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Key points :

1. Diffuse midline glioma are sensitive to EZH2 inhibitor GSK126
2. Low-dose GSK126 induces sensitivity of tumor cells to statins

3. GSK126 with Atorvastatin reduces tumor cell growth at low micro molar doses
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Importance of the Study

The here described experimental therapy for diffuse midline glioma is a novel form of anti-cancer
treatment where one drug which targets EZH2 (GSK126) and other not identified targets renders
tumor cells dependent of cholesterol biosynthesis at a low micromolar dose. The combination of the
EZH2 targeting drug with a statin, in this case Atorvastatin, which is a well characterized drug, have
strong anti-cancer effects at low micromolar doses and are therefore an ideal combination for
pediatric patients. This combinatory therapy will most probably have very few toxicities compared to
standard chemotherapy, it is patented and clinical trials, also in adult common cancer types are

planned.
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Abstract

Background

Diffuse Midline Glioma, H3K27M-mutant (DMGQG) is a rare, highly aggressive pediatric tumor
affecting the brainstem, and is one of the deadliest cancers. Currently available treatment options such
as chemotherapy and radiotherapy do only modestly prolong survival. In this pathology, H3K27
mutations deregulate Polycomb Repressive Complex 2 (PRC2), including enzymatic activity of

EZH2, which is therefore under investigation as a therapeutic target.

Methods

We used a chemical EZH2 inhibitor, GSK126, small interfering RNAs and a CRISPR/Cas9
knockout approaches in a series of DMG tumor cell lines to investigate metabolic treatment responses
by proteomic analysis. A combination strategy was elaborated and studied in primary and established
DMG cells, spheroid 3D cultures and in vivo in a chick chorio-allantoic membrane DMG assay and an

orthotopic intracranial DMG mouse model.

Results

GSK126 shows significant (p<0.05-0.001) inhibitory effects in in vitro cell proliferation
assays and induces apoptosis. Chemical targeting of EZH2 induced expression of proteins implicated
in cholesterol metabolism. Low-dose GSK 126 treatment together with statins revealed strong growth
inhibition in combinatorial treatments, but not in single treatments, both in DMG cells in vitro, in
DMG spheroid cultures and in chick and mouse in vivo models (p<0.05). All statistical tests were

two-sided.
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Conclusions

Our results reveal an unexpected GSK126-inducible sensitivity to cholesterol biosynthesis
inhibitors in highly aggressive pediatric glioma that warrants further evaluation as treatment strategy.
This combinatorial therapy should have few side effects because of the low doses used to achieve

significant anti-tumor activity.
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Introduction

Identifying novel treatment concepts for incurable cancers remains a major challenge in
medicine. Cancer-type specific drugs or so called ‘precision medicine’ are very costly and are
available only for some adult cancers. Research for therapies tailored for specific pediatric tumors is
still rare ', therefore therapy options are often limited to chemotherapy and radiotherapy with severe

side effects.

Drugs targeting proteins regulating epigenetic processes (epi-drugs) have gained increasing

attention as treatment for hematological and solid malignancies, including DMG **.

One key element in organization of the genome are histones and several histone mutations
have been discovered which deeply influence transcriptional activity °. For example, reduction of
histone methylation by Lysine to Methionine mutations at specific histones (K-to-M at H3K36,
H3F3A or HIST1H3B) has profound effects on cell growth through transcriptional modifications, a
phenomenon conserved in all living systems, from plants ° to eukaryotic cell, including cancer cells .
Histone mutations alter functioning of effector protein complexes such as PRC2, which includes the

methyltransferase EZH2.

Abnormal epigenetic' regulation in DMG tumors are a novel therapeutic target, with
possibility for pharmacologic intervention to normalize gene expression, most likely by lowering
oncogenic protein levels or augmenting tumor suppressors. We have shown that the pan-HDAC
inhibitor panobinostat profoundly changes protein expression profiles, leading to overexpression of
only two proteins, IRSp53 and EBP50. These two proteins seem to be markers of resistance, since

they are required for DMG cell growth *.

Interfering with histone methylation, acetylation or activity of BET domain proteins such as
BRDA4 are therefore promising strategies against DMG. Several of them are actually studied in clinical

DMG trials such as panobinostat, vorinostat or valproate (for review see *)
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Analyzing reaction to treatment on a cellular level using high throughput approaches such as
microarrays and proteomics combined with diverse artificial intelligence techniques has widely
broadened our general understanding of drug mechanisms of action ° and can give information on

novel potential targets of existing drugs .

In this paper, we analyze the role of cholesterol biosynthesis related proteins which we found
significantly upregulated in DMG cells by GSK 126 treatment. We therefore hypothesized that EZH2
inhibition by GSK126 renders DMG glioma cells dependent on cholesterol biosynthesis, thus giving
the possibility to explore statins or other lipid reducing drugs as treatment option in this pathology.

. . . . . . . 11,12
Drug repurposing has already provided novel perspectives for various diseases, including cancer " ~.

We provide evidence that simultaneous use of low micromolar doses of GSK126 together
with statins, especially Atorvastatin, has significant anti-tumor effects in highly malignant glioma in
vitro and in vivo, thereby opening a novel treatment perspective for this disease with dismal

prognosis.
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Methods

Microarray analysis

The GSE50021 expression profile (35 DMG samples, 10 normal brain samples), was extracted from
the Gene Expression Omnibus database. Raw reads were quantile normalized and log2 transformed.
Expression values identified by ILMN 1652913 probe for EZH2 were extracted and analyzed using

GraphPad Prism.

