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HDAC inhibitors elicit metabolic reprogramming by
targeting super-enhancers in glioblastoma models
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The Warburg effect is a tumor-related phenomenon that could potentially be targeted therapeutically. Here, we showed
that glioblastoma (GBM) cultures and patients’ tumors harbored super-enhancers in several genes related to the Warburg
effect. By conducting a transcriptome analysis followed by ChIP-Seq coupled with a comprehensive metabolite analysis in
GBM models, we found that FDA-approved global (panobinostat, vorinostat) and selective (romidepsin) histone deacetylase
(HDAC) inhibitors elicited metabolic reprogramming in concert with disruption of several Warburg effect-related super-
enhancers. Extracellular flux and carbon-tracing analyses revealed that HDAC inhibitors blunted glycolysis in a c-Myc-
dependent manner and lowered ATP levels. This resulted in the engagement of oxidative phosphorylation (OXPHOS) driven
by elevated fatty acid oxidation (FAO), rendering GBM cells dependent on these pathways. Mechanistically, interference with
HDAC1/-2 elicited a suppression of c-Myc protein levels and a concomitant increase in 2 transcriptional drivers of oxidative
metabolism, PGClo. and PPARD, suggesting an inverse relationship. Rescue and ChIP experiments indicated that c-Myc
bound to the promoter regions of PGC1a. and PPARD to counteract their upregulation driven by HDAC1/-2 inhibition. Finally,

Introduction

Heterogeneous solid neoplasms, such as glioblastoma (GBM),
remain highly challenging to treat due to multiple mechanisms
including the deregulation of metabolism. The study of tumor cell
metabolism has emerged over the past couple of years for a num-
ber of reasons (1, 2). The first central observation dates back to the
1920s, when Nobel laureate Otto Warburg discovered that tumor
cells entertain a process called aerobic glycolysis that produces
lactate from glucose in the presence of abundant oxygen (3). This
basic observation in itself suggests that tumor cells have a higher
dependency on glycolysis, potentially opening up tumor-specific
therapeutic opportunities. In turn, glucose carbons are not oxi-
dized and not lost in the form of CO, but instead are kept within
the body to be used for biosynthesis. In addition, what follows is
that tumor cells use the TCA cycle not predominantly for energy
generation but instead for shunting carbon into the cytosol via
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we demonstrated that combination treatment with HDAC and FAQO inhibitors extended animal survival in patient-derived
xenograft model systems in vivo more potently than single treatments in the absence of toxicity.

the ATP citrate lysate reaction (4), giving rise to acetyl-CoA in the
cytosol, which in turn is used for biosynthesis of fatty acids and
cholesterol to enable proliferation and cell division. Other more
recent findings also position glycolysis at a central step in the pro-
duction of amino acids including serine, which in turn fuels the
synthesis of glycine to drive the folate cycle, supporting the pro-
duction of nucleotides (5-10). At this point, it is not well under-
stood how the Warburg effect is regulated at the epigenetic level.
Thus far, there is little information about the impact of histone
deacetylases (HDACS) in the context of the regulation of tumor
cell metabolism, and the concept that HDACs, such as HDAC1
and HDAC2 (HDAC1/-2), may control metabolism through reg-
ulation of an enhancer landscape is, we believe, unprecedented.
HDAC inhibitors such as panobinostat (Pb) and vorinostat (Vr) or
selective HDAC1/-2 inhibitors such as romidepsin (Ro) have been
approved for the treatment of cutaneous T cell lymphoma and
multiple myeloma, and clinical trials with Pb are ongoing for GBM.
Here, we report what we believe to be a novel strategy to
reverse the Warburg effect. Our findings suggest that the Warburg
effect is maintained by super-enhancers, which are larger aggre-
gates of enhancer clusters that drive gene expression (11, 12). Our
findings demonstrate that selective and broad HDAC inhibition
disrupts super-enhancers globally and super-enhancers related
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to aerobic glycolysis, resulting in enhanced oxidative metabolism
that is targetable with drug combination therapies in solid tumor
cells and in patient-derived xenograft (PDX) models in vivo, with
extension of overall survival. These findings are in part orches-
trated by HDAC1/-2 inhibition-mediated suppression of c-Myc
(disruption of Myc super-enhancer) followed by c-Myc-depen-
dent upregulation of key transcription factors of oxidative metab-
olism, peroxisome proliferator-activated receptor y coactivator
1 a (PGClae), and peroxisome proliferator-activated receptor §
(PPARGY). These findings provide an efficient strategy for epigen-
etic targeting of the Warburg effect in solid tumors.

Results

Warburg effect-related genes are associated with super-enhancers in
GBM cells and tissues. The Warburg effect consists of genes encod-
ing for enzymes or transporters involved in glycolysis, the pentose
phosphate pathway (PPP), and fatty acid synthesis (Figure 1, A-C).
ChIP of acetylated H3K27 (H3K27ac) coupled with next-gener-
ation sequencing followed by computational analysis revealed
super-enhancers across a number of these genes (Figure 1, A-C,
and Supplemental Figure 1A; supplemental material available
online with this article; https://doi.org/10.1172/JCI129049DS]1).
Similarly, when we analyzed published ChIP-Seq data, we noted
that GBM tissues harbor super-enhancers related to genes linked
to the Warburg effect as well (Figure 1D). In contrast, normal brain
revealed significantly smaller peaks in the same regions, in keep-
ing with the notion that the Warburg effect is a tumor-associated
phenomenon that may be epigenetically targeted for therapy.

FDA-approved HDAC inhibitors disrupt super-enhancers related
to the Warburg effect. The recent literature suggests that HDAC
inhibitors may potently disrupt super-enhancers (13, 14). There-
fore, we performed tests to determine whether HDAC inhibitors
are capable of interfering with the super-enhancer landscape in
GBM model systems. We performed ChIP-Seq in the presence
or absence of the pan-HDAC inhibitor Pb or the selective HDAC
inhibitor Ro. We found that in both patient-derived stem-like
NCH644 GBM cells and U87 GBM cells, Pb and Ro treatment
led to a global disruption of the super-enhancer landscape with
reduced binding of RNA polymerase II (Rpbl) (Figure 1, E-I, and
Supplemental Figure 1, B-]), including Warburg effect-related
genes such as MYC, hexokinase 2 (HK2), GAPDH, and eno-
lase 1 (ENOI). HDAC2 ChIP-Seq on our cell lines revealed that
this enzyme colocalized with the super-enhancer identified by
H3K27ac ChIP-Seq (Figure 1H and Supplemental Figure 1E). Gene
ontology (GO) analysis suggested an impaired RNA polymerase
II-related transcription (Supplemental Figure 1]). Transcriptome
analysis validated the suppression of many of these mRNAs (Sup-
plemental Figure 1G).

To confirm these changes, we evaluated glycolysis-related
transcripts in the stem-like GBM cells NCH644 and NCH421k as
well as in established U87 GBM cells following treatment with Pb
or Ro (Figure 2, A and B, and Supplemental Figure 2, A and B). Our
findings highlighted a suppression of key glycolytic transcripts at
the mRNA level, including transporter genes encoding for glu-
cose transporter 1 (SLC2A1) as well as key enzymes such as genes
encoding for hexokinase 2 (HK2), ATP-dependent 6-phosphofruc-
tokinase, liver type (PFKL), GAPDH, ENOI, and lactate dehydro-
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genase A (LDHA), which was partially recapitulated by HDAC1/-2
silencing (Supplemental Figure 2C). We validated some of these
key enzymes at the protein level and found that Pb and Ro reduced
the protein expression of HK2, GLUT1, LDHA, and c-Myc accom-
panied by enhanced acetylation of H3K27 in NCH644 and U87
cells (Figure 2C and Supplemental Figure 2D).

Given these genomic changes in metabolism, we continued
with a polar metabolite analysis using liquid chromatography
and mass spectrometry (LC/MS), and metabolic pathway anal-
ysis suggested impairment of glycolysis in both neurosphere
NCH644 and established U87 GBM cells (Figure 2, D-F). Next,
we determined whether these reduced expression levels of glyco-
lytic enzymes indeed translated into reduced glycolysis rates. To
this end, we performed extracellular flux analysis and confirmed
that Pb as well as Vr reduced the extracellular acidification rate
(ECAR) with a concurrent increase in the oxygen consumption
rate (OCR), suggesting a potential compensatory mechanism for
energy production (Figure 2, G and H, and Supplemental Figure 2,
E-G). These changes in energy metabolism were associated with
a reduction in ATP levels, suggesting that an HDAC inhibitor-
mediated reduction in glycolysis leads to energy deprivation,
which in turn leads to a compensatory enhancement of the OCR
(as a surrogate for the activation of oxidative phosphorylation
[OXPHOS]) (Figure 2I). Low levels of ATP were also accompa-
nied by anactivation of AMP-activated protein kinase A (AMPKA)
(Figure 2] and Supplemental Figure 3A). A transcriptional signa-
ture of energy deprivation supported these findings as well (Sup-
plemental Figure 3B). We also tested whether AMPKA activation
is pivotal for survival by silencing AMPKA expression through
a shRNA. Our results indicated that knockdown of AMPKA
had no impact on cell death mediated by the HDAC inhibitor
(Supplemental Figure 3, C and D).

