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Abstract

Childhood posterior fossa-group A ependymomas (PFAs) have limited treatment options and
bear dismal prognoses compared to group B ependymomas (PFBs). PFAS overexpress the
oncohistone-like protein EZHIP (Enhancer of Zeste Homologs Inhibitory Protein), causing
global reduction of repressive histone H3-lysine-trimethylated (H3K27me3), similar to the
oncohistone H3K27M. Integrated metabolic analyses in patient-derived cells and tumors, single-
cell RNA sequencing of tumors, and non-invasive metabolic imaging in patients demonstrated
enhanced glycolysis and tricarboxylic acid (TCA)-cycle metabolism in PFAs. Furthermore, high
glycolytic gene expression in PFAs was associated with a poor outcome. PFAs demonstrated

high EZHIP expression associated with poor prognosis, and elevated activating mark histone
H3-lysine-acetylated (H3K27ac). Genomic H3K27ac was enriched in PFAs at key glycolytic

and TCA cycle-related genes including hexokinase-2 and pyruvate dehydrogenase. Similarly,
mouse neuronal stem cells (NSCs) expressing wild type EZHIP (EZHIP-WT) versus catalytically-
attenuated EZHIP-M406K demonstrated H3K27ac enrichment at hexokinase-2 and pyruvate
dehydrogenase, accompanied by enhanced glycolysis and TCA-cycle metabolism. AMPKa-2,

a key component of the metabolic regulator AMP-activated protein kinase (AMPK), also showed
H3K27ac enrichment in PFAs and EZHIP-WT NSCs. The AMPK activator metformin lowered
EZHIP protein concentrations, increased H3K27me3, suppressed TCA-cycle metabolism, and
showed therapeutic efficacy in vitro and in vivo in patient-derived PFA xenografts in mice.

Our data indicate that PFAs and EZHIP-WT-expressing NSCs are characterized by enhanced
glycolysis and TCA cycle metabolism. Repurposing the antidiabetic drug metformin lowered
pathogenic EZHIP, increased H3K27me3, and suppressed tumor growth, suggesting that targeting
integrated metabolic/epigenetic pathways is a potential therapeutic strategy for treating childhood
ependymomas.

One Sentence Summary:

Childhood posterior fossa group A ependymomas demonstrate integrated metabolic and epigenetic
pathways that can be disrupted by metformin.

Introduction

Ependymomas can occur throughout the neuraxis including the supratentorial (ST) region,
spinal cord and hindbrain [termed posterior fossa (PF)]. Ependymomas are molecularly sub-
grouped, and such classification uses both anatomic locations and molecular features. ST
ependymomas are classified into ST-RELA (bearing the C110rf95-RELA fusion), ST-YAP1
(bearing YAP1 fusions) and ST-subependymomas (ST-SE) (1). PF ependymomas comprise
of PF-group A (PFA), PFB and PF-subependymoma (PF-SE) tumors (1). PFAS are mainly
childhood tumors and bear a dismal prognosis based on their poor response to conventional
therapies (1-4). In contrast, PFB and PF-SE tumors generally occur in adults and bear an
excellent prognosis (1-3).

Sci Transl Med. Author manuscript; available in PMC 2022 February 06.
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PFAs are mainly epigenetically driven and are characterized by global reduction of the
repressive histone mark H3K27me3, similar to poorly prognostic midline gliomas bearing
H3K27M mutations (5-7). H3K27M midline gliomas and PFAs also share similarities in
genomic distribution of H3K27me3 (6, 8, 9). Whole exome and genome sequencing of
PFAs have revealed that approximately 4% of PFAs show similar H3K27M mutations, while
approximately 9% of tumors exhibit mutations in a newly characterized protein termed
EZHIP (Enhancer of Zeste Homologs Inhibitory Protein), also referred to as CATACOMB
or CXorf67 (5). More than 85% of PFAs do not bear recurrent genetic mutations but

rather overexpress wildtype EZHIP (5). Moreover, H3K27M mutations in PFAs are mutually
exclusive with EZHIP deregulation (5). EZHIP is also overexpressed in a subset of midline
gliomas in a mutually exclusive manner with H3K27M mutations (10). EZHIP mimics
H3K27M by binding to the H3K27-methyltransferase EZH2 and inhibiting the function of
the PRC2 complex to lower H3K27me3 (8, 9, 11-13). PFAs and H3K27M midline gliomas
share similarities including an epigenetic state of low H3K27me3, but the pathogenesis of
PFAs remains largely obscure.

Metabolic alterations are a hallmark of cancer. Cancer cells take up and metabolize
nutrients in large quantities to generate lipids, proteins, nucleotides and ATP to support their
uncontrolled proliferation (14). Moreover, metabolic pathways and epigenetic pathways are
intimately related (14). For example, H3K27M mutations can upregulate key metabolic
pathways including glycolysis and the tricarboxylic acid (TCA) cycle that in turn modulate
H3K27me3 (15). PFA ependymomas exhibit hypoxic niches, and PFA cells grown in
hypoxic conditions show an altered and interdependent metabolic/epigenetic state (16, 17).
Further, single cell RNA sequencing in PFA ependymomas shows deregulation of metabolic
pathways (17, 18).

Because EZHIP mimics H3K27M, and H3K27M mutations have the ability to reprogram
metabolism (15), we hypothesized that EZHIP can epigenetically rewire metabolic pathways
including glycolysis and TCA cycle metabolism. We also hypothesized that this information
could be used to uncover potential therapeutic targets. Our goal was to define metabolic
pathways upregulated in PFA ependymomas in relation to EZHIP mediated epigenetic
alterations. To address these hypotheses and goals, we: (i) performed comprehensive
metabolic analyses of PFA ependymomas using isogenic cell lines, patient-derived cells

and tumor tissues, and /n vivo, non-invasive metabolic imaging in ependymoma patients,
(i) assessed the relationship between EZHIP-driven epigenetic alterations and metabolism
and (iii) defined potential targets to lower EZHIP and inhibit this integrated epigenetic and
metabolic pathway in patient-derived cell lines and patient-derived xenografts (PDXs).