DMG cell lines and primary BXdmgl1 cells

DMG cell lines used in this study were NEM157i, NEM157i-VEGF, NEM163i, SU-DIPG-1Vi, SU-
DIPG-IVi-Luc and freshly isolated cells from a biopsy termed BXdmgl. Origin and lentiviral
modification procedures (including immortalization) as well as culture conditions have been described
elsewhere * and in Supplementary data. BXdmgl cells are available from the corresponding author

depending on reasonable requests.

Chemical inhibitors

EZH2 inhibitor GSK126, Atorvastatin, ACSS2 inhibitor and Terbinafine have been used

(Selleckchemicals, Houston, USA).

Western blots

Blots were performed using standard techniques. Details are in the Supplementary Methods section.

10
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Histone Extraction

Histone extraction was performed according to manufacturer’s instructions (Histone Extraction Kit -

ab113476, Abcam, Paris, France).

Proliferation assays

Cell growth was measured with the In vitro Toxicology Assay kit (Sulforhodamine B, Sigma Aldrich,
Saint Quentin Fallavier, France) according to manufacturer’s instructions. Cells were plated at a
density of 2000 cells per well in 96-well plates in triplicates. Absorbance was measured at 565 nm
using the CLARIOstar multiplate reader (BMG Labtech, Champigny-sur-Marne, France) at indicated

time points.

Apoptosis assays

After exposure to drugs at indicated concentrations and times, cells were labeled with Annexin V-PE
(BD Biosciences, Le Pont de Claix, France) and 7-AminoActinomycin D (7-AAD) (BD Bioscience)

and analyzed using Flow Cytometry as described *.

siRNA and CRISPR/Cas9-mediated EZH?2 targeting

Small interfering RNAs (siRNAs) targeting EZH2 were purchased from Eurofins (Ebersberg,

Germany). Transfection protocol is detailed in Supplementary Methods.

For CRISPR/Cas9 mediated EZH2 KO, details are described in the Supplementary Methods.

11
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Label-free quantitative proteomics

Three independent biological replicates of NEM157i, NEM163i and SU-DIPG-IVi cell lines were
performed to compare the following conditions: biological effects of GSK126 versus control and
siRNA-EZH?2 versus siRNA control. The steps of sample preparation and protein digestion by trypsin
were performed as previously described * and in the Supplementary data section. Proteomic data are

available at http://www.proteomexchange.org, ID PXD017525.

Migration assays

2x10* cells/well were placed in a 96-well and incubated for 24h. An IncuCyte WoundMaker (96-pin

woundmaking tool) was used to make scratches (Supplementary Methods).

DMG spheroid cultures

Standard culture methods for spheroid cultures were used. Details are in the Supplementary

Methods section.

DMG in vivo models

Animal procedures were carried out in agreement with the European (directive 2010/63/UE) and
French (decree 2013-118) guidelines. Mouse experiments have been authorized by local ethic
commission and validated by the French Minister of Higher Education, Research and Innovation

(APAFIS #13466-2019032112211281, authorization number B33063916).

The DMG NEM157i/NEM157i-VEGF CAM model has been described before *.

A murine orthotopic model (SU-DIPG-IVi-Luc in NOD/LtSz-scid IL2R gamma mice) was developed

based on the work of Mohammed et al. *. Additional details are in the Supplementary methods.

12
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Statistical analysis
Statistical analyses were standard procedures and are detailed in Supplementary data.

All tests were two-sided.

Results

EZH2 gene and protein expression in DMG samples and cell lines

Transcripts of EZH2 are significantly over expressed in DMG samples compared to normal
brain (Figure 1A; *). Mean EZH2 over expression was not very elevated compared to controls due to
high expression variability between the two groups, but a core set of samples regrouped around the
median EZH2 expression and differences are still significant (Figure 1A, left plot, boxed frame).
Cell lines used in this study show all expression of EZH2 protein as revealed by Western Blot (Figure

1B).

Significant growth inhibition of GSK126 was observed at doses above 6/ /M and was total at
higher doses above 257M (Figure 1C). Growth inhibition was accompanied by an increase in tumor
cell apoptosis, at similar doses when cell proliferation was strongly reduced (Figure 1D). Typical
H3K27me3 reduction after GSK126 treatment is revealed by Western Blot in two DMG cell lines

(Figure 1E).

Proteomic analysis of EZH2 impairment by GSK126 or siRNA

Volcano plot expression comparison of the two EZH2 inhibition approaches already revealed

profound differences (Supplementary Figure 1). Whereas chemical inhibition up regulated 55

13
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proteins in at least two out of three cell lines (Supplementary Figure 2A, left panel), only one
protein was up regulated in the same cells after EZH2 knock down (Supplementary Figure 2A, right
panel). These data point to profound biological differences caused by these two methods which

cannot be explained by simple EZH2 function interference.

We submitted 55 up regulated proteins to gene ontology tools (PANTHER) to identify
biological processes enriched in GSK126 treated cells. Importantly, a very significant enrichment (up
to >100 times) of genes involved in the cholesterol biosynthesis pathway was evidenced
(Supplementary Figure 3). In fact, 11 out of the 55 proteins up regulated by the treatment play key
roles in lipid metabolic processes (Supplementary Figure 2B). These results suggest that profound

metabolic changes have occurred in GSK126-treated DMG cells.

