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SUMMARY

Posterior fossa A (PFA) ependymomas are lethal malignancies of the hindbrain in infants and toddlers. Lack-
ing highly recurrent somatic mutations, PFA ependymomas are proposed to be epigenetically driven tumors
for which model systems are lacking. Here we demonstrate that PFA ependymomas are maintained under
hypoxia, associated with restricted availability of specific metabolites to diminish histone methylation, and
increase histone demethylation and acetylation at histone 3 lysine 27 (H3K27). PFA ependymomas initiate
from a cell lineage in the first trimester of human development that resides in restricted oxygen. Unlike other
ependymomas, transient exposure of PFA cells to ambient oxygen induces irreversible cellular toxicity. PFA
tumors exhibit alow basal level of H3K27me3, and, paradoxically, inhibition of H3K27 methylation specifically
disrupts PFA tumor growth. Targeting metabolism and/or the epigenome presents a unique opportunity for
rational therapy for infants with PFA ependymoma.

INTRODUCTION ependymomas, found in the hindbrain of infants and young chil-
dren, are the most prevalent type (Ramaswamy and Taylor,

Ependymomas are malignant glial tumors that occur throughout ~ 2016). The current standard of care is neurosurgical resection fol-
the central nervous system (Thompson et al., 2015). Of the nine  lowed by radiotherapy, but numerous clinical trials have failed to
distinct molecular types of ependymoma, posterior fossa A (PFA)  identify life-extending chemotherapies (Ramaswamy et al,
1-_) Cell 181, 1329-1345, June 11, 2020 © 2020 Elsevier Inc. 1329
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2016). Up to 40% of children with PFA ependymoma succumb to
their disease, and survivors are often left disabled because of
toxicity from the tumor and treatment (Ramaswamy and Tay-
lor, 2016).

Unlike most cancers, PFA ependymomas rarely harbor recur-
rent somatic single-nucleotide variants (sSNVs) or copy number
aberrations but, rather, display epigenetic dysregulation,
including abnormalities of DNA methylation and histones modifi-
cations (Mack et al., 2014, Pajtler et al., 2015). A small minority of
PFA tumors harbor somatic mutations in CXORF67 (EZHIP) or
H3F3A K27M mutations, which have been described previously
in diffuse midline gliomas and are associated with histone 3
lysine 27 (H3K27) hypomethylation, which is also observed in
PFA tumors (Hibner et al., 2019; Jain et al., 2019; Pajtler et al.,
2018; Panwalkar et al., 2017; Ryall et al., 2017).

Research on PFA ependymoma has been hampered because of
alack of representative cell lines, xenografts, oranimalmodels that
recapitulate the disease, leading to a lack of therapeutic agents be-
ing brought forward to clinical trials (Aldape et al., 2019). We
recently demonstrated that the lineage of origin for PFA ependy-
moma exists only very early in human development, during the first
trimester, when the microenvironment of the developing hindbrain
is highly hypoxic (Vladoiu et al., 2019). Transcriptional analyses
show that PFA ependymomas, but not other molecular ependy-
moma variants, have elevated hypoxic signaling (Pajtler et al.,
2015). Consequently, we hypothesized that the metabolic environ-
ment of the developing human fetal hindbrain contributes to PFA
ependymomas through intermediary metabolism on the epige-
nome, offering an opportunity for novel targeted therapy.

RESULTS
Hypoxia Is Essential for PFA Ependymoma Maintenance
To generate patient-derived models, we interrogated the role of

oxygen levels in growth of surgical samples of PFA ependymo-
mas. Dissociated single cells (1 x 108) from PFA ependymoma
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surgical biopsies were cultured under varying oxygen concentra-
tions (21%, 10%, 5%, 1%, and 0.2% Q). Immediate culture in
1% O, allowed establishment of PFA continuous primary cell
cultures (9 of 10 specimens), whereas atmospheric O, (21%)
largely failed (1 of 10, p = 0.0010) (Figure 1A). The single PFA cul-
ture that was established in 21% O, displayed faster growth in
1% O, (data not shown). After three generations in vitro, PFA
cells in 1% versus 21% O, proliferated more with decreased
markers of cellular senescence (p21WAF1) and apoptosis
(Annexin V, propidium iodide) (Figures 1B-1G, S1A, and S1B).
PFA cells, but not fetal neural stem cells (fNSCs) or supratentorial
ependymoma (ST-EPN) cells, underwent G, cell cycle arrest af-
ter exposure to 21% O, (p = 0.00008; Figure 1H). PFA cells
cultured in 1% versus 21% O, displayed increased sphere
formation in limiting dilution (Figure S1C). Even short-term expo-
sure (4 days) of PFA cells to 21% O, irreversibly inhibited prolif-
eration despite subsequent return to hypoxic conditions (Fig-
ure 1l). In a clinical cohort of PFA patients, a hypoxic gene
signature informed poor prognosis (p = 0.00134) (Figures 1J
and S1D). We conclude that maintenance of PFA ependymoma
is highly dependent on a hypoxic microenvironment.