PFAs exhibit elevated glycolysis and TCA-cycle metabolism compared to PFB
ependymomas

To define metabolic pathways upregulated in PFAs, we used a multi-platform, unbiased
approach to assess gene expression and metabolomics in tumor tissues and patient-derived
cell lines, and non-invasive /n vivo magnetic resonance spectroscopy (MRS) in live patients
(patient demographics detailed in table S1). We queried expression of a comprehensive set

Sci Transl Med. Author manuscript; available in PMC 2022 February 06.
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of 2,754 metabolic genes encoding all known human metabolic enzymes and transporters,
defined by Sabatini and colleagues (19), in PFA versus PFB ependymomas. We analyzed
gene expression in three independent, non-overlapping published data sets from Bayliss
et al. 2016 (PFA n=11, PFB n=4) (6), Witt et. a/. 2011 (PFA =18, PFB n=19) (2) and
Pajtler et al. 2015 (PFA n=72 and PFB n7=39) (1) (tables S2-S4). Commonly upregulated
(m=53, Fig. 1, A and B, and table S5) and downregulated (7=25, fig. S1A and table S6)
genes in PFA versus PFB ependymomas were determined from all three data sets. Pathway
impact analysis demonstrated that the 53 commonly upregulated genes were mainly related
to glycolysis, TCA cycle, glutamate and pentose phosphate pathway (PPP) metabolism
(Fig. 1C) including hexokinase-2 (HK2) and PDHB (pyruvate dehydrogenase-B) (Fig. 1D).
Because bulk gene expression data are derived from both tumor and non-tumor cells in

the microenvironment, we sought to confirm our findings in single cell RNA-seq analyses
from Gojo et al. 2020 (18). From these analyses, genes illustrated in Fig. 1D including
HK2 and PDHB (Fig. 1E and fig. S1B) were upregulated in PFA versus PFB ependymomas
and enriched in many previously defined PF ependymoma cells including metabolic and
neuronal stem cell (NSC)-like tumor cells (Fig. 1E and fig. S1, B to D).

We assessed metabolites using mass-spectroscopy-based analyses of patient tumor tissues
including PFA (n7=14), PFB (n=3), and ST-RELA (/7=3) ependymomas and non-pathologic
pediatric cerebellum (n7=3) and cortex (/7=3) as controls. Metabolite data mirrored gene
expression results and showed elevated concentrations of metabolites related to glycolysis,
TCA-cycle and PPP in PFA versus PFB or ST-RELA ependymomas and controls (Fig.

1F). We next assessed steady-state metabolite concentrations in ependymoma cell lines. We
used three previously well-characterized PFA cell lines (PFA-EPD210, PFA-MAF811 and
PFA-MAF928). Because no PFB cell lines are described in the literature, supratentorial
(ST) cell lines (ST-EP1NS and ST-MAF1329 bearing C110rf95-RELA fusions), and
immortalized normal human astrocytic cell lines (NHA) were used as controls (20, 21). To
rule out the impact of culture conditions on metabolic pathways, we tested both serum-free
(PFA-EPD210 and ST-EP1NS) and serum-containing (PFA-MAF811, ST-MAF1329 and
NHA) conditions. In both (Fig. 1G) conditions (Fig. 1G and fig. S1E), PFA cells showed
higher concentrations of metabolites related to glycolysis, PPP and TCA-cycle metabolism
compared to control ST-RELA ependymoma and normal human astrocytic cells. Metabolite
pathway impact and enrichment analyses of upregulated metabolites confirmed glycolysis,
TCA cycle, and PPP metabolic pathways as top upregulated pathways (Fig. 1H). Moreover,
high expression of glycolysis-KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway
genes was associated with poor overall prognosis in PF-ependymomas and within PFA
ependymomas (Fig. 1, | and J; and fig. S1, F and G). These data together suggest that

PFA ependymomas show elevated glycolysis and TCA-cycle metabolism compared to PFB
ependymomas.

Non-invasive in vivo MRS imaging shows elevated citrate and glutamate concentrations in
PFA ependymomas

Non-invasive Magnetic Resonance Spectroscopy (MRS) imaging in live patients was used
to assay /n vivo metabolite concentrations in 15 children with ependymomas in a blinded
and retrospective manner. After MRS imaging, corresponding tumor sections from each

Sci Transl Med. Author manuscript; available in PMC 2022 February 06.
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patient were evaluated for H3K27me3 and EZHIP immunostaining and classified into

PFA (=7, H3K27me3 negative, EZHIP positive), PFB (/7=3, H3K27me3 positive, EZHIP
negative) and ST-RELA (n7=5, H3K27me3 positive, EZHIP negative, with C110rf95-RELA
fusions) ependymomas (Fig. 2A). Metabolites were assessed after unblinding and included
citrate (Cit), glutamate (Glu), glutamine (GlIn), alanine (Ala), creatine (Cr), myoinositol
(ml), taurine (Tau) and lactate (Lac). PFA ependymomas contained higher concentrations
of citrate and glutamate compared to PFB ependymomas, and myoinositol, taurine and
creatine compared to ST ependymomas (Fig. 2, B and C). These data suggest that PFA
ependymomas exhibit a uniqgue MRS imaging profile. Whereas glutamate concentrations
were high in PFA ependymomas by MRS, we did not observe this in cell lines or tumor
samples. However, elevated /n vivo citrate concentrations in PFA ependymomas confirmed
metabolite data from tumor samples (Fig. 1F) and patient-derived cell lines (Fig. 1G and fig.
S1E).

EZHIP expression is associated with high H3K27ac, location in the fourth ventricle, and
prognosis in PF ependymomas

H3K27M mutations enhance glycolysis and TCA-cycle metabolism by epigenetically
activating key metabolic genes (15). Because H3K27M and EZHIP show epigenetic
similarities, we sought to determine if EZHIP can upregulate these pathways in a similar
manner. H3K27M-gliomas demonstrate elevation of the activating mark H3K27ac (22-24).
Moreover, EZHIP is associated with elevated H3K27ac in Daoy, 293T and U20S cells (5, 8,
13), and previous studies from Mack et al. have demonstrated that H3K27ac is deregulated
in ependymomas (25). We therefore sought to determine the relationship between EZHIP
and H3K27ac in samples from patients with ependymomas in association with various
clinical parameters. Western blotting in tumor samples showed an increase in global
H3K27ac in PFAs compared to PFBs (Fig. S2A). We used immunohistochemistry to assess
EZHIP, H3K27me3 and H3K27ac in PF ependymomas (table S1). EZHIP expression was
elevated and corresponded with a reduction in global H3K27me3 and elevated H3K27ac in
PFAs versus PFBs (Fig. 3, A and B, fig. S2B). Because PFAs occur more often in young
children, we compared expression of these markers in relation to age. EZHIP and H3K27ac
were higher in children below 10 years of age compared to those observed in children above
10 years, while H3K27me3 showed the opposite pattern (Fig. 3B, fig. S2B).

We next determined if EZHIP protein abundance was associated with prognosis in 93 PF
ependymomas (PFA n=61, PFB n=32) with available clinical information. High EZHIP
concentrations (median cutoff) were associated with poor progression-free and overall
survival in these tumors (fig. S2C). Moreover, within PFAs (r7=61), elevated EZHIP
concentrations were associated with poor progression free and overall survival (Fig. 3C).
PFAs are thought to arise mainly from the roof and lateral recess of the fourth ventricle,
while PFBs are mostly associated with floor of the fourth ventricle (2, 5). We assessed
association of EZHIP, H3K27me3, and H3K27ac with tumor-associated regions of the
fourth ventricle (radiologically determined in a blinded manner). Consistent with PFAS
arising from the roof and lateral recess of the fourth ventricle, EZHIP and H3K27ac were
higher in tumors associated with the roof and lateral recess compared to those associated
with the floor of the fourth ventricle (Fig. 3, D to F). H3K27me3 showed the opposite

Sci Transl Med. Author manuscript; available in PMC 2022 February 06.
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pattern (Fig. 3, D to F). These data suggest that high EZHIP protein abundance is associated
with worse prognosis in PF ependymomas and within PFAs. Moreover, EZHIP-expressing
PF ependymomas with high H3K27ac are associated with tumor locations of the roof and
lateral recess of the fourth ventricle.

