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ABSTRACT
The concept that tumor cells demand a distinct form of metabolism was 

appreciated almost a century ago when the German biochemist Otto Warburg realized 
that tumor cells heavily utilize glucose and produce lactic acid while relatively reducing 
oxidative metabolism. How this phenomenon is orchestrated and regulated is only 
partially understood and seems to involve certain transcription factors, including 
c-Myc, HIF1A and others. The epigenome eintails the posttranslational modification 
of histone proteins which in turn are involved in regulation of transcription. Recently, 
it was found that cis-regulatory elements appear to facilitate the Warburg effects 
since several genes encoding for glycolysis and associated pathways are surrounded 
by enhancer/super-enhancer regions. Disruption of these regions by FDA-approved 
HDAC inhibitors suppressed the transcription of these genes and elicited a reversal of 
the Warburg effect with activation of transcription factors facilitating oxidative energy 
metabolism with increases in transcription factors that are part of the PPARA family. 
Therefore, combined targeting of HDACs and oxidative metabolism suppressed tumor 
growth in patient-derived xenograft models of solid tumors, including glioblastoma.

INTRODUCTION

Glioblastoma WHO IV (GBM) remains an incurable 
disease and an improved understanding of its metabolic 
properties may facilitate better treatments [1]. With the 
discovery of IDH1 mutant GBMs, deregulated metabolism 
became more relevant to study since IDH1 mutated GBMs 
substantially accumulate a certain metabolite, 2-HG, that 
in turn reprograms and shapes several aspects of cellular 
signaling [2, 3], especially related to global changes in 
the epigenome. However, there are many other reasons 
why metabolism is critical to study in GBMs, which for 
instance also includes the earlier observation that the core 
and the infiltrative margin of GBMs are distinct in their 
transcriptomic, proteomic and metabolic state [4]. In this 
regard, less prominent pathways, such as beta-oxidation 
of fatty acids, became more relevant in GBM biology. 
Moreover, stem-like GBM cells appear to have a reliance 

on both cholesterol and fatty acid synthesis [5, 6]. In this 
regard, we found that cholesterol regulates oxidative 
metabolism in GBM model systems [7, 8]. More recently, 
drug induced reprogramming of GBM metabolism have 
shown interesting findings, which includes a shift from 
glycolysis to oxidative metabolism following compound 
exposure. In this research perspective, we are briefly 
reviewing some basic and evolving aspects of GBM 
metabolism and highlight our recent findings on how 
the epigenome impacts the Warburg effect and oxidative 
energy metabolism in GBM.

Aerobic glycolysis and its regulation in GBM by 
an enhancer/super-enhancer landscape