Inhibition of EZH2 expression by siRNA and CRISPR/Cas9 and growth consequences in DMG

cell lines

To get a more complete understanding of EZH2 role in DMG cell growth we reasoned that
knock down or genetic deletion of EZH2 could produce similar results. However, use of a very
efficient siRNA which reduced EZH2 protein levels almost to nothing in two DMG cell lines,
produced no effects on DMG cell growth 3 or 4 days after transfection. Cell lines devoid of EZH2
continued to proliferated normally, thereby confirming that EZH2 is not required for DMG cell

proliferation (Supplementary Figure 5).

Growth inhibition of GSK126 was observed after 24h or 48h in EZH2 KO cells, with IC50s
comparable to normal cells controls (under 100/M, Supplementary Figure 6A-C). Growth
promoting or inhibiting roles of EZH2 have already been a debate in other type of cancers and may be

due to compensation effects of EZHI .

14
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Effects of ACSS2 inhibitor, Atorvastatin and Terbinafine on DMG cells alone or in combination

with GSK126

In order to interpret these changes, we hypothesized that several key enzymes involved in the
biosynthesis of cholesterol became important to GSK126-treated DMG cells. These enzymes are
known for a long time to be implicated in diseases related to lipid metabolisms '*. For each cholesterol
biosynthesis inhibitor tested, no effects have been observed on two different tumor cell lines alone

(Supplementary Figure 4).

However, when co-treated with low doses of GSK126 (4['M) which do not affect DMG cell
growth (Figure 1C), significant growth inhibition occurs for all three inhibitors at doses from 1 to

5UIM (Figure 2, A-C).

Validation of DMG cell line data on freshly isolated DMG cells

Cell lines which are immortalized or cultured for a certain time can behave differently as the
original cells. We therefore isolated cells from a DMG biopsy for functional analysis. Bright field
(BF) microscopy shows a homogenous, spindle-formed cell population (Figure 3A, and insert).
H&E staining of BXdmgl cells revealed atypical eosinophilic cells with irregular anisocaryotic cell
nuclei with very high mitotic activity, almost all tumor cells express the Ki-67 antigen (Figure 3A).
Tumor cells were also strongly positive for the H3K27M mutation and negative for H3K27me3
trimethylation (Figure 3A). Cellular, molecular and genetic characterization of the biopsy where
BXdmgl cells originated from are summarized in Supplementary Figure 7, notably confirming the
c83A>T; pK28M mutation in histone H3F3A, leading to the driver oncogenic event, which is

conserved in BXdmg] cells.

GSK126 treatment reduced H3K27me3 trimethylation in a dose-dependent manner as
revealed by Western blots of histone-purified protein extracts (Figure 3A, lower right panel).

BXdmgl cells are sensible to growth inhibition by GSK 126 (Figure 3B) with an IC50 around 10uM

15
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(Figure 3C), comparable to the other DMG lines. BXdmgl cell growth is not affected by three
cholesterol biosynthesis inhibitors, up to 10uM (Figure 3D). Combining GSK126 and Atorvastatin
showed significant growth inhibition at low doses of 3 and 5uM for each inhibitor, this effect was

masked, as expected, at higher doses because of already established cytotoxicity of GSK126 alone

(Figure 3E).

Effects of Atorvastatin, GSK126 and combination on cell migration

We also investigated the influence of the drugs on DMG cell migration using an automated
cell scratcher with Incucyte. Cell movement was measured from 24h to 48h after confluence and
initiation of wound. Initial denuded area is very clean and marked by a frame of the same size for
illustration in all conditions (Figure 4A-C). Percent of denuded area covered by migrating DMG cells
NEM157i, NEM163i and primary BXdmg1 cellsafter 24h was reported by the Incucyte software and
is displayed per condition in the right graphs (Figure 4A-C). For all cells tested, a significant
inhibition of migration activity (approximately 2-times) was observed for the combo treatment
(»<0.001) compared to single treatments or solvent control. In NEM163i and BXdmgl cells,
migration was also slowed by Atorvastatin compared to DMSO (p<0.05 and p<0.001), but cells
exposed to combo treatment still had fewer area covered by migrating cells compared to Atorvastatin
alone (p<0.001). This anti-migratory effect of Atorvastatin is in line with previous results obtained in

adult glioma cells '°.

Inhibition of tumor cell spheroid formation by Atorvastatin/GSK126 combination

In an attempt to further investigate cell movements and adhesion phenomena in our cells, we
used a protocol which allows spheroid formation of DMG cells and analyzed cell movements and
aggregation with an Incucyte imaging system. Tumor spheroids are considered as a more realistic

culture system than classical 2D models, adding 3D complexity closer to in vivo growth conditions .

16
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Using three different DMG cell lines, including our primary BXdmgl cells, we could reliably
generate tumor neurospheres with all lines (Figure SA, B, D). Round-shaped spheres formed rapidly
within 24h, albeit with slightly different sizes and sometimes differences in border shape (clear

delimitated vs. irregular).

However, cells exposed to combo-treatment almost never formed spheroids compared to
single GSK 126 treatment (p<0.001, for all cells, Figure 5C, E, Supplementary Figure 9). In some
GSK126-treated cultures, spheroid formation was affected, especially in the primary cells (Figure 5D,

E).