EZHIP-WT versus EZHIP-M406K NSC demonstrate higher H3K27ac enrichment at Hk2 and
Pdh and exhibit enhanced glycolysis and TCA-cycle metabolism

EZHIP bears a methionine (M) residue at position 406 that is essential for PRC2 inhibition
similar to the M residue in the H3K27M oncohistone (8, 11, 12). We created an isogenic
system by expressing wild-type EZHIP (EZHIP-WT) or by replacing M at position 406
with lysine K (EZHIP-M406K), which reduces EZHIP function (8). We used immortalized
mouse NSCs that have been employed to model ependymomas (26). A functionally active
EZHIP-M4061 (8) was used as control. Both EZHIP-WT and EZHIP-M4061 lowered global
H3K27me3 compared to EZHIP-M406K NSCs (Fig. 4A). Global H3K27ac was elevated
in EZHIP-WT and EZHIP-M4061 compared to EZHIP-M406K NSCs (Fig. 4A). EZHIP-
WT cells showed increased proliferation compared to EZHIP-M406K NSCs (Fig. 4B) and
showed downregulation of differentiation-related cytoskeletal proteins and upregulation of
stem cell factors such as Sall3 (Fig. S3A). This isogenic system confirmed data from tumor
samples and demonstrated that EZHIP-expressing PFA tumors and NSCs show a global
H3K27me3 reduction accompanied by an increase in the activating mark H3K27ac.

We determined genome-wide distribution of H3K27ac using chromatin immunoprecipitation
followed by deep sequencing (ChlIP-seq) in EZHIP-WT versus EZHIP-M406K NSCs

and PFA and ST samples from patient tumors (tables S7 to S9). Recent studies have
suggested that H3K27M tumors show increased global H3K27ac and distinct genomic
H3K27ac distribution (22-24) including higher intergenic enrichment (24). Similarly, we
found increased H3K27ac enrichment at intergenic regions in EZHIP-WT versus EZHIP-
M406K NSCs, and PFA versus control ST tumors (Fig. S3B). H3K27M tumor cells also
showed increased H3K27ac enrichment at endogenous retroviral (ERV) elements (24), and
we noted increased H3K27ac at the ERV~3locus in EZHIP-WT versus EZHIP-M406K
NSCs and PFA versus ST tumor samples (Fig S3C). H3K27ac enrichment also defines
super-enhancers that are specific to each ependymoma molecular subgroup (25). H3K27ac-
marked super-enhancers in EZHIP-WT, but not EZHIP-M406K NSCs, overlapped with
several PFA-specific super-enhancers described by Mack et al. (25) (Fig. 4C), suggesting
that EZHIP-WT-expressing NSCs model several aspects of PFA biology.

We identified genes with increased H3K27ac enrichment (including promoters and
enhancers) in EZHIP-WT versus EZHIP-M406K NSC and PFA versus ST ependymomas (.
Fig. 4, D to G and fig. S3, D to F). Despite the mouse versus human species difference,
GSEA of H3K27ac-enriched genes revealed several common upregulated pathways in
EZHIP-WT versus EZHIP-M406K NSCs and PFA versus ST ependymomas, with one

of the top common hits being related to glycolysis (Fig. S3E, table S10). HKZand PDH-
related genes identified from gene expression analyses (Fig 1, D and E) showed H3K27ac
enrichment in both PFA versus ST ependymomas, EZHIP-WT versus EZHIP-M406K NSCs
and PFA versus PFB ependymomas from previously published H3K27ac ChlP-seq data

Sci Transl Med. Author manuscript; available in PMC 2022 February 06.
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(25) (Figs. 4, E and G, fig. S3F). Moreover, PRKAAZ/AMPKa-2, a key component

of the central metabolic regulator AMP-activated protein kinase (AMPK) complex, also
demonstrated H3K27ac enrichment in EZHIP-WT versus EZHIP-M406K NSCs, PFA versus
ST ependymomas, and PFA versus PFB ependymomas (Fig. 4, E and G, fig. S3F). In
contrast, pyruvate kinase-M (PKM) was not enriched for H3K27ac in EZHIP-WT versus
EZHIP-M406K NSCs, PFA versus ST, and PFA versus PFB ependymomas (fig. S3, F and
G) and PKM gene expression was not different in PEAs compared to PFBs (fig. S3H).
Genomic H3K27ac in tumors at metabolic gene loci showed a positive correlation with
gene expression, HK2, PDHX, PDHB, but not PKM, expression positively correlated with
EZHIP and Hk2, Pdhb, and Prkaa-2were higher in EZHIP-WT versus EZHIP-M406K
NSCs (fig. S3, I to K). Because H3K27me3 is a repressive mark and opposes H3K27ac, we
compared H3K27ac genomic distribution with previously published H3K27me3 ChlP-seq
data obtained from the same PFA and ST ependymomas and EZHIP-WT versus EZHIP
M406K NSCs (6). H3K27me3 enrichment was associated with lowered gene expression
and showed a weak inverse relationship with H3K27ac genomic distribution (fig. S3, L and
M). EZHIP-WT showed variably lowered H3K27me3 at Hk2, Pdhx, and PrkaaZ/ Ampka-2
compared to EZHIP M406K NSCs (Fig. S3N). However, H3K27me3 enrichment was not
different between PFA and ST tumors at HK2, PDHX, and PRKAAZ/ AMPKa-2 gene

loci (Fig. S30), suggesting that H3K27ac enrichment could be independent of changes in
genomic H3K27me3 at these gene loci.

Recent studies have shown that PFA ependymomas exhibit hypoxic niches, and PFA cells
grown in hypoxia show altered metabolism (16, 17). To identify the relationship between
EZHIP abundance and hypoxia in tumor samples, we combined immunohistochemistry for
EZHIP and carbonic anhydrase-9 (CA-9) as a surrogate for hypoxic areas in PFA tumor
tissues (/7=8). Amongst eight PFAs, four tumors did not exhibit any CA9 staining. The
other four PFAs showed focal CA-9 staining distributed around blood vessels and areas

of necrosis (fig.. S4, A to C) and constituted overall 5-30% of the entire tissue section

(fig. S4C). EZHIP staining was observed in both normoxic and CA-9 positive hypoxic
regions (fig.. S4, A to C), with predominance in CA-9 negative, non-hypoxic regions.
Furthermore, EZHIP-WT versus EZHIP-M406K NSCs and PFA versus ST cell lines did not
show upregulation of master metabolic regulators including activated mTor, Hif-1a, c-Myc
or N-Myc (fig.. S4, D and E).

