHD7
silenced cells with ERK overactivation, while red arrow indicates a cell overexpressing
DUSP4 and devoid of ERK phosphorylation. Scale bar is 25m. See also Figure S6.
Figure 6 Increased tumour volume in CHD7‐silenced xenografts of G4 MB is BMI1‐
dependent.
A: Orthotopic xenografts of G4 MB cells silenced for CHD7 or CHD7;BMI1 or BMI1 show
similar morphology and they express Synaptophysin. B: Increased tumour volume upon
injection of shCHD7 G4 MB cells, which is neutralised by concomitant silencing of BMI1. C
Increased proliferation, as assessed by Ki67 staining, in shCHD7 xenografts is shown
together with its BMI1‐dependency. D: Quantification of the findings. E: Overactivation of
the ERK pathway is seen in shCHD7 xenografts. Scale bar is 2mm in A and 125 m in C and E.
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Supplementary Figure Legends
Figure S1: A: Construct of genomic sequence used to generate Bmi1
transgenic/overexpressing animal model under the MATH1‐promoter/enhancer. B: Anti‐HA
western blot validating the overexpression of Bmi1 in transgenic (TG) lines as compared to
wild‐type (WT) littermates. C: Expression of Bmi1 in SB MB. D: Low expression of Chd7 in SB
MB with inactivating insertion in the Chd7 locus. Scale bar is 125 m.

Figure S2: A‐B: Box plot representation of BMI1 expression across a cohort of 198 primary
MB profiled on Affymetrix 1.1ST gene arrays. BMI1 was significantly overexpressed in G4
MBs versus other molecular subgroups. Conversely, CHD7 was significantly downregulated
in G4 versus other molecular subgroups. C: Kaplan Meier survival analysis of patients with
the BMIHigh;CHD7Low signature relative to BMIHigh only and CHD7Low only. Across the full
cohort, the BMIHigh;CHD7Low signature is associated with significantly poorer outlook
compared to the single phenotypes. Dividing the cohort into subgroups demonstrates that
this finding is consistently reproduced only in G4.

Figure S3 A: Heatmap showing relative gene expression for 100 medulloblastoma signature
genes (Lin et al., 2016) for the Robinson cohort (light grey), tumour and early passage
xenograft culture data from Zhao et al. (black; tumour samples have names beginning Pt)
and the current study (dark grey). The dashed line indicates that 5 clusters are detected. The
Robinson data are clustered into the expected subgroups with three errors. ICb1595 cluster
with other G3 samples. ICb1299 and CHLA‐01‐Med cluster separately but closer to G3 and
G4 than WNT and SHH. B: Expression levels of BMI1 and CHD7 upon silencing of BMI1 or

CHD7 or both (n = 3, ± SEM). C: Log2 gene expression levels for 50 signature genes
commonly associated with G3 and G4 medulloblastoma in the single, double and control
knockdown conditions of line ICb1299 (in duplicate), relative to healthy cerebellum tissue.
The ICb1299 samples show a consistent profile across all conditions. D: Reconstitution of
CHD7 expression is shown by qRT‐PCR in ICb1299 G4 MB where CHD7 had been previously
silenced. E: Increased proliferation as assessed by EdU pulse/chase upon CHD7 silencing is
rescued upon reconstitution of CHD7 expression in ICb1299. F: Quantification of the
findings. Scale bar is 50 m.

Figure S4: A: Summary table of DE genes in G4 MB cells upon BMI1 knockdown in a CHD7
silenced context and in G4 MB with a BMIHigh;CHD7Low signature. B: Metacore analysis of the
20 DE genes shows an impact on ERK signalling. C: Western blot and quantification of DUSP4
expression show that BMI1 doesn’t regulate DUSP4 in G3 MB cells (n = 3, ± SEM).

Figure S5: A: No overactiviation upon CHD7 silencing in G3 MB cells. (n=2, ± SEM). B:
Immunofluorescence analysis showing rescue of the ERK pathway overactivation upon CHD7
reconstitution in ICb1299. Scale bar is 50 m. C: Quantification of Western blot analysis in
Fig. 5C shows overexpression of BMI1 in human NPC as compared to adult cerebellum. D:
Efficient silencing of CHD7 in the cells analysed in Fig. 5D and E. E: Western Blot analysis
showing effective pharmacological inhibition of ERK1/2 pathway in ICb1299. F: Western blot
analysis of HEK293 cells overespressing 3 different LeGO‐mCherry‐DUSP4 clones (#6, 8 and
12) shows increased levels of both mCherry and DUSP4 expression.