To further validate these observations, we performed carbon
tracing with U-8C-glucose and found a significant reduction of
lactate (m+3), in keeping with our extracellular flux analysis (Fig-
ure 2K). Similarly, other glycolytic intermediates or associated
metabolites (e.g., nucleotides or ratios of metabolites) displayed
a reduction in labeling and total levels and revealed reduced glu-
cose carbon labeling (Supplemental Figure 3, E-H, and Supple-
mental Figure 4, A-E).

Aside from glycolysis, the Warburg effect encompasses addi-
tional metabolic pathways, including the PPP and related ribose
production for nucleotide biosynthesis, serine synthesis, the
hexosamine biosynthetic pathway, and lipid synthesis via the TCA
cycle. We noted decreased U-®C-glucose labeling of metabolites
associated with these pathways (Supplemental Figure 4, A-F). Given
the pivotal role of the PPP in tumor growth, we analyzed the lev-
els of metabolites from the oxidative and nonoxidative PPP and
related metabolites (e.g., NADPH, and nucleotides) (Supplemen-
tal Figure 3, F-H). In like manner, we found a reduction of ribose-
5-phosphate (m+5) and other related metabolites in U-*C-glucose
carbon-tracing experiments (Figure 2K and Supplemental Figure
4B). Akin to glycolysis, we detected a pronounced reduction in
the PPP, which was accompanied by a striking deregulation of the
NADP/NADPH, ratio (up to 24 times higher in Pb-treated cells),
suggesting that these cells harbored a significant deficiency in
biosynthesis as well as in detoxification of ROS (Supplemental
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Figure 1. Identification of super-enhancers in the desert of Warburg effect-related genes that are disrupted by HDAC inhibitors. (A) ChIP of H3K27ac

coupled with next-generation sequencing of NCH644 and U87 GBM cells was performed followed by super-enhancer (SE) analysis. Shown are the

super-enhancers of genes involved in glycolysis, the PPP, and fatty acid synthesis (Warburg effect-related genes). The peak located at the HK2 locus in
the NCH644 cells is slightly below the cutoff and therefore a strong enhancer. (B) “Reactome analysis” of mutual super-enhancer genes in NCH644, U87,
and LN229 GBM cells. FDR 0 < 0.05. (€) The Warburg effect consists of genes encoding for enzymes or transporters involved in glycolysis, the PPP, or fatty
acid synthesis. (D) Published ChIP-Seq (H3K27ac) data for GBMs and normal brain tissue (pileup values are indicated) (GSE101148 and GSE17312). (E and F)
Representation of global disruption of the super-enhancer landscape of NCH644 cells treated with Pb. FC, fold change. (G) Heatmaps of super-enhancers
in control- and HDAC inhibitor-exposed NCH644 and U87 GBM cells. Scale bar indicates the intensities. (H) ChIP-Seq (H3K27ac) was performed in NCH644
and U87 cells treated with vehicle (DMSO), Pb, or Ro. Shown are the respective tracks around the Myc locus (pileup values are indicated). (I) ChIP-Seq
(H3K27ac) was performed in NCH644 cells treated with vehicle, Pb, or Ro. Shown are the respective tracks around HK2, GAPDH, and ENOT.
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Figure 2. HDAC inhibitors reverse the Warburg effect. (A) Real-time PCR analysis of genes related to glycolysis from stem-like NCH644 GBM cells treated
with 0.5 uM Pb or 2 nM Ro for 24 hours (n = 3-4). (B) Real-time PCR analysis of genes related to glycolysis from established U87 GBM cells treated with

0.5 uM Pb or 5 nM Ro for 24 hours (n = 3-4). (C) Analysis of protein lysate from NCH644 cells treated with the indicated concentration of Pb (LDHA, c-Myc,
vinculin [loading control]: protein capillary electrophoresis [PCE]; HK2, actin [loading control]: standard Western blot gel; Ace-H3, H3 [loading control]:
standard Western blot) or Ro for 24 hours (LDHA, c-Myc, HK2, vinculin [loading control]: PCE; Ace-H3, H3 [loading control]: standard Western blot). (D) U87
GBM cells were treated with 0.5 uM Pb for 24 hours and analyzed by LC/MS followed by metabolite (Met) pathway analysis. (E and F) Quantifications of
glycolysis-related metabolites from NCH644 and U87 cells treated with 0.5 uM Pb for 24 hours (n = 3-4). GLU, glucose; G-6P, glucose-6-phosphate; F1,6BP,
fructose-1,6-bisphosphate; 3-PGA, glyceraldehyde-3-phosphate; 3-PC, 3-phosphoglycerate; PEP, phosphoenolpyruvate; PYR, pyruvate; LAC, lactate. (G and
H) NCH644 and U87 cells were exposed to 0.2 uM Pb, and the OCR and ECAR were recorded (n = 3). (I) U87 cells were treated and harvested as in E and F.
Shown are the levels of ATP (determined by LC/MS). (J) PCE analysis of lysates from U87 cells treated with the indicated concentrations of Pb for 7 hours. (K)
Quantifications of the relative abundances of the indicated ®C isotopologs from U-2C-glucose in U87 GBM cells treated with 0.5 uM Pb for 24 hours (n = 3).
Data represent the mean + SD. Statistical significance was determined by 2-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure 3, E, G, and H). Consistently, we found a reduction of the
GSH/GSSG (reduced /oxidized glutathione) ratio and a significant
reduction in total GSH levels (Supplemental Figure 3, E and G).

In alignment with PPP suppression, we detected a pro-
nounced reduction in ribulose-5-phosphate, which is the precur-
sor of phosphoribosyl pyrophosphate (PRPP), the key molecule
for nucleotide synthesis (Supplemental Figure 3F). It came as
no surprise that we found a reduction in purine and pyrimidine
nucleotides, which suggested an impairment in nucleic acid
synthesis (Supplemental Figure 3, G and H). We consistently
detected reduced U-C-glucose carbon labeling in nucleotides
(Supplemental Figure 4C). We also observed a reduction in gly-
cine labeling by U-*C-glucose, suggesting an impairment of
the serine/glycine synthesis pathway upon exposure to the pan-
HDAC inhibitor (Figure 2K). Finally, glucose carbon labeling
of lipid synthesis-related glycerol-3-phosphate as well as of the
hexosamine biosynthesis-related acetyl-glucosamine-1-phos-
phate was reduced (Supplemental Figure 4, D and E). All in all,
these characteristics support the notion that HDAC inhibition
blocks the Warburg effect in GBM cells.

The c-Myc protein is involved in metabolic reprogramming
elicited by HDAC inhibition. To elucidate the underlying mech-
anism by which the HDAC inhibitor orchestrates these changes
in metabolism, we consulted our transcriptome data and found
that both c-Myc and its targets were prominently suppressed in
GBM cells treated with Pb (Figure 3, A-C). These observations
were also confirmed by real-time PCR and protein expression
analysis (Figure 3, D and E) and were highly linked to the ear-
lier observation that HDAC inhibition resulted in disruption of
super-enhancers. We assessed which HDACs were involved in
the regulation of c-Myc transcriptional and protein levels and
found involvement of both HDAC1 and HDAC2, respectively, in
keeping with the observation that the HDAC1/-2 blocker Ro was
sufficient to suppress c-Myc protein levels (Figure 3, F and G, and
Supplemental Figure 5A). Next, we determined whether c-Myc
was actually involved in the response to HDAC inhibitors and
found that overexpression of c-Myc protected against a reduc-
tion in viability by Pb, Vr, and Ro (Figure 3H).

Given that c-Myc is a transcription factor mastering aero-
bic glycolysis, we hypothesized that a HDAC inhibitor-mediat-
ed reduction of glycolysis occurs through c-Myc inhibition. We
silenced c-Myc in 2 GBM cell lines using 2 c-Myc siRNAs and
confirmed that silencing of c-Myc resulted in suppression of gly-
colytic key enzymes and transport proteins (Supplemental Figure
5B). Next, we analyzed the ectopic expression of c-Myc protein in
2 GBM cell lines. As anticipated, we found that c-Myc overexpres-
sion rescued HDAC inhibitor-mediated suppression of glycolysis
and related parameters, supporting the idea of a primary role of
c-Myc in regulating carbohydrate metabolism in the context of
HDAC inhibitors, which we observed in 2 different cell lines of
different genetic backgrounds (Figure 31 and Supplemental Figure
5, C and D). To establish a closer link between c-Myc and its func-
tion in regulating key glycolytic enzymes following treatment with
HDAC inhibitors, we performed ChIP for c-Myc and assessed its
binding to the promoter regions of HK2, Myc,and LDHA and found
that c-Myc avidly bound to all these regions (Figure 3] and Sup-
plemental Figure 5E). However, following HDAC inhibitor treat-
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ment, the interactions of c-Myc with these promoter regions were
disrupted. Rescue experiments with c-Myc revealed that overex-
pression of c-Myc counteracted the HDAC inhibitor-mediated
reduction in HK2, and when c-Myc levels were silenced by 2
siRNAs, no further reduction was noted following Pb treatment
(Figure 3, K and L). As a side note and in keeping with the disrup-
tion of the Myc super-enhancer, we also noted a reduced presence
of the H3K27ac mark within intron 1 of the Myc gene (Supplemen-
tal Figure 5F). All in all, these findings strongly suggest a key role
of c-Myc in HDAC inhibitor-mediated regulation of glycolysis.