PFA Ependymomas Exhibit a Unique Metabolism

Given the association of hypoxia with maintenance of tumorigen-
esis and modulation of cancer metabolism in tumors, we interro-
gated six PFA cultures and their corresponding surgical speci-
mens with whole-genome and RNA sequencing (RNA-seq).
RNA-seq and proteomics were also compared in three primary
cultures grown in 1% and 21% O, (Figures 2A, 2B, S2, and
S3A-83E; Tables S1, S2, and S3). Confirming our prior observa-
tions (Mack et al., 2014), we did not observe any recurrent sSNVs
or copy number aberrations (Figure S2). PFA cells cultured in 1%
versus 21% O, displayed altered transcription of genes important
in regulation of the epigenome (e.g., CXorf67) and metabolism
(e.g., SLC16A3, AK4, and ALDOC) (Figure 2A). Mass spectrom-
etry identified a broad set of differentially expressed metabolic
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enzymes, including LDHA, PGK1, and PFKL (Figure 2B). At the
transcriptional and protein levels, hypoxia response and glycolytic
metabolism pathways were upregulated in 1% O,, whereas
cellular respiration and electron transport chain genes were
increased in 21% O,. Comparison of the methylation profiles of
five primary patient-derived cultures and their parental tissue
demonstrated a strong correlation, confirming that cell cultures
recapitulate the original tissue (Figure S3F). Mass spectrometry
profiling of metabolites from surgical biopsies of 15 PFA ependy-
momas, 4 ST-EPNs, and 5 normal human pediatric brains demon-
strated increased glycolysis, gluconeogenesis and pyruvate
metabolism, pentose phosphate metabolism, arginine and proline
metabolism, polyamine metabolism, and fatty acid p-oxidation in
PFA tissue compared to ST-EPN or normal brain (Figures 2C and
S4). Thus, PFA ependymomas have metabolic regulation distinct
from other ependymal brain tumors and normal brain.

Hypoxia Regulates the Epigenome of PFA Ependymoma

Leveraging the epigenetic dependencies of PFA ependymomas,
we interrogated chromatin regulation of PFA ependymomas under
different oxygen conditions by measuring the abundance of all
known histone tail post-translational modifications from PFA surgi-
cal biopsies as well as PFA cultures in 1% and 21% O, using mass
spectrometry. PFA surgical biopsies exhibited global loss of
H3K27me3 and H3K27me2 with a concomitant increase in
H3K27me1 on H3.1/H3.2 and H3.3 histones (Figure 2D). PFA tu-
mors had an increase in H3K27 acetylation compared with ST-
EPNs (Figure 2D). PFA ependymomas, but not ST-EPNs or fNSCs,
exhibited decreased trimethylation and increased acetylation of
histones H3.1 and H3.2 on K27 when grown in 1% O, compared
with 21% (Figures 2E). To validate these findings, we interrogated
surgical ependymoma biopsy specimens for distribution of hypox-
ia (as measured by immunohistochemical staining of carbonic an-
hydrase 9 [CA9]) and H3K27me3, demonstrating lower levels of
H3K27 trimethylation in the hypoxic regions of PFA ependymoma
but notin ST-EPN controls (p = 0.0195; Figure S5A). To validate the
effect of oxygen tension on H3K27 trimethylation, Cut&Run

Cell

sequencing was performed. PFA cultures grown in 21% O,
possessed increased H3K27me3 marks, with changes in promoter
silencing corresponding to RNA expression observed above (Fig-
ure 2Aand S5B-S5D). Collectively, these results show that hypoxia
maintains aberrant post-translational modifications of H3K27.

PFA Ependymomas Are Addicted to Glucose

The metabolic profiles of PFA ependymomas suggest that these
cells have high levels of glycolysis compared with normal brain
or other ependymal tumors (Figures 2C). Stable isotope tracing
(U3Cg-glucose) gas chromatography-coupled mass spectrom-
etry (GC-MS) demonstrated increased glucose consumption in
1% versus 21% O, for PFA cells and other cell types
(Figure 2F). However, relative glucose consumption was higher
in PFA cells than in ST-EPN cells or fNSCs in 1% O, (p = 0.0212
and 0.0039, respectively) (Figure 2F). Pharmacologic inhibition
of glucose uptake by the glucose transporter GLUT1 using
Bay-876 (1 uM) impaired growth of PFA cells compared with
ST-EPNSs, fNSCs, and diffuse intrinsic pontine glioma (DIPG) cells.
(Figure 2G). Glucose supplementation fully rescued the growth
defect observed in PFA cells at 21% O, (Figure 2H). Thus, high
levels of glucose are necessary and sufficient for growth of PFA
cells, particularly at increased oxygen levels.