Figure S6: A: OTX2 expression is unchanged upon CHD7 and/or BMI1 silencing in G4 MB
xenografts and is higher than normal cerebellum and SHH MB cells (ICb984 and ICb1338).
B‐C: GAB1 and GLI1 expression in G4 MB xenografts is lower than SHH MB cells. D:
Intraparenchymal invasion of G4 MB cells, as assessed by quantification of the number of
satellite foci around the main tumour bulk (left) or as depth of invasion (right) is dependent
on BMI1 but not on CHD7. Data are represented as mean ± SEM. Scale bar is 125 m.
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Extended Experimental procedures
Analysis of gCIS
A description of the linker‐mediated PCR and Illumina HiSeq sequencing used for transposon
insertion sites as well as details of the gCIS prediction, of the genetic algorithm for driver
gene prediction and of the PCR for Sleeping Beauty tagged fragments are presented in
(Morrissy et al., 2016). Briefly, sequenced libraries were demultiplexed and aligned as
described (Brett et al., 2011). Custom scripts were used to demultiplex and trim SB
transposon sequences, and reads were aligned to mouse assembly NCBI37/mm9 (July 2007)
using Novoalign. Statistical enrichment of transposon integration events within each of
19,000 mouse RefSeq genes was assessed using a chi‐squared test considering the
following: the number of TA dinucleotide sites within the gene relative to the number of TA
sites in the genome, the number of integration sites within each tumour, and the total
number of tumours in each cohort. The p‐value calculated for each of gene was adjusted for
multiple hypothesis testing using Bonferroni correction. Finally, significant gCIS predictions
were manually curated to filter out artefacts and local hopping events. The excel files of this
analysis and of the comparative analysis with a published dataset of SB‐induced insertion
sites in MB occurring in Ptch1+/‐ mice (Morrissy et al., 2016) are included as supplementary
material (Bmi1 filtered.clonal gCIS_3 and Bmi1‐SB versus SB and Ptc‐SB analysis‐August 13‐
12).
DUSP4 lentiviral construct cloning
DUSP4 coding sequence was PCR cloned from plasmid R777‐E039 Hs.DUSP4 (Addgene,
70323) and inserted in the lentiviral vector LeGO‐iC carrying the fluorescent reporter RFP‐
mCherry with Gibson Assembly cloning strategy (NEB). The resulting LeGO‐iC‐DUSP4‐
mCherry was sequence verified. Production of shRNA lentiviral vector and gene silencing

GIPZ lentiviral shRNA vectors containing a hairpin sequence targeting BMI1 or CHD7 and the
coding sequences for GFP and puromycin resistence gene were purchased from Dharmacon,
UK. Packaging, virus production and determination of titre were carried out as previously
reported (Merve et al., 2014). Cells were infected overnight at a multiplicity of infection
(MOI) of 12. After 96h from the infection, puromycin selection at a concentration of
2.5µg/ml was applied to enrich for the transduced population. The efficacy of gene silencing
was assessed by qRT‐PCR or Western blot analysis. All experiments were conducted at least
in triplicates.
Growth Curve
Transduced patient‐derived cells (Scramble control, shBMI1, shCHD7, shCHD7;shBMI1) were
seeded in 24‐well plates at the same density. For the following 10 days, cells were
harvested at specific time points (1, 2, 3, 6 and 10 days) and the number of proliferating
cells was counted with a hemocytometer and Trypan Blue staining. Experiments were
carried out at least two times in triplicate.
EdU staining
The Click‐iT® EdU Alexa Fluor® 594 Imaging Kit (ThermoFisher) was used to assess EdU
incorporation following manufacturer recommendations. Briefly, transduced cells were
seeded on coated coverslips in triplicates, treated with 10µM of EdU solution for 3 hours
and then fixed in 4% paraformaldehyde (PFA). Cells were then washed, blocked and
incubated with Click‐iT® reaction cocktails containing Alexa Fluor® azide. Rabbit polyclonal
GFP antibody (1:1000, ab290, abcam) was used to visualize transduced cells. Five
representative images (40X magnification) of each sample were captured using a Zeiss 710
Confocal Microscope. The percentage of positive nuclei was calculated as the ratio between
EdU‐positive cells and the total number of nuclei counted using ImageJ software.

