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SUMMARY

Glioblastoma (GBM) metabolism has traditionally been characterized by a pri-
mary dependence on aerobic glycolysis, prompting the use of the ketogenic
diet (KD) as a potential therapy. In this study we evaluated the effectiveness of
the KD in GBM and assessed the role of fatty acid oxidation (FAO) in promoting
GBM propagation. In vitro assays revealed FA utilization throughout the GBM
metabolome and growth inhibition in nearly every cell line in a broad spectrum
of patient-derived glioma cells treated with FAO inhibitors. In vivo assessments
revealed that knockdown of carnitine palmitoyltransferase 1A (CPT1A), the
rate-limiting enzyme for FAO, reduced the rate of tumor growth and increased
survival. However, the unrestricted ketogenic diet did not reduce tumor growth
and for some models significantly reduced survival. Altogether, these data high-
light important roles for FA and ketone body metabolism that could serve to
improve targeted therapies in GBM.

INTRODUCTION

Normally, the adult brain meets most of its energy demand by complete oxidation of glucose, producing pyru-
vate, which is converted into acetyl-CoA for entrance into the TCA cycle to support the electron transport chain
(Agnihotri and Zadeh, 2016). Thus, glycolysis and respiration remain tightly linked, resulting in efficient ATP pro-
duction with little lactic acid production. On the other hand, many tumors, including the universally lethal glio-
blastoma (GBM), utilize the Warburg effect (Vander Heiden et al., 2009), which dramatically increases the rate of
aerobic glycolysis and lactate production in the cytosol. This process allows for increased biomass production
and facilitated invasion through acidification of the microenvironment among other things.

The signaling pathways hyperactivated in GBM and the underlying mutations significantly influence GBM
metabolism. Numerous oncogenic mutations activate the PI3K/AKT/mTOR signaling pathway, which pro-
motes glucose utilization and the Warburg effect (Yang et al., 2019). The net result of these mutations is to
both utilize glucose as an energy substrate and to promote FA synthesis for membrane biogenesis (Furuta
et al., 2008). Thus, GBM-causing mutations induce what has been called a "glucose addiction,” which one
might target directly by limiting glucose availability. The effects of some other mutations, such as those in
the isocitrate dehydrogenase (IDH) 1 and 2 genes on glucose utilization and dependence, are less clear.

Brain neurons utilize glucose as a primary energy source under normal physiological conditions, and upon
glucose deprivation neurons readily utilize ketone bodies (KBs) as an alternative fuel (Maurer et al., 2011).
Glial cells are also capable of using KBs and FAs for fuel (Lopes-Cardozo et al., 1986; Weightman Potter
et al.,, 2019). Thus, one might reason that treatments that inhibit glucose metabolism and promote FA
and KB metabolism would be ideal for treating tumors that are known to be glucose addicted. Indeed,
the ketogenic diet (KD), which consists of high fat, low carbohydrates, and adequate protein, has long
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Despite the potential for utilizing the KD as a therapy for glioma, there are factors that may mitigate enthu-
siasm. First, not all animal studies using the KD have demonstrated efficacy (De Feyter et al., 2016). Another
factor to consider is glioma heterogeneity. In addition to there being multiple molecular subtypes of GBM
(Lee et al., 2018), with some mutations that may not create glucose addiction, there is a high degree of in-
tratumoral heterogeneity. In some regions of GBM there is relative hypoxia that could alter the tumor’s
ability to utilize glucose via the Warburg effect (Kim et al., 2006). These properties may be exacerbated
by therapies that limit vascular supply, selecting for those cells most capable of surviving under harsh con-
ditions. Recent studies have indicated that GBMs could be utilizing FAs as both energy sources and as sub-
strates for generating cellular building blocks (Strickland and Stoll, 2017). However, it is unknown whether
FAO occurs across the mutational spectrum of GBM. Nor has it been demonstrated precisely how FAs are
utilized or whether the KD itself may supply FAs and/or KBs.

Here we demonstrate that the well-characterized U87 glioma cell line and patient-derived GBM cultures,
including those with mutations in the PI3K/AKT/mTOR pathways and the IDH1 gene, utilize FAs and KBs
for growth under physiologic and standard cell culture conditions. Metabolic tracing studies indicate
FAs are oxidized and incorporated into TCA cycle intermediates. Furthermore, administration of the
non-calorie-restricted KD to tumor-bearing animals does not decrease the rate of tumor growth, nor
does it improve animal survival. Knockdown of CPT1A, the rate-limiting enzyme for FAO, or its inhibition
by etomoxir alters the metabolic profile and growth of GBM in vitro. These data highlight the metabolic
plasticity of GBM and caution against universal use of the KD as adjuvant therapy, although they do not
preclude combining the KD with other metabolic therapies and do not address the potential for calorie-
restricted KD utilization.

RESULTS
Fatty Acid and Ketone Oxidation in Glioma Cells

In order to determine whether GBMs are capable of oxidizing fatty acids we first examined expression
levels of CPT1, the rate-limiting enzyme required for FAO, in U87 cells. Although the precise origin of
this cell line is not known, a recent study has validated it as a bona fide glioblastoma line (Allen et al.,
2016), and it is widely used as a model in glioma research, especially in metabolic studies including studies
of fatty acid metabolism (Guo et al., 2009). Analysis of the TCGA dataset from GBM tumors reveals that of
the three CPTT isoforms found in humans, CPT1A and CPT1C are most highly expressed in GBM and that
CPT1B s expressed at lower levels (Figure 1A). Because the TCGA data are derived from whole tumors, we
utilized a single cell RNA seq dataset (Darmanis et al., 2017) to verify the expression of CPT isoforms, as well
as the major enzymes involved in fatty acid beta oxidation, within tumor cells themselves, and that the
levels of expression of these genes were comparable to those of fatty acid synthesis (Figure S1).

To assess a potential role for FAO in gliomas, we treated U87 GBM cells with the CPT1-specific inhibitor
etomoxir (ETOM) in vitro and found that it modestly inhibited growth under standard, serum-free condi-
tions (Figure 1B). In addition, shRNA-mediated partial (68%) knockdown of CPT1A alone was sufficient
to significantly inhibit in vitro cell growth by ~40% to levels near those observed with ETOM alone (Fig-
ure 1B), suggesting that the CPT1A isoform predominantly contributes to FAO in these cells. Importantly,
this demonstrates that endogenous FAO contributes to the maintenance of normal in vitro cell growth in
these GBM cells despite U87s having a PTEN mutation with increased PI3K/AKT/mTOR signaling, which
has been previously thought to inhibit FAO in GBM. Because gliomasphere media used for in vitro studies
contains levels of glucose (25 mM) not likely to be found naturally in the human brain or in brain tumors, a
glucose-limiting assay was performed to assess both fatty acid and ketone body utilization under more
physiologically relevant glucose levels, with 2.5 mM glucose representing extracellular levels commonly
found in the brain and 1 mM glucose serving as a low glucose condition to more closely mimic levels found
in tissue that do not have adequate access to vascular supplies of glucose (Silver and Erecinska, 1994). Pal-
mitic acid supplementation (50-100 pM) increased U87 cell growth under 2.5 mM low glucose conditions
(Figure 1C), whereas ketone supplementation with 2.5-5 mM 3-hydroxybutyrate (3-OHB) promoted cell
growth in both 2.5 mM and 1 mM glucose (Figure 1D). Higher levels of supplementation (200 uM palmitic
acid and 10 mM 3-OHB) resulted in a reversal of the proliferative effects, likely due to toxicity of these sup-
plements at higher concentrations, as has been described for neural stem cells and another tumor cell line
(Park et al., 2011; Poff et al., 2014). Neither FA nor ketone supplementation had growth-promoting effects
under non-physiological conditions of high glucose (25 mM).
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Figure 1. U87 GBM Cells Oxidize Fatty Acids and Ketone Bodies to Support Growth

(A) Relative mRNA expression of the three CPT1 isoforms in GBM based on analysis of the TCGA dataset from patient-derived GBM tumors. N = 4 non-
tumor, N = 156 GBM. See also Figure S1.