Intermediary Products of PFA Metabolism Regulate
Histone Tail Methyltransferase Activity

The hypomethylated and hyperacetylated epigenome observed
in PFA ependymoma could be due to various mechanisms of his-
tone modification. The methionine cycle is a key metabolic
pathway that provides S-adenosyl methionine (SAM) as a sub-
strate for methylating numerous proteins, including histones.
Methionine cycle metabolites, including SAM, were found at
similar levels in surgical biopsies of PFA ependymoma and
ST-EPN (Figure 3A), but PFA cells cultured at 1% O, displayed
lower SAM levels compared with cells grown at 21% (p =
0.0104), in contrast to ST-EPNs, fNSCs, or immortalized normal
human astrocytes (iNHAs) (Figure 3B). Differences in levels of

Figure 1. PFA Ependymoma Mandates Hypoxic Conditions

(A) Patient-derived PFA ependymoma primary cells undergo sustained growthin 1% but not 21% oxygen. Cell lines were considered established when they could
sustain 5 consecutive passages in culture, stalled when there were fewer than 5 passages, and failed when they never demonstrated growth in vitro. Two-tailed

Fisher's exact test was used for statistical comparison.

(B) Schematic representation of continuous culture in 1% versus 21% O,. A “generation” denotes a consecutive passage under each condition.

(C) Proliferation of PFA cells cultured continuously in 1% O (blue) is significantly sustained and increased compared with 21% O, (gray). Cell counts represent
average viable cells remaining per plate at the end of the third generation. Statistical comparison was performed using two-tailed t test.

(D) Crystal violet staining of third-generation PFA cells demonstrates high confluence of cells in 1% O, compared with 21% O,. Each square is a representative

image of the culture condition.

(E) Senescence-associated p-galactosidase staining of third-generation PFA cells demonstrates increased senescence in 21% O, but not 1% O,. Blue color

indicates positive X-gal staining.

(F) Immunoblot for p21Wan demonstrates increased expression in 21% compared with 1% O,.

(G) Flow cytometry-based quantification of apoptosis using Annexin V and propidium iodide in PFA cell lines reveals a significant increase in apoptosis in 21% O,.
Statistical comparisons were conducted using Welch’s t test from technical triplicates for each sample.

(H) Cell cycle analysis demonstrates an increase in G1 arrest of PFA cells, but not control ST-EPN or fetal neural stem cells (fNSCs), in 21% O, versus 1% O,.
Statistical comparison was performed using multiple t testing for the G1 cell cycle phase between 1% versus 21% oxygen of each cell type.

{I) PFA cells cultured in 21% O, for 4 days and then returned to 1% O, display an irreversible decrease in proliferation. Statistical comparison was performed using

two-tailed t test.

(J) Poor outcome among PFA patients with a hypoxic gene signature (MSigDB). The Kaplan-Meier survival curve, stratified by hypoxia signature (high, red;
low, blue), is correlated with worse overall survival in a cohort of 18 PFA patients. Statistical comparison was performed using log-rank test after false discovery

rate (FDR) correction.
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H3K27 trimethylation in PFA ependymoma between 1% and
21% 0O, were not due to differences in the expression of core
Polycomb Repressive Complex 2 (PRC2) complex genes
(EZH2, EED, or SUZ12) (Figure 3C). However, two inhibitors of
PRGC2 activity, CXorf67 (EZHIP) and C170rf96 (EPOP), displayed
elevated levels in PFA cells grown at 1% versus 21% O, (Fig-
ure 3C; Beringer et al., 2016; Hilbner et al., 2019; Jain et al.,
2019). Decreased expression of EZHIP and EPOP in 21% O,
would be predicted to increase PRC2 activity with consequent
increased trimethylation of H3K27. Because SAM is a necessary
substrate for the H3K27 methylase EZH2, we hypothesized that
increased abundance of SAM in PFA cultures should result in
growth inhibition (Figure 3D). Concordantly, exogenous treat-
ment with SAM inhibited growth of PFA cells, but not ST-EPN
and iINHA cells, in a concentration-dependent manner (Fig-
ure 3E). Endogenous SAM is consumed by two alternate
pathways: polyamine metabolism and the nicotinamide sink.
SAM is consumed to generate polyamine metabolites through
S-adenosylmethionine decarboxylase (SAMDC) activity or
sequestered as 1-methylnicotinamide via the enzyme nicotin-
amide N-methyltransferase (NNMT) (Ulanovskaya et al., 2013).
Inhibition of endogenous SAM consumption with sardomozide
(a SAMDC inhibitor) or JBSNF-000088 (an NNMT inhibitor)
resulted in concentration-dependent growth inhibition of PFA
ependymoma cells (Figures 3F and 3G). PFA ependymomas ex-
press high levels of the PRC2 inhibitors EZHIP and EPOP in vitro
and in vivo, with reduced levels of the EZH2 substrate SAM
in vitro under hypoxic conditions, all contributing to maintaining
an epigenome with low H3K27me3 levels.