Human neural stem cells (NSCs) culture
Human fetal brains were obtained from consenting patients, as approved by Hamilton
Health Sciences/McMaster Research Ethics Board. Samples were dissociated in PBS
containing 0.2 Wunisch unit/mL Liberase Blendzyme (Roche), and incubated at 37oC in a
shaker for 15 min. The dissociated tissue was then filtered through 70μm cell strainer and
collected by centrifugation at 1500 rpm for 3 min. Neural stem cells were resuspended in
Neurocult complete media, (STEMCELL Technologies), supplemented with human
recombinant epidermal growth factor (20ng/mL: STEMCELL Technologies), basic fibroblast
growth factor (20ng/mL; STEMCELL Technologies), antibiotic‐antimycotic (10mg/mL;
Wisent), and plated in ultra‐low attachment plates (Corning). Red cells were lysed using
ammonium chloride solution (STEMCELL Technologies). Neural stem cells were grown in
suspension in Neurocult complete for 2 days. Thereafter, the neurospheres were plated
onto polyornithine‐laminin (PL) coated tissue culture treated plates. Once propagated, the
cells were dissociated with TrypLE (Invitrogen) and replated onto appropriately sized plates
for subsequent experimentation.
NSCs transduction and propagation
NSCs were plated onto 24 well PL plates at a density of 2.0x105 cells per well for
transduction with appropriate viruses. The cells were incubated in 37oC for 24 hours and the
media was changed completely. Thereafter, the cells were incubated further in 37oC for 48
hours. The transduced cells were selected with the addition of 1ug/mL puromycin in
Neurocult complete media. The remaining cells after puromycin selection, were then
propagated further and replated if necessary.

Transduced NSC were dissociated and

adjusted to 1 million single cells/mL in PBS+2mM EDTA. Samples were analysed and/or
sorted using a MoFlo XDP cell sorter and Kaluza software (Beckman Coulter). Dead cells

excluded using the viability dye 7‐AAD (1:10; Beckman Coulter). Cells were sorted into
Neurocult complete media and allowed to equilibrate at 37oC overnight prior to use in
experiments and replating onto PL plates.
RNA extraction and qRT‐PCR analysis
Total RNA was isolated from cell pellets with RNeasy Micro purification kit (Qiagen) and
digested with DNaseI (Applied Biosystems). 8 to 12 xenograft frozen sections were used to
extract total RNA by the proteinase K/acid phenol method (Khodosevich et al., 2007)
followed by digestion with DNaseI. Total RNA from formalin‐fixed, paraffin‐embedded
(FFPE) samples was isolated with the FFPE RNA/DNA Purification Plus Kit (Norgen Biotek). 4
sections of 20 m of thickness were used for each sample and DNaseI digestion was
performed according to manufacturer instructions. The cDNA synthesis was carried out with
SuperScript III Reverse Transcriptase Kit (Invitrogen). Analysis of gene expression was
performed with the Applied Biosystems 7500 Real‐Time PCR System using TaqMan gene
expression MasterMix (Applied Biosystems) and SYBR Green PCR Master Mix (Applied
Biosystems) according to standard protocols. Technical triplicates for each samples were
analyzed. The Ct values of all the genes analyzed were normalized to the Ct of housekeeping
gene (GAPDH for TaqMan probes and average Ct of 18S, ACTB and ATP 5B for SYBR Green
PCR) and fold changes were calculated.
Target genes and TaqMan probes used are listed as below:
Target Gene

Assay ID

Bmi1

Hs00180411_m1

CHD7

Hs00215010_m1

EOMEOS

Hs00172872_m1

GAPDH

Hs02758991_g1

GAB1

Hs00157646_m1

GLI1

Hs00171790_m1

LHX2

Hs00180351_m1

LMX1A

Hs00892663_m1

ATOH1 (MATH1)