We used an unbiased approach by determining overall changes in the proteome in
EZHIP-WT compared to EZHIP-M406K NSCs (table S11). EZHIP-WT showed differential
regulation of 2340 (1090 upregulated, 1250 downregulated) proteins compared to EZHIP-
M406K cells (Figs. 4G). Pathway analysis of the 1090 upregulated proteins revealed
glycolysis and TCA-cycle as the top upregulated pathways (Fig. 4H and table S12).
Metabolomic experiments performed in parallel on these cells corroborated these findings
and showed upregulation of several key metabolites related to glycolysis, TCA-cycle
metabolism and PPP in EZHIP-WT compared to EZHIP-M406K NSCs (Fig. 4, | and J).
We used 13C uniformly-labeled isotope tracing to determine if glucose carbons enter the
TCA-cycle to serve as an anaplerotic substrate. [U-13C]-glucose labelling studies showed
a greater extent of glucose-derived fumarate (m+2), malate (m+2) and TCA-cycle-related
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metabolite aspartate (m+2) in EZHIP-WT versus EZHIP-M406K NSCs and EPD210-PFA
versus EPINS-ST RELA cells (fig S5).

Overall, these data suggest that EZHIP-WT expression in NSCs elevates global H3K27ac
and shares similarities in H3K27ac genomic distribution with PFA ependymomas at
intergenic regions, super-enhancers and genic regions. H3K27ac was enriched at HK2and
PDH gene loci in PFA versus ST and PFA versus PFB ependymomas, and EZHIP-WT
versus EZHIP-M406K cells and was associated with increased glycolysis and TCA-cycle
metabolism.

Metformin suppresses TCA-cycle and PPP metabolism and downregulates EZHIP to
increase global H3K27me3 in PFA cells in vitro

From our ChlP-seq analysis, we noted that PRKAAZ/AMPKa-2, a critical component of
the AMP-activated protein kinase (AMPK) complex, was associated with higher H3K27ac
enrichment in EZHIP-WT versus EZHIP-M406K NSCs, PFA versus ST, and PFA versus
PFB ependymomas (Fig. 4E, 3M and fig. S3I). PRKAAZ/AMPKa-2was upregulated

in PFA versus PFB tumors in the three independent non-overlapping data sets (Fig. 5,

A and B, fig. S6A). Single cell RNA-seq data confirmed increased PRKAAZ/AMPKa-2
expression in PFA compared to PFB tumor cells and demonstrated increased expression in
various previously delineated tumor cells including NSC-like, glial progenitor-like, S-phase
and tumor cells (Fig. 5C, fig. S6B). AMPK is a critical metabolic sensor that can be
activated by the biguanide metformin. Metformin inhibits mitochondrial complex I to reduce
ATP and causes elevation of AMP/ATP ratio resulting in AMPK activation (27). Because
metformin can also suppress the TCA-cycle (27), we reasoned that metformin treatment
could lower TCA-cycle metabolites in PFA cells. Moreover, metformin is an attractive
therapeutic candidate as high-dose metformin shows potent anticancer effects (28), is highly
blood-brain barrier penetrable in childhood brain tumor survivors (29), and is currently
being tested in more than 250 cancer clinical trials including patients with gliomas (https://
clinicaltrials.gov/).

We assessed sensitivity to metformin in our isogenic cell lines. While all NSCs were
sensitive to metformin, cells expressing EZHIP-WT were more sensitive to metformin
treatment (at low doses) than EZHIP-M406K or parental NSCs (Fig. 5D). We used well-
characterized patient-derived, low passage, PFA ependymoma cells (EPD210, MAF928
and MAF811) that also grow as patient-derived xenografts (PDXs) in vivo (20, 21). All
three PDXs clustered with PFA ependymomas by DNA methylation analysis (20, 21),
and expressed EZHIP protein accompanied by global H3K27me3 reduction (fig. S6, C
and D). High dose metformin treatment in PFA EPD210 cells increased NADH/NAD
(consistent with mitochondrial complex | inhibition), AMP/ATP, and lactate/pyruvate ratios
(fig. S7, A to C). Two of the PFA cell lines, EPD210 and MAF928 were sensitive to
high-dose metformin treatment (Fig. 5E). The metformin ICgq values of MAF928 (7.8
mM) and EPD210 (8.6 mM) were comparable to that observed in metformin-sensitive
GBM cells (range 6-13 mM; fig. S7D). EPD210 PFA cells treated with metformin did not
show significant changes in percentages of G1 (p=0.06), G2 (p=0.33), or ratio of G2/G1
(p=0.381) cells (fig.. STE). A small lowering of S phase cells was detected, similar to
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previous reports in other cancer cells (fig.. STE) (30). The other PFA cell line, MAF811
(Fig. 5F) and control cell lines STO1 (ST non-RELA) and NHA (Fig. 5G) were relatively
resistant to metformin treatment. Metformin is taken up by the OCT/SLC22A family of
transporters (fig. S7F) (27). Among these, OCT3/SLC22A3 s highly expressed in the

brain, and genetic knockdown of SLC22A3 results in attenuated metformin response (31).
Expression (MRNA) of SLC22A3, but not SLC22A1, SLC22A4 or SLC22A5, was higher

in metformin-sensitive MAF928 compared to metformin-resistant MAF811 cells (fig. S7G).
From single cell RNA-seq data, SLC22A3 expression was higher in PFA versus PFB,

and SLC22A3was expressed in various previously-defined PFA tumor cells including NSC-
like and astroependymal-like tumor cells (fig. S7, H and I). This heterogenous expression
correlated with overall outcome: high SLC22A3 expression, but not SLC22A4 or SLC22A5,
was associated with a poor prognosis in PFAs (fig. S7, J and K). Metformin is known to
suppress the TCA-cycle in breast cancer cell models (32). An unbiased proteomic approach
in EZHIP-WT NSCs treated with metformin versus vehicle showed downregulation of
proteins related to glycolysis, TCA-cycle, pyruvate metabolism and PPP (Fig. 5, H and | and
tables S13 and S14). Moreover, metabolomic analysis of metformin-treated versus vehicle-
treated EPD210 cells showed downregulation of metabolic pathways related to TCA-cycle
and PPP accompanied by a reduction in NADPH/NADP (generated in part by the PPP) (Fig.
5, Jand K and fig. S7B).

Treatment with metformin or the AMPK-activating AMP analogue AICAR lowered EZHIP
and increased global H3K27me3 in EPD210 PFA cells (Fig. 5, L and M). Similarly,
metformin treatment lowered FLAG-tagged EZHIP-WT to increase global H3K27me3

in NSCs (Fig. 5N) and to a lesser extent in EZHIP-M406K cells (Fig. 5N). Moreover,
comparison of proteins upregulated in EZHIP-WT/ EZHIP-M406K NSCs with metformin/
veh EZHIP-WT NSCs showed a negative correlation, suggesting that EZHIP-WT-driven
differential protein expression is, in part, reversed by metformin (Fig. 50). We noted
heterogeneity in metformin sensitivity, and metformin treatment suppressed TCA-cycle
metabolism and the PPP, lowered EZHIP and EZHIP-driven proteins, and increased
H3K27me3 in metformin-sensitive PFA cells.