(B) Quantification of the effects of 100 mM ETOM treatment and shRNA targeting CPT1A on U87 cell growth. Culture growth was assessed following a 7
day treatment with ETOM administered twice per week. n = 3 replicates. Error bars indicate + SD. Univariate generalized linear model F(2,5) = 47.37,

p = 5.6x10™, post-hoc Tukey HSD (** = p<0.01; *** = p<0.001).

(C and D). Effects of FA (C) and ketone (D) supplementation under variable concentrations of glucose following a 7 day growth period in U87 cells. n = 3
replicates. For all univariate generalized linear models for different concentrations of supplements within each glucose concentration p<0.01. Post-hoc
Tukey HSD significance is reported for each supplement concentration against its control. Error bars denote + SD. (* = p<0.05; ** = p<0.01; *** = p<0.001).

To further determine how and where FAs are utilized within U87 cells, untreated CNTL cells, cells treated
with ETOM, and cells with CPT1A knockdown were subjected to LC-MS metabolomic analysis using fully
labeled "3C palmitic acid in physiological glucose conditions (2.5 mM). Analyzing fractional contribution
(i.e. the percent contribution of carbons in each metabolite from radiolabeled palmitate) within these
samples revealed labeling throughout the TCA cycle as well as in the ubiquitously important currency
metabolite ATP, indicating that FAO contributed to the pool of carbons used in the synthesis of these me-
tabolites. Treatment with ETOM- or CRISPR-based CPT1A knockdown (Figure S2) dramatically diminished
this labeling (Figure 2A). Similar effects were observed when analyzing the relative amounts of these me-
tabolites, wherein ETOM treatment and CPT1A knockdown significantly decrease levels of TCA-associated
metabolites, acetyl-CoA, and ATP (Figure 2B). The effects of FAO inhibition on relative amounts of metab-
olites demonstrates that inhibiting FAO affects production of these metabolites via unclear mechanisms, as
the oxidation of even chain fatty acids should not make a net contribution to carbons in intermediary me-
tabolites. Taken together, these data confirm that GBM cells actively oxidize FAs and suggest that of the
three CPT1 isoforms, CPT1A appears to be the primary isoform regulating this process in the U87 line.

CPT1A Knockdown and the Ketogenic Diet

Based on these initial results and previous studies (Seyfried et al., 2003; Skinner et al., 2009) that have indi-
cated that many brain tumors may lack the ability to oxidize ketones as an energy substrate, we sought to
determine if inhibiting FAO while concurrently implementing a KD using an orthotopic xenograft model in
mice might serve as an effective therapeutic strategy. Itis thought that this strategy would reduce the avail-
ability of glucose as an energy substrate and make the GBM cells more vulnerable to cell death (starvation)

iScience 23, 101453, September 25, 2020 3
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Figure 2. U87 GBM Cells Oxidize Fatty Acids to Generate TCA Cycle Intermediates and Currency Metabolites

(A and B) Effects of ETOM and CPT1A knockdown in U87 cells on fractional contribution (the percent contribution of carbons from radiolabeled palmitate)
and relative amounts of relevant TCA cycle intermediates and currency metabolites using '*C-palmitate LC-MS analysis. Glucose concentration = 2.5 mM.
n = 3 replicates. Error bars = + SD (* = p < 0.05, ** = p < 0.01, *** = p < 0.001).

See also Figure S2.

by also inhibiting FAO as an alternative energy source. To assess these results in vivo, as well as to deter-
mine the effectiveness of the KD on tumor growth, U87 cells expressing a firefly luciferase-GFP reporter
(FLuc-GFP) and either shCNTL or shCPT1A were implanted unilaterally into the striatum of adult NSG
mice. Four days after implantation, half of each group was switched to a calorie-unrestricted KD followed
by weekly bioluminescent imaging with luciferin (Figure 3A). At 21 days post-injection, animal weights,
blood glucose levels, and blood ketone levels were evaluated. Both of the KD cohorts (shCNTL and
shCPT1A) exhibited decreased total body weight, decreased blood glucose levels, and increased blood
3-OHB levels, confirming ketosis was achieved in these animals (Figure 3B). Contrary to our initial hypoth-
esis, analysis from weekly bioluminescent imaging shows that the shCNTL cohort receiving the KD had the
greatest increase in tumor size, although the difference between this group and the shCNTL standard diet
(STD) group was not significant (Figure 3C). Survival analysis also indicated that this group had the poorest
survival (Figure 3D), supporting the hypothesis that the KD contributed to tumor growth in this cohort.
Importantly the growth of the tumors treated with the KD was significantly diminished (Figure 3C) and sur-
vival enhanced (Figure 3D) by CPT1A knockdown. CPT1A knockdown resulted in a decrease in tumor
growth and enhanced survival in the mice on the standard diet as well, suggesting that FAO contributes
to tumor growth even under normal dietary conditions. Immunohistochemistry of sectioned postmortem
tissue confirmed that CPT1A knockdown was maintained throughout the length of the experiment (Fig-
ure 3E). The findings using our model, although surprising, may indicate that at the very least ketosis
does not hinder GBM growth and may exacerbate it in some tumors, while also highlighting an important
role of CPT1A-mediated FAO in tumor growth in general.

Patient-Derived GBM Gliomasphere Cultures

To further assess inhibition of endogenous FAO on GBM cell growth and survival we tested the effects of
ETOM in a panel of patient-derived GBM cultures. These experiments were done under high glucose con-
ditions with the minimal exogenous fatty acids present in B27 supplement. A seven-day treatment with

4 iScience 23, 101453, September 25, 2020
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Figure 3. Knockdown of CPT1A, but Not Ketogenic Diet, Decreases U87 Tumor Growth In Vivo

(A) Basic schematic of the experimental design for the U87 shCPT1A ketogenic diet xenotransplant experiment. Cells were implanted into 10 mice per group
on Day 0. Mice were kept on standard diet for 4 days to allow appropriate recovery, after which half of each group was placed on the ketogenic diet. Weekly
bioluminescent imaging was initiated on Day 8.

(B) On Day 21 mouse weight, blood glucose and ketones were measured. Error bars denote + SEM. Mixed effects model F(3,55.111) = 4.401, p = 0.0076. Last
time point F(3,29) = 5.618, p = 0.0037, pairwise comparison significance values are noted in the figure.