Hs00245453_s1

OTX2

Hs00222238_m1

Primers used in SYBR Green qPCR are the following:
BMI1 FW: GCTGGTTGCCCATTGACAG; REV: CGATGCATTTCTGCTTGATAA
CHD7 FW: GAAGAAGATATAGAGACCCCAC; REV: TCTTTGGTACATAACTTGGC
CHD7_NSC FW: CTTTTCATGAGCCACAAACG; REV: TCTTCTTCAAAAGCTTTGGTCAC
18S FW: CGCCGCTAGAGGTGAAATTCT; REV: CGAACCTCCGACTTTCGTTCT
ACT B FW: GCGAGAAGATGACCCAGATC; REV: CCAGTGGTACGGCCAGAGG
ATP 5B FW: CCCAGGCTGGTTCAGAGGT; REV: AGGGGCAGGGTCAGTCAAG
GAPDH_NSC FW: TGCACCACCAACTGCTTAGC; REV: GGCATGGACTGTGGTCATGAG
Immunocytochemistry (IHC)
IHC was conducted on FFPE or frozen sections of xenografts tumors (tissue fixed with 4%
PFA and embedded in OCT) either manually or with an automated Ventana Discovery XT.

Manual IHC: Briefly, FFPE sections were dewaxed with xylene and hydrated with graded
alcohol series. Heat‐induced antigen unmasking was performed with Antigen Unmasking
Solution, citrate‐based (Vector) and endogenous peroxidase activity was quenched with 3%
H2O2 solution. Sections were treated with 10% Normal Donkey Serum to block non‐specific
binding sites and incubated overnight with primary antibodies at 4oC. Sections were then
incubated with biotinylated secondary antibody (Vector, 1:500) for two hours at room
temperature, treated with VECTASTAIN ABC Reagent (Vector) and DAB (SIGMAFAST tablets,
Sigma Aldrich). Samples were counterstained with hematoxylin.
The following primary antibodies were used: rabbit polyclonal anti‐CHD7 (1:500, ab117522,
Abcam), rabbit monoclonal anti‐phospho‐p44/42 MAPK (1:100, D13.14.4E, Cell Signaling).
Automated IHC: Paraffin embedding, coronal sectioning of 3‐µm and staining for
haematoxylin and eosin, synaptophysin and human vimentin were performed by UCL IQPath
(Institute of Neurology, London, UK). Immunostaining was done on Ventana Discovery XT
instrument an automated staining machines (ROCHE, Burgess Hill, UK) following the
manufacturer's guidelines, using horseradish‐peroxidase‐conjugated streptavidin complex
and diaminobenzidine as a chromogen. The following antibodies were used for histological
characterisation: synaptophysin (Invitrogen 080130, prediluted), KI67 and human vimentin
(Roche 790‐2917, prediluted).
Immunofluorescence analyses
Immunofluorescence analyses were conducted on Icb1299 cells and frozen tissue sections
from xenograft tumours. Icb1299 cells, cultured on Poly‐lysine (PLL) coated coverslips, were
fixed using 4% PFA. Cells and freshly frozen tissue sections (xenografts fixed with 4% PFA
and embedded in OCT) were treated with 10% Normal Goat Serum, followed by incubation

with primary antibodies overnight at 4oC. Appropriate secondary antibodies (1:500,
Invitrogen) were used. The samples were counterstained with DAPI. The following primary
antibody were used: mouse monoclonal anti‐mCherry (1:200, ab125096, abcam); rabbit
monoclonal anti‐phospho‐p44/42 MAPK (1:100, D13.14.4E, Cell Signaling); chicken
polyclonal anti‐GFP (1:500, ab13970, abcam).
Western blot analysis
Transduced patient‐derived cells were lysed for 30 minutes on ice using RIPA lysis buffer
supplemented with 2mM PMSF, 1mM sodium orthovanadate and protease inhibitor cocktail
(PIC) (RIPA Lysis Buffer System, Santa Cruz) followed by 3 pulses of sonication. Frozen tissue
was extensively washed with cold PBS supplemented with PIC to dissolve OCT before lysis in
RIPA buffer.
Nuclear and cytoplasmic fractions of transduced cells were obtained with two different lysis
buffers. Briefly cells were harvested in Buffer A (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM
EDTA, 0.15% Nonidet P40(NP40) and 0.1 mM EGTA) supplemented with 1 mM DTT and PIC.
Cells were homogenized through a 26G needle, nuclei were isolated by centrifugation and
the supernatant (cytoplasmic fraction) was collected. Nuclei were washed quickly with ice‐
cold PBS, suspended in Buffer B (20 mM HEPES pH 7.9, 400 mM NaCl, 1 mM EDTA, 1 mM
EGTA and 0,5% NP 40) supplemented with 1 mM DTT and PIC and lysed by sonication.
Protein concentration was determined using BCA Protein Assay Kit (Pierce). Equal amounts
of protein were separated by SDS‐PAGE and transferred onto nitrocellulose membrane
(Amersham). After transfer, the membrane was blocked for one hour at room temperature
in 5% skimmed milk in TBST buffer (25 mMTrisHCl, 137 mMNaCl, 0.1% Tween 20, pH 7.5)
and probed with different antibodies. Incubation with primary antibody was performed
overnight at 4oC followed by appropriate secondary HRP‐ conjugated antibodies (anti‐rabbit