PFA Metabolism Fuels H3K27 Histone Demethylases

The activity of the H3K27 demethylases KDMBA and KDM6B is
controlled in part by the concentration of the cofactor a-ketoglu-
tarate («KG) and in particular by the ratio of KG to succinate
(Carey et al., 2015). The «KG/succinate ratio was much higher
in PFA cells than in fNSCs, which decreased when PFA cells
were shifted from 1% to 21% O, (p = 0.0040; Figures 4A and
4B). No differences in the RNA expression levels of KDMEA or
KDMG6B were detected under 1% versus 21% O, (Figure 4C).
13Cs-L-glutamine tracing demonstrated that PFA cells preferen-
tially underwent glutaminolysis under reduced Krebs cycle flux,
producing 2KG from glutamine and maintaining a high aKG/suc-

ell

cinate ratio (p = 0.0023; Figures 4D and 4E), suggesting potential
regulation of demethylase activity rather than total expression. In
PFA cells, «KG produced from glutamate (m+5) was highly abun-
dant in 1% O, compared with m+3 or m+0 «KG, which were
abundant in 21% 0O,, consistent with the canonical forward
activity of the Krebs cycle in 21% O, (Figure Sg).

We hypothesized that inhibiting «KG production or histone
lysine demethylase (KDM) activity would diminish PFA growth,
whereas exogenous oKG should rescue the effects of growth
in 21% O, (Figure 4F). CB-839, an inhibitor of glutaminolysis,
profoundly inhibited growth of PFA cells but not ST-EPN and
iNHA cells (Figure 4G). GSK-J4, an inhibitor of the H3K27me3
demethylases KDMBA and KDM6B, demonstrated concentra-
tion-dependent growth inhibition of PFA cells but not ST-EPNs
or iINHA controls (Figure 4H). Exogenous, «KG rescued the
growth defect of PFA cells in 21% O, (Figure 4I). To confirm
that the inhibition of glutaminolysis by CB-839 was specific to
oKG perturbation, we rescued PFA growth with exogenous
oKG (Figure 4J). Thus, PFA cells are dependent on H3K27 deme-
thylase activity maintained through a high aKG/succinate ratio
generated by glutaminolysis and reduced Krebs cycle flux.

PFA Undergoes Reductive Carboxylation to Generate
Acetyl-CoA, Fueling H3K27 Acetylation

Acetylation of H3K27 blocks the ability of EZH2 to methylate
H3K27. Histone acetyltransferase (HAT) complexes consume
acetyl-coenzyme A (CoA), a product of intermediary metabolism,
to acetylate histone tails. PFA surgical biopsies have very high
levels of H3K27 acetylation that diminish upon exposure to
21% O, (Figures 2D and 2E). The «KG/citrate ratio is a marker
of reductive carboxylation, which results in production of
acetyl-CoA from citrate (Fendt et al., 2013; Lee et al., 2014). In
PFA cells, but not fNSCs, the aKG/citrate ratio was higher in
1% versus 21% O; (Figures 5A and 5B). Expression of the HAT
complex genes CREBBP and EP300 was unchanged between
1% and 21% O, (Figure 5C).

We hypothesized that high levels of acetyl-CoA production
could drive H3K27 acetylation in PFA cells. '3Cs-L-glutamine
tracing demonstrated that, in PFA cells, citrate was primarily pro-
duced by reductive carboxylation (m+5, m+3) in 1% O,, whereas
citrate was consumed by forward activity of the Krebs cycle
(m+4) in 21% O (p < 0.0001; Figures 5D, 5E, and S5). Production

Figure 2. PFA Ependymomas Harbor a Unique Metabolic and Global Histone Hypomethylation Profile

(A) Volcano plot of differential gene expression analysis for PFA cells cultured in 1% versus 21% oxygen. Significantly differentially expressed genes are indicated
in color (log,fold change > 1, P,q; < 0.05).