GSK126 effects on orthotopic SU-DIPG-IVi-Luc implanted tumor cells in NOD/LtSz-scid IL2R

gamma (NSG) mice

We developed an ortothopic brainstem glioma model in newborn immunocompromised mice based
on the work of Grasso et al. '*. SU-DIPG-IVi-Luc cells where generated using lentiviral transfection
procedures, as described (* and Supplementary Methods). In a first experiment, we tested efficacy of
GSK126 treatment in this model and found significant growth reduction at an i.p. dose of 10mg/kg
evidenced by bioluminescence (p=0.009) in treated mice (n=23) compared to solvent controls (n=18,

Figure 6A).

For the Atorvastatin/GSK126 combo treatment experiment, we reduced GSK 126 dose to 6mg/kg to
avoid growth inhibition. After four treatments, a significantly greater tumor growth inhibition of the
combo occurred (n=13) compared to Atorvastatin (n=13), GSK126 (n=17) (p<0.05) as well as to
DMSO controls (p<0.01, n=13, Figure 6B). No significant differences have been found between
controls or single treatments. All bioluminescence images of animals used in this study are shown

(Figure 6A, B).

Atorvastatin/GSK 126 combo treatment also exhibits better anti-tumor effects in a chick CAM

DMG model we recently developed *. In this short-term model, based on a previously established
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adult glioma CAM model ", drugs can be directly applied on the tumor and growth monitored by
biomicroscopy. Phenotypic characterization of drug action can be made by classifying the degree of
tumor vascularization into high or low/moderate (Figure 6C, right panel). Degree of vascularization
should be interpreted as capacity of tumor cells to interact with the host tissue, an indirect indicator of
tumor cell aggressiveness. Combo treated experimental tumors showed reduced vascularization
compared to Atorvastatin (p=0.036), GSK126 (p=0.0248) and DMSO controls (p=0.03, Figure 6C,

left graph).

Discussion

EZH2 is under investigation as a potential target in cancer *°. However, EZH2 implication in
DMG pathogenesis is still controversial. Mohammed et al. ' have shown EZH2 dependency of DMG
cells in vitro and in vivo °, whereas Wiese et al. could not evidence growth inhibition of DMG cells
using two chemical EZH2 inhibitors *'. In the Mohammed study, the authors used first genetic
engineered mouse cell lines and then a couple of H3-mutated patient lines, but not the same as in the
Wiese study, except for the H3 wild-type line SF188. Whereas the first study is more focused on
molecular mechanisms, the second one correlated expression levels of EZH2 to survival of patients
and found no difference between high and low EZH2 expressors. So, the different results could be
explained by the different approaches and cell lines used. It is likely that not all DIPG or other glioma

cells do exhibit the same sensitivity to EZH2 inhibitors.

Our results suggest that EZH2 protein is not required for DMG cell growth. Neither a very
efficient siRNA against EZH2 nor CRISPR/Cas9-mediated EZH2 KO in DMG cells (NEM157i and
SU-DIPG-IVi) shows different proliferation patterns compared to empty control vectors
(Supplementary Figure 5). Intriguingly, both knock-down and KO cells still remained highly
sensitive to the EZH2 inhibitor GSK126, with an IC50 comparable to wild-type DMG cells
(Supplementary Figure 6). These results strongly suggest that GSK126 affects a yet unknown

growth promoting target (or targets) in DMG cells.
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In an attempt to shed light on the molecular changes occurring in DMG cells treated with
GSK126, we undertook a systemic proteomic approach using three different cell lines. 55 proteins
were induced by GSK126 treatment with a significant enrichment of lipid and cholesterol synthesis

proteins (Supplementary 2, 3).

Enzymes implicated in cholesterol synthesis have been described as potential targets in adult
glioma ** and especially Atorvastatin has been shown to be cytotoxic in A172 human glioma cells '°.
A recent publication by a chinese group did find similar results as ours after treating head and neck
squamous cell carcinoma with EZH2. They also observed a strong induction of cholesterol pathway
genes and combination of pathway inhibitors with EZH2 augmented cytotoxic effects in these cancer

cells %,

Recently, lanosterol synthase has been identified as a target of the menin inhibitor MI-2.

Blocking this enzyme impaired biosynthesis of cholesterol in DMG, leading to glioma cell death **.

Deciphering the complex interactions between cancer and lipid metabolism is clearly

important to elaborate novel therapeutic strategies for cancer treatment (for review see ).

2627 which is in line with our

Atorvastatin also has anti-angiogenic and anti-invasive activity
CAM experiment where Atovarstatin/GSK126-treated tumors appear less vascularized and our
migration and spheroid experiments which reveal significant reduction of cell motility (Figure 4, 5

and Supplementary Figure 9). These biological effects have also been shown for GSK126 in other

. 2
solid tumors **.

We did not observe any growth inhibition of Atorvastatin alone, up to 10 uM, whereas in
combination with 477uM GSK126 (which has no inhibitory effect at that dose) significant inhibition

was achieved between 1-5 [IM. Similar results have been obtained with ACCS2 inhibitor and

Terbinafine (Figure 2).
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Combinatorial therapies are generally more effective than single treatments in complex

malignant disease such as adult or pediatric high-grade glioma >***7',

In adult glioma, combined treatment with a dopamine receptor antagonist, quetiapine, and
radiotherapy, also induces genes in the cholesterin biosynthesis pathway thereby rendering glioma

cells vulnerable to atorvastatin *°.

The combination of a statin and GSK126 seems to be a promising approach, affecting
biological processes critical for tumor progression *> at micromolar doses at which either drug alone

does not alter cell growth.