Metformin decreases tumor growth and EZHIP, and increases global H3K27me3, in vivo.

As proof-of-principle, we sought to determine if high-dose metformin would be effective

in suppressing PFA tumors /n vivo using several animal models. Amongst the more than

250 clinical trials studying metformin for treatment of cancer, 86% (n=217/252) administer
a maximal metformin dose ranging from 1000-2000 mg/day (median 1700 mg) including

in pediatric brain tumor survivors (maximal dose 2000 mg/day) (29). Similarly, high-dose
metformin (250-500mg/kg/day administration for 3-6 weeks) shows efficacy in glioblastoma
animal models /n vivo (28). To test metformin /n vivo, we established 3 PFA PDX
(confirmed by DNA methylation, fig. S6, C and D) animal models by engrafting either
metformin-sensitive EPD210 (orthotopic), metformin-sensitive MAF928 (subcutaneous), or
metformin-resistant MAF811 (subcutaneous) cells in NSG mice (20, 21).

H3K27M midline gliomas and PFA ependymomas share epigenetic similarities including
global and genomic H3K27me3 reduction (fig. S8, A and B) (6, 8). We hypothesized
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that metformin resistance in PFA MAF811 cells could be overcome by therapeutic agents
that show efficacy in H3K27M tumors. The pan-HDAC inhibitor panobinostat is currently
in clinical trials in H3K27M midline-gliomas (NCT02717455). Panobinostat is toxic to
H3K27M cells by increasing global H3K27me3 (hypothesized to be due to acetylation

of lysine residues proximal and distal to the H3K27M mutation) (23, 33, 34). Moreover,
panobinostat suppressed the PPP in H3K27M cells (35) (fig. S8, C and D). In accordance
with these previous observations, panobinostat treatment increased global H3K27me3 (fig.
S8E) and suppressed the PPP (fig. S8, F and G) in PFA EPD210 cells. Panobinostat
exhibited cytotoxicity in both metformin-sensitive EPD210 (fig. S8H) and metformin-
resistant MAF811 (fig. S8I) cells in vitro, but was less specific than metformin as toxicity
was also noted in NHA cells (fig. S8J). A recent study by Krug et. al. showed that although
pancbinostat toxicity may not be specific to H3K27M cells, maximal tumor suppression in
vivowas achieved by adding panobinostat as a second agent (24). Because metformin also
increased global H3K27me3 (Fig. 5, L to N) and suppressed the PPP in PFA cells (Fig. 5,
J and K), we hypothesized that panobinostat alone or combined treatment with metformin
could overcome metformin resistance in PFA MAF811 cells.

Animals implanted with all three PFA PDXs were treated (after confirming grafting of
tumors) with either metformin [250mg/kg, daily for 4 weeks, based on doses used in

glioma models (28)], panobinostat [10mg/kg, three times/week for 4 weeks, based on

doses used in H3K27M models (23, 34)] or both (Fig. 6A and S9A-G). PFA-MAF928

PDXs showed slowed tumor growth upon metformin or combined treatment. To a lesser
extent, panobinostat also lowered tumor MAF928 growth compared to vehicle-treated
animals (Figs. 6B-C and table S15). There was no difference between animals treated with
metformin alone or combined metformin/panobinostat (Figs. 6B-C). Similarly, metformin or
combined treatment, but not panobinostat by itself, extended overall survival in orthotopic
PFA-EPD210 animals (Figs. 6D-F and table S15). There was no difference between animals
treated with metformin alone or combined metformin/panobinostat (Figs. 6D-F). Metformin
reduced EZHIP, which was accompanied by an increase in global H3K27me3 /in vivo in both
EPD210 and MAF928 PDXs (Figs. 6G-J and S9A). In both models, panobinostat did not
alter EZHIP, but increased H3K27me3 consistent with our /in7 vitro data (Figs. S8E, 6G-J and
S9A) and published reports in H3K27M cells (23, 34). The overall weights of mice in both
metformin-sensitive models during treatment were not different (S9E-F).

PFA-MAF811 cells, which were resistant to metformin /n vitro (Fig. 5F), did not show
tumor suppression with single agent metformin treatment /n vivo (fig. S9, B to D). However,
both panobinostat alone or combined treatment slowed PFA-MAF811 tumor growth (fig.
S9, B to D and table S15). Panobinostat, but not metformin, focally increased global
H3K27me3, and EZHIP remained unchanged in MAF811 cells (fig. S9B). There was

no difference between animals treated with panobinostat alone or combined metformin/
panobinostat (fig. S9, B to D). These results paralleled /n7 vitro studies where PFA-EPD210
and PFA-MAF928, but not PFA-MAF811 cells showed sensitivity to metformin.
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Discussion

Children with PFA ependymomas bear a dismal prognosis and are very challenging to treat.
[reviewed in (4)]. Radiation therapy and chemotherapy in some cases are the mainstay of
treatment (4). Nevertheless, radiation causes substantial long-term toxicity and morbidity.
Moreover, a major limitation that has hampered advancement is the dearth of patient-derived
cell lines and animal models. Despite decades of research and clinical trials, there have been
limited therapeutic advances in the field.

Although PFAs are relatively genomically quiescent, Mack et a/. identified epigenetic
deregulation as a key pathogenic alteration in PFAs (3). PFAs are defined by a global
epigenetic state of H3K27me3 reduction by EZHIP. EZHIP is thought to promote
tumorigenesis by lowering H3K27me3 at genes related to neuroglial differentiation
pathways, similar to that observed in H3K27M-midline gliomas (5-8, 11, 12). However,

low H3K27me3 alone cannot entirely account for the aggressive nature of these tumors.

It is not known if EZHIP can activate additional mechanisms to drive PFA ependymoma
biology. To identify pathogenic mechanisms in PFA ependymomas, we undertook integrated
epigenetic and metabolic analyses to present the following discoveries: (i.) PFAs show

high glycolysis and TCA-cycle metabolism. Mechanistic experiments demonstrated that
increased expression of metabolic enzymes including HK2and PDH was associated with
H3K27ac enrichment at these gene loci in tumors. Forced expression of EZHIP-WT, but

not EZHIP-M406K protein, recapitulated high global H3K27ac and enrichment at metabolic
genes, and increased metabolites related to glycolysis and TCA-cycle metabolism. (ii.)
PFAs showed H3K27ac enrichment at the AMPKa-2 gene locus accompanied by increased
gene expression. AMPK is a central metabolic regulator of both glycolysis and TCA-cycle
metabolism (27). We reasoned that targeting AMPK could serve as a therapeutic target by
suppressing key metabolic pathways. We choose the antidiabetic biguanide AMPK activator
metformin, as it is blood-brain-barrier penetrable, shows efficacy in adult glioma animal
models, and is currently being tested in cancer clinical trials. High-dose metformin treatment
in vitro showed potent toxicity in two PFA cell lines (EPD210 and MAF928). A third PFA
cell line (MAF811) was resistant to metformin treatment and showed low expression of the
brain metformin transporter SLC22A3. Metformin lowered EZHIP protein concentrations to
increase global H3K27me3 in PFA cells. In PFA EPD210 and MAF928, but not MAF811
PDX models, metformin suppressed tumor growth, decreased EZHIP concentrations and
increased H3K27me3 /n vivo. Our data suggest that metformin may be toxic to PFA

cells by both reducing EZHIP and suppressing the TCA-cycle, however, we were unable

to distinguish independent effects of EZHIP reduction versus metabolic suppression by
metformin. In light of evidence that AMPK can alter protein function by posttranslational
modifications, future studies are geared towards elucidating how metformin downregulates
EZHIP.