(B) Volcano plot of differential proteomic expression analysis for PFA cells cultured in 1% O, versus 21% O,. Significantly differentially expressed proteins are
indicated in color (FDR < 0.05).

(C) Integrative metabologram of gene expression and metabolite abundance for selected KEGG pathways in PFA tissue relative to ST-EPN tissue (derived from
Hakimi et al. 2016). Logafold change is shown on a set scale from —3.0 to 3.0.

(D) Relative levels of histone K27 methylation and acetylation in PFA (n = 5) versus ST-EPN surgical (n = 3) biopsies assessed by post-translational modification
histone-tail mass spectrometry.

(E) Relative abundance of H3.1 and H3.2 K27 methylation and acetylation in cultured PFA, ST, and (fNSCs) under 1% and 21% O, as assessed by post-
translational modification histone-tail mass spectrometry.

(F) Increased glucose consumption rate of cultured PFA cells compared with ST and fNSCs and in 1% versus 21% O,.

(G) Treatment of PFA cells with a GLUT1-specific inhibitor, BAY-876 (1 uM), perturbs PFA cell but not ST-EPN, fNSC, or DIPG survival in 1% O,. The bar plot
shows relative survival.

(H) Glucose (50 mM) supplementation rescues the growth defect of third-generation PFA cells grown in 21% O,.

kan

Data are displayed as mean + SEM, *p < 0.05, **p < 0.01, and ***p < 0.001. Statistical comparisons were conducted using Welch's t test for (D)~(H).
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of cytosolic fumarate, malate, and aspartate (m+3) was detectedin
1% O, (Figure S7), which are produced when ATP citrate lyase
(ACLY) converts citrate into acetyl-CoA. Thus, PFA ependymoma
cells, but not ST-EPNs or fNSCs, consume glutamate and undergo
reductive carboxylation, resulting in high levels of acetyl-CoA
(Figures 5D, 5E, and S7). To test the functional relevance of our
metabolic model, we determined the activity of P300/CREBBP
acetyltransferase inhibitors and ACLY inhibitors against PFA epen-
dymoma cells (Figure 5F). The P300 complex inhibitor A485
demonstrated concentration-dependent inhibition of PFA cell
growth in contrast to ST-EPNs or iNHAs (Figure 5G). A485 treat-
ment caused limited growth inhibition of diffuse intrinsic pontine
glioma (DIPG) cells, a tumor type that similarly exhibits genome-
wide H3K27 hypomethylation. In orthogonal experiments, phar-
macologic inhibition of production of acetyl-CoA from citrate using
the ACLY inhibitor BMS-303141 diminished growth of PFA cells
but not ST-EPNSs (Figure 5H). Blockade of ACLY can force cells
to utilize external sources of acetate to create acetyl-coA viaintra-
cellular acetyl-CoA synthetases (Gao et al., 2016); exogenous ac-
etate rescued the growth of PFA cells treated with the ACLY inhib-
itor in a concentration-dependent manner (Figure 5l). Consistent
with our proposed model, supplementation of PFA cells with exog-
enous acetate rescued the growthinhibition mediated by the gluta-
minase inhibitor CB-839 (Figure 5J). Collectively, we conclude that
glutaminolysis, followed by reductive carboxylation, generates
high levels of acetyl-CoA to maintain increased H3K27Ac.

Basal PRC2 Activity Is Essential for PFA Survival—the
PFA Goldilocks Model

We leveraged the ability to culture PFA cells to perform a genome-
wide CRISPR knockout screen to identify essential genes in three
patient-derived PFA cell cultures compared with another malig-
nant brain cancer, glioblastoma (GBM) (Figure 6A; Macleod
etal., 2019). PFA cultures had a total of 272 context-specific fithess
genes (Z score < 0.05, average PFA Bayes factor > 4, average
GBM Bayes factor < 4) (Table S4). Three of the top 10 essential
genes specific to PFA ependymoma were EED, SUZ12, and
EZH2, all core components of PRC2 (Figure 6A). Essential genes
specific to PFA ependymoma by pathway analysis focused on his-
tone lysine methylation (Figure 6A). The essentiality of PRC2 genes
in PFA seems paradoxical because our results above suggest that
increasing H3K27 trimethylation decreases the fitness of PFA
ependymoma (Figures 3, 4, and 5), but although PFA cells are hy-
pomethylated at H3K27, they display basal H3K27 trimethylation.