(C) Average tumor growth based on total flux (photons/s) from the firefly luciferase (Error bars = + SEM). Numbers in parentheses indicate the number of
animals measured at each time point. Mixed effects model with repeated measures F(1,4,3) = 4.401, p = 0.008, followed by pairwise post-hoc Tukey HSD
comparisons at the final time point (* = p < 0.05, ** = p < 0.01, *** = p < 0.001).

(D) Kaplan-Meier curve of mouse survival over the course of the experiment. Survival was tracked for individual animals until either death or progressionto a
moribund state.

(E) Representative immunohistochemistry of CPT1A in sectioned tissue following brain perfusion. Each image represents a different animal, 3 animals per
group. Scale bar, 100 pm.

ETOM resulted in diminished overall culture growth for all gliomasphere lines tested (Figure 4A). This anal-
ysis yielded no significant differences with regard to TCGA classification, IDH1 mutant status, PTEN defi-
ciency, EGFR amplification, or the presence of the EGFRviii mutation (data not shown). Interestingly,
ETOM treatment did not inhibit the growth of cultured human fetal neurospheres or SVZ-derived mouse
neurospheres. This may indicate that FAO is GBM-specific, irrespective of mutational status, and less
important to healthy tissue, making it a potentially attractive therapeutic target. A seven-day growth assay
in a subset of patient-derived GBM lines of varying mutational status cultured a physiologically relevant
level of glucose (2.5 mM) and showed a similar sensitivity to ETOM inhibition of endogenous FAO to
what was observed in 25 mM glucose (Figure S3). The effects of ETOM were comparable to CPT1A knock-
down in a highly sensitive line, HK301 (Figure 4B). Following a four-day treatment with ETOM we found a
significant decrease in actively dividing cells as assessed using bromodeoxyuridine (BrdU) incorporation
(Figure 4C), demonstrating the importance of endogenous FAO to the maintenance of cell proliferation
even in a GBM line with a mutation that enhances AKT pathway signaling (HK301). In addition to these
effects on proliferation we also observed an increase in cell death as measured by annexin V/PI flow cytom-
etry following treatment with ETOM (Figure 4D). In addition, we examined the effect of FA and 3-OHB sup-
plementation on growth of HK157 in 25 mM, 2.5 mM, and 1 mM glucose (Figures 4E and 4F). Similar to U87
cells (Figures 1C and 1D), a significant increase in growth was observed with FA and 3-OHB supplementa-
tion in physiologically relevant (2.5 mM) glucose. Taken together, these data support our hypothesis that
FAO is a significant contributor to overall GBM metabolism and growth, which is not prevented by PI3K/
AKT/mTOR pathway-promoting mutations in our lines, as has been observed in previous studies on
glucose dependency and fatty acid utilization in GBM (Buzzai et al., 2005; Yang et al., 2009; Ye et al., 2013).

To determine the effects of our non-calorie-restricted KD on a primary patient-derived cell xenograft
model in vivo, we implanted a modestly ETOM-sensitive line, HK408, into the striatum and placed the
mice on the KD or standard diet after two days. There were no significant differences in tumor growth or
animal survival between the two diets (Figures 4G and 4H). To assess the effects of the KD in an immune
competent model, we utilized a syngeneic murine model (Nufez et al., 2019). Again, we found no signifi-
cant benefit of the KD in this model (Figure S4). Thus, of the three cell lines utilized we did not find a ther-
apeutic benefit of the KD in any of the models tested.

LC-MS with Fully Labeled Palmitic Acid in a Primary Cell Line

We utilized LC-MS analysis with fully labeled "3C palmitic acid to characterize the contribution of FAO to
the metabolome of patient-derived GBM cells of a different, moderately ETOM sensitive cell line,
HK157. Fractional contribution studies revealed that ETOM treatment caused widespread changes in car-
bon labeling across the metabolome (Figure 5A). Importantly, ETOM resulted in diminished labeling of
acetyl-CoA, the end product of FAO, along with an increase in the amount of labeled palmitate within
the cell (Figure 5B). Both results confirmed that labeled FAs were taken up and oxidized within the cell.
In addition to acetyl-CoA, ETOM treatment also resulted in diminished labeling within the TCA cycle
and among metabolites that commonly feed into the TCA cycle such as glutamine, glutamate, and lactate
(Figure 5B). Analysis of the relative amounts of metabolites with ETOM treatment did not result in changes
to overall acetyl-CoA or palmitate levels. However, ETOM treatment did result in lower relative levels of
TCA-associated metabolites, which include alpha-ketoglutarate, citrate, fumarate, glutamine, and gluta-
mate (Figure 5C). A full list of significantly altered metabolites resulting from FAO inhibition with ETOM,
with fractional contribution shown in Table 1 and relative amounts shown in Table 2, demonstrates that

6 iScience 23, 101453, September 25, 2020
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Figure 4. Etomoxir Inhibits Patient-derived GBM Cell Proliferation and Promotes Cell Death

(A) Quantification of the effects of 7-day 100 uM ETOM treatment administered twice per week across a panel of patient-derived GBM cell lines and two non-
GBM controls (adult-mouse-derived neurospheres and human fetal-derived neurospheres) relative to vehicle-treated controls. n = 3 replicates, except for
HK211 and HK207 in which only a single measurement was taken. Error bars = + SEM. Significance values are relative to aSVZ NS with Bonferroni correction
for multiple comparisons. Cultures that are EGFR amplified, EGFR amplified + EGFRVviii mutant, IDH1 mutant, and PTEN deficient are indicated. See also
Figure S3.

(B) Average 7-day growth of patient-derived cell line HK301with both CPT1A knockdown and 100 uM ETOM. n = 3 replicates. Univariate generalized linear
model F(3,8) = 99.8, p = 1.12x107%, post-hoc Tukey HSD relative to control (*** = p < 0.001).

(C) Assessment of actively dividing cells by BrdU immunocytochemistry in two patient-derived GBM lines grown for 4 days in the presence of 100 uM ETOM.
n = 9 replicates. Error bars = + SEM. Scale bar, 30 um.

(D) Flow cytometry analysis of cell death using dual Annexin V/PI staining in HK157 cells following 4-day treatment with 100 pM ETOM.

(E and F) (E) Effects of palmitic acid or (F) 3-OHB supplementation at different glucose concentrations on growth of HK157 cells in vitro. n = 3 replicates. Error
bars = SD. Significance values represent t tests of each condition compared with the control for the same concentration of glucose (* = p < 0.05).

(G) Tumor growth measured by bioluminescence imaging for patient-derived cell line HK408. The effect of diet was not statistically significant by mixed
effects model (p > 0.05). Numbers adjacent to lines indicate N at each time point.

(H) Kaplan-Meier curves for the data as in (E). Diet had no significant effect on survival by Mantel-Cox log rank values (p = 0.272).

See also Figure S4.

GBM cells utilize FAO to support a number of critical metabolic pathways throughout the GBM
metabolome.