Almost a century ago, Otto Warburg appreciated the 
fact that tumor cells harbor a substantially reprogramed 
energy metabolism as compared to non-malignant cells. 
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In this context, it was shown that glucose is rapidly 
metabolized to lactic acid, while under-utilizing the 
oxidative branch of metabolism, i.e., the TCA-cycle 
and the respiratory chain/oxidative phosphorylation. For 
these reasons, several transcripts regulating glycolysis 
are increased in tumor cells, including hexokinase 2 and 
LDHA [9]. Hexokinase 2 is critical in that it catalyzes 
the phosphorylation of glucose to glucose-6-phosphate, 
whereas LDHA catalyzes the final step in glycolysis from 
pyruvic acid to lactic acid [9]. These effects are regulated 
by several transcription factors, including c-Myc (MYC), 
HIF1A, p53 (TP53) and others [9]. While only a relatively 
small fraction of GBMs displays MYC amplification, it’s 
overall levels are still increased in GBMs as compared to 
normal tissue based on the TCGA database. Moreover, 
stem-like GBM cells have significantly higher levels in 
c-Myc as compared to their differentiated counterparts 
[10]. Thus, there appears to be a role for c-Myc to impact 
GBM progression and resistance to therapy. In part, c-Myc 
is a facilitator of transcription of oncogenic genes by 
modulation of RNA-polymerase II phosphorylation via 
P-TEFb, which drives elongation of RNA-polymerase II 
[11]. Therefore, c-Myc is highly frequently localized to 
regions in the genome with open chromatin [11], which 
may involve cis-regulatory elements, i.e., enhancers and 
super-enhancer regions. Therefore, it becomes critical to 
dissect which down-stream effects are actually driver- 
and not passenger effects. The transcription factor c-Myc 
binds both to the promoter regions of hexokinase-2 and 
LHDA, respectively, supporting the notion that c-Myc is 
a driver of the Warburg effect in certain tumors [12]. In 
a classical experiment that uncovered the role of c-Myc 
as a driver for the Warburg effect it was demonstrated 
that c-Myc overexpression led to an enhanced production 
of lactic acid in fibroblasts, which was attributed and 
linked to the observation that c-Myc binds to the LDHA 
promoter to drive LDHA protein expression [12]. c-Myc 
is also involved in nucleotide-biosynthesis and regulates 
the expression of PHGDH, PSAT1 and PSPH, which 
are enzymes that connect glycolysis to serine/glycine 
biosynthesis and modulate one-carbon metabolism in 
tumors [11]. Although c-Myc is a regulator of these 
enzymes, there seems to be a complex interplay since other 
factors, e.g. the stress response transcription factor, ATF4, 
may also modulate their expression [13]. In this vein, 
our group made the recent observation that imipridones 
activate serine synthesis enzymes by up-regulation of 
ATF4, while at the same time imipridones suppress c-Myc 
protein levels in a manner reliant on GSK3β [13]. These 
observations exemplify the complexity of metabolism 
and many observations are context dependent. Moreover, 
both fatty acid and cholesterol synthesis are modulated 
by c-Myc expression, which was highlighted in stem-
like GBM cells, recently [5, 6]. Finally, MYC appears to 
regulate histone acetylation and thereby affect the histone 
landscape [14]. Utilizing GBM stem-like cells, NCH644, 

we have performed chromatin immunoprecipitation with 
H3K27ac followed by next generation sequencing [15]. 
Employing a modified super-enhancer analysis (based 
on the previously published ROSE algorithm) we have 
found that GBM cells harbor super-enhancer and enhancer 
regions in enzymes and transporters involved in the 
Warburg-Effect, which included HK2, SLC2A1, ENO1, 
FASN and several others. In addition, a super-enhancer 
was found close to the MYC region, suggesting that high 
levels of c-Myc are driven by a super-enhancer in GBM 
stem like cells [15]. These epigenetic enriched regions 
(e.g., MYC and HK2) are preferentially found in GBM 
tumors over normal brain parenchyma [15]. 

FDA-approved HDAC inhibitors affect the 
super-enhancer landscape of GBM cells

It was notable that these H3K27ac enriched regions 
displayed co-localization with HDAC2, suggesting 
that HDACs may be implicated in the anatomy of the 
enhancer and super-enhancer regions [15]. Therefore, 
we hypothesized that inhibition of HDAC2 by FDA-
approved HDAC inhibitors, including romidepsin and 
panobinostat, may impact the formation of the super-
enhancer landscape. Indeed, following treatment with 
both of these inhibitors the super-enhancer landscape was 
substantially changed in NCH644 stem-like GBM cells, 
which included disruption of super-enhancer regions 
related to MYC, HK2 and GAPDH, which resulted both in 
a suppression of mRNA and proteins related to these genes 
[15]. These observations are intriguing since it suggests 
that HDAC inhibitors might reduce tumor growth in part 
through blockage of the super-enhancer landscape. Our 
observations are consistent with results obtained by others 
in model systems of pediatric gliomas, although their 
findings did not focus on metabolism related genes and 
associated enhancers [16]. 

