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SUMMARY

Lactate accumulates to a significant amount in GBMs, the most common primary malignant brain
tumor with an unfavorable prognosis. However, it remains unclear whether lactate is metabolized
by GBMs. Here, we demonstrated that lactate rescued patient-derived xenograft (PDX) GBM cells
from nutrient deprivation mediated cell death. Transcriptome analysis, ATAC-seq., and CHIP-seq.
showed that lactate entertained a signature of oxidative energy metabolism. LC/MS analysis
demonstrated that U-13C-Lactate elicited substantial labeling of TCA-cycle metabolites, acetyl-
CoA and histone protein acetyl-residues in GBM cells. Lactate enhanced chromatin accessibility
and histone acetylation in a manner dependent on oxidative energy metabolism and the ATP-
citrate lyase (ACLY). Utilizing orthotopic PDX models of GBM, a combined tracer experiment
unraveled that lactate carbons were substantially labeling the TCA cycle metabolites. Finally,
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pharmacological blockage of oxidative energy metabolism extended overall survival in two
orthotopic PDX models in mice. These results establish lactate metabolism as a novel druggable
pathway for GBM.
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Torrini and Nguyen et al. reveal an important role of lactate in a broad range of glioblastoma
(GBM). They demonstrate that lactate is actively metabolized in a manner reliant on cellular
respiration and that lactate affects gene expression through modulation of the epigenome. Thus,
targeting oxidative metabolism and lactate metabolism may be a novel therapeutic approach for

GBM.

INTRODUCTION

Glioblastoma (GBM) is the most common primary malignant brain tumor with an
unfavorable prognosis and a reprogrammed metabolism (Cancer Genome Atlas Research
et al., 2015; Parsons et al., 2008). Tumor growth is ultimately determined by nutrients

and how cancer cells metabolize and harness them for biosynthesis and energy production
(Faubert et al., 2017). In general, it assumed that akin to other malignancies GBMs consume
ample amounts of glucose and metabolize it via pyruvic acid to lactate, a phenomenon,
which is also referred as the Warburg effect and goes back to the 1920s when Otto Warburg
made this initial observation. However, it is important to note that activity of oxidative
metabolism is necessary to enable the biosynthesis of fatty acids and cholesterol from
glucose carbons given that acetyl-CoA (from glucose carbons) is generated and converted
to citric acid in the mitochondrial matrix first (DeBerardinis and Chandel, 2020). In turn,
mitochondrial citrate is transported to the cytosol to generate cytosolic acetyl-CoA via the
ATP citrate lyase (ACLY) reaction (Carrer et al., 2019; Trefely and Wellen, 2018; Wellen
et al., 2009). In addition to being necessary for biosynthesis, acetyl-CoA serves as substrate
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for post-translational modifications of histones, e.g. acetylation. In this vein, prior research
has pointed out that glucose carbons regulate histone acetylation and thereby affect gene
expression, but whether lactate may regulate the epigenome has not been demonstrated yet.

While as indicated glioblastomas mostly utilize glucose, there are other carbon sources

at their disposal. Originally considered as a waste product of glucose catabolism, lactate
accumulates to a significant amount in tumor tissue (up to 40 mM) (Faubert et al., 2017;
Hui et al., 2017). Prior and recent single cell sequencing studies confirm the notion that

the core of GBMs is glycolytic, whereas the periphery is more oxidative (Darmanis et al.,
2017). Moreover, mass spectrometry imaging data from human glioblastoma tissues shows
that lactate along with fatty acid is substantially enriched in the infiltrative margin (Kampa
et al., 2020; Randall et al., 2020). This concept enables the tumor core to rely on glucose,
while lactate that in turn along with fatty acids may serve as a substrate for tumor cells in the
periphery. However, it remains to be proven whether indeed lactate serves a fuel for GBMs
and thus in turn would establish lactate metabolism as therapeutic vulnerability. Lactate
uptake appears to be primarily mediated by the MCT1 transporter though it may be possible
that it does not constitute the only means to transport lactate into tumor cells (Faubert et al.,
2017).

We launched our studies with the central hypothesis that lactate is heavily metabolized by
GBM cells in the TCA-cycle to promote their survival and that lactate through conversion
to acetyl-CoA via pyruvic acid is an epigenetic metabolite to regulate pro-survival gene
expression. Moreover, pharmacological targeting of the TCA-cycle abrogated these effects
and extended animal survival in an orthotopic PDX model in mice. Therefore, the
interference with lactate metabolism may be a suitable target for GBM therapy.