To develop strategies to overcome metformin resistance, we reasoned that a similar global
state of H3K27me3 reduction in PFA and H3K27M-gliomas could create an opportunity for
testing the pan-HDAC inhibitor panobinostat that is currently in clinical trials for H3K27M-
gliomas. Similar to previous studies in H3K27M glioma models, panobinostat suppressed
the PPP and increased global H3K27me3 in PFA cells. In our /n vivo models, panobinostat
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overcame metformin resistance in MAF811 PDXs. Metformin has been used extensively in
human subjects with diabetes and in cancer clinical trials, and its safety is well-documented,
including a recent study in pediatric brain tumor survivors (29). However, other small
molecular activators of AMPK that show greater blood-brain barrier penetrability also need
to be considered.

Limitation of our studies include the relatively small number of isogenic and PFA cell lines,
in vivo animal models, and patient tumor samples; the number of patients and single voxel
spectroscopy in our /n vivo MRS analyses is also a limitiation. However, some of these
limitations are reflective of the general dearth of cell lines and animal models in the field.

In summary, we demonstrated that PFA ependymomas show enhanced glycolysis and
TCA-cycle metabolism in tumor samples and cell lines. Non-invasive MRS imaging in
patients showed that PFA ependymomas exhibit a distinct metabolic signature /7 vivo. MRS
imaging could serve as a much-needed, non-invasive clinical tool to metabolically monitor
tumor progression/recurrence and assess treatment efficacies in PFA patients, and we are
currently expanding our analyses to test potential translation to patients. PFA ependymomas
showed enrichment of activating H3K27ac at key genes related to glycolysis and TCA-
cycle metabolism. EZHIP, compared to EZHIP-M406K expressing cells, recapitulated these
key epigenetic and metabolic phenotypes. The epigenetic mechanisms by which EZHIP
drives these metabolic pathways require further elucidation. Importantly, we show as proof-
of-principle that EZHIP concentrations can be lowered with metformin treatment, thus
targeting integrated epigenetic and metabolic pathways in a subset of PFA ependymomas.
Although additional studies will have to be conducted before these findings can be translated
to the clinic, our data have the potential to inform future studies to treat lethal childhood
PFA ependymomas.

Materials and Methods

Study design

The objective of this study was to define altered metabolic pathways in childhood PFA
ependymomas and to use this information to inform therapeutic development. Because
more than 95% of PFA ependymomas are driven by EZHIP, we hypothesized that EZHIP
would reprogram both epigenetic and metabolic pathways in an integrated manner. We
used tumors, patient-derived ependymoma cells, isogenic mouse NSCs expressing EZHIP-
WT or EZHIP-M406K, and PFA PDX mouse models. Ependymomas are rare tumors;
hence no priori sample size analysis was performed. Sample sizes were determined based
on availability of tumor specimens or patients for MRS imaging and a minimum of

=3 was used for all analyses. Sample size for /n vivo animal experiments was based

on previously published /n vivo panobinostat experiments by Grasso ét al. in H3K27M
xenografted animals which showed a minimum group size of three animals to detect a 50%
difference in tumor growth between two groups with an alpha=0.05 and power=0.8. (34)
Accordingly, sample size for animal studies ranged from 7=3-8/group. No samples were
excluded. Individuals blinded to the experimental design assessed MRS data or MRIs in

a retrospective manner. Immunostaining analyses were performed by individuals blinded
to the experimental design. All studies were conducted in compliance with REMARK
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and STARD guidelines. All identifiers from cases were removed before analysis. Two
independent neuropathologists reviewed H&E sections and H3K27me3/ac immunostaining
in a blinded manner. For /n vivo experiments, animals (equal males/females) bearing

PFA PDXs were randomly assigned to either control or treatment conditions, and /7 vivo
bioluminescence and tumor measurements were assessed in a blinded manner. All in vitro
experiments were performed with a minimum of 3 biologic replicates. All studies were
performed after Institutional Review Board approval from respective institutions. Animal
experiments were performed after approval from the University of Michigan Committee on
Use and Care of Animals and were conducted as per NIH guidelines for animal welfare.
MRS imaging in patients was conducted at Children’s Hospital Los Angeles and was
compliant with the Health Insurance Portability and Accountability Act (the requirement to
obtain informed consent was waived).

Statistical analyses

Data are represented as the means + standard deviation (S.D.). Graphs were plotted and
statistical analyses were performed using Prism software (versions 7 and 8, Graphpad,). The
sample size (1) along with the statistical test performed and corresponding ~-values are
indicated in each figure or figure legend. Unpaired, two-tailed, two-sided, Student’s ftest

or analysis of variance (ANOVA) followed by multiple comparisons analysis were used to
analyze data. Survival analyses were performed using Kaplan-Meier analyses with the Log-
Rank test. Data were considered significant if 2values were below 0.05 (95% confidence
intervals). Correlational analyses were performed using 95% confidence intervals. Results
from correlational analyses are represented by r, the Spearman’s correlation coefficient.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PFAs exhibit elevated glycolysisand TCA-cycle metabolism compared to PFB

ependymomas
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(A) Schematic indicates epigenetic and clinical differences between PFA and PFBs. (B) To
assess metabolic pathways upregulated in PFAs versus PFBs, we queried expression of a
comprehensive set of 2,754 metabolic genes encoding all known human metabolic enzymes
and transporters (19) in PF ependymomas from three independent, non-overlapping data

sets: Bayliss et al. 2016 (PFA =11, PFB r=4) (6), Witt et. al. 2011 (PFA =18, PFB

m=19) (2) and Pajtler et al. 2015 (PFA n=72 and PFB 7=39) (1). Venn diagram illustrates
intersection of upregulated genes in all three data sets. (C) Metabo Analyst pathway impact
analysis was performed for the 53 commonly upregulated (in all three data sets) metabolic

genes in PFA versus PFB ependymomas. (D) Simplified illustration of key metabolites

and enzymes related to glycolysis, TCA-cycle and PPP metabolism is illustrated. Enzymes

indicated in blue that were upregulated in all three data sets. (E) Single cell RNA-seq

expression of HK2and PDHB in PFA (7=20) versus PFB (/7=3) ependymomas from Gojo
et al. 2020 is indicated (18). (F) Key metabolites related to glycolysis, TCA-cycle and PPP
were measured using liquid chromatography-mass spectroscopy (LC-MS run with technical

