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The presence of the IDH mutation in glioma raises the possibility that these CNS malignancies could be targeted with
metabolic-based therapeutics. Exploration of the role that regulatory lipids, such as sphingolipids serve within the
IDH1mut gliomas is limited. Our study incorporates LC/MS lipidomic discovery with an aim to identify vulnerabilities within
the sphingolipid metabolism that could be exploited therapeutically. We reveal elevation in certain lipids produced along
the sphingolipid degradation pathway for IDH1 mutated glioma cells. Our review of TCGA data from clinical patients reveal
a parallel trend for enzymes associated with sphingolipid degradation that correlates to increased survivability in glioma
patients. We demonstrate the biostatic effects of treatments which target this pathway via inhibiting sphingosine kinase
and exacerbating the imbalance between sphingosine and sphingosine 1-phosphate.
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| 1. Introduction

Gliomas are devastating brain tumors with no known curable treatment. Despite decades of progress in this area, the
overall survival prognoses for patients diagnosed with these tumors have not improved drastically. Gain-of-function
mutations in isocitrate dehydrogenase | (IDH™) are very common events in lower grade gliomas and secondary
glioblastomas, causing overproduction of D-2-hydroxyglutarate at millimolar concentrationsI2El  Although, overall
patients with low-grade IDH™ gliomas are known to present increased survival compared to both low- and high-grade
glioblastomas, this survival could be improved with additional molecular therapies BB The presence of a metabolic
alteration in these gliomas raises the possibility of implementing metabolic-based therapeutics; however, a comprehensive
understanding of metabolic vulnerabilities within the IDH1™! gliomas is limited. Since IDH" is a central enzyme of the
tricarboxylic acid (TCA) cycle, many investigations have explored targeting of central carbon metabolism in these tumors.
As a result, several targeting approaches have been proposed within related pathways which include targeting
glutaminasel@, nicotinamide adenine dinucleotide (NAD) metabolism!&, exploiting the increased reactive oxygen species
(ROS) intrinsically present in IDH1™! gliomas2id, as well as the direct inhibition of IDH1?32H mutant activity?. While
the central carbon metabolism has been studied extensively in cancer, and specifically in gliomas, the lipidomic analysis is
still sparse. Very few investigations are focused on lipids while even fewer are focused on sphingolipids within the IDH1M!t
gliomas, despite their important roles in oncogenic signalingl.

Ceramide and sphingosine 1-phosphate (S1P) are amongst the most studied sphingolipids. Ceramide and sphingosine
maintain a negative correlation with S1P via the sphingolipid-rheostat balance, in which the upregulation of ceramide is
directly correlated to a concomitant downregulation of S1P and vice versalld. The fate and accumulation of sphingosine is
a major driver in the sphingolipid rheostat balance, which directly modulates cell fatef21l13l, Moreover, sphingosine has
been implicated in anti-proliferative signaling in a manner that resembles ceramide-induced apoptosis in certain
cancersit2l14l  Sphingosine can inhibit protein kinase C and phosphatidic acid phosphohydrolase, whose activities
promote the oncoprotective, anti-apoptotic response in certain cancers2218l  Moreover, sphingosine stimulates
phospholipase C-protein kinase C-mediated activation of phospholipase D, which is attributed to inducing apoptosis in
certain cancer cellsi2Z,

While certain sphingolipids (e.g., analogs of ceramide, sphingosine and sphinganine) can serve as bioeffectors that
disrupt pro-survival cellular signaling pathways, S1P has been classified as an oncopotent biomolecule which mediates
cell signaling as an intracellular second messenger and a ligand of G protein-coupled receptors (GPCR) (8113 s1p
utilizes multiple targets to stimulate complex cellular processes involving chemotactic motility, migration, differentiation,
proliferation, apoptotic survival response, capillary permeability, differentiation and angiogenesis, which are key hallmarks
of cancers!28l, Noteworthy, endogenous analogs of S1P (phytosphingosine 1-phosphate, dihydrosphingosine 1-phosphate
and ceramide 1-phosphate) are also bioeffectors that modulate the pro-survival response in tumors, especially29I2021]
Despite known roles of ceramide, sphingosine and S1P in multiple cancer types, their contribution to IDH1™ gliomas



remains unknown. Given their historical, vital roles in cell signaling and regulation, we hypothesized that manipulating the
dynamic relationship between ceramide, sphingosine and S1P would reveal vulnerabilities and potentially translate into
therapeutic targets to combat proliferation in IDH1™ gliomas.