Acute and chronic HDAC inhibitor exposure leads to activation of
oxidative metabolism. We sought to determine how HDAC inhib-
itor-treated cells counteract glycolysis inhibition. Our extracel-
lular flux analysis showed that acute HDAC inhibitor treatment
resulted in an increase in the OCR (Figure 2H). This finding was
confirmed in PDX GBM12 cells that, upon acute treatment with
Pb, showed an increase in the OCR as well (Supplemental Figure
6, A and B). We evaluated the impact of OXPHOS on the survival
of cells subjected to acute HDAC inhibitor treatment. To this
purpose, we interfered with ATP synthesis through inhibition of
respiratory complex V by oligomycin. We found that treatment
with oligomycin along with Pb or Ro synergistically reduced the
viability of several different model systems (Figure 4A and Sup-
plemental Figure 6, C-E). These results suggest that broad and
selective HDAC inhibitors render tumor cells more dependent on
oxidative energy metabolism. We also evaluated HDAC inhibitor
susceptibilities in cells that had been cultured in the presence of
galactose, which over time renders cells more reliant on oxidative
energy metabolism. As anticipated, galactose-treated cells were
slightly more resistant to the HDAC inhibitors Pb and Vr (Supple-
mental Figure 6F). Similarly, chronically exposed GBM cells were
more sensitive to oligomycin than were controls (Supplemental
Figure 6G). Increased mitochondrial respiration is regulated at
several levels. In turn, we determined protein expression levels
of the 5 respiratory chain complexes and found that expression
especially of complex I and complex II (succinate dehydrogenase
complex iron sulfur subunit B [SDHB] and succinate dehydroge-
nase complex flavoprotein subunit A [SDHA]) was increased fol-
lowing HDAC inhibitor treatment (acute and chronic), enabling
higher OXPHOS activity (Figure 4, B-D, and Supplemental Figure
6H). Given the earlier involvement of c-Myc in metabolic regula-
tion following HDAC inhibition, we tested whether the increase in
the components of the electron transport chain was dependent on
c-Myec. Our results indicated that c-Myc overexpression partially
counteracted the Pb-mediated increase in OXPHOS complexes
(Figure 4E and Supplemental Figure 61).

Aside from acute treatment, it is paramount to consider model
systems in which cells have been chronically exposed to a drug
compound. This will ultimately elucidate the mechanisms by
which tumor cells manage to evade therapy and lead to the iden-
tification of targets to circumvent this phenomenon. The LN229
and U87 cells subjected to chronic Pb (PbR) treatment showed
an increased number of OXPHOS complexes and larger, tubu-
lar-shaped mitochondria, accompanied by higher mtDNA levels,
enhanced OCR, OXPHOS-related ATP production, and metabo-
lites related to the TCA cycle (Figure 4, F-M, Supplemental Figure
6], and Supplemental Figure 7, A-I). The increase in mitochon-
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Figure 3. HDAC inhibitors suppress c-Myc protein levels and thereby
reduce survival and glycolysis in GBM cells. (A) The top 9 pathways
identified by GSEA of NCH644 cells treated with 0.5 uM Pb for 24 hours
(transcriptome analysis). (B) GSEA plot. (C) Graphical representation of the
FDR Q values versus NES derived from the analysis in A and B. (D) GBM
cells were treated with Pb or were chronically exposed to Pb (n = 3). (E) GBM
cells were treated with Ro or were chronically exposed to Ro (n = 4). (F) U87
GBM cells were transfected with HDAC1 siRNA (siHDACT), HDAC2 siRNA
(siHDAC?2), or a combination of both (siHDAC1+2) (n = 3-4). (G) PCE analysis
of lysates from U87 cells transfected with HDAC1 siRNA, HDAC2 siRNA, or a
combination of both. (H) U87 cells were treated with the indicated concen-
trations of Pb, Ro, or Vr for 72 hours, and cellular viability was determined.
(1) U7 cells expressing a c-Myc construct were treated with 0.2 uM Pb for
24 hours, and a glycolysis stress test was performed (n = 5). (J) ChIP-gPCR
of different locations around the HK2 gene (promoter and exon 1) from

the indicated cell lysate with either a c-Myc or IgG antibody (n = 3). (K) PCE
analysis of U87 cells that were transfected with an siRNA against Myc-1

or Myc-2, treated with the indicated concentration of Pb for 24 hours, and
analyzed for the indicated protein. (L) PCE analysis of lysates from U87 cells
that were transduced with a c-Myc construct, treated with 0.5 uM Pb or 5
nM Ro for 24 hours, and analyzed for HK2. Data represent the mean + SD.
Statistical significance was determined by 2-tailed Student’s t test (F, I, and
J) or by 1-way ANOVA (G and H). *P < 0.05, **P < 0.01, ***P < 0.001, and
**%¥P < 0.0001. Ctrl, control; EV, empty vector; NES, normalized enrichment
score; OE, overexpression; siNT, nontargeting siRNA .

dria size was already appreciable after 24 hours of treatment with
HDAC inhibitors, albeit to a lesser extent (Figure 4, ] and K). Akin
to the electron transport subunits, c-Myc was involved in regulat-
ing the size of mitochondria following HDAC inhibitor treatment,
since overexpression of c-Myc partially attenuated the HDAC
inhibitor-mediated increase in mitochondria size (Figure 4L and
Supplemental Figure 7]).

The TCA cycle serves as a siphon for carbons to be oxidized
to CO, or, alternatively, for their usage in biosynthesis (anaple-
rosis). In this vein, we determined the fate of U-3C-glucose,
U-BC-glutamine, and U-®C-palmitic acid carbons in the context
of chronic HDAC inhibitor treatment (Figures 4, M-P). Acute
pan-HDAC inhibitor treatment resulted in an overall reduced
labeling of TCA cycle metabolites by glucose carbons despite
an increase in the OCR, suggesting that glucose oxidation was
not the primary source that yielded the enhanced oxidative phe-
notype by acute pan-HDAC inhibitor treatment (Supplemental
Figure 4F). This picture changes in the context of chronic pan-
HDAC inhibitor treatment, which resulted in enhanced label-
ing of most TCA cycle metabolites by glucose carbons (Supple-
mental Figure 8, A and B). However, overall, labeling of citric
acid was reduced, and a decrease in the m+2 citrate was noted,
suggesting that glucose oxidation was decreased (Figure 4N).
Instead, we detected a relative increase in the m+3 citrate iso-
topolog, pointing toward enhanced anaplerosis (Figure 4N). In
turn, enhanced anaplerosis likely serves as a driver to enable oxi-
dation of other potential substrates, such as fatty acids. Although
the citrate showed decreased labeling from glutamine, it revealed
enhanced labeling from carbons derived from palmitic acid, with
increased labeling of the m+2 citric acid isotopolog, indicative of
enhanced fatty acid oxidation (FAO) following HDAC inhibitor
treatment (Figure 4, O and P, and Supplemental Figure 8, C and
D). Itis noteworthy that Ro appeared to elicit the most prominent
increase in the m+2 citric acid isotopolog derived from palmitic
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acid, suggesting that HDAC1/-2 inhibition may be critical for the
engagement in FAO (Supplemental Figure 8E).

FDA-approved HDAC inhibitors reprogram tumor cell oxidative
metabolism through H3K27ac modification of the PGCla promoter. In
seeking to identify regulators of the metabolic phenotype elicited
by HDAC inhibition, we discovered that PGCla, a master regu-
lator of mitochondrial biogenesis (15), was increased on HDAC
inhibitor-treated cells (Figure 5A and Supplemental Figure 9A).
The increase in PGCla mRNA and protein levels appeared to be
inversely correlated with c-Myc levels (Figure 5, B-E). This finding
is consistent with an earlier report (16) demonstrating that c-Myc
suppresses PGCla transcripts in model systems of pancreatic can-
cer stem cells.