duplicates) in patient tumor samples from PFA (=14, red), PFB (=3, blue), ST (/7=3,

light blue) and control non-pathologic human pediatric frontal cortex (purple, 7=3) and
cerebellum (orange, /7=3). (G) Steady-state key metabolites related to glycolysis, TCA-cycle
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and PPP from EPD210 (PFA, red) and EP1INS (ST-RELA, light blue) ependymoma cell
lines cultured in neurosphere serum-free conditions are shown (/=8 for all, except 7=4 for
Pyr, Lac, Cit, Isocit, Fum, Gln and Glu). (H) Metabo Analyst pathway impact analysis
was performed using significantly upregulated metabolites from 1G. (I and J) Expression
levels of genes in the glycolysis-KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway in 91 PF ependymomas (1) or 55 PFA ependymomas (J) were segregated into
high versus low glycolytic gene expression categories using unbiased K-means clustering.
Kaplan-Meier analysis was then performed between high versus low glycolytic tumors to
determine differences in overall survival. Data were analyzed by the Log rank test. Data
represented as mean +/— SD or violin plots (with medians and interquartile ranges and
ends of violin plots representing the highest and lowest observations). Statistical significance
determined by 2-sided, unpaired, 2-tailed, #test in 1E and 1G, and by ANOVA in 1F.
(1,3-BPG, 1,3-Bisphosphoglyceric acid; 2-PG, 2-phosphoglycerate; 3-PG, 3-
phosphoglycerate; ACO2, aconitase-2; Ala, alanine; Asp, aspartate; Cit, citrate; CoA,
Coenzyme A; DHAP, Dihydroxyacetone phosphate; FBP, fructose-bisphosphate; FUM,
fumarate; G-3-P or GAP, Glyceraldehyde 3-phosphate; GLC, glucose; GLN, glutamine;
GLUL, glutamine synthetase; GLU, glutamate; GLUD1/2, glutamate dehydrogenasel/2;
HK2, hexokinase-2; LAC, lactate; MAL, malate; Met, metabolism; PDH, pyruvate
dehydrogenase; PEP, phosphoenolpyruvate; PGAMZ2, phosphoglycerate mutase 2;

PYR, pyruvate; Ribul-5-P, ribulose-5-phosphate; Ribo-5-P, ribose-5-phosphate; Sed-7-P,
sedoheptulose 7-phosphate; Suc, succinate; TCA-cycle, tricarboxylic acid cycle; TKT,
transketolase; X-5-P, xylulose 5-phosphate)
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Figure 2. Non-invasive in vivo MRS imaging shows elevated citrate and glutamate concentrations
in PFA ependymomas

(A) Representative axial MRI images from patients with PFA, PFB and ST-RELA

are shown. Boxes indicate region of MRS quantification. Representative images from
H3K27me3 and EZHIP immunostaining performed on the corresponding tumors are
illustrated. Scale bar=200uM. (B) Representative /7 vivo MRS spectra (TE = 35 ms, TR
=2s; g) from PFA (red), PFB (blue) and ST (light blue) ependymomas are shown. (C) MRS
quantification of myoinositol (ml), taurine (Tau), creatine (Cr), citrate (Cit), glutamate (Glu),
glutamine (GIn), alanine (Ala) and lactate (Lac) from PFA (n#=7, red), PFB (=3, blue) and
ST (=5, light blue) patients are plotted. (A.U.- Arbitrary units). Data were analyzed by
unpaired ¢test with Welch's correction and are presented as box and whisker plots.
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Figure 3. EZHIP expression correlateswith high H3K 27ac, location in the fourth ventricle, and
prognosisin PF ependymomas

(A) Representative images of EZHIP, H3K27me3 and H3K27ac immunostaining in PFA
(two samples PFA #1 and PFA#2, illustrating range of EZHIP expression) and PFB
ependymomas. Scale bar represents 100 pm. (B) Blinded quantification of EZHIP and
H3K27ac in PFA (=90, red) and PFB (/7=65, blue) tumors and association of each

marker with age: <10 years (/7=78, orange) and >10 years (/7=16, purple). (C) Overall and
progression free survival in EZHIP low (r7=30) versus EZHIP high (7=31, median cutoff)
PFAs are indicated. (D) Representative MRI images from PF ependymomas associated
with the lateral recess (LR, red arrows), roof (red arrows) and floor (red arrow) of the
fourth ventricle (assessed by a radiologist in a blinded manner) are illustrated. (E and F)
Representative images and blinded quantification of EZHIP associated with the lateral recess
(LR, 77=10), roof (r=15) and floor (77=17) of the fourth ventricle; H3K27me3 (LR, r=14),
roof (7=25) and floor (/7=17); and H3K27ac (LR, /7=14), roof (7=25) and floor (7=17)

in PF ependymoma are shown. Scale bar=200um. Data represented as violin plots (with
medians and interquartile ranges and ends of violin plots representing the highest and lowest
observations). Statistical significance determined by 2-sided, unpaired, 2-tailed, #test in 3B,
Log-rank test in 3C, and by ANOVA in 3F.
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Figure4. EZHIP-WT versus EZHIP-M406K NSCsdemonstrate higher H3K 27ac enrichment at
Hk2 and Pdh and exhibit enhanced glycolysisand TCA-cycle metabolism

(A) Mouse NSCs were stably transfected with FLAG-tagged EZHIP-WT, EZHIP-M4061

or EZHIP-M406K. Representative WB for FLAG, H3K27me3, H3K27ac and total H3 are
shown. (B) Bar plot of cell counts (cell numbers, Y-axis) in parental (par, light blue),
EZHIP-WT (red) and EZHIP-M406K (blue) NSCs (=4 with 2-3 technical replicates,

each) is shown. (C) Super-enhancer (SE, enhancer rank X-axis) with increased H3K27ac
enrichment (EZHIP-WT enhancer strength, Y-axis) in EZHIP-WT, but not EZHIP-M406K
NSC is depicted. SE unique to EZHIP-WT that overlap with PFA-specific SE from Mack et
al. 2018 (25) are indicated. (D) Representative heatmaps and H3K27ac enrichment (Y-axis)
of genes (including both promoters/enhancers) enriched for H3K27ac in EZHIP-WT versus
EZHIP-M406K NSC +/-5Kb from peak center (X-axis) are shown. (E) Representative
H3K27ac ChiP-seq tracks at Hk2, PrkaaZ/Ampka-2, and Pdhx; gene loci in EZHIP-WT and
EZHIP-M406K NSCs are indicated. (F) Representative heatmaps of genes (including both
promoters/enhancers) enriched for H3K27ac in PFA versus ST +/-5Kb from peak center
are shown. (G) Representative H3K27ac ChlIP-seq tracks at HKZ2, PDHB, and PRKAAZ/
AMPKa-2 gene loci in PFA and ST ependymoma tumors are indicated. (H-1) Unbiased
proteomic analysis (£1% FDR with adjusted p-value < 0.05) was performed between
EZHIP-WT and EZHIP-M406K NSCs. Heatmap illustrates differentially expressed proteins
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and bar graph shows GSEA pathway analysis of all upregulated proteins in EZHIP-WT
compared to EZHIP-M406K NSC (/7=3, each, 1). (J) Bar graph represents steady state

key metabolites related to glycolysis, PPP and TCA-cycle from EZHIP-WT (red) and
EZHIP-M406K (blue) NSC (=3, each). (K) Metabo Analyst pathway impact analysis

is illustrated using significantly upregulated metabolites from 4J. Data are represented as
violin plots (with medians and interquartile ranges and ends of violin plots representing the
highest and lowest observations) or as mean +/- SD. Statistical significance determined by
non-parametric, 2-sided, unpaired, 2-tailed, #test (4J) or one-way ANOVA (4B). Data in C
analyzed by the Log rank test.
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Figure 5. Metformin suppresses TCA-cycle and PPP metabolism and downregulates EZHIP to
increase global H3K27me3 in PFA cells