IgG or anti‐mouse IgG, 1:5000, Amersham) for one hour at room temperature. Enhanced
chemoluminescence (ECL Plus, Amersham) was used for detection of the bands. The
following primary antibodies were used: mouse monoclonal anti‐BMI1 (1:1000, clone AF27,
Active Motif), anti‐GAPDH (1:1000, G8795, Sigma), anti‐mCherry (1:1000, ab125096,
abcam), anti α‐tubulin (1:5000, clone DM1A, Sigma) and anti‐Vinculin (1:5000, V4505,
Sigma); rabbit monoclonal anti‐p44/42 MAPK (1:1000, 137F5, Cell Signaling) and anti‐
phospho‐p44/42 MAPK (1:1000, D13.14.4E, Cell Signaling); rabbit polyclonal anti ‐tubulin
(1:4000, ab6046, abcam), anti‐CHD7 (1:500, ab117522, abcam), anti‐DUSP4 (1:500,
ab72593, abcam) and anti‐HA (1:1000, ab9110, abcam); goat polyclonal anti‐Lamin B
(1:5000, sc‐6216, Santa Cruz).
Assay for Transposase‐Accessible Chromatin (ATAC)
Intact nuclei were extracted from freshly isolated cells (50,000) of each condition (Ctr,
shCHD7, shBMI1, shCHD7;BMI1) and ATAC libraries were produced as previously described
(Buenrostro et al., 2013). Three independent biological replicates were used for each
condition.
qPCR analyses were performed on a Stratagene Mx3000P thermal cycler (Agilent
Technologies) using PrecisionPlus 2X Mastermix (Primerdesign) following the
manufacturer’s guidelines. The following primer pairs were used:
FW1: GAAGAGGCGGACCCAGCGGT, Rev1: TTCCTGCCGGTCATCTCGCTT (KAT6B);
FW2: GCGAGGAAGAGAAGAGAACCCG, Rev2: GCTCCGACTGCTATGTGACCG (433‐259 down);
FW3: AAAGGAAATAGCCGGCTGAGGA, Rev3: AGTCTGGGGCTAGGAGGTGT (404‐576 up);
FW4: AGGACTCGCTCGCAGTTTCG, Rev4: AAGGTCTCGGAAGTGGAGGCTC (1270 – 1509 up).

Technical triplicates for each sample were analysed. The Ct values of all experimental primer
pairs were normalised against the Ct value of a control locus where DNA accessibility is
known to be constitutively high (KAT6B), and then expressed as a percentage of the control
group, with control being 100%.
Gene expression analysis of cell line BMI1 / CHD7 knockdowns
RNA sequencing was performed using the Illumina HiSeq2000 platform with poly(A)
enrichment and paired end reads. Two biological replicates of the following conditions were
used: Ctrl, shBMI1, shCHD7, shCHD7;shBMI1. Between 40 and 60 million reads were
obtained in all cases. Illumina’s BaseSpace was used to perform TopHat (Trapnell et al.,
2009) alignments of all reads, and to run CuffLinks (Trapnell et al., 2010) for gene expression
estimation followed by differential expression analysis. Log2 fold changes between
conditions (Ctrl vs shBMI1, Ctrl vs shCHD7 and Ctrl vs shCHD7;shBMI1) were determined
and genes differentially expressed in the replicates were determined as having a log2 fold
change > +/‐ 0.5, and those with a p‐value < 0.05 were further analysed.
Gene expression analysis of BMI1High;CHD7Low patients
A z‐score for BMI1 and CHD7 gene expression was produced for all patients in the cohort
(Cho et al., 2011). Patients were classified as having a BMI1High;CHD7Low signature if the
BMI1 z‐score was >0.2 and if the CHD7 z‐score was <‐0.2. The mean expression of every
gene for patients in the BMI1High;CHD7Low group vs the remaining group of patients was
determined in order to evaluate differential expression. A permutation test was performed
(n=1000) to assign a p‐value for the observed difference in expression. Differentially
expressed genes were cross‐referenced with differentially expressed genes in the shCHD7
cells vs shCHD7;shBMI1 cells. Genes that agreed as being either upregulated or