Fatty Acid Oxidation in IDH1 Mutant GBM

Recent studies, including one from our own group (Garrett et al., 2018), have demonstrated that GBMs
harboring an IDH1 mutation represent a metabolically distinct subset of glioma. Because of this, we sought
to identify potential differences in FAO utilization between our IDH1 mutant and IDH wild-type (WT) glio-
masphere cultures. Analysis of microarray data from 67 gliomasphere lines, 7 of which are IDH1 mutant,
revealed elevated (although not statistically significant) mRNA expression of CPT1A in IDH1 mutant lines
compared with IDH WT cultures (Figure 6A). Western blot analysis also showed significantly elevated
CPT1A protein expression in three IDH1 mutant lines relative to WT (Figure 6B). Interestingly, although
there was a significant decrease in CPT1C mRNA expression in IDH1 mutants, we found no difference in
protein expression (Figures 6A and 6B). Similar to IDH WT cells, LC-MS analysis with fully labeled palmitic
acid in an IDH1 mutant cell line, HK252, showed diminished labeling of acetyl-CoA and several TCA-asso-
ciated metabolites when treated with ETOM (Figure 6C). Interestingly, 2-hydroxyglutarate (2-HG), a pro-
posed oncometabolite (Dang et al., 2009) and the resulting product of the mutant IDH1 enzyme itself,
was among the most heavily labeled metabolite in this patient line. Treatment with ETOM significantly
diminished the fractional contribution, suggesting that carbons from FAO are incorporated into the
TCA, thus contributing to 2-HG production in IDH1 mutant GBMs. The relative amount of intracellular 2-
HG is also reduced with ETOM (Figures 6C and 6D). Interestingly, FAO inhibition with ETOM in IDH1
mutant cells did not result in a decrease in the relative amounts of TCA cycle intermediates as was observed
in IDH WT cells (Figure S5), perhaps indicating a greater reliance on FAO to feed the TCA cycle in IDH WT
GBM. Analysis of the full list of significantly different metabolites revealed fewer overall metabolites altered
by ETOM treatment in IDH1 mutant cells (Table 3 shows fractional contribution and Table 4 shows relative
amounts). These data confirm FAO utilization in both IDH1 mutant and WT cells while highlighting several
potentially important metabolic differences between the two. Further investigation with a greater number
of IDH mutant and WT lines will be needed to fully elucidate these differences.

DISCUSSION

Identifying metabolic vulnerabilities in cancer for use in targeted therapies has been a topic of interest for
decades. Although glucose metabolism has drawn the most attention in the scientific community, the abil-
ity of brain tumor cells to utilize other substrates for cellular maintenance and bioenergetics has become
increasingly evident (Marie and Shinjo, 2011; Salzillo et al., 2016; Seyfried et al., 2011; Woolf et al., 2016).
Several lines of evidence exist for the use of a KD to treat brain tumors. The first lies with the innate ability
of the human body to efficiently adapt to ketosis (Weber et al., 2018). For example, the KD has been suc-
cessfully implemented to treat certain diseases such as refractory pediatric epilepsy with no clear sustained
adverse health effects (Simeone et al., 2017; Youngson et al., 2017; Zhang et al., 2018). In addition, several
previous studies have indicated that many brain tumors lack the ability to oxidize ketones due to decreased
expression of several mitochondrial genes (Seyfried et al., 2003; Skinner et al., 2009), although there is also
evidence suggesting gliomas oxidize ketone bodies at comparable levels to the brain when exposed to a
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Figure 5. GBM Cells Oxidize FAs to Generate Acetyl-CoA for Use within the TCA Cycle

(A and B) LC-MS analysis of "*C-palmitic acid fractional contribution following treatment with 100 uM ETOM. (A) Heatmap showing effects of ETOM on
fractional contribution across metabolites. Relative expression is measured as standard deviations from the group mean. (B) Quantification of the effects of
ETOM on intracellular carbon labeling of acetyl-CoA, palmitic acid, and other relevant metabolites associated with the TCA cycle.

(C) Effects of ETOM on relative amounts of relevant metabolites as in (B). ETOM concentration used: 100 pM. n = 3 replicates. Error bars = + SD (* = p < 0.05,
** — b < 0.01, *** = p < 0.001).

KD (De Feyter et al., 2016). Our study suggests that when glucose levels are diminished, GBM cells may
adapt by partially shifting their metabolism toward ketone body and fatty acid oxidation. Prior animal
studies investigating the KD have yielded mixed results, usually depending on the manner of administra-
tion and ability to achieve ketosis (Lussier et al., 2016; Meidenbauer et al., 2014; Stafford et al., 2010; Zhou
et al., 2007). One study using U87 cells in a mouse tumor model found that an ad libitum KD increased
blood ketone levels without affecting blood glucose or tumor growth (Zhou et al., 2007). Only with a calo-
rie-restricted KD were glucose levels and tumor growth both diminished. This is consistent with studies
demonstrating anti-tumor effects of calorie restriction irrespective of the KD (Jiang and Wang, 2013; Mu-
kherjee et al., 2002; Seyfried et al., 2011). Here we report that an ad libitum KD significantly elevated blood
ketone levels and decreased blood glucose but resulted in a trend for increased tumor growth in the U87
line that was not statistically significant and no effect on tumor growth in a patient-derived GBM line orin a
syngeneic mouse tumor. Furthermore, we found for all in vivo models used in this study the KD had at best
no effect or in the case of U87 cells, a significantly detrimental effect on mouse survival. Although it is
possible that the KD in GBM patients may have therapeutic utility, our data suggest that clinical trials inves-
tigating such treatments should consider the likelihood that brain tumors will be able to oxidize fatty acids
for energy in the absence of additional treatments to modify this capability (Nebeling et al., 1995; Rieger
et al., 2014; Schwartz et al., 2015; Zuccoli et al., 2010).

While also investigating ketone body utilization, this study primarily focused on the ability of GBMs to
oxidize FAs. Building upon previous reports (Cirillo et al., 2014; Lin et al., 2017; Pike et al., 2011), our results
demonstrate that both GBM cell lines and patient-derived GBM cell cultures express the necessary en-
zymes required for FAO, utilize FAs to support overall metabolism, and inhibition of this process has
anti-proliferative effects. Importantly, our results also suggest FAO may be intrinsic to GBM and is not fully
counteracted by AKT-enhancing mutations. Activation of the PI3K/AKT/mTOR pathway has been impli-
cated in glucose addiction, a diminished ability to utilize alternative substrates that leaves malignant cells
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Aconitate  S-Adenosyl 5-Methylthio L-Asparagine O-Acetylcarnitine Acetyl-CoA
methionine adenosine
Citrate Adenosine L-Aspartic acid Cytidine diphosphate Adenosine
triphosphate triphosphate
Fumarate Cytidine L-Proline Cytidine diphosphate  Reduced
ethanolamine glutathione
Lactate Cytidine 3-Phosphoserine Oxidized
monophosphate glutathione
Malate Cytidine triphosphate
Succinate Cytosine
L- Hypoxanthine
Glutamine
L- Orotidine
Glutamate

Uridine diphosphate

Uridine diphosphate
glucose
UDP-N-

acetylglucosamine

iScience

Other

D-Glucosamine 6-
phosphate”