Cell

We compared our PFA CRISPR screens with previously published
screens of human fNSCs (Table S5; MaclLeod et al., 2019). A total
of 316 essential genes were observed, with 128 genes overlapping
with the PFA versus GBM comparison (Table S6). These results
suggest that a minimal basal level of H3K27me3 is essential for
PFA survival and that further attenuation of H3K27me3 decreases
the fitness of PFA ependymoma cells. PFA cells have a unique epi-
genome, suggesting a model in which they thrive in anarrow Goldi-
locks zone, with deviation to increased or decreased H3K27me3
levels leading to diminished cellular fitness (Figure 6B).

Our results demonstrated that interventions regulating H3K27
methylation, demethylation, or acetylation that increase
H3K27me3 levels diminish the fitness of PFA cells. To test our Goldi-
locks model, we inhibited H3K27 trimethylation through inhibition of
SAM production using PF9366, an inhibitor of MAT2A, the enzyme
responsible for generating SAM. PFA cells, but not other brain cell
types, treated with PF9366 demonstrated inhibition of cell growth
(Figure 6C). Inhibition of the PRC2 component EED using A395,
but not the inactive control probe, diminished the growth of PFA
cells (Figure 6D). Similarly, EZH2 inhibition using the compound
UNC1999 readily inhibited PFA growth compared with other control
lines (Figure 6E). Therefore, inhibition of production of the methyl
donor SAM or of the activity of the PRC2 complex (through EED
or EZH2) supports our Goldilocks model of the PFA epigenome.

Normal Fetal Hindbrain Cells in the PFA Lineage of
Origin Have a Hypoxic Phenotype

PFA ependymoma is a glial tumor that arises very early in the
fetal gliogenic lineage from gliogenic progenitors and roof
plate-like stem cells (Vladoiu et al., 2019). Murine roof plate-
like stem cells were almost exclusively present at embryonic
day 10 (E10), whereas gliogenic progenitors had peak preva-
lence at E16 (Figure 7A). Single-cell RNA-seq data from different
time points across murine hindbrain development demonstrated
that hypoxia gene expression signatures correspond to the peak
prevalence of these two cell populations (Figure 7B). Pathway
analysis revealed that E16 gliogenic progenitors displayed
strong transcriptional signatures of glycolysis, gluconeogenesis,
and monosaccharide metabolism, similar to the transcriptome of
PFA ependymoma, but post-natal day 0 (P0) gliogenic progeni-
tors upregulated genes associated with the electron transport
chain and cellular respiration pathways (Figure 7C). Because
PFA ependymomas have a very low mutational burden and
resemble normal fetal hindbrain cells, we hypothesized that the

Figure 3. Hypoxia Drives SAM Deficiency, Perturbing PRC2-Dependent Methylation and Maintaining H3K27 Hypomethylation in PFA

Ependymoma

(A) Relative metabolite abundance of methionine cycle metabolites and intermediates, including the NNMT sink and polyamine metabolism, in PFA (n = 15) versus
ST-EPN (n = 4) surgical biopsies. Significantly differentially abundant metabolites were characterized by t test with FDR correction (q < 0.05).
(B) Hypoxia significantly decreases SAM abundance in PFA cells but not control ST-EPN cells, immortalized normal human astrocytes (iNHAs), or fNSCs.

Statistical comparison was performed using ratio-paired t test.

(C) Hypoxia does not affect the transcript expression of PRC2 core subunits but does increases the expression of the PRC inhibitory genes CXorf67 (EZHIP) and
C170rf96 (EPOP) in 1% oxygen. Statistical comparison was performed using Wald test with Benjamini-Hochberg adjustment.

(D) Cartoon depicting the relationship between metabolism of SAM (SAM-consuming metabolic pathways) and PRC2 complex activity during K27 methylation.
Hypoxia-mediated overexpression of PRG2 complex inhibitory genes (blue) and targets/drugs (red) are indicated.

(E) Supplementing exogenous SAM to PFA cells grown in 1% O, diminishes survival in a dose-dependent manner.

(F) Dose-dependent sardomozide inhibition (7 days) of SAM decarboxylation (polyamine metabolism) diminishes PFA cell survival in 1% Os.

(G) Dose-dependent JBSNF-000088 inhibition (7 days) of the NNMT (methylation) sink perturbs PFA cell survival in 1% Oo.

*p < 0.05 and **p < 0.01. Data are displayed as the mean + SEM. Curves show logistic regression line of fit for (E}~(G).
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metabolic microenvironment of the hindbrain in early develop-
ment would resemble PFA metabolism. Whole mouse hindbrain
tissue was isolated from E16 and P2. A total of 19 metabolites
that were enriched in PFA compared with ST-EPN tissue (Table
S7) were identified in the mouse hindbrain samples. Unsuper-
vised clustering of metabolites exhibited an enrichment at E16
compared with P2, concordant with PFAs arising early in cere-
bellar development (Figure 7D). We conclude that the unique
metabolic phenotype of PFA ependymoma mirrars metabolic
changes in the gliogenic lineage of the developing hindbrain.