Even though significant tumor growth inhibition by GSK126 alone, and importantly, at lower
doses in combination with Atorvastatin, could be evidenced in our mouse model, a more complex
situation may be present in human patients. EZH2 inhibitors are prone to be excluded from
penetration to the brain through specific transport efflux mechanisms implicating glycoprotein (P-
gp/ABCB1) and breast cancer resistance protein (BCRP/ABCG2) **, but these inhibitors can achieve
therapeutic concentrations in the brainstem when CED (Convection-enhanced delivery) is applied **.
Atorvastatin crosses the Blood-brain barrier (BBB), even though at lower levels compared to other
statins such as simvastatin *>. Given our results with ACCS2 inhibitor and Terbinafine (Figure 2)
which have not been tested in vivo, it is likely that brain-penetrating cholesterol biosynthesis
inhibitors can be identified which can achieve therapeutic brainstem levels together with GSK126

applied by CED.

Our results did not answer all questions regarding the unexpected efficacy of the
combinatory therapy, notably on cell migration and adhesion. Both processes affect
cytoskeleton modifications, for example Atorvastatin has been shown to negatively regulate
cell adhesion in patients with myocardial injury *® and other statins have anti-migratory and

anti-adhesive effects in vitro in melanoma cells through suppression of Rho/ROCK signaling

37
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Epi-drugs work best in combination with other inhibitors, including chemotherapy,
underlining their potential to sensitize cells to combo therapies ¥ Atorvastatin (Lipitor®) is
well tolerated in children from 6 years on *° and EZH2 inhibitors are currently being
evaluated in clinical trials, including pediatric malignancies. Given the consistent and
encouraging results presented in this paper for experimental DMG treatment, further
investigation using this combination therapy should be performed, hopefully leading to

clinical trials to eventually ameliorate prognosis of this dismal disease.
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Figure legends

Figure 1A-E: DMG cells are sensitive to GSK126 at low doses evidenced also by H3K27me3

trimethylation

A) EZH2 transcripts are significantly overexpressed in a series of DMG biopsies (N=35) compared to
normal brain (N=10), microarray data retrieved from GSE50021 [12]. Dashed square delimits samples
regrouped around median expression. Parametric ¢ test between DMG biopsies versus normal brains
B) Patient-derived cell lines express EZH2 protein detected by Western Blot. C-D) GSK 126 strongly
inhibits proliferation of NEM157i and SU-DIPG-IVi DMG cells after 72h and induces tumor cell
death after 5 days of treatment. One way ANOVA (n>3, p<0.0001), Bonferroni's multiple
comparisons post-test. E) H3K27me3 trimethylation is reduced a dose-dependent manner in GSK126
treated NEM157i and SU-DIPG-IVi DMG cells. One blot representative of 3 independent

experiments. *, p<0.05; **, p<0.01; ***, p<0.001

Figure 2A-C: Synergistic effects of the combinatorial therapy of GSK126 and inhibitors
of cholesterol biosynthesis pathway enzymes on DMG cells.

(A-C) Cell growth assays of NEM157i and SU-DIPG-1Vi cells (as indicated) exposed to 4uM
of GSK126, a dose which has no growth inhibitory effects on DMG cells (open circles), and
to increasing doses of ACSS2 inhibitor A), Atorvastatin B) or Terbinafine C). One way
ANOVA (n=3, p<0.0001), Bonferroni's multiple comparisons post-test. Bi-therapy treatment
shows significant proliferation inhibition after 72h starting at low micro molar doses of
statins which show no effects alone (see Figure 4 sup). Solvant: DMSO (control, CTR), **,

p<0.01; *** p<0.001.
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Figures 3A-E: Molecular and phenotypical characteristics of the new primary DMG cell line
BXdmgl.

A) BXdmgl primary cell characterization. Upper left panel: bright field microscopy showing cell
morphology of early passage BXdmgl primary cells. Bar = 200pm. Upper middle panel: H&E
staining of Cytoblock preparation of cells revealing nuclear irregularities. Upper right panel:
Proliferation status using Ki-67 staining. Lower left panel: Demonstration of presence of H3K27M
mutation in BXdmg1 cells. Lower middle panel: Status of H3K27me trimethylation in BXdmg! cells.
Lower right panel: Western blot on histone protein isolation demonstrating typical reduction of
H3K27me3 after exposure to GSK126. B, C) BXdmg]1 proliferation is inhibited by GSK 126 after 72h
with an IC50 of 10.36uM, a comparable sensitivity to the other DMG cells. One way ANOVA (n=3,
p<0.0001), Bonferroni's multiple comparisons post-test. D) BXdmgl cells are not sensitive to
exposure to cholesterol biosynthesis inhibitors. E) Combo treatment of GSK126 and Atorvastatin
(Ator) shows stronger growth inhibition than GSK126 or Atorvastatin alone after 72h. Combo effect
is visible at low doses and is lost at higher doses of GSK 126 because of its cytotoxicity alone at these
concentrations. One way ANOVA (n=3, p<0.0001), Bonferroni's multiple comparisons post-test. s,
non-significant; *, p<0.05; **, p<0.01; ***, p<0.001. Further information about molecular features of

BXdmgl biopsy is presented in Supplementary figure 7.

Figure 4A-C: Effects of GSK126 and Atorvastatin on DMG cell migration.

A-C) Cell migration impairment in the combo treatment revealed by a wound scratch assay in the
NEM157i A) and NEM163i B) cells and in the BXdmgl primary cells after 24h C). One way
ANOVA (n=3, p<0.0001), Bonferroni's multiple comparisons post-test. ns, non-significant; *, p<0.05;

% p<0.01; *** p<0.001
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Figure SA-E: Synergistic effects of GSK126 and inhibitors of cholesterol biosynthesis
pathway enzymes on DMG spheroid formation.