HDAC inhibitors regulate the Warburg effect in 
part through modulation of the epigenome and 
through the transcription factor, c-Myc in model 
systems of GBM

We confirmed that these mRNA and protein changes 
indeed translated in metabolic changes by performing 
polar metabolite analysis. We found that the total levels 
of metabolites related to glycolysis as well as the pentose 
phosphate pathway were reduced, which suggested 
suppression of glycolysis and glucose feeding of the TCA-
cycle [15]. Given that total levels of metabolites are not 
enough to conclude that a certain metabolic pathway is 
inhibited, we extended our studies further. We took a two 
prong strategy by extending our analysis to 13-C glucose 
tracing analyses as well as extracellular flux analysis. 
Glucose tracing analysis revealed that lactic acid was 
labeled by less glucose carbons following HDAC inhibitor 
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exposure [15]. Similarly, extracellular acidification 
rate was reduced upon treatment with HDAC inhibitors 
in keeping with a reduction of glycolysis. Utilizing 
selective galactose culturing of GBM cells, we found 
evidence that HDAC inhibitors in part reduce glioma cell 
viability through inhibition of glycolysis, indicating that 
the observed interference with glycolysis is not merely 
a passenger effect [15]. Moreover, our glucose carbon 
tracing analysis pointed towards blockage of the pentose 
phosphate pathway and more globally interference with 
nucleotide biosynthesis, including flux from glucose to 
glycine [15]. We also noted a reduced labeling of TCA-
cycle metabolites by glucose carbons even though our 
extracellular flux analysis revealed that while extracellular 
acidification rate is reduced, the oxygen consumption rate 
is increased following HDAC inhibitor treatment [15]. 
These findings are interesting because intuitively one 
would anticipate that when oxygen consumption rate is 
increased glucose oxidation is enhanced as well. However, 
our findings pointed towards a different fuel source to 
entertain this HDAC inhibitor mediated up-regulation of 
oxygen consumption. Given that c-Myc is a key regulator 
of glycolysis and our gene set enrichment analysis 
revealed substantial suppression of c-Myc targets as well 
as c-Myc by HDAC inhibitors in a manner dependent 
on HDAC1 and HDAC2 we linked HDAC inhibitor de-
regulated carbohydrate metabolism and reduced viability 
with the associated decline of c-Myc transcript and 
protein levels. To this end, ectopic over-expression of 
c-Myc partially reversed viability loss and suppression of 
glycolysis induced by HDAC inhibitors [15]. 

HDAC inhibitors elicit a pro-oxidative 
phenotype that in part is fueled by fatty acid 
oxidation

While suppressing glycolysis HDAC inhibitors 
drive oxidative phosphorylation in part through an 
increase of complexes of the respiratory chain [15]. 
Consequently, HDAC inhibitors and blockers of oxidative 
phosphorylation cause synergistic growth reduction in 
GBM model systems. In alignment with this observation, 
we found that the TRAP1 inhibitor, gamitrinib, enhanced 
the anti-glioma effects of HDAC inhibitors both in vitro 
and in vivo, which occurred in part through enhanced 
activation of a cell death with features of intrinsic 
apoptosis [17]. While our analyses did not demonstrate 
enhance glutamine oxidation, we pinpointed the fuel 
source for this phenomenon to increased fatty acid 
oxidation through utilization of 13-C uniformly labeled 
palmitic acid. These results need to be seen in the context 
with recent findings in GBM biology that propose a 
significant role of beta-oxidation in GBM [18–20]. 
For instance, recent data suggest a significant role of 
metabolic plasticity in the growth of GBM, enabling GBM 
cells to quickly switch from glycolysis to beta-oxidation 