DISCUSSION

Pediatric brain tumors, including lethal midline glioma, medullo-
blastoma, atypical teratoid rhabdoid tumors (ATRT), and epen-
dymomas, reflect the epigenetic developmental states of their
cells of origin (Mack et al., 2016). IDH mutant astrocytomas in
young adults have previously demonstrated a link between
metabolism and the epigenome in neuro-oncology (Parsons
et al., 2008). We now identify a metabolic-epigenomic link in
PFA ependymomas that informs the phenotype of PFA ependy-
moma and possible development of novel therapeutic strategies
for these lethal cancers.

Adiverse array of normal stem cells and cancer cells preferen-
tially grows in hypoxia, but PFA ependymoma cells appear to be
unigue in that they are permanently poisoned after only transient
exposure to room air. Future work to isolate and study the line-
age of origin will determine whether the unigue metabolism of
PFA cells merely reflects their cells of origin in the early hindbrain
or is an acquired phenotype. The specific roles of metabolic
factors, including hypoxia, acute or chronic, during fetal devel-
opment in development of PFA ependymoma awaits robust pro-
spective in vivo investigation in model organisms.

The occurrence of PFA ependymoma in the hypoxic hindbrain
during fetal and early post-natal life controls the availability of the
intermediary products of metabolism, including SAM (which
regulates histone methylation), «-KG (which regulates histone
demethylation), and acetyl-CoA (which regulates histone acety-
lation), collectively resulting in H3K27 hypomethylation. Com-
parisons of metabolite abundance from primary PFA tissues

| CeII

did not provide the resolution to identify the enrichment or deple-
tion of key metabolites that we observed in primary cultures. This
is likely a limitation of bulk PFA tissues, which contain contami-
nating immune cells and stromata, and highlights the importance
of in vitro primary cell culture models to decipher such pheno-
types (Vladoiu et al., 2019).

Pharmacologic agents targeting selected metabolites or the re-
sulting histone post-translational modification displayed specific
activity against PFAs. Although the PFA ependymoma epigenome
exhibits marked global H3K27 hypomethylation, the residual
levels of H3K27 trimethylation were critical for cell survival, leading
to the seemingly paradoxical finding that inhibition or potentiation
of PRC2 complex activity profoundly reduces the fithess of PFA
cells, suggesting broad utility as a targeted therapy.

PFA ependymoma is a very unusual malignancy of infancy, with
a paucity of known recurrent somatic mutations, in which micro-
environmental regulation of the epigenome appears to play a ma-
jor role in tumorigenesis. Targeting the highly tuned availability of
metabolic intermediates as well as the finely balanced epigenome
should be evaluated for children with PFA ependymoma.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

¢ KEY RESOURCES TABLE
e RESOURCE AVAILABILITY
O Lead Contact
O Materials Availability
O Data and Code Availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Patient derived PFA and ST Tissue
O Patient derived PFA and ST Cell Cultures
O Mouse Housing and Husbandry
e METHOD DETAILS
O Primary Cell Culture Establishment
© Growth Curve/Proliferation Analysis
O Cell Confluence Analysis
O Senescence B-Galactosidase Staining

Figure 4. Hypoxia Maintains Histone Lysine Demethylase Activity by Increasing «KG Abundance via Glutaminolysis in PFA Ependymoma
(A) Snapshot of relative metabolite abundance of Krebs cycle intermediates in PFA (n = 15) versus ST-EPN (n = 4) surgical biopsies. Significantly differentially
abundant metabolites were characterized by t test with FDR correction (q < 0.05).

(B) PFA cells growing in 1% O, exhibit a significantly increased ratio of «KG/succinate in PFA cells, Statistical comparison was performed using ratio-paired t test.
(C) Histone lysine 27 demethylase gene expression is not differentially regulated by oxygen tension in PFA cells. Statistical comparison was performed using Wald
test with Benjamini-Hochberg adjustment.

(D) Cartoon depicting glutamine tracing in PFA cells growing in 1% O,. Labeled glutamine was used as the carbon source (**Cs, light blue; unlabeled carbon, dark
blue). PFA cells preferentially undergo glutaminolysis and reductive carboxylation.

(E) Labeled glutamine tracing of PFA cells reveals an elevated «KG/succinate ratio in 1% compared with 21% O, Statistical analysis was performed using two-
tailed t test with Holm-Sidak correction.

(F) Cartoon depicting the roles of «KG and the KDMs in histone demethylation. Drugs that inhibit lysine 27 demethylase activity and their targets are shown in red,
whereas exogenous «KG, which increases activity, is shown in green.