A, B, D) Phase contrast micrographs of representative spheroids derived from indicated
DMG glioma cells after exposure to indicated inhibitors for 24h C, E) Statistical analysis of
treatment effects on the formation of spheroids derived from the DMG cell line shown above
the corresponding graph. Phenotypic criterions were spheroid formed or not formed
(dispersed cells). Fisher’ Exact test was used to compare relevant treatments and the
combination (combo). GSK126 dose was 20uM for NEM157i and 15uM for the others. ***,
p<0.001. Time-lapse videos of inhibitor effects are demonstrated in Supplementary Figure 9

and associated videos.

Figure 6A-C: Synergistic effect GSK126 and inhibitors of cholesterol biosynthesis pathway

enzymes on DMG tumor development in mice.

A) Orthotopic tumor growth inhibition of SU-DIPG-IVi-Luc cells (expressing the Luciferase)
implanted in the brainstem of NOD/LtSz=scid IL2R gamma (NSG) mice after GSK126 intraperitoneal
treatments. Tumor growth inhibition is demonstrated for all mice by bioluminescence live imaging
and statistical analysis after the indicated treatments (solvent control: DMSO; GSK126). Color bar
indicates level of expression, blue values equal low and red values high expression. Parametric ¢
Student test (DMSO: n=18; GSK126: n=23) B) The same approach is performed at a non-cytotoxic
dose of GSK126 in combination with a non-cytotoxic dose of Atorvastatin. The combination of both
drugs shows significant growth inhibitory effects, whereas single treatments are not effective. Bars
indicate median plus range. One way ANOVA (DMSO: n=13; Atorvastatin: n=13; GSK126: n=17,;
Combo: n=13; p<0.0001), Bonferroni's multiple comparisons post-test. C) Similar tumor growth
inhibitory results were obtained using a chick CAM DMG model where a less angiogenic phenotype
of implanted tumors was observed in the combo treatment, whereas single treatments had no anti-

angiogenic effect Two-sided Fisher's exact test. ns, non-significant; *, p<0.05; ** p<0.01

25

220Z yose 20 uo 1senb Aq | 8¥0759/81 02epA/|uleou/se01 "0 /Iop/a|onie-aoueApe/eou/woo dno olwspese//:sdiy Woll papeojumod



References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

Forrest SJ, Geoerger B, Janeway KA. Precision medicine in pediatric oncology. Current
opinion in pediatrics. 2018; 30(1):17-24.

Zhang Y, Dong W, Zhu J, Wang L, Wu X, Shan H. Combination of EZH2 inhibitor and BET
inhibitor for treatment of diffuse intrinsic pontine glioma. Cell Biosci. 2017; 7:56.
Mohammad F, Weissmann S, Leblanc B, et al. EZH2 is a potential therapeutic target for
H3K27M-mutant pediatric gliomas. Nature medicine. 2017; 23(4):483-492.

Capdevielle C, Desplat A, Charpentier J, et al. HDAC inhibition induces expression of
scaffolding proteins critical for tumor progression in pediatric glioma: focus on EBP50 and
IRSp53. Neuro Oncol. 2019.

Maze |, Noh KM, Soshnev AA, Allis CD. Every amino acid matters: essential contributions of
histone variants to mammalian development and disease. Nature reviews. Genetics. 2014;
15(4):259-271.

Sanders D, Qian S, Fieweger R, et al. Histone Lysine-to-Methionine Mutations Reduce
Histone Methylation and Cause Developmental Pleiotropy. Plant physiology. 2017;
173(4):2243-2252.

Lowe BR, Maxham LA, Hamey JJ, Wilkins MR, Partridge JF. Histone H3 Mutations: An
Updated View of Their Role in Chromatin Deregulation and Cancer. Cancers. 2019; 11(5).
Hashizume R. Epigenetic Targeted Therapy for Diffuse Intrinsic Pontine Glioma. Neurologia
medico-chirurgica. 2017; 57(7):331-342.

Frejno M, Meng C, Ruprecht B, et al. Proteome activity landscapes of tumor cell lines
determine drug responses. Nature communications. 2020; 11(1):3639.

Nicora G, Vitali F, Dagliati A, Geifman N, Bellazzi R. Integrated Multi-Omics Analyses in
Oncology: A Review of Machine Learning Methods and Tools. Frontiers in oncology. 2020;
10:1030.

Pushpakom S, lorio F, Eyers PA, et al. Drug repurposing: progress, challenges and
recommendations. Nature reviews. Drug discovery. 2019; 18(1):41-58.

Sleire L, Fgrde HE, Netland IA, Leiss L, Skeie BS, Enger P. Drug repurposing in cancer.
Pharmacological research. 2017; 124:74-91.

Buczkowicz P, Hoeman C, Rakopoulos P, et al. Genomic analysis of diffuse intrinsic pontine
gliomas identifies three molecular subgroups and recurrent activating ACVR1 mutations.
Nature genetics. 2014; 46(5):451-456.

Hock H. A complex Polycomb issue: the two faces of EZH2 in cancer. Genes & development.
2012; 26(8):751-755.

Cerqueira NM, Oliveira EF, Gesto DS, et al. Cholesterol Biosynthesis: A Mechanistic
Overview. Biochemistry. 2016; 55(39):5483-5506.