Hydroxymethylglutaryl-
CoA

Table 1. List of all Metabolites Altered by ETOM (100 1M) Treatment with Regard to Fractional Contribution for HK157

Metabolites were measured by labeled "*C-palmitic acid using LC-MS analysis (p < 0.05 for all metabolites listed).
?Indicates an increase with ETOM treatment.

particularly vulnerable to glucose starvation (Elstrom et al., 2004; Maroon et al., 2015), and a metabolic shift
toward FA synthesis (Guo et al., 2009). However, our current study suggests that under physiologically rele-
vant glucose conditions (2.5 mM), FAs play a central role in the overall GBM metabolome regardless of
mutational status. A study published during revision of the current manuscript found a difference in use
of FAO in tumors based on TGCA classification (Kant et al., 2020). Specifically, FAO was found to be
enhanced in mesenchymal tumor lines. However, we observed no such pattern with regard to TCGA sub-
type in our study. Our findings of a mutation-independent use of FAO may be due to methodological dif-
ferences with previous studies. Furthermore, our in vivo findings that show significantly decreased survival
and a trend toward increased U87 tumor growth with a KD support our in vitro findings that AKT-enhancing
mutations do not make GBMs “glucose addicted,” as U87 cells themselves are PTEN deficient. The KD
limits glucose availability to the tumor, so the enhanced tumor growth we observe is likely to have been
supported by the use of alternative energy substrates despite U87s having PTEN mutations.

The utilization of FAO by these tumors may seem counterintuitive because the brain receives an ample sup-
ply of glucose, the most highly utilized substrate in GBM. ATP generation by FAO also demands more ox-
ygen, is a slower overall process, and generates more superoxide than glycolysis (Schénfeld and Reiser,
2013), although it does produce more ATP than glycolysis. Although the idea of simultaneous FA synthesis
and oxidation seems counterproductive, studies such as ours make it increasingly clear that FAO makes
malignant cells more resilient and adaptable to metabolic stress. FAs represent a readily available sub-
strate that can be utilized to support both bioenergetic demands and for the production of other cellular
components. Lipid levels in malignant gliomas are reportedly higher than in normal brain tissues (Srivastava
etal., 2010). Gliomas can produce both free FAs and lipid stores endogenously via de novo synthesis from
excess glucose and via uptake of exogenously produced free FAs from blood. Our experiments suggest
that both endogenous and exogenous sources of FAs can be used as an energy substrate to support
GBM cell growth. Perhaps the most notable aspect of FAO is that it results in the production of acetyl-
CoA, an important metabolite that regulates a number of cellular processes including the TCA cycle.
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TCA Pentose Nucleotide Amino Acid Fatty Acid/Lipid Currency Other
Cycle Phosphate Metabolism Metabolism Metabolism
a-Keto Cystathionine Adenosine L-Alanine O-Acetylcarnitine Adenosine triphosphate D-Glucosamine 6-
glutarate triphosphate phosphate
Citrate o-D-Glucose 6- Deoxyadenosine L-Proline Phosphocholine Creatine 4-
phosphate triphosphate Hydroxyphenyllactate
Fumarate  Inosine Cytidine L-Serine Phosphoethanolamine  Reduced nicotinamide 4-OH Phenyl acetic
monophosphate®  diphosphate adenine dinucleotide acid
Aconitate  Ribose 5- Cytidine L-Threonine Adenosine L-Ascorbic acid
phosphate triphosphate monophosphate/
Adenosine triphosphate
ratio®
L- Guanosine L-Citrulline
Glutamine triphosphate
L- Uridine 2-Methyl-
Glutamate triphosphate propionyl-CoA
Orotidine
Cytidine®
Cytosine®
Guanosine®

Table 2. List of all Metabolites Altered by ETOM (100 1M) Treatment with Regard to Relative Amounts for HK157
Metabolites were measured by labeled "*C-palmitic acid using LC-MS analysis (p < 0.05 for all metabolites listed).
®Indicates an increase with ETOM treatment.

Recent evidence demonstrates that much of the acetyl-CoA produced by malignant gliomas is derived
from sources other than glucose (Mashimo et al., 2014), highlighting FAO as a potentially critical compo-
nent of brain tumor metabolism. In addition to ATP, FAO contributes to NADH and NADPH levels.
Although labeled carbon from FAQ is found throughout the metabolome, it should not contribute net car-
bons to most metabolites, at least when even-chained FAs are oxidized, as for every two carbons of acetyl-
CoA that are metabolized, two carbons are lost as carbon dioxide. However, we found that inhibition of
FAO resulted in the loss of relative amounts of a number of metabolites, in addition to fractional contribu-
tions, for reasons that are not yet clear, but which may be of use clinically. Interestingly, we found that in-
hibition of FAO resulted in the loss of relative amounts of some nucleotides, a finding previously reported
for endothelial cells (Schoors et al., 2015).

A recent study reported that GBMs are reliant on FAQ to sustain proliferation and that acyl-CoA-binding protein
(ACBP) promotes this process by regulating the availability of long-chain fatty-acyl CoAs to the mitochondria
(Duman et al., 2019). Our results provide further mechanistic insight by identifying CPT1A as a valid therapeutic
target and demonstrating that inhibition of CPT1-mediated FAO decreased tumor growth and improved sur-
vival using a murine orthotopic xenograft model. In support of this idea, a recent study showed that systemic
administration of ETOM in tumor-bearing mice resulted in a trend toward decreased tumor growth and a sig-
nificant increase in survival, both of which were amplified when combined with a glycolysis inhibitor (Kant et al.,
2020). Although the KD initiates production of ketone bodies, it also results in increased FA availability with the
potential to be taken up and utilized by the tumor (Fraser et al., 2003; Taha et al., 2005). Because CPT1A knock-
down decreased tumor growth from the KD, our results implicate FAs, rather than ketone bodies, as the primary
metabolic substrates responsible for the growth-promoting effects of the KD. These results provide strong ev-
idence that FAO is a significant pathway in GBM and may serve as a valuable target either alone or in combina-
tion with other currently investigated treatments.

Our study focused on the CPT1A isoform and did not directly study the roles of the CPT1B and C isoforms.
This was because the effects of etomoxir were largely mimicked by CPT1A knockdown. CPT1C is found in
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(A) mRNA expression of CPT1 isoforms in IDH1 mutant (N = 5) and WT (N = 62) patient-derived GBM cultures based on analysis of microarray data.
(B) Western blot of CPT1A and CPT1C across a panel of IDH WT and IDH1 mutant lines. Error bars = + SD (* = p < 0.05, Kruskal-Wallis).
(C and D) Analysis of the effects of ETOM (100 uM) in an IDH1 mutant cell line on fractional contribution and relative amounts of relevant metabolites using

3C-palmitic acid LC-MS. n = 3 replicates. Error bars = + SD (* = p < 0.05, ** = p < 0.01, *** = p < 0.001).
See also Figure S5.

the brain, and prior studies indicate that it plays important functional roles in tumors outside the brain
(Chen et al., 2017; Sanchez-Macedo et al., 2013; Wang et al., 2018; Zaugg et al., 2011), although its role
in gliomas is unknown and its precise functional role in FAO is also unclear. CPT1B s expressed at low levels
in brain tumors, but it too could play a role in GBM FAO. A combinatorial knockout approach, although
challenging, would shed light on the contributions of these other enzymes.