| 2. Targeting the Sphingolipid Pathway in IDH1™Yt Glioma Cells

Having demonstrated that the IDH1™" glioma cell sphingolipid profile contains high sphingosine/ceramide and low S1P
from both metabolite as well as enzyme overexpression analyses, we next targeted the sphingolipid pathway with the goal
to determine a combination of compounds that effectively arrests tumor cell proliferation and leads to cell death. We
initially tested an inhibitor of sphingosine kinase | (SphK1), PF-543, to demonstrate the feasibility of enhancing this
potential metabolic vulnerability by further decreasing intracellular levels of S1P. Morphologically, the BT142 cell line
displayed a higher sensitivity to PF-543 as seen in the optical images. Given the promising results of inhibiting SphK1 in
two IDH1™U cell lines (BT142 and TS603), we expanded the panel to include additional SphK inhibitors (SpKi) and other
sphingolipid-based bioeffectors. Therefore, we designed a small scale, rational drug screen of 17 related compounds
including commercially available SphK inhibitors as well as specific endogenous bioeffectors, such as NDMS,
sphingosine-C17 (Sph C17) and sphinganine-C18 (dhSph C18), which were determined to be elevated in our metabolic
analysis of IDH1™! neurospheres. By treating IDH1™ cells with these sphingoid bioeffectors, we rationalized that this
approach would further enhance the metabolic/cellular stress already existent due to their intrinsic elevation in IDH™
glioma lines. In the rational drug panel, we also included ceramide C16, which was previously reported to promote
growth¥ as well as cisplatin, which was reported to activate acid sphingomyelinase (SMPD2)22. Amongst the 17
compounds, NDMS, sphingosine-C17 and sphinganine-C18 were consistently effective and potent in both representative
IDH1™Ut glioma cell lines (Figure 1a,b). Interestingly, NDMS, which is an endogenous bioeffector that inhibits SphK,
elicited a potent biostatic effect that exceeded most of the synthetic SphK inhibitors present in our rational panel,
particularly PF543 used in the pilot experiment.
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Figure 1. Modulating the sphingolipid pathway induces IDH™/.specific cell death. (a) Rational drug screen to include 17
bioeffector molecules and inhibitors of sphingolipid pathway for two oligodendroglioma cell lines (TS603 and NCH612).
Red rectangles highlight the molecules chosen to be analyzed further. (b) Chemical structures of the most active
sphingolipids resulted from the screen sphingosine C17 and N, N dimethyl sphingosine. (c—f) EC5y measurements of
three IDH™! glioma and one IDHYT glioblastoma cell line. The ECsy measurements were obtained via fitting to the
equation from Graph Prism software. N.D, not determined. (g) Side-by-side comparison of growth rates between IDHWT
(GSC923, black) and IDH™ (BT142, green; TS603, blue) cell lines treated with the drug combination of Sph C17 and
NDMS. The data were obtained using a CCK8 assay described in the Methods section and plotted with Graph Prism
8.2.1. (h) Side-by-side comparison of percent cell death between IDHWT (black) and IDH™! cell lines (BT142, green;
TS603, blue) treated with the drug combination of Sph C17 and NDMS. The data were obtained using a CCK12 assay
described in the Methods section and plotted with Graph Prism 8.2.1. Statistical analysis (t-test) was conducted assuming
equal variance, p-values are represented as follows: **** p < 0.00005, *** p < 0.0005; ** p < 0.005; * p < 0.05; ns, not
significant. For simplicity, only significant values are shown on the graph.

Since the elevation of endogenous bioeffectors, NDMS and sphingosine C17 elicited a highly potent biostatic response in
two IDH1Mt cell lines, we decided to determine their dose-dependent effects on cell viability (proliferation) and cytotoxicity
(cell death). Both the cell proliferation and cell death assays confirmed that all of the tested IDH1™ cells presented a
dose-dependent response to treatment with the NDMS and sphingosine and produced a greater effect when combined. In
particular, the oligodendroglioma cell lines (TS603 and NCH612) displayed an increased effect by combining both NDMS
and Sph C17 while the astrocytoma cell line (BT142) was equally sensitive to independent versus combined treatment
(Figure 1c—e). By contrast, the IDHIWT cell line (GSC923) presented little sensitivity to these drug or combination
treatments (Figure 4f-h).

The response to the combinatory treatment suggests high specificity to IDH1™ cell lines both on the growth of the cells
(Figure 4g) as well as the percentage of cellular death (Figure 4h). Collectively, these findings suggest a model in which
targeting sphingolipid metabolism by elevating sphingosine and inhibiting SPHK with N,N-dimethylsphingosine presents a
remarkable vulnerability of IDH1M! gliomas. Further investigation of the downstream sphingolipid signaling events that are
disrupted in tandem with this treatment is expected to reveal additional vulnerable targets in the cell-regulation of IDH1™
gliomas.
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