Oliveira KA, Dal-Cim T, Lopes FG, Ludka FK, Nedel CB, Tasca Cl. Atorvastatin Promotes
Cytotoxicity and Reduces Migration and Proliferation of Human A172 Glioma Cells.
Molecular neurobiology. 2018; 55(2):1509-1523.

Santini MT, Rainaldi G. Three-dimensional spheroid model in tumor biology. Pathobiology :
journal of immunopathology, molecular and cellular biology. 1999; 67(3):148-157.

Grasso CS, Tang Y, Truffaux N, et al. Functionally defined therapeutic targets in diffuse
intrinsic pontine glioma. Nature medicine. 2015; 21(6):555-559.

Hagedorn M, Javerzat S, Gilges D, et al. Accessing key steps of human tumor progression in
vivo by using an avian embryo model. Proceedings of the National Academy of Sciences of
the United States of America. 2005; 102(5):1643-1648.

Kim KH, Roberts CW. Targeting EZH2 in cancer. Nature medicine. 2016; 22(2):128-134.

Wiese M, Schill F, Sturm D, et al. No Significant Cytotoxic Effect of the EZH2 Inhibitor
Tazemetostat (EPZ-6438) on Pediatric Glioma Cells with Wildtype Histone 3 or Mutated
Histone 3.3. Klinische Padiatrie. 2016; 228(3):113-117.

26

2202 UysIe 20 uo 1senb Aq 1|8¥01S9/81 028PA/UlROU/S60 "0 /10P/3]|21B-80UBAPE/EOU/WO9 dNO"dIWapeI.//:sd)Y WOJ) PaPEOjUMOQ



22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

Ahmad F, Sun Q, Patel D, Stommel JM. Cholesterol Metabolism: A Potential Therapeutic
Target in Glioblastoma. Cancers. 2019; 11(2).

Xu X, Chen J, Li Y, et al. Targeting epigenetic modulation of cholesterol synthesis as a
therapeutic strategy for head and neck squamous cell carcinoma. Cell death & disease. 2021,
12(482) https://doi.org/10.1038/s41419-021-03760-2).

Phillips RE, Yang Y, Smith RC, et al. Target identification reveals lanosterol synthase as a
vulnerability in glioma. Proceedings of the National Academy of Sciences of the United States
of America. 2019; 116(16):7957-7962.

Grunt TW. Interacting Cancer Machineries: Cell Signaling, Lipid Metabolism, and Epigenetics.
Trends in endocrinology and metabolism: TEM. 2018; 29(2):86-98.

Yongjun Y, Shuyun H, Lei C, Xiangrong C, Zhilin Y, Yiquan K. Atorvastatin suppresses glioma
invasion and migration by reducing microglial MT1-MMP expression. Journal of
neuroimmunology. 2013; 260(1-2):1-8.

Bayat N, Izadpanah R, Ebrahimi-Barough S, et al. The Anti-Angiogenic Effect of Atorvastatin
in Glioblastoma Spheroids Tumor Cultured in Fibrin Gel: in 3D in Vitro-Model. Asian Pacific
journal of cancer prevention : APJCP. 2018; 19(9):2553-2560.

Chen YT, Zhu F, Lin WR, Ying RB, Yang YP, Zeng LH. The novel EZH2 inhibitor, GSK126,
suppresses cell migration and angiogenesis via down-regulating VEGF-A. Cancer
chemotherapy and pharmacology. 2016; 77(4):757-765.

Bhat K, Saki M, Cheng F, et al. Dopamine Receptor Antagonists, Radiation, and Cholesterol
Biosynthesis in Mouse Models of Glioblastoma. Journal of the National Cancer Institute.
2021.

Tapia-Pérez JH, Preininger R, Kirches E, et al. Simultaneous Administration of Statins and
Pioglitazone Limits Tumor Growth in a Rat Model of Malignant Glioma. Anticancer research.
2016; 36(12):6357-6365.

Peng P, Wei W, Long C, Li J. Atorvastatin augments temozolomide's efficacy in glioblastoma
via prenylation-dependent inhibition of Ras signaling. Biochemical and biophysical research
communications. 2017; 489(3):293-298.

Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000; 100(1):57-70.

Zhang P, de Gooijer MC, Buil LC, Beijnen JH, Li G, van Tellingen O. ABCB1 and ABCG2 restrict
the brain penetration of a panel of novel EZH2-Inhibitors. International journal of cancer.
2015; 137(8):2007-2018.

Sasaki T, Katagi H, Goldman S, Becher OJ, Hashizume R. Convection-Enhanced Delivery of
Enhancer of Zeste Homolog-2 (EZH2) Inhibitor for the Treatment of Diffuse Intrinsic Pontine
Glioma. Neurosurgery. 2020; 87(6):E680-688.

Sierra S, Ramos MC, Molina P, Esteo C, Vazquez JA, Burgos JS. Statins as neuroprotectants: a
comparative in vitro study of lipophilicity, blood-brain-barrier penetration, lowering of brain
cholesterol, and decrease of neuron cell death. Journal of Alzheimer's disease : JAD. 2011,
23(2):307-318.

Patti G, Chello M, Pasceri V, et al. Protection from procedural myocardial injury by
atorvastatin is associated with lower levels of adhesion molecules after percutaneous
coronary intervention: results from the ARMYDA-CAMs (Atorvastatin for Reduction of
MYocardial Damage during Angioplasty-Cell Adhesion Molecules) substudy. Journal of the
American College of Cardiology. 2006; 48(8):1560-1566.