Although investigating FA metabolism in GBM as a whole, we also sought to characterize potential differ-
ences between IDH1 mutant and WT GBM cells. Recent evidence suggests that GBMs harboring IDH mu-
tations represent a distinct subclass of glioma (Cancer Genome Atlas Research Network, 2015). Our group
previously demonstrated IDH1 mutant gliomaspheres are metabolically distinguishable from their WT
counterparts based on expression profiles, glucose consumption, and nucleotide synthesis utilization (Gar-
rett et al., 2018). The results of the current study suggest further metabolic differences with regard to FAO.
Analysis of CPT1 isoform expression revealed a trend for increased expression of CPT1A in IDH1 mutant
cultures relative to IDH WT that was not statistically significant. LC-MS tracing experiments with "*C-pal-
mitic acid revealed extensive FA utilization throughout the metabolomes of both IDH1 mutant and WT
cells. However, the effects of FAO inhibition with ETOM were more pronounced within the TCA cycle of
IDH WT cells. Importantly, 2-HG was among the most heavily labeled metabolites in IDH1 mutant cells.
Treatment with ETOM significantly decreased the amount of 2-HG, indicating that biproducts of FAO
may serve as a vital component for the production of this oncometabolite. Although these effects were
only tested in a single IDH1 mutant cell line, and thus require further investigation, our results suggest
FAO represents an additional mechanism contributing to the unique metabolic phenotype of IDH mutant
gliomas.

Although our findings emphasize the complex and highly adaptable nature of brain tumor metabolism,
important aspects of these studies require further investigation. The preponderance of evidence reported
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Aconitate Adenosine L-Asparagine  O-Acetylcamitine ~ Acetyl-CoA  N-Acetyl-D-
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Succinate Cytidine Homocysteine Oxidized
Glutathione
2- Cytidine L-Proline
Hydroxyglutarate monophosphate
L-Glutamine Cytidine
triphosphate
L-Glutamate Cytosine

Deoxyguanosine
Inosine
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Table 3. List of all Metabolites Altered by ETOM (100 1M) Treatment with Regard to Fractional Contribution for
IDH1 Mutant HK252

Metabolites were measured by labeled "*C-palmitic acid using LC-MS analysis (p < 0.05 for all metabolites listed).
®Indicates an increase with ETOM treatment.

in this study support the conclusion that GBMs oxidize FAs. Inhibition of FAO resulted in overall deficits in
cellular growth and FA-mediated mitochondrial respiration. However, although FA supplementation under
physiologically relevant glucose concentrations demonstrated inverse effects to that of inhibition in some
cell lines, including U87, this effect was not consistent across all patient-derived cell lines tested, suggest-
ing some variability in the ability of GBMs to utilize exogenous FA. Our LC-MS studies also clearly show that
FAs are taken up, oxidized, and utilized throughout the GBM metabolome. Finally, many of the effects of
FAQ inhibition achieved with ETOM were validated using multiple methods of CPT1A knockdown, indi-
cating that they are not due to off-target effects of ETOM. The fact that ETOM has been shown to exhibit
off-target effects in certain cells at high doses cannot be overlooked and could ultimately limit its use clin-
ically. Developing more potent and specific FAO inhibitors could prove essential for targeting brain tumors
in patients. However, due to the grim prognosis associated with glioma and the currently inadequate treat-
ment options available, this study highlights several important aspects of brain tumor metabolism that have
direct application to improving current standard of care therapy.
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phosphate
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monophosphate adenine dinucleotide phosphate
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Orotate” Sorbitol

Table 4. List of all Metabolites Altered by ETOM (100 1M) Treatment with Regard to Relative Amounts for IDH1
Mutant HK252

Metabolites were measured by labeled "*C-palmitic acid using LC-MS analysis (p < 0.05 for all metabolites listed).
®Indicates an increase with ETOM treatment.

Limitations of the Study

The provenance of the U87 cell line has been lost and therefore may not be representative of patient GBMs,
although it has been verified as a glioblastoma cell line (Allen et al., 2016). This limitation is somewhat miti-
gated by our observations in a large array of primary GBM lines in vitro and one primary GBM line in vivo. A
modestly high concentration of ETOM (100 uM) was used for experiments described, allowing the possi-
bility for off-target effects of the drug, which were mitigated at least partially by the observation that the
effects of ETOM were largely mimicked by CPT1A knockdown. Our data suggest that CPT1A is the isoform
primarily responsible for FAO in GBM; however, we do not know the extent of potential compensation from
the B and C isoforms when CPT1A is knocked down. The ketogenic diet used in our in vivo models was cal-
orie unrestricted. Although we did observe a decrease in blood glucose and an increase in ketones, there
might be more of an effect on tumor growth in an unrestricted ketogenic diet model. In addition, the time
frame for the ketogenic diet in these experiments was limited due to the fast rate of growth of the tumors. A
longer-term ketogenic diet, such as that which a tumor patient would undergo, might be more effective at
slow tumor growth as cellular building blocks become more scarce over time. The metabolomics of FAO
inhibition are described in three cell lines (U87, HK157, HK252) and therefore may not be representative of
all GBM.

Resource Availability
Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Harley I. Kornblum, M.D. Ph.D. (hkornblum@mednet.ucla.edu).

Materials Availability

No new or unique materials were generated by this study.

Data and Code Availability

The raw data for the U87 metabolomics presented in Figure 2 can be found at DryadData.org titled “Iso-
topologue distributions of fatty acid oxidation inhibition in U87 glioma cells” https://doi.org/10.5068/
D1R95W.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/}.is¢i.2020.101453.
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Supplementary Materials:

Supplemental Figures

Fatty Acid-Related Gene Expression in GBM
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Figure S1: Expression of Fatty Acid-Related Genes in GBM, Related to Figure 1A.
Average expression of genes related to mitochondrial FAO and synthesis by single cell RNAseq
from four patients. Data represent expression levels from neoplastic cells found either at the

tumor core (n=1029 cells) or in the periphery (n=62 cells). Error bars + SEM.
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Figure S2: Efficiency of CRISPR/Cas9 targeting CPT1A, Related to Figure 2.
Western blot of lysates from U87 cells expressing Cas9 and either control sgRNA or one of 4
CPT1A-targeting sgRNA clones. Due to its increased efficiency at reducing CPT1A, clone 3 was

used in the experiments shown in Figure 2.
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Figure S3: ETOM inhibits growth of patient-derived GBM cell lines in 2.5 mM glucose, but
response to FA or 3-OHB supplementation varies, Related to Figure 4A.

7 day growth assessment (cell counts) with 100 uM ETOM, 50 mM palmitate (FA), and 1.25 mM
3-OHB in 2.5 mM glucose. n = 3 replicates. Error bars = = SD. (* = p<0.05, ** = p<0.01, *** =

p<0.001).



A. NPA-C54B Tumor Growth
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Figure S4: The unrestricted ketogenic diet yields no benefit to tumor growth or survival in a
mouse model of GBM, Related to Figure 4E and 4F.