downregulated in both cohorts, and were significant in both cohorts (p<0.05) were
shortlisted for further analysis.
Bioinformatic analyses
Pre‐processing gene expression data from microarrays
Microarray data were subjected to the same pre‐processing steps in all cases. Raw
microarray data were first normalised using the RMA transformation (Irizarry et al., 2003)
then the probe set annotation for the appropriate platform was used to assign probe sets to
genes. Where multiple probe sets matched a single gene, the maximum value was used.
Pre‐processing gene expression data from RNA sequencing
The three primary MB lines considered in this study (ICb1299, ICb1595 and CHLA‐01‐Med),
in addition to the ICb1299 lentiviral knockdown conditions, were characterised by RNA
sequencing. The raw data were manually checked with FastQC (Babraham Institute) to
ensure that the reads were of sufficient quality and that no adapter sequences were found.
The ICb1299 conditions were aligned to the Ensembl human reference genome GRCh38
using HISAT2 (Kim et al., 2015) followed by processing with featureCounts (Liao et al., 2014)
to obtain gene counts. In the case of ICb1595 and CHLA‐01‐Med we used STAR (Dobin et al.,
2013) to align to the same reference genome and obtain gene counts simultaneously.
Principal component analysis
Fig 3A shows the result of applying principal component analysis (PCA) to a published
microarray dataset comprising 73 MB samples that have previously been classified by
subgroup (Robinson et al., 2012) and the three cell lines described in this study (ICb1299,
ICb1595, CHLA‐01‐Med).

To facilitate a consistent comparison across different gene expression measurement
platforms, we first applied the YuGene transformation (Le Cao et al., 2014) to the Robinson
microarray data. We then computed the PCA transformation, retaining the top 3
components. Subgroup centroids in the three‐dimensional PCA coordinate system were
calculated by assuming that the data follow a multivariate Gaussian mixture model and
computing the ellipsoid enclosing 99% of the density.
We applied the same PCA transformation to YuGene‐transformed gene count data obtained
from RNA sequencing performed on the three MB cell lines included in this study. The
ICb1595 sample is readily identifiable as belonging to G3. ICb1299 and CHLA‐01‐Med both
fall within the boundary region between subgroups G3 and G4.
Unsupervised hierarchical clustering
As an additional verification of the molecular identity of the lines ICb1299 and ICb1595 we
performed unsupervised hierarchical clustering of the tumour tissue and early passage gene
expression data from these samples (Zhao et al., 2012) together with the Robinson cohort
(Robinson et al., 2012) and the ICb1299, ICb1595 and CHLA‐01‐Med cell lines from this study
(Fig. S3A). The Robinson and Zhao microarray data were prepared as previously described.
Following the addition of a small offset value of 10

to the TPM values of the RNASeq‐

derived gene counts, the values were log2 transformed. Clustering was performed using the
100 genes identified by Northcott et al. as being highly differentially expressed between
medulloblastoma subgroups (Northcott et al., 2012).
Gene expression heatmaps
Fig. S3C shows gene expression data from the knockdowns in the current study and nine
healthy adult cerebellum samples, obtained from the Allen Human Brain Atlas (AHBA)

(Hawrylycz et al., 2012). Following the addition of a small offset value of 10

to the TPM

values, both datasets were log2 transformed. The data were standardised by subtracting the
AHBA sample mean and dividing by the AHBA sample standard deviation for each gene. We
display gene expression values corresponding to 50 genes previously implicated in
medulloblastoma G3 and G4 membership (Northcott et al., 2012).
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