[21]. Another fundamental principal is the notion that 
GBM harbor different regions/zones, which may be 
divided in the infiltrative margin or core [4]. While the 
core would be predicted to be more reliant on glycolysis, 
it is expected that the infiltrative margin should depend 
more on oxidative metabolism. This metabolic concept 
of core and infiltrative margin may be an important one 
since the ultimate progression of GBM will be determined 
by the migratory/infiltrative cells. By employing mass 
spectrometry imaging, recent work showed that the 
infiltrative margin of orthotopically injected GBM PDX 
cells in nude mice revealed elevated metabolites that 
are associated with fatty acid oxidation, suggesting that 
metabolization of lipids may be one of the key drivers of 
GBM progression and resistance to therapy [4]. These 
results should be viewed in concert with a recent study 
that showed that etomoxir extended animal survival in 
an orthotopic model system of GBM [22]. The limitation 
of the imaging study is that it only detected metabolites 
associated with fatty acid oxidation, but this would not 
ultimately prove enhanced oxidation of fatty acids. To 
this end, sophisticated in vivo tracer analyses would be 
necessary coupled with mass spectrometry imaging.

Referring to HDAC inhibitor reprogrammed 
GBM metabolism, we made the discovery that FDA-
approved HDAC inhibitors in combination with etomoxir 
synergistically reduced the growth of a broad range 
of GBM model systems. The effect appeared to be less 
pronounced in astrocytes, suggesting a favorable toxicity 
profile [15]. Therefore, we extended these studies to in 
vivo model systems, involving GBM PDX model systems 
in the subcutaneous location, but more importantly 
in orthotopic models as well [15]. We found that the 
combination treatment of panobinostat and etomoxir 
extended animal survival more potently than single 
treatments, in keeping with the observation in cell culture 
[15]. Our studies are in line with similar studies in brain 
tumors as well as in other tumor entities that overall 
favor the usage/repurposing of etomoxir for oncological 
indications [22]. For instance, acute myeloid leukemia 
cells that were treated with standard of care chemotherapy 
reprogramed their metabolism to be more dependent on 
fatty acid oxidation and etomoxir counteracted this effect 
[23]. 

The oxidative metabolic reprogramming by 
HDAC inhibitors was partially orchestrated by at least 
two transcription factors that belong to the PPARA 
family. While we appreciated a suppression of c-Myc 
protein levels, a concomitant increase in PGC1A [24] 
and PPARD was noted. Both of these transcription 
factors were involved in mediating survival of GBM 
cells following HDAC inhibitor treatment. These effects 
are in keeping with earlier observations, showing that 
melanomas treated with BRAF inhibitors up-regulate 
PGC1A, which mediates resistance to these compounds 
[25]. Similarly, our own studies showed that GBM cells 
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treated with c-MET inhibitor, crizotinib demonstrated an 
increase of PGC1A, resembling the findings observed 
with HDAC inhibitors and BRAF inhibitors [21]. Other 
have reported that PGC1A is down-stream of the mTOR 
signaling pathways in model systems of GBM. In this 
context, mTORC1 signaling was shown to facilitate 
oxidative metabolism which happened in part through 
modulation of PGC1A [26]. In addition to PGC1A, 
another member of the PPARA family, PPARD, was 
markedly induced upon HDAC inhibitor treatment. 
Unexpectedly, this transcription factor appeared to bear 
a substantial role in GBM survival since silencing of 
PPARD on its own affected GBM growth, suggesting 
that it may constitute a novel unexplored target on its 
own. Consistently, PPARD inhibition enhanced HDAC 
inhibitor mediated potency to reduce cellular viability.

In summary, while this perspective could not 
cover all emerging aspects of metabolism of GBMs, it 
is worthwhile noting that a better understanding of this 
process may likely lead to the design of more effective 
treatments for this still devastating disease. In this 
regard, improved patient stratification not related only to 
transcriptomic changes, but also encompassing metabolic 
alterations may be useful approaches for the future in this 
regard [27]. A more sophisticated understanding of carbon 
fuel requirements by GBMs may further increase our 
knowledge about these tumors. Finally, treatment induced 
metabolic changes also require more attention since drug 
treatments quickly change central carbon metabolism 
of tumor cells, supporting the use of metabolic drug 
combination therapies.
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