Lactate rescues a broad array of different GBM model systems from nutrient deprived
mediated reduction in cellular viability

In prior studies the transporter MCT1 has been shown to be involved in lactate uptake
(Faubert et al., 2017) and we found that MCT1 mRNA levels are increased in glioblastoma
tissues as compared to normal brain (Figure 1A). Following interrogation of MCT1
expression in a cell line database, comprising over 1739 different cell cultures, we found
several cell lines with high levels of MCT1. Amongst those several central nervous system
tumor cell lines were identified, e.g. KNS42, a pediatric GBM cell line (Figure 1B).
Consistently, various GBM cell cultures revealed increased levels of MCT1 as compared

to human astrocytes (Figure 1C). Next, we posed the questions whether lactate is capable of
rescuing KNS42 from nutrient deprived culturing conditions by employing cellular viability
assays (Figure 1D). We chose a variety of different nutrient conditions, including close

to normal physiological conditions (5 mM glucose, 1 mM glutamine) as well as glucose
deprived conditions, which are known to be encountered in malignant tumors (Burgess and
Sylven, 1962; Flavahan et al., 2013; Yun et al., 2009). Close to physiological culturing
conditions were highly reminiscent of the high-glucose environment, suggesting no further
benefit elicited by high glucose levels (Figure S1C). In contrast, low glucose conditions
resulted in a substantial loss in cellular viability as compared to the physiological glucose
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culturing conditions (Figure 1D). Strikingly, 10-15 mM lactate was capable of essentially
full reversing the loss in viability by low glucose conditions (Figure 1D). Next, we wanted
to extend these findings to a larger set of GBM model system and continued our studies in
well-known established GBM cell lines, U251, U87 and DBTRG. Akin to the KNS42 line,
lactate rescued from nutrient-deprived mediated reduction in viability (Figure 1E, Figure
S1A). In addition, stem-like GBM cells, NCH644, were protected as well (Figure 1F). In
GBM12, GBM22 and GBM43 PDX lines tested we confirmed the earlier observations
that lactate enhances cellular viability following nutrient-deprived culturing conditions,
suggesting that these findings are likely applicable to a broad range of different model
systems (Figure 1G). Considering IDH1 and EGFR mutational status our data suggested
that in the presence of these mutations lactate rescues from glucose deprivation mediated
reduction of cellular viability as well (Figure 1E; Figure S1A). We confirmed our findings
using another proliferation assay (crystal violet) and included a time course. These results
demonstrated that lactate drives cellular proliferation and compensates for the loss of
glucose (Figure S1B). Since the brain interstitial fluid (ISF) concentration of glutamine

is about 80 uM (Dolgodilina et al., 2016) we assessed whether or not lactate is capable of
rescuing GBM cells from glucose-deprivation. While the effect of lactate on the cellular
viability was slightly reduced in glutamine-reduced conditions, there was still a substantial
rescue from glucose-deprivation mediated reduction of viability by lactate (Figure S1D).
Regarding the formulation, both lactic acid and lactate essentially equally rescued from
glucose-deprived reduction of viability in GBM cells (Figure S1E). Other acids have been
described to have tumor promoting properties, such as acetate (Liu et al., 2018; Mashimo et
al., 2014). We assessed whether acetate rescued from nutrient-deprived culturing conditions.
Our results show that acetate did not have an impact on cellular viability neither in
established nor in PDX lines (Figure S1F).

Next, we wondered whether lactate affects survival of cells as well. The results of these
studies demonstrate a substantial rescue from nutrient-deprived mediated induction of a
cell death with apoptotic features by lactate in a slightly concentration dependent manner
(Figure 1H and 11). Concerning the cell cycle, we found that lactate increased the number
of cells in the S-phase (Figure 1J; Figure S1G). As indicated, the transportation of lactate
over the plasma membrane is known to be mediated by MCT1 (Faubert et al., 2017).
Therefore, we silenced the expression of MCT1 by siRNA and shRNA in KNS42 and
GBM22 cells. We found that suppression of MCT1 mitigated the lactate mediated rescue
from nutrient-deprivation both in GBM22 and KNS42 GBM cells (Figure 1K-1M; Figure
S1H-S1J).

Lactate activates oxidative metabolism and thereby facilitates promotion of proliferation
and survival of GBM cells

To determine how lactate drives survival of GBM cell cultures, we took a two-pronged
strategy by performing a broad polar metabolite in KNS42 cells and transcriptome analysis
in GBM22, GBM43 and KNS42 cells, utilizing nutrient-deprived conditions in the presence
or absence of lactate (Figure 2A and 2B; Table S1; Figure S2A-S2D). Concerning the
metabolite screen, we found an elevation of metabolites related to the TCA-cycle in the
lactate containing condition (Figure 2A and 2B; Table S1; Figure S2A-S2D). Metabolite
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set enrichment analysis revealed an enrichment for the TCA-cycle (Figure 2C and 2D;
Figure S2C and S2D) following lactate exposure. We performed gene set enrichment
analysis and noted that lactate entertained an increase of pathways related to mitochondrial
oxidative metabolism (Figure 2A and 2B; Figure S2B). Next, we confirmed whether indeed
oxidative metabolism is a prerequisite for lactate to elicit a pro-survival effect and to impact
oxidative metabolism. To this purpose, we performed extracellular flux analysis on the
seahorse analyzer. We found that lactate facilitates an increase in oxygen consumption rate
as compared to glucose only conditions (Figure 2E). Moreover, we treated KNS42 cells
with the complex I inhibitor, IACS-010759 (Molina et al., 2018) in the presence of lactate.
As expected, we found a substantial suppression of the oxygen consumption rate following
administration of IACS-010759 (Figure 2F). Consistently, lactate renders GBM cultures
more sensitive to the cytotoxic actions by inhibitors of oxidative phosphorylation and the
electron transport chain, respectively (Figure 2G and 2H