(A) Bar graph demonstrates PRKAA2/AMPKa-2 expression in PFA (/=11) and PFB
(r=4) ependymoma tumor samples from Bayliss et al. 2016 (6). (B) Violin plots indicate
PRKAAZ/ AMPKa-2 expression in PFA (n=72) and PFB (17=39) from Pajtler et al. (1). (C)
Violin plots of single cell RNA-seq expression of PRKAAZ/ AMPKa-2in PFA (n=20)

and PFB (7=3) ependymomas from Gojo et al. 2020 are indicated (18). (D) Parental

(light blue), EZHIP-M406K (blue), or EZHIP-WT (red) NSCs (/7=4, with 2-7 technical
replicates each) were plated in a 6-well plate (200,000 cells/well) and treated with vehicle
or metformin (indicated doses in mM, X-axis). After 4 days, cells were counted (Y-axis)
using Trypan blue exclusion assay. (E, F, and G) PFA cell lines EPD210, MAF928 (E)
and MAF811 (F), and control STO1 (supratentorial non-fusion) and NHA (normal human
astrocytic cells) (G) were plated in a 6-well plate (100,000 cells/well) and treated with
vehicle or metformin (indicated doses, X-axis). After 6 days, cells were counted using
Trypan blue exclusion assay (/7=4, for all). Cell counts were normalized to untreated controls
for the corresponding cell line (Y-axis). Unbiased proteomic analysis was performed in
EZHIP-WT NSCs treated with vehicle (veh+, PBS, 7=3) or metformin (met*, 4 mM,

n=4) for 4 days. (H, I, J and K)Heatmap demonstrates differentially expressed proteins
(H) and bar graph shows GSEA pathway analysis of all down-regulated proteins between
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metformin-treated and vehicle-treated EZHIP-WT NSC (I). Unbiased metabolomics using
LC-MS was performed between EPD210 PFA cells treated with vehicle (veh™, PBS,

n=4) or metformin (met*, 25 mM, 7=3) for 4 days. Heatmap demonstrates differentially
expressed metabolites (J). Metabolite enrichment analysis (using Metabo Analyst) was
performed on downregulated metabolites between metformin-treated and vehicle-treated
EPD210 cells (K). (L) Representative Western blots for phospho-AMPK (pAMPK), total
AMPK (tAMPK), VINCULIN, H3K27me3 and Total H3 in EPD210 PFA cells cultured
for 5 days with either vehicle (PBS), or metformin (25mM and 50 mM) are shown. (M)
Representative Western blots for EZHIP and VINCULIN in EPD210 PFA cells cultured
for 4 days with either vehicle (PBS), or AICAR (1mM), or metformin (25 or 50 mM) are
illustrated. (N) Representative Western blots for FLAG, Gapdh, H3K27me3 and Total H3
in EZHIP-WT or EZHIP-M406K NSC cultured for 3 days with vehicle (PBS) or 25 mM
metformin are shown. (O) Comparison of differential expression of proteins (Log 2 fold
change) in EZHIP-WT/ EZHIP-M406K NSC versus Metformin/ Veh EZHIP-WT NSC is
shown. Data represented as mean +/— SD or violin plots (with medians and interquartile
ranges and ends of violin plots representing the highest and lowest observations). Statistical
significance determined by 2-sided, unpaired, 2-tailed, t-test (5A-C), or ANOVA (5D) or
Pearson’s correlational analysis (50).
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Figure 6. Metformin reduces tumor growth and EZHIP, and increases global H3K27me3, in vivo.
(A) Schematic illustrates treatment schedule with either metformin (250mag/kg,

administered daily by oral gavage), or panobinostat (10mg/kg, administered 3 times/week
intraperitoneally.), or both agents for four weeks in mice grafted with PFA PDXs (see also
fig. S6, C and D, and fig. S9). Treatments were started after confirming tumor engraftment
in each model. (SubQ, subcutaneous; BLI, Bioluminescence imaging). (B) Tumor volumes
normalized to the initial tumor size (Y-axis) and plotted as a function of time (X-axis,
days) in mice grafted subcutaneously with PFA-MAF928 PDX cells and treated with vehicle
(DMSO, Veh, blue, 7=5), metformin (Met, black, 7=8), panobinostat (Pano, /=6, red) or
both (Met+Pano, /7=6, purple). (C) Kaplan-Meier analysis of percentage of PFA-MAF928
PDXs tumors receiving indicated treatment that grew three-fold in volume (Y-axis) are
plotted as a function of time (X-axis, days). (D) NSG Mice were orthotopically implanted
with PFA-EPD210 PDXs. Left panel shows representative bioluminescence images in mice
before or after treatment treated with either vehicle (Meh, 7=7), or metformin (met, 7=7),

or panobinostat (Pano, /7=3) are shown. Right panel shows representative bioluminescence
images in mice treated with vehicle or combination of both (Met+Pano, /7=8). (E) Bar
graph of normalized bioluminescence values in PFA-EPD210 orthotopic mice at 6-weeks
post treatment is shown. (F) Kaplan-Meier survival analysis of mice with EPD210 PDXs
receiving either vehicle or indicated treatments is indicated. (G and H) Representative
images (G) and blinded quantification of EZHIP (H) immunostaining in PFA-EPD210 PDX
orthotopic mice treated with vehicle (DMSO, Veh, blue, #=7), panobinostat (Pano, /=3,
red), metformin (Met, black, 77=5), or both (Met + Pano, 7=7, purple) are shown. (I and J)
Representative images (1) and blinded quantification of H3K27me3 (J) immunostaining
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in PFA-EPD210 PDX orthotopic mice treated with vehicle (DMSO, Veh, blue, 7=7),
panobinostat (Pano, /7=3, red), metformin (Met, green, /7=7), or both (Met + Pano, /=8,
purple) are shown. Data represented as mean +/— SD. Statistical significance was determined
by Log-Rank analyses (6C and 6F, Pvalues in comparison with vehicle treated animals are
indicated) or ANOVA (6B, 6E, 6H and 6J). Scale bar=50uM.
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