We explored the mechanism by which HDAC inhibitors
increase PGCla and hypothesized that activation of histone marks
might be involved in this process, since HDAC inhibitors mainly
modulate histone proteins, as the name implies, by enhancing
their acetylation. To this end, we performed ChIP and ChIP-Seq of
H3K27ac and Rpbl. We noted H3K27ac and Rpbl enrichments in
the PGCla promoter and several enhancer regions following pan-
HDAC inhibitor treatment, in keeping with the transcriptional
upregulation and increase in protein expression of PGCla (Figure
5F). To further validate the hypothesis that HDAC inhibitor treat-
ment increases the presence of H3K27ac at the promoter region
of PGCla, we conducted ChIP-quantitative PCR (ChIP-qPCR)
assays with H3K27ac ChIP and amplified the PGCla promoter
region close to the transcription start site. We found that NCH644
cells acutely treated with the HDAC inhibitor Pb and LN229 and
U87 cells chronically treated with Pb (PbR) had a marked increase
in H3K27ac at the PGCla promoter (Supplemental Figure 9B),
coupled with an increase in PGCla. mRNA expression, in keeping
with the hypothesis that HDAC inhibition increases PGClo expres-
sion in part through enhanced H3K27 acetylation at the PGCla
promoter region. To account for global changes in the expression
of activating histone marks, we performed Western blot analysis
and noted an increase in H3K27ac levels in Pb-treated NCH644
cells and PbR-treated U87 cells, whereas in PbR-treated LN229
cells, there was a reduction in the H3K27ac mark (Supplemen-
tal Figure 9A). However, as mentioned, all cell cultures showed
unequivocally enhanced binding of H3K27ac to the PGCla pro-
moter region, suggesting that global and local changes did not
necessarily match. Since it has been reported that enhanced
acetylation of H3K27 leads to diminished trimethylation of the
bona fide repressive histone mark H3K27 (H3K27me3) (17), we
tested whether a pan-HDAC inhibitor modulates H3K27me3
within the PGCla promoter region. We noted a substantial sup-
pression of H3K27me3 in PbR-treated LN229 cells, whereas
PbR-treated U87 cells and Pb-treated NCH644 cells had less
robust responses (Supplemental Figure 9B).

We wondered about the specificity of these effects and asked
whether acute silencing of HDAC1, HDAC2, or their combination
recapitulates the phenotype elicited by the inhibitors. Although
silencing of HDAC1, HDAC2, or their combination suppressed
c-Myc transcript and protein levels, we noted a sharp increase in
PGCla levels (Figure 5, C-E). An inverse relationship between
c-Myc and PGClo was also observed in xenografts following treat-
ment with Pb (Supplemental Figure 9C). We continued to inves-
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Figure 4. HDAC inhibitors drive oxidative energy metabolism. (A)
Isobolograms show the results for U87, NCH644, GBM12, and LN229 cells
that were treated with Pb in the presence of oligomycin (0li) for 72 hours.
(B) PCE analyses of U87 and LN229 cells treated with Pb for 24 hours. (C)
Western blots of the OXPHOS complex from parental U87 and LN229 GBM
cells and U87 and LN229 GBM cells chronically exposed to Pb (PbR). (D)
Western blots of the OXPHOs complex from U87 cells treated with Pb for
24 hours. (E) U87 cells were transduced with a c-Myc construct, treated
with Pb for 24 hours, and analyzed for OXPHOS complexes. (F and G) OCR
and OXPHOS-driven ATP production rates in U87 and LN229 cells chron-
ically exposed to Pb (n = 3). (H) Electron microscopic images of parental
U87 cells and U87 cells chronically Pb. Arrows highlight mitochondria. Scale
bar: 500 nm. (1) Parental U87 and LN229 cells and U98 and LN229 cells
chronically exposed to Pb were stained with MitoTracker and analyzed by
flow cytometry (n = 3). (J and K) NCH644 and U87 cells were treated with
Pb, stained with MitoTracker, and analyzed by flow cytometry (n = 3). (L)
c-Myc construct-transduced U87 cells were treated with Pb for 24 hours,
stained with MitoTracker, and analyzed by flow cytometry (n = 3). (M) TCA
cycle metabolites in parental U87 cells or U87 cells chronically exposed

to Pb (n = 3). (N) Parental U87 cells or U87 cells chronically exposed to Pb
were cultured in DMEM media (25 mM U-C-glucose, 4 mM glutamine) for
24 hours (n = 3). (0) U87 parental cells or U87 cells chronically exposed to
Pb were cultured in DMEM media (25 mM glucose, 4 mM U-"C-glutamine)
for 24 hours (n = 3). (P) Parental U87 cells or U87 cells chronically exposed
to Pb were cultured in DMEM media (5 mM glucose, 1 mM glutamine, 100
uM U-"C-palmitic acid) for 24 hours (n = 3). Data represent the mean + SD.
Statistical significance was determined by 2-tailed Student’s t test (F-1
and L-P) or 1-way ANOVA (J and K). *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001.

tigate the specific role of c-Myc and HDAC inhibitor-mediated
increases in PGCla by ChIP, silencing, and overexpression exper-
iments (Figure 5, G-I, and Supplemental Figure 9, D-F). We iden-
tified several potential binding regions of c-Myc to the PGCla pro-
moter region and performed ChIP for c-Myc to demonstrate that
c-Myc avidly binds to this region along with HDAC2, one of the
targets of Pb and Ro (Figure 5, G and H, and Supplemental Figure
9, D and E). Notably, following HDAC inhibitor treatment, c-Myc
binding to the PGCla promoter region was drastically suppressed,
coupled with enhanced acetylation of the same region (Figure
5H), suggesting that c-Myc may act as a suppressor of HDAC
inhibitor-mediated increases in PGClo. To further validate this
hypothesis, we both silenced and overexpressed c-Myc in the con-
text of HDAC inhibition. When c-Myc levels were down, neither
Pb nor Ro upregulated PGCla protein levels further (Figure 5B).
Conversely, overexpression of c-Myc attenuated HDAC inhibitor-
mediated increases in PGCla (Figure 5I and Supplemental Figure
9F), in keeping with the notion that c-Myc is involved in regulating
PGCla and probably acts as a suppressor of PGCla in the context
of HDAC inhibitor treatment.

We assessed the impact of acute and chronic HDAC inhibitor
treatment on the viability of cells transfected with PGCla siRNA
(Supplemental Figure 9, G-L). Silencing of PGCla enhanced the
cytotoxicity of Pb and Ro (Supplemental Figure 9, G and H). Sim-
ilarly, silencing of PGCla in GBM cells chronically exposed to
Pb reduced their viability (Supplemental Figure 91). Moreover,
silencing of PGCla counteracted the Pb-mediated increase in
mitochondrial abundance and upregulation of isocitrate dehy-
drogenase subunit o (IDH3A) and SDHB (Supplemental Figure
9, J and K). Conversely, overexpression of PGClo reduced the
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reduction of cellular viability elicited by Pb (Supplemental Fig-
ure 9, L and M). These findings establish PGCla as a prosurvival
factor in the context of HDAC inhibition.

Next, we assessed the impact of PGCla on HDAC inhibitor-
mediated oxidative metabolic reprogramming (Figure 5, ]-N). We
performed silencing and CRISPR/Cas9-mediated knockout of
PGCla in PbR-exposed GBM cells, since those cells display the
highest induction of PGCla coupled with a substantially elevated
OCR. Silencing of PGCla was confirmed by protein capillary
electrophoresis (Figure 5N). We subsequently used the control
and PGClo-targeted clones for mitochondrial stress extracellular
flux analysis to determine the OCR (Figure 5, ]-M). Our analysis
revealed that genetic interference with PGCla reduced the OCR,
an effect that was most pronounced in the maximal respiration
parameter in Pb-exposed cells. It is noteworthy that nontreated
GBM cells revealed few OCR alterations following genetic mod-
ulation of PGCla. Akin to the partial reversal of the prooxidative
effect elicited by HDAC inhibitors, we noted a suppression of
HDAC inhibitor-mediated increases in mitochondrial abundance
(Supplemental Figure 9]). These results position PGClo as a target
of HDACs and as a master regulator of HDAC inhibitor-mediated
metabolic reprogramming.

Acute and chronic HDAC inhibitors activate FAO in vitro and in
PDX models in vivo. Our findings demonstrated that in NCH644
stem-like GBM cells, acute treatment with HDAC inhibitors led
to a profound transcriptional reprogramming of lipid metabo-
lism, with increases in gene sets related to catabolism of fatty
acids, p-oxidation, and fatty acid transporters, as well as activa-
tion of FAO (Figure 6, A-D, and Supplemental Figure 10, A-D).
These findings were independently confirmed by real-time
PCR, which included upregulation of a master regulator of lipid
metabolism, PPARD, mitochondrial fatty acid transporters, car-
nitine palmitoyltransferase 1A (CPT1A), and carnitine palmitoyl-
transferase I1 (CPT2), as well as enzymes related to the oxidation
process of fatty acids, including very long-chain specific acyl-
CoA dehydrogenase (ACADVL), short/branched chain-specific
acyl-CoA dehydrogenase (ACADSB), electron transfer flavo-
protein dehydrogenase (ETFDH), enoyl-CoA hydratase and
3-hydroxyacyl CoA dehydrogenase (EHHADH), and hydroxy-
acyl-CoA dehydrogenase trifunctional multienzyme complex
subunit f (HADHB) (Supplemental Figure 10D). To exclude the
possibility that these findings were not restricted to 1 condition
per cell type, we extended our transcriptome analysis to a PDX
model (GBM43) that was treated over several weeks with Pb in
vivo as well as to PbR-treated U87 cell cultures (Figure 6A and
Supplemental Figure 10C). With minor differences, the tran-
scriptome data confirmed the findings from our earlier analy-
sis in NCH644 GBM cells, positioning p-oxidation as a central
pathway with potentially unique metabolic vulnerability follow-
ing HDAC inhibitor exposure. We also validated the increase in
FAO enzymes and transporters at the protein level (Figure 6E).
Upstream of FAO, we noted an increase in the transcription fac-
tor PPARD at both mRNA and protein levels in several of our
model systems (Figure 6E and Supplemental Figure 10D).