Tumor growth (left) measured by luciferase imaging and survival (right) of a murine model of
GBM (NPA-C54B) implanted into immune-competent C57Bl/6 mice. Numbers in parentheses
indicate the number of mice averaged for each timepoint. Error bars = + SEM. (* = p<0.05, ** =

p<0.01, *** = p<0.001).



Relative Amounts of TCA cycle metabolites: (p = N.S. for all metabolites)
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Figure S5: CPT1 inhibition with ETOM does not alter relative amounts of TCA metabolites
in IDH1 mutant cells, Related to Figure 6.

Analysis of the effects of 100 uM ETOM on relative amounts of TCA metabolites in an IDHI
mutant line using '*C-palmitic acid (LC-MS). n = 3 replicates. Error bars = = SD. p>0.05 (N.S.)

for all metabolites shown.



Transparent Methods:
Collection and Maintenance of In Vitro Cultures

Tumor samples were collected under institutional review board-approved protocols and
graded by neuropathologists. Patient-derived gliomasphere cultures were prepared as follows:
immediately after receiving resected tissue, samples were digested with papain and acellular debris
was removed. The remaining cells were incubated in gliomasphere defined media containing
DMEM/F-12 supplemented with B27, heparin, EGF, bFGF, and penicillin/streptomycin until
sphere formation was achieved. Gliomasphere stocks were frozen down at approximately passage
5 to maintain cells at low passage throughout the study. All cell lines used in this study, including

U87, were continuously grown in serum-free gliomasphere media.

Expression Analysis

Relevant expression, mutational status (such as EGFR and IDHI1), and patient
characteristics for the majority of cell lines used in this study have been previously reported (Laks
et al., 2016; Garrett et al., 2018). The following cultures are known to be PTEN deficient: U87,
HK217, HK229, HK296, HK301, but there may be other cultures that are PTEN mutated/deleted
as well. Also of note, while BT142 is IDH1 mutant (R132H), it does not produce 2-HG (Luchman
etal., 2013). HK211 is both IDH1 (R132H) and EGFRviii mutant. Known status of EGFR, PTEN,
and IDH1 are indicated in Figure 6A for patient-derived GBM cultures. Analysis of CPT isoform
expression is based on the microarray dataset (GSE98995) previously described by Laks et al.

2016 and available in the Gene Expression Omnibus (GEO) repository.

Variable Glucose Media and Substrate Supplementation



All media described contain B27, heparin, EGF, bFGF, and penicillin/streptomycin. For
25 mM glucose the base media used is Neurobasal-A Medium ([-] Glutamine) (Gibco #10888-
022) supplemented with GlutaMax Supplement (Gibco #35050061). 2.5 mM and 1 mM glucose
media was made by combining the Neurobasal-A Medium ([-] Glutamine) above with Neurobasal-
A Medium ([-] D-glucose, [-] Sodium Pyruvate) (Gibco #A24775-01) to achieve the desired
glucose concentration. Glutamax Supplement and sodium pyruvate (Gibco #11360-070) were then
added to reach a final concentration of 1X. Palmitic acid was purchased from Sigma-Aldrich
(#P0500) and conjugated with fatty acid free, low endotoxin bovine serum albumin (BSA, Sigma
Aldrich, #A1595). Carnitine (Sigma Aldrich, #C0283) was included in fatty acid-supplemented

conditions. 3-hydroxybutyrate (3-OHB) was also purchased from Sigma (#166898).

shRNA and CRISPR/Cas9 Lentiviral Knockdown

Plasmids with shCPT1A (RHS4531-EG1374 glycerol set) and the non-silencing shCNTL
(RHS4346) cloned into pGIPZ expression vectors were purchased from Dharmacon. The firefly
luciferase-GFP virus (FLuc-GFP; backbone= pRRL-sinCMV-iresGFP) was produced by UCLA
Vectorcore and supported by Molecular Technologies Core (IMTC) CURE/P30 DK41301-26.
These plasmids were transfected into 293T cells along with 2" generation viral AR8.74 package

and VSV-g envelope for production of lentivirus.

U87 In Vivo Orthotopic Xenotransplants
All animal experimentation was performed with institutional approval following NIH
guidelines using adult NSG mice. Intracranial xenotransplants were performed similarly to

previous descriptions with minor changes (Laks et al., 2009).



CPTI1A /Ketogenic Diet:

10° U87 cells expressing either sShCNTL or shCPT1A along with firefly luciferase-GFP
(FLuc-GFP) were stereotactically injected unilaterally into the striatum of NOD scid gamma
(NSG) mice under isoflurane anesthesia over 5 minutes using the following coordinates: 1.5 mm
lateral and 0.5 mm anterior to bregma, and 3.0 mm below the pial surface. N=10 mice per group.
As shown in Figure 3B, mice were kept on standard diet for 4 days to allow appropriate recovery,
after which half of each group was placed on the ketogenic diet (BioServ, S3666). On Day 8,
weekly bioluminescence imaging was initiated as described below. On Day 21 mouse weight,
blood glucose and ketone measurements were taken. Tumor growth was measured until each

animal either died or became moribund. Mouse survival was tracked for all groups.

HK408 and NPA-C54B :

Transplants and institution of the ketogenic diet for this experiment were carried out as
described above with the exception that there was no knockdown of CPT1A group and therefore
only 20 total mice were used (10 per group). For HK408, 10> cells were implanted into 10 male
and 10 female NSG mice, and groups were divided evenly by sex. No sex differences were found
with regards to the ketogenic diet (data not shown). In the murine tumor model, 5x10° cells of
NPA-C54B were implanted into the striatum of 20 male C57Bl/6 mice as described in Nufiez et
al., 2019, at coordinates 1.0 mm anterior and 2.5 mm lateral to bregma, and 2.5 mm deep. These
cell lines were chosen because of their consistency in forming tumors that grow quickly. The speed
of tumor formation was important, not simply for convenience, but it allowed us to take into

account concerns regarding significant weight loss and the overall health of animals receiving a



long-term ketogenic diet. As above, mice were kept on a standard diet for four days after surgery,
at which time they were divided into groups of standard and ketogenic diet. Tumor growth was
measured by weekly bioluminescence imaging as described above, and survival was tracked until

mice died or became moribund.

Bioluminescent Imaging

Optical imaging was performed at the Preclinical Imaging Technology Center at the Crump
Institute for Molecular Imaging at UCLA. 100 pl of D-luciferin (GoldBio) dissolved in phosphate
buffer saline without Ca2+ or Mg2+ (30 mg/ml) was introduced to each animal by intraperitoneal
(IP) injection. After 7 minutes of conscious uptake, mice were anesthetized by inhalation of 2.6%
isoflurane in oxygen and placed in dedicated imaging chambers. The IVIS Lumina 2 imaging
system (Caliper Life Sciences) was utilized for in vivo bioluminescent imaging. Luminescence
was measured over 3 minutes, and a corresponding photograph of the mice was taken and co-
registered with the luminescent image for signal localization. Images were analyzed by drawing
regions of interest and quantified as total flux (photons/second) with the Living Image software

package (Perkin Elmer).