Kidera Y, Tsubaki M, Yamazoe Y, et al. Reduction of lung metastasis, cell invasion, and
adhesion in mouse melanoma by statin-induced blockade of the Rho/Rho-associated coiled-
coil-containing protein kinase pathway. J Exp Clin Cancer Res. 2010; 29(1):127.

Morel D, Jeffery D, Aspeslagh S, Almouzni G, Postel-Vinay S. Combining epigenetic drugs
with other therapies for solid tumours - past lessons and future promise. Nat Rev Clin Oncol.
2020; 17(2):91-107.

27

2202 UysIe 20 uo 1senb Aq 1|8¥01S9/81 028PA/UlROU/S60 "0 /10P/3]|21B-80UBAPE/EOU/WO9 dNO"dIWapeI.//:sd)Y WOJ) PaPEOjUMOQ



39.

Langslet G, Breazna A, Drogari E. A 3-year study of atorvastatin in children and adolescents
with heterozygous familial hypercholesterolemia. Journal of clinical lipidology. 2016;
10(5):1153-1162.e1153.

28

2202 YdJel\ L0 uo 1senb Aq L 80759/81 09BPA/IUfEOU/EE0 L0 L/10P/BI0IE-90UBADE/EOU/ W02 dNO™dlWapEoE//:SA]Y WOJ) POPEOJUMOQ



(@)

H3K27me3

H3 Total | o,

% cell death

Figure 1

EZH2 transcripts

15= p=0008

Relative expression

e
—ale
2,

5

Normal (N=10) DMG (N=35)

Proliferation NEM157i GSK126

Absorbance (655 nm)

&
< @60 \‘§ fb‘)\& @}\\\ \qf\é\&\f@}@@@}\‘
Q
Q\
&
- Apoptosis g T
NEM157i
o 801
3
™~ 607
>
c
% 404
c
c
< 201
0-
& o]
o\{’ & R .{1>§\

EZH2 protein

o3 AN <]
© N Q
B & & ¥
< < )
EZH2 W | 98 kDA

Absorbance (565 nm)

% cell death
(AnnexinV, 7-AAD)

ey - -
--g_ 37 kDA

371 Proliferation SU-DIPG-IVi GSK126

2=

1+
** k%

*kk kk*k

Apoptosis

1007 SU-DIPG-IVi

=]
o
1

(=2}
o
1

»
o
1

N
o
1

o
1

H3K27me3 reduction by

GSK126 GSK126
DMSO 4uM 8uM
A e 47 kDA

— W— —
SU-DIPG-IVi

Actin 43 kDA

GSK126
DMSO 4uM  8uM
-——

-— - .
NEM157i

29

220Z Yot 20 uo 1senb Aq | 8¥07S9/8102epA/uleou/s60 1 01 /10p/oloIie-aduBApE/EoU/WOo2 dNo dIWapee//:sd)y Wolj) PapEojUMO(]



Figure 2

Absorbance (565 nm)

SU-DIPG-IVi — ACSS2 inhibitor

1= e kK
21 DA
14 e -~ % -~
&
= %&@& @?‘\ \Q"‘\ @}g\ ,\\?“\@}}k‘ rgg‘?‘\
GSK126 4pM
+ ACSS2 inhibitor
SU-DIPG-IVi — Atorvastatin
e
3.L ns *khk
e % -
2 o W R
L ]
14 Y .
el S

&;‘?@é (yg: '\§' 63‘3’!: /\~§‘: \Q$£ {5@3&:

GSK126 4uM
+ Atorvastatin

SU-DIPG-IVi — Terbinafine

*kok
.
?~ ¥ O
o *k ok
ot}
- o .
. * o4 I

‘Q %&@& @?‘\ '\\gl\ @§!~ '\‘?h \0‘5‘\ ,b@?g\

GSK126 4uM

+ Terbinafine

Absorbance (565 nm)

0OD@565 nM

0D @565 nM

OD@565 nM

NEM157i — ACSS2 inhibitor

e
- ek k
- &5
31 ° 90
24 o °
1 J—
oy yw
Q== T T T T T T T
Rérgo\_“'b& Q\?!\ \$ 63‘?‘\ /\\?“ \Q\}% {b@‘:’é‘
GSK126 4puM
+ ACSS2 inhibitor
NEM157i — Atorvastatin
A=
3-* » %
- *kdk
24 o
14 Se *
e Fw R B o
4] T T T T T T T T
&
":‘%0‘;'3'& @g\ '\$ 053’!\ /\5} \Q§ ’b@?}
GSK126 4puM
+ Atorvastatin
NEM157i — Terbinafine
A=
. ok Hekk
e ¥ %
2+ e o
11 —— % e .
-’ —
e o7 % 5 o0
Q== T T T T T T T
2
‘é %6\..;'60 Q‘§“ \:&‘\ o;.&} ,\&S\ \Q\Sp ngg‘
GSK126 4uM

+ Terbinafine

30

2202 YdJel\ L0 uo 1senb Aq L 80759/81 09BPA/IUfEOU/EE0 L0 L/10P/BI0IE-90UBADE/EOU/ W02 dNO™dlWapEoE//:SA]Y WOJ) POPEOJUMOQ



Figure 3

A BXdmg1 cell line characterization
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Figure 4

DMG cell migration in a wound healing scratch assay
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Figure 5
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Figure 6

A SU-DIPG-IVi-Luc murine DMG tumor model
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