We evaluated FAO in the context of HDAC inhibitor treatment.
We performed extracellular flux analysis to determine whether
the increase in the OCR related to HDAC inhibitors is attenuated
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Figure 5. Pan- and selective HDAC inhibitors upregulate PGC1a in a
partially c-Myc-dependent manner to drive respiration. (A) GBM cells
were treated with Pb or Ro or chronically exposed to Pb or Ro (n = 3-4). (B)
PCE analyses of U87 cells transfected with Myc siRNA and treated with Pb
or Ro for 24 hours. (C) PCE analyses of U87 cells transfected with siRNA
HDAC1, HDAC2, or a combination of both. (D and E) Real-time PCR analysis
of U87 cells transfected with HDACT siRNA, HDAC2 siRNA, or a combina-
tion of both (n = 3-4). (F) ChIP-Seq profile of parental U87 and LN229 cells
or U87 and LN229 cells chronically exposed to Pb with an antibody against
H3K27ac or Rpb1. Shown are the respective tracks around the desert of the
PPARGCIA (PGC10) locus. (G) ChIP-gPCR (with anti-HDAC2 antibody) of
the PGC1a promoter (c-Myc-binding region) from the indicated cell lysates
(n =3). (H) ChIP-gPCR of the PGC1a promoter (c-Myc-binding region) from
the indicated cell lysates with either anti-c-Myc antibody or anti-H3K27ac
antibody (n = 3). (1) PCE analysis of U87 cells transduced with a c-Myc
construct and treated with 2.5 nM Ro for 24 hours. (J) Mitochondrial stress
test of parental U87 cells or U87 cells chronically exposed to Pb and trans-
duced with an shRNA against PGClo. (n = 4-5). O, oligomycin; F, FCCP; R/A,
rotenone and antimycin A. (K) Maximal respiration data from the exper-
iment in J. (L) Mitochondrial stress extracellular flux analysis of parental
U87 cells or U87 cells chronically exposed to Pb and transduced with PGCla
sgRNAs (1 = 4). (M) Maximal respiration data from the experiment in L.
U87-KO-NT, nontargeting KO U87 cells; U87PbR-KO-NT, nontargeting KO
U87 cells chronically exposed to Pb; U87-KO-PGC1A-2, PGC1A-2-KO U87
cells; UB7PbR-KO-PGC1A-2, PGC1A-2-KO U87 cells chronically exposed to
Pb. (N) PCE analysis of U87 cells transduced with an shRNA against PGCla
or PGC1a. sgRNASs. Data represent the mean + SD. Statistical significance
was determined by 2-tailed Student’s t test (A) or 1-way ANOVA (D, E, G, H,
K, and M). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

through cotreatment with etomoxir, an inhibitor of FAO that inter-
feres with CPT1A. Confirming this hypothesis, we found that both
Vr- and Pb-mediated increases in the OCR were suppressed in the
presence of etomoxir (Figure 6F and Supplemental Figure 10E).
In a separate experiment, we evaluated the role of exogenous FAO
in the presence or absence of an HDAC inhibitor through extra-
cellular flux analysis. We found that HDAC inhibitor-treated cells
had an increased OCR of exogenous FAO (Figure 6G). In align-
ment with the functional increase in FAO, we noted by LC/MS
analysis that triglyceride levels were suppressed in cells exposed
to Pb, implicating enhanced digestion of neutral lipids to fuel FAO
(Supplemental Figure 10, F and G). Although FAO was increased,
we also assessed whether fatty acid biosynthesis was affected by a
pan-HDAC inhibitor. In agreement with our findings, chronic pan-
HDAC inhibitor suppressed the C labeling of palmitic acid from
glucose carbons (Supplemental Figure 10G).

The transcription factor PPARD is known to regulate FAO-
related proteins. Therefore, we tested whether silencing of PPARD
abrogates the increased expression of ACADSB and CPT2 and
found that PPARD was involved in their upregulation (Figure 6H).
To link a specific HDAC enzyme to the increase in PPARD, we
silenced HDAC1, HDAC2, or their combination and found that
silencing of either enzyme or a combination of both upregulated
PPARD and related enzymes and suppressed c-Myc (Figure 6I).
Next, we determined whether c-Myc acts upstream of PPARD.
We performed ChIP for c-Myc and tested whether c-Myc binds
to the promoter regions of PPARD, CPT2, and ACADSB. Indeed,
we found that c-Myc protein interacted with these promoters and
that this interaction was disrupted by HDAC inhibitors (Figure 6]
and Supplemental Figure 11, A and B). Similarly, HDAC2 interact-
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ed with the PPARD promoter in the same location (Figure 6K).
Following HDAC inhibitor treatment, we noticed an increased
presence of H3K27ac at the Myc-binding region, consistent with
a transcriptional increase in PPARD levels (Figure 6] and Supple-
mental Figure 11A). On the basis of these findings, we hypothe-
sized that c-Myc acted as a suppressor of PPARD levels following
HDAC inhibitor treatment. Indeed, forced expression of c-Myc
attenuated the elevation of both PPARD and related targets at the
protein and transcriptional levels following HDAC inhibitor treat-
ment (Figure 6, L and M, and Supplemental Figure 11, C-F).

To demonstrate a prosurvival role of PPARD in the context of
the HDAC inhibitor response, we silenced PPARD in GBM cells
treated with HDAC inhibitors either acutely or chronically. Using
a lentiviral shRNA targeting PPARD and through colony forma-
tion assays, we detected fewer colonies formed in cells transduc-
ed with PPARD shRNA compared with the cells transduced with
nontargeting shRNA (Supplemental Figure 11, C and D). Similar-
ly, silencing of PPARD enhanced the efficacy of the Pb-mediated
reduction in cellular viability (Supplemental Figure 11E).

Given that we identified changes in both expression and func-
tion related to B-oxidation, we hypothesized that the increased
reliance on FAO might affect the survival of HDAC inhibitor-
treated cells and thus confer a unique vulnerability. To this end,
we took advantage of the clinically validated drug etomoxir, which
inhibits CPT1A and thereby FAO. The combination treatment of
HDAC inhibitors plus etomoxir reduced the cellular viability of
established, stem-like, and PDX GBM cells. (Figure 6N and Sup-
plemental Figure 11, G-I). It is noteworthy that astrocytes were
significantly less responsive to the combination treatment, sug-
gesting that this combination treatment may exert a favorable tox-
icity profile (Supplemental Figure 11G).

To account for cell death, we treated NCH644, U87, and
GBM12 cells with Pb in the presence or absence of etomoxir and
stained the cells with annexin V and propidium iodide for apopto-
sis analysis. Our results showed that combination treatment with
etomoxir and Pb, Vr, or Ro resulted in a significant enhancement
of apoptosis in these cell cultures (Supplemental Figure 12, A-C).
In order to ensure that these effects were not restricted to GBM
cells and more broadly applicable, we conducted experiments in
parallel using other solid tumors. We consistently obtained simi-
lar results in colon carcinoma cells (HCT116) and melanoma cells
(A375), suggesting that the combination treatment of FAO inhib-
itors with HDAC inhibitors (Pb or Ro) is not restricted to GBM
models and may be more broadly relevant to solid malignancies
(Supplemental Figure 12A). We conducted Western blot analy-
sis to assess the expression of markers related to apoptosis. The
combination treatment resulted in substantial activation of effec-
tor and initiator caspases accompanied by enhanced cleavage of
PARP, indicating cell death with apoptotic features (Supplemen-
tal Figure 12D). Since intrinsic apoptosis is primarily regulated
by antiapoptotic B cell lymphoma 2 (Bcl-2) family members, we
assessed expression levels of the most preeminent proteins in this
group — Bcl-2, B cell lymphoma extra large (Bcl-xL), and myeloid
cell leukemia 1 (Mcl-1) (18-23). Although expression of Bcl-2 and
Bcl-xL was reduced by both Pb and the combination of etomoxir
and Pb, we encountered a compensatory upregulation of Mcl-
1 (Supplemental Figure 12E). To genetically verify that HDAC
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Figure 6. HDAC inhibitors drive lipid catabolism with activation of
p-oxidation in a manner dependent on the transcription factor PPARD.
(A) Heatmap (mRNA) of NCH644 cells treated with 0.5 uM Pb for 24 hours,
GBM43 (G43) cells treated with Pb (in vivo), and parent U87 cells and U87
cells chronically exposed to Pb. (B) GSEA plots of NCH644 cells treated
with 0.5 uM Pb for 24 hours. (C) PPARD mRNA levels in GBM cells treated
with 0.2 uM Pb for 24 hours (n = 3). (D) PPARD mRNA levels in parent