Western Blot and Immunohistochemistry

Western blots were performed using the following antibodies: mouse anti CPT1A (abcam,
128568), rabbit anti CPT1C (LsBio, LS-C167010), rabbit and mouse anti beta-actin (Abcam). To
prepare samples for immunohistochemical analysis, Mouse brains from U87 transplant
experiments were perfused using 4% paraformaldehyde (PFA) and incubated overnight in PFA at

4°C for 24 hours. Tissue was washed with PBS and incubated in 20% sucrose at 4°C for a



minimum of 24 hours in preparation for sectioning on a cryostat. Sections (20 pum thick) were post-
fixed for 15 minutes with cold 4% paraformaldehyde followed by 3 washes with TBS prior to

performing immunohistochemistry for CPT1A.

Acute etomoxir treatment and fatty acid and ketone supplementation

Dissociated cultures were plated at a density of 5x10* cells/ml in triplicate in gliomasphere
defined media containing 25 mM glucose unless otherwise indicated. Cells were incubated for 24
hours after which point 100 uM etomoxir (ETOM) ((+)-Etomoxir sodium salt hydrate, Sigma
Aldrich, #E1905) was added to each sample and again on day 4. For FA and ketone
supplementation, 4x10° cells were plated per well in 96-well plates and incubated for 24 hours,
after which either FAs or ketones were added to yield the following final concentrations of each.
For FA: 25-200 uM palmitate (Sigma Aldrich, #P0500) bound to fatty-acid free BSA (5g/50mL
in 10% PBS) (Sigma Aldrich, #A1595) and 500 uM carnitine (Sigma Aldrich, # C0283). For 3-
OHB (Sigma Aldrich, #166898) final concentrations were 1.25-10 mM. Blood plasma
concentrations of these substrates in healthy adults range from 111-260 uM palmitate and 67 uM
carnitine (Borch et al., 2012; Cunnane et al., 2012; Jensen et al., 1989). Cells were allowed to grow
for the indicated period of time prior to analysis using the Dojindo Cell Counting Kit 8 (#CK04-

20) according to manufacturer instructions.

Cell growth analysis
Single-cell suspensions were made from bulk cultures of the U87 and patient-derived
glioma cell lines and counted using a Countess automated cell counter. Cells were plated at 5x10*

cells/mL in 6-well plates and grown as gliomaspheres in control or experimental conditions. For



ETOM experiments, cells were treated 24 hours after initial plating and treatment was re-
administered on Day 4. After 7 days the gliomaspheres in each well were fully dissociated and re-
counted to assess changes in cell number during treatment. This analysis of cell number examines

both cell survival and proliferation in response to treatment.

Proliferation analysis with bromodeoxyuridine (BrdU)

Single cell suspensions were plated as a monolayer on laminin-coated glass coverslips
(Sigma, L2020) in 24-well plates followed by a 4 day ETOM treatment. Two BrdU pulses were
given 2 hours apart and cells were fixed for 15 minutes with 4% paraformaldehyde. Coverslips
were washed with PBS and immunocytochemistry was performed to assess the percentage of

BrdU-positive cells by visual microscopic cell counts.

Annexin V/PI Flow Cytometry Analysis

Single cell samples were treated with 100 uM ETOM for 4 days after which spheres were
re-dissociated with 200 pl accumax, centrifuged, and washed with PBS. Annexin V/propidium
iodide (PI) staining was carried out according to manufacturer protocol using the Annexin V APC
flow cytometry kit (Thermo Fisher) while including a 1 pl/ml final concentration of PI. Samples
were gently mixed and incubated with Annexin V/PI binding buffer and incubated for 15 minutes
at room temperature protected from light. Samples were kept on ice and analyzed within 1 hour

by flow cytometry.

LC-MS with fully labeled 3C palmitate



Gliomaspheres were dissociated into single cells with Accumax™ and 2x10° cells were
cultured for 48 hours in 2.5 mM glucose media in triplicate for each sample. Cells were then rinsed
with PBS and re-plated in 2.5 mM glucose media, either unlabeled or containing 200 uM fully-
labeled 3C-palmitic acid for an additional 48 hours. Cells were then centrifuged and rinsed with
Iml ice-cold 150 mM ammonium acetate (pH 7.3). Centrifugation was performed again and 1ml
of ice-cold 80% methanol was added. Cells were transferred to an Eppendorf tube, and 10 nmol
norvaline (Sigma-Aldrich, N7502) was added to each sample. Samples were centrifuged for 5 min
at top speed and the supernatant was transferred into a glass vial. Samples were resuspended in
200 pL cold 80% methanol, followed again by centrifugation, after which the supernatant was
added to the glass vial. Samples were dried in an EZ-2Elite evaporator. The remaining pellet was
resuspended in RIPA buffer and a Bradford assay was performed to quantify total protein
concentration for sample normalization. Dried metabolites were resuspended in 50% ACN and 5
puL loaded onto a Luna 3 pum NH2 100 A (150 X 2.0 mm) column (Phenomenex). The
chromatographic separation was performed on an UltiMate 3000 RSLC (Thermo Scientific) with
mobile phases A (5 mM NH4AcO pH 9.9) and B (ACN) and a flow rate of 200 pL/min. The
gradient from 15% A to 95% A over 18 min was followed by 9 min isocratic flow at 95% A and
re-equilibration. Metabolite detection was achieved with a Thermo Scientific Q Exactive mass
spectrometer run in polarity switching mode (+3.5 kV/= 3.5 kV). TraceFinder 4.1 (Thermo
Scientific) was used to quantify the area under the curve for metabolites by using accurate mass
measurements (< 3 ppm) and the retention time of purchased reference standards. Relative
amounts of metabolites were calculated by summing up all isotopologues of a given metabolite
and normalized to cell number. Correction for naturally occurring 1*C as well as calculation of

fractional contributions and clustering analyses were done in R. Fractional contribution was



calculated as )=, T‘l, where n is the number of carbons in the metabolite, i is the iteration of each

possible 3C-labeled carbon, and M; is the relative abundance of the i*" isotopologue. The relative

amount is calculated as the sum of all isotopologues of each metabolite normalized to total protein.

Statistical Analysis

Statistical analysis was performed using either Microsoft Excel, GraphPad Prism, or IBM
SPSS software with guidance from the UCLA Institute for Digital Research & Education. For
tumor growth, flux data was lognormalized and statistical significance was determined using a
mixed effects model with repeated measures for individual animals and Tukey’s post-hoc pairwise
analyses. Survival was analyzed by Kaplan-Meier curves with pairwise Mantel-Cox post-hoc
analyses. For other comparative samples, normality of distributions was determined by Shapiro
tests and significance was determined using either ANOVA or a univariate generalized linear
model model and two-tailed Student’s T-tests where appropriate. All quantitative data and
associated error bars represent the mean =+ either the standard deviation (SD) or standard error of
the mean (SEM) as indicated for each figure. Experiments were performed in triplicate at a
minimum, with 95% confidence intervals and p values calculated for relevant comparison. For all
figures, p values are represented as follows: NS = not signifant, * = p<0.05, ** = p<0.01, *** =

p<0.001.
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