(G) Dose response of GSK-J4 inhibition (7 days) of KDMBA and KDM6B perturbs PFA cell survival in 1% O,.

(H) Dose response of CB-839 inhibition (7 days) of GLS perturbs PFA cell survival in 1% O,.

() Supplementing exogenous cell-permeable dimethyl «KG rescues the growth defect of PFA cells cultured in 21% O,. Statistical comparison using unpaired
two-tailed t test with Welch's correction.

(J) Supplementing exagenous cell-permeable dimethyl «KG rescues PFA cell survival while under CB-839 inhibition in 1% O,. Statistical comparison conducted
using multiple t tests with Holm-Sidak correction.

'p < 0.05, "*p < 0.01, and ****p < 0.0001. Data are displayed as the mean + SEM. Curves show logistic regression line of fit for (G) and (H).
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Figure 5. Hypoxia Drives Reverse TCA Cycle Activity to Increase Histone K27 Acetylation in PFA Ependymoma

(A) Relative metabolite abundance of Krebs cycle and glycolysis intermediates in PFA (n = 15) versus ST-EPN (n = 4) surgical biopsies. Significantly differentially
abundant metabolites were characterized by t test with FDR correction (q < 0.05).

(B) The «KG/citrate ratio is significantly lower in PFA cells in 21% versus 1% oxygen, which is not mirrored in fNSCs. Statistical comparison was performed using
ratio-paired t test.

(C) Expression of the lysine acetyltransferase components CREBBP and p300 is not influenced by oxygen tension in PFA cells. Statistical comparison was
performed using Wald test with Benjamini-Hochberg adjustment.

(D) Cartoon depicting glutamine tracing in PFA cells growing in 1% O,. Labeled glutamine was used as the carbon source (**Cs, light blue; unlabeled carbon, dark
blue). PFA cells preferentially undergo glutaminolysis and reductive carboxylation.

(E) Labeled glutamine tracing of PFA cells demonstrates an increased aKG/citrate ratio, a marker of reductive carboxylation, in 1% O,. Statistical analysis was
performed using two-tailed t test with Holm-Sidak correction.

(F) Cartoon depicting the roles of acetate and lysine 27 acetyltransferases in histone acetylation. Drugs that inhibit lysine 27 acetyltransferase activity and their
targets are shown in red, whereas exogenous acetate, which increases activity, is shown in green.

(G) Dose-dependent selective inhibition (7 days) of CREBBP/P300 by A485 diminishes PFA cell survival at 1% O,.

(H) BMS-303141 (50 pM) inhibition (7 days) of ACLY diminishes PFA cell survival in 1% O,. Statistical analysis was performed by t test with Welch’s correction.
() Addition of exogenous acetate (200 uM and 2mM) rescues BMS-303141 inhibition of ACLY in PFA cells in 1% O,.

(J) Addition of exogenous acetate (200 pM and 2mM) rescues CB-839 inhibition of GLS in PFA cells in 1% O,.

****n < 0,0001. Data are displayed as the mean + SEM. Curves show logistic regression line of fit for (G), (), and (J).
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Figure 6. Paradoxically, Inhibition of the PRC2 Complex Also Shows Activity against PFA Ependymoma

(A) Pathway analysis of significantly essential genes by genome-wide CRISPR knockout essentiality screen in PFA cells compared with GBM cells (Z score,
p < 0.05). The top 10 hits ranked by average difference of quantile normalized Bayes factor between PFA and GBM screens are listed. Genes associated with the
PRC2 complex are denoted in red.

(B) Cartoon depicting several mechanisms of K27 modification active in PFA ependymoma. Targeted inhibition of MAT2A by PF9366 and the PRC2 complex
components EED and EZH2 by A335 and UNC1999, respectively, are depicted.

(C) Dose-dependent inhibition (7 days) of MAT2A by PF9366 inhibits SAM production, resulting in diminished PFA cell survival, while simultaneously augmenting
iNHA control cell survival in 1% O,. ST, DIPG, and fNSC control lines showed no effect upon treatment.

(D) Dose-dependent inhibition (7 days) of EED by A395 diminishes PFA cell survivalin 1% O,. An inactive analog of the A395 probe (dashed) did not affect PFA cell
survival. ST, DIPG, and fNSC control lines showed no effect upon treatment.

(E) Dose-dependent inhibition (10 days) of EZH2 by UNC1999 diminishes PFA cell survival in 1% O,. ST, DIPG, and fNSC control lines showed no effect upon
treatment.

Curves show logistic regression line of fit for (C}—(E).
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