U87 cells or U87 cells chronically exposed to Pb (n = 3). (E) PCE analysis of
NCH644 cells and U87 cells treated with Pb for 24 hours (except for CPT2
and 14-3-3 [loading control] in NCH644 cells, which is standard Western
blotting). (F) OCR in U87 GBM cells treated as indicated for 24 hours (n =
3). (G) OCR in U87 cells treated with 0.2 uM Pb in the presence of palmitate
(n =6). (H) U87 cells transfected with a siRNA against PPARD and treated
with Pb for 24 hours. () U87 cells were transfected with siRNA against
HDAC1, HDACZ2, or a combination of both and analyzed by protein capillary
electrophoresis. (J) ChIP-gPCR of the PPARD gene from the indicated cell
lysates with either anti-c-Myc antibody or anti-H3K27ac antibody (n =

3). (K) ChIP-gPCR of the PPARD gene from the indicated cell lysates with
anti-HDAC2 antibody (n = 3). (L) U87 cells were transduced with c-Myc and
treated with 0.1 uM Pb for 24 hours. (M) mRNA levels in U87 cells trans-
duced with c-Myc and treated with 0.1 uM Pb or 2.5 nM Ro for 24 hours (n
=3-4). (N) Isobolograms of NCH644, U87, GBM12, and GBM43 cells treated
with Pb, with or without etomoxir, for 72 hours. Data represent the mean +
SD. Statistical significance was determined by 2-tailed Student’s t test (C,
D, and G) or 1-way ANOVA (F, J, and K). *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001. Eto, etomoxir.

inhibitor-treated cells are more dependent on FAO, we silenced
CPT1A, the target protein of etomoxir. Although silencing of
CPT1A on its own elicited no apoptosis induction, the HDAC
inhibitor caused more apoptotic cell death when CPTIA was
silenced (Supplemental Figure 12, F-J). These findings provide
additional specificity and suggest that etomoxir indeed enhanced
the apoptotic effects of HDAC inhibitors by interfering with FAO.
Dual inhibition of HDAC and FAO leads to synergistic growth sup-
pression of PDXs. Finally, we evaluated our derived metabolic treat-
ment strategy in PDX models. Given that Pb is an FDA-approved
drug compound and etomoxir has reached the clinic as well, it was
tempting to evaluate whether the 2 compounds in combination
would elicit a synergistic growth reduction in vivo. To this purpose,
we tested 1 PDX GBM model (GBM43), 1 conventional GBM model
(U87 EGFRVIII), 1 colon carcinoma model (HCT116), and 1 BRAF
V600E-mutated melanoma model (A375) (Figure 7, A-H, and Sup-
plemental Figure 13, A-H). The variety of model systems related
to solid organ malignancies ensured that the strategy of targeting
aberrant metabolic pathways would be applicable to a broad range
of solid cancers. In all 4 model systems tested, we found that the
combination treatment of Pb and etomoxir synergistically reduced
the growth of tumors compared with single-agent or vehicle-treated
tumors, suggesting that the combination treatment was active
in vivo. PDX orthotopic model systems are currently considered
to be the most cutting-edge model systems. Thus, we tested our
combination treatment in an orthotopic PDX GBM model system.
We found that animals that received the combination treatment
had a significantly longer overall survival than did vehicle-, Pb-,
or etomoxir-treated mice, reinforcing the idea that this treatment
may have potential clinical efficacy (Figure 7I). Histopathological
examination demonstrated that the combination treatment led to
a pronounced reduction in cellular density, a decrease in mitosis,
and substantial induction of necrosis/apoptosis (Figure 7, J-L).
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Consistently, we found reduced Ki67 labeling with the combina-
tion treatment, whereas TUNEL staining was increased, reflecting
the changes observed with conventional H&E staining. Collective-
ly, our data provide a foundation for further evaluation of a drug
combination therapy involving HDAC and FAOQ inhibitors.

Discussion

Targeting cancer cell metabolism as a strategy to identify novel
treatments provides unique opportunities in the ever-growing
landscape of biosynthetic and metabolic pathways and new drug
discoveries (24, 25). ChIP-Seq and subsequent super-enhancer
analysis in GBM cells informed us that the Warburg effect in
tumors involves a landscape of super-enhancers (11, 26, 27)
across genes related to glycolysis and associated biosynthetic
pathways, such as fatty acid synthesis. We hypothesized that epi-
genetic targeting of the Warburg effect might be accomplished
through HDAC inhibitors, since it was recently demonstrated
that this class of compounds disrupts super-enhancers (28). In
turn, we evaluated the metabolic vulnerabilities elicited by clin-
ically approved selective and broad HDAC inhibitors. Indeed,
our results showed that both Pb and Ro potently disrupted super-
enhancers related to Warburg effect genes with associated tran-
scriptional downregulation, providing evidence that HDAC
inhibitors antagonize this anabolic metabolic pathway in tumor
cells. Prior studies of HDAC inhibitors have shown some focused
effects on tumor metabolism, such as modulation of the GLUT1
transporter and HIF-1a or fructose-bisphosphatase 1 (FBP1) tran-
scription factors (29, 30), but have not provided an in-depth char-
acterization of tumor cell metabolism.

Although HDAC inhibitors have shown efficacy in hematolog-
ical malignancies, such as multiple myeloma and cutaneous T cell
lymphoma (CTCL), the efficacy in solid tumors is less convincing
(13, 31), necessitating strategies such as genetic and drug screens
or metabolomics (as in this study). Through carbon tracing cou-
pled with LC/MS analysis and extracellular flux experiments, our
findings provide evidence that HDAC inhibitor treatment results
in substantial metabolic reprogramming with a potent suppression
of glycolysis and its associated biosynthetic pathways, thereby
reversing the Warburg effect.

Mechanistically, we were able to show that broad and selec-
tive HDAC inhibition resulted in a profound suppression of mRNA
and protein levels of c-Myc, a prosurvival factor and known mas-
ter regulator of glycolysis (32, 33), and that, in turn, the reduction
in c-Myc was involved in the HDAC inhibitor-mediated reduction
of cellular viability and was a key regulator of HDAC inhibitor-
mediated suppression of glycolysis. In addition, we found that the
c-Myc locus contains a super-enhancer region (34) (as indicated by
H3K27ac ChIP-Seq) in GBM tissue and cell cultures that is potently
disrupted by Pb and Ro. Thus, our findings provide insights into the
mechanisms by which broad and selective HDAC inhibitors control
glycolysis. Notably, suppression of glycolysis was accompanied by
an increase in the OCR, and HDAC inhibitor-treated cells became
more dependent on OXPHOS for their survival. It has been consis-
tently shown that increased activity of and reliance on OXPHOS are
hallmarks of cancer stem and chemoresistant cells (15, 24, 35, 36).

Our ChIP-Seq and transcriptome analysis informed us
about the potential mediator that primarily drives these oxida-
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Figure 7. Interference with oxidative energy metabolism along with HDAC inhibition synergistically reduces tumor growth in conventional and PDX
models. (A and B) GBM43 PDX tumor cells were implanted subcutaneously into immunocompromised mice. After tumor formation, 4 treatment groups
were established: vehicle, etomoxir, Pb, or combined etomoxir and Pb treatment. Animals in the respective groups were treated 3 times a week (n = 3-6).
(C and D) U87 EGFRuvIII GBM cells were implanted subcutaneously into immunocompromised mice Mice were treated as indicated in A and B (n = 5-7). (E
and F) HCT116 colon carcinoma cells were implanted subcutaneously into immunocompromised mice. Mice were treated in indicated in A and B (n = 9).

(G and H) BRAF V600E-mutant A375 melanoma cells were implanted subcutaneously into immunocompromised mice. Mice were treated as indicated in
A and B (n = 8-9). (I) GBM12 cells were implanted into the right striatum of nude mice that were then randomly divided into 4 treatment groups: vehicle,
etomoxir, Pb, or combined treatment with etomoxir and Pb. Nine treatments were performed, and survival was analyzed using the Kaplan-Meier method.
The log-rank test was used to assess statistical significance (n = 4-5). (J-L) At the end of the experiments in A and B, tumors from the individual groups
were harvested for staining with H&E, TUNEL, or Ki67. Scale bars: 50 pm. Data represent the mean + SD. Statistical significance was determined by 1-way
ANOQOVA. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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tive metabolic changes. We noted an increase in H3K27ac in the
promoter region of PPARGC1A, which encodes for a master reg-
ulator of oxidative metabolism, PGCla (15, 16, 37). PGCla has
been implicated in oxidative metabolic reprogramming in the
setting of the evolvement of therapeutic resistance (38). Howev-
er, this has not been shown in the context of selective HDAC1/-2
inhibition in GBM models. Moreover, our findings suggest that
an HDAC inhibitor-specific epigenetic mechanism facilitated
the increase in PGCla mRNA and protein levels. We were also
able to link the HDAC inhibitor-mediated decline in c-Myc lev-
els to the increase in PGCla protein levels by demonstrating
that c-Myc bound to the promoter region of PGClo. Moreover,
forced expression of c-Myc blocked the HDAC inhibitor-medi-
ated increase in PGClo, suggesting that c-Myc may act as a sup-
pressor in this context. These findings are in line with an earlier
study in pancreatic cancer stem cells that displayed a similar
inverse relationship between these 2 transcription factors (25).
Importantly, suppression of PGCla rescued the oxidative meta-
bolic phenotype elicited by HDAC inhibition and enhanced the
reduction in cellular viability by HDAC inhibitors, suggesting
that PGCla is a key regulator in HDAC inhibitor-mediated met-
abolic reprogramming.

To fuel OXPHOS with reducing equivalents, HDAC inhibitor-
treated cells or PDXs in vivo increased B-oxidation and reduced
fatty acid biosynthesis. Consistently, HDAC inhibitor-treated
cells and PDX models were more prone to cell death induction
by etomoxir, an inhibitor of a major fatty acid transporter in the
outer mitochondrial membrane. Mechanistically, we noted that
the transcription factor PPARD was implicated in the metabolic
effects elicited by selective HDAC inhibition and that, again,
c-Myc acted as a suppressor of HDAC inhibitor-mediated upreg-
ulation of enzymes and transporters related to FAO.

These observations support a model system in which c-Myc
drives aerobic glycolysis and suppresses OXPHOS and FAO, facil-
itating the transcription factors PGCla and PPARD by directly
binding to their promoter region. When c-Myc levels dropped fol-
lowing HDAC inhibitor treatment, the expression levels of PGCla
and PPARD rose. In turn, these 2 transcription factors appeared
to mediate a prosurvival effect and oxidative phenotype in GBM
cells. For future studies, it may be conceivable to target these 2
transcription factors to further enhance the efficacy of HDAC
inhibitors and thereby abrogate metabolic reprogramming.

We acknowledge several limitations of our studies. Although
we demonstrated the key findings in several model systems,
including patient-derived cells, several mechanistic experiments
were performed in established GBM cell cultures for technical rea-
sons. Another limitation lies in the fact that we did not perform
rescue experiments in in vivo settings. In addition, certain rescue
experiments showed only a partial rescue, which indicates that our
identified key players were not the sole mediators of resistance
and response following HDAC inhibitor treatment. An implication
for future study is to further develop the precise mechanism of
enhancer formation around the PGCla locus. Although our stud-
ies have shown that c-Myc regulates PGCla expression at the pro-
moter level, we have not determined whether enhancer regions of
PGClaare regulated by Myc or additional factors. Moreover, given
that HDACs have multiple targets, we cannot exclude the possi-
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bility that pathways other than metabolism are involved in HDAC
inhibitor response and resistance.

Collectively, through dissection of the alterations in tumor
cell metabolism elicited by HDAC inhibitors, we were able to
identify specific metabolic changes that in turn can be targeted
for tumor therapy. Thus, this work further strengthens the appeal
of analyzing metabolomics for the design of more sophisticated
anticancer therapies.

Methods

Cell cultures and growth conditions. All cell lines were incubated at
37°C and were maintained in an atmosphere containing 5% CO,. U87,
LN229, HCT116, and A375 cell lines were obtained from the Ameri-
can Type Culture Collection (ATCC). The U87 EGFRVIII cell line was
provided by Frank Furnari (UCSD, La Jolla, California, USA). GBM12,
GBM14, and GBM43 cells were obtained from Jann Sarkaria (Mayo
Clinic, Rochester, Minnesota, USA). Cells were cultured in DMEM
(Thermo Fisher Scientific, MT10013CV) supplemented with 10% FBS
(Gemini) and 100 pg/mL Primocin (InvivoGen, ant-pm-1). NCH644
and NCH421K stem-like glioma cells (Cell Line Services, 820403)
were cultured in GBM-MG with 100 pg/mL Primocin. The PbR-treat-
ed U87 and LN229 cells were exposed to 100 nM Pb for 1 week. The
respective cell line depository authenticated the cells. All cell lines
were obtained between 2014 and 2019.

Cell viability assays. Viability assays were performed as previously
described (39, 40). Cells were seeded at 3000 cells/well in 96-well
plates and treated with different doses of the indicated drugs for
72 hours. Tests were performed in triplicate according to the man-
ufacturer’s instruction (CellTiter-Glo Luminescent Cell Viability
Assay, Promega). The combination index (CI) was calculated using
the drug-synergism concept based on the median-effect equation
(Chou-Talalay), which serves as the foundation for calculating nor-
malized isobolograms (41, 42). Based on the computational analysis,
CI values of less than 1 indicate synergy, a CI value of 1 represents
additivity, and CI values of more than 1 indicate antagonism.

Measurement of apoptosis and mitochondrial membrane potential.
Fifty thousand cells were seeded in each well of 12-well plates 1 day
before treatment. Cells were treated either DMSO or the indicated
drugs for 24 to 48 hours and harvested for staining following the
manufacturer’s instructions. For apoptosis, the Annexin V Apoptosis
Detection Kit (BD Pharmingen, BD 556419) was used. Mitochondrial
membrane potential was stained with tetramethylrhodamine, ethyl
ester (TMRE) (Mitochondrial Membrane Potential Kit, Cell Signaling
Technology [CST], 132968). The data were analyzed with Flow]Jo soft-
ware, version 8.7.1 (Tree Star). In addition, mitochondria were stained
with MitoTracker Red CMXRos (Thermo Fisher Scientific, M7512)
and analyzed by flow cytometry or by fluorescence microscopy.

Transfection of siRNAs and transduction of lentiviral particles using
ShRNA and CRISPR/Cas9. Fifty thousand cells were seeded 1 day
before transfection in each well of 12-well plates. Transfections were
performed with Lipofectamine RNAIMAX (Invitrogen, Thermo Fisher
Scientific, 13778075) according to the manufacturer’s instructions.
The following siRNAs were purchased from Dharmacon: PGCla
siRNA (L-005111-00-0005), PPARD siRNA (L-003435-00-0005),
HDAC1 siRNA (L-003493-00-0005), HDAC2 siRNA (L-003495-02-
0005), CPT1A siRNA (L-009749-00-0005), and CPT1A-4 siRNA
(J-009749-09-0005). Myc-1 siRNA (CST, 6341) and Myc-2 siRNA
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(CST, 6552) were purchased from CST. The following shRNAs were
purchased from Santa Cruz Biotechnology: PGCla (sc-38884-V),
AMPKA (sc-29673-V), and PPARD (sc-36305-V). The CRISPR/
Cas9 PGCla-knockout lentivirus (NM_013261) was purchased from
Applied Biological Materials. Cells were infected in the presence of 8
ug/mL polybrene and were selected with puromycin.

Extracellular flux analysis and FAO assay. The Seahorse XFe24
analyzer was used for extracellular flux analysis, including the mito-
chondrial stress assay, the glycolysis stress assay, and the FAO assay
following the manufacturer’s instructions (Agilent Technologies).
GBM cells were seeded in XFe24 cell culture microplates (Agilent
Technologies) at 30,000 cells/well in 250 uL. DMEM containing
5 mM glucose, 1 mM glutamine, and 10% FBS and were allowed to
attach overnight. Treatments were performed using the indicated
compounds or the corresponding solvents in DMEM 5 mM glucose,
1 mM glutamine, and 1.5% FBS for 24 hours. Mitochondrial stress
assays were run under the following media conditions: 10 mM glu-
cose, 2 mM glutamine, and 1 mM pyruvate in assay medium, and 2 uM
oligomycin, 2 uM trifluoromethoxy carbonylcyanide phenylhydrazone
(FCCP), and 0.5 uM rotenone/antimycin A were injected during the
measurements. During the assay, 10 mM glucose was injected fol-
lowed by 1 uM oligomycin and finally by 50 mM 2-deoxy-d-glucose
(2-DG). ECAR reads were taken and used to calculate the glycolytic
reserve and glycolytic capacity according to the manufacturer’s algo-
rithms. The FAO assay was run under the following media conditions:
0.5 mM glucose, 1 mM glutamine, 0.5 mM L-carnitine, and palmitic
acid conjugated to BSA according to the manufacturer’s instructions.

Western blot analysis and protein capillary electrophoresis. Specific
protein expression in cell lines was determined by Western blot analysis
or protein capillary electrophoresis on a Wes instrument (ProteinSim-
ple) as described previously (40). Briefly, 20-30 pg protein was loaded
onto gradient precast gels supplied by Invitrogen (Thermo Fisher Sci-
entific, NP0321BOX). Primary antibody incubations were performed
overnight at 4°C. For standard Western blotting, the following antibod-
ies were applied: acetyl-histone H3 (Lys27) (D5E4) (CST, 8173, 1:500),
histone H3 (CST, 14269; 1:500), H3K27Me3 (CST, 9733; 1:500), SDHA
(Abcam, ab123545; 1:500), OXPHOS (Abcam, ab110411;1:500), 14-3-
3 (Santa Cruz Biotechnology, sc-59419; 1:500), PARP (CST, 9532;
1:500), ¢cCP9 (CST, 7237; 1:500), cCP3 (CST, 9665; 1:500), Bcl-xL
(CST, 2764;1:500), Bcl-2 (CST, 4223, 1:500), Mcl-1 (CST, 5453; 1:500),
CPT1A (CST, 12252;1:500), and B-actin (MilliporeSigma, A1978, clone
AC15; 1:2000). For protein capillary electrophoresis, the following
antibodies were used: HK2 (CST, 21068, 1:25); PGCla (Novus Biologi-
cals, NBP1-04676, 1:25); GLUTI1 (CST, 12939; 1:25), LDHA (CST, 3582,
1:25); GAPDH (CST, 5174;1:100); phosphorylated AMPKA (p-AMPKA)
(CST, 2531; 1:25); AMPKA (CST, 5831; 1:25); p-acetyl-CoA carboxy-
lase (p-ACC) (CST, 3661; 1:25); ACC (CST, 3662S; 1:25); HDAC1 (CST,
34589;1:25); HDAC2 (CST, 57156;1:25), ACADSB (Thermo Fisher Sci-
entific, PA5-29958; 1:25); CPT2 (Thermo Fisher Scientific, PA5-12217;
1:25); PPARD (Abcam, ab23673; 1:25); c-Myc (CST, 13987, 1:25); and
vinculin (Abcam, ab129002, 1:500). The HRP-linked secondary anti-
bodies were from Santa Cruz Biotechnology. Western blots were visu-
alized on the Azure (C300) imaging system.

Subcutaneous xenograft model. A total of 1 x 10 U87-EGFRVIII
GBM cells, HCT116 colon carcinoma cells, A375 melanoma cells, or
GBM12 and GBM43 PDX tumor cells were implanted subcutaneously
into the flanks of 6- to 8-week-old SCID SHO mice as described before
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(40). Intraperitoneal treatments and tumor measurements were per-
formed 3 times a week on the days indicated in each figure. Drugs were
dissolved in a mixture of drug, cremophor EL (MilliporeSigma, 61791-
12-6), ethyl alcohol (Pharmco-Aaper, 200 Proof, Gamma Irradiated
Sterile), and PBS at a ratio of 10:32:8:50 (v/v/v/v). The drug doses
used: 5 mg/kg Pb and 20 mg/kg etomoxir. Tumor size was measured
with a caliper and calculated as follows: (length x width?)/2. Mouse
body weights were monitored at each time point. At every final time
point, the mice were sacrificed for harvesting of tumors, and represen-
tative tumors were photographed.

Orthotopic GBM PDX model. For the GBM12 orthotopic model,
300,000 cells were intracranially injected as described earlier (3 mm
lateral, 1 mm anterior of the bregma, and 3 mm down) (40). The drugs
were dissolved in a mixture of drug, cremophor EL, ethyl alcohol, and
PBS at a ratio of 10:32:8:50 (v/v/v/v). The following drug doses were
used: 5 mg/kg Pb and 20 mg/kg etomoxir. Nine treatments were per-
formed starting from day 5 until day 19 after cell implantations.

TUNEL and Ki67 staining. The paraffin-embedded sections were
dewaxed, rehydrated, and incubated in proteinase K (Agilent Tech-
nologies, Dako) for 5 minutes at 37°C. For TUNEL staining, the slides
were exposed to TUNEL reaction mixture for 1 hour at 37°C, and the
reaction was terminated in the converter peroxidase (POD) solution
for 30 minutes at 37°C. TUNEL staining was highlighted with diami-
nobenzidine, and hematoxylin was used for nonspecific nuclear stain-
ing. For Ki67 staining, antigen retrieval was performed using citrate
buffer followed by heating and incubation with Ki67 (Dako GA626)
for 90 minutes at room temperature (RT). The slides were incubated
with horse anti-mouse IgG (1:200) for 30 minutes and then incubated
in ABC-peroxidase solution (1:50) for 30 minutes at RT.

LC/MS analysis, ATP levels, and isotope tracing. LC/MS was per-
formed in accordance with the isolation procedures established by
the White Head Institute Core facilities as described previously (43,
44). Briefly, cells were isolated by adding a mixture of methanol/
water/chloroform (600 pL/300 uL/400 pL in 6-well plates). The
methanol contained internal standards (Metabolomics Amino Acid
Mix Standard, MSK-A2-1.2, Cambridge Isolotope Laboratories). The
polar and nonpolar layers were separated and dried under nitrogen.
The polar samples were dissolved in water, whereas the lipid fractions
were solubilized in a mixture of acetonitrile, 2-propanol, and water
(65:30:5, v/v/v). The samples were analyzed by liquid chromatogra-
phy-high-resolution mass spectrometry (LC/HRMS). Nucleotides,
including ATP, were measured by LC/MS.

For isotope tracing experiments, the cells were starved in nutri-
ent-free DMEM for 1 hour. Thereafter, the cells were exposed to media
containing either 25 mM (U-PC6) D-glucose (Cambridge Isotope Lab-
oratories), 4 mM (U-2C5) L-glutamine (Cambridge Isotope Laborato-
ries), or 100 uM (U-*C16) palmitic acid (Cambridge Isotope Laborato-
ries) for 24 hours in the presence of 1.5% dialyzed FBS (Thermo Fisher
Scientific). Polar metabolites were extracted and read on an Exactive
Orbitrap mass spectrometer (Thermo Fisher Scientific) linked to a
Vanquish Ultra-High-Performance Liquid Chromatography (UHPLC)
System (Thermo Fisher Scientific). A script developed by the Metabo-
lomics Core Facility at Weill Cornell Medicine (New York, New York,
USA) was used for data analysis (45). The energy status of cells was
tested by measuring ATP levels. The LC/MS data were normalized
to protein levels with a Pierce BCA Protein Assay Kit (23225, Thermo
Fisher Scientific).
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Microarray and gene set envichment analysis. Transcriptome and
gene set enrichment analysis (GSEA) was performed as previously
described (39). Data from the experiment were deposited in the
NCBI’s Gene Expression Omnibus (GEO) database (GEO GSE108958,
GSE103961, and GSE108957).

ChIP-qPCR and ChIP-Seq. Enzymatic ChIP assays were performed
in accordance with the manufacturer’s instructions manual (Simple-
ChIP Enzymatic Chromatin IP Kit, CST, 9003). For each immunopre-
cipitation, approximately 4 x 10¢ GBM cells were cross-linked using
1% formaldehyde in complete cell medium for 10 minutes at RT and
subsequently quenched with glycine for 5 minutes. Nuclei preparation
and chromatin digestion were performed according to standard proto-
cols. ChIP experiments were performed using anti-H3K27ac antibody
(CST, 4535, 10 uL/sample), anti-rabbit IgG antibody (CST, 2729, 2
uL/sample), or anti-Rpb1 antibody (CST, 14958, 10 pL/sample). ChIP
DNA was eluted, purified, and tested by real-time PCR. The primer
sequences are shown in Supplemental Table 1. The signal over input
was calculated by a standard formula as described in the manufac-
turer’s instruction manual (CST). Input and ChIP H3K27ac or Rbpl
data were submitted for next-generation sequencing (Illumina HiS-
eq 4000, single-read, 50 bp [SR50]) followed by library preparation.
Computational analysis of ChIP-Seq data is provided in the Supple-
mental Methods.

Electron microscopy. GBM cells were fixed in buffered 2.5% glu-
taraldehyde in cacodylate buffer for 1 hour at RT. Osmium tetroxide
(1%) was used for extended fixation in the same buffer. After dehy-
dration, Lx-112 (Ladd Research Industries) and Embed 812 (Electron
Microscopy Sciences [EMS]) were used for the embedment process of
the relevant GBM cells. Sections (60-nm) were cut on the MT-Power-
Trome XL ultramicrotome. Uranyl acetate and lead citrate were used
for staining. Analysis of the slides was performed with a JEOL JEM-
1200 EXII electron microscope. ORCA-HR digital camera (Hamamat-
su) was used to record the images.

Statistics. Statistical significance was assessed by a 2-tailed Stu-
dent’s ¢ test or ANOVA (for multiple comparisons) using GraphPad
Prism, version 8.0 (GraphPad Software). Three replicates were per-
formed unless otherwise described. A P value of 0.05 or less was set
as the level of statistical significance. For drug synergism analysis,
CompuSyn software (ComboSyn) was used to compute the CI (CI <1
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synergistic, CI =1additive and CI >1 as antagonistic). IC,  values were
calculated by nonlinear regression.

Study approval. All procedures were in accordance with animal
welfare regulations and approved by the IACUC of the Columbia Uni-
versity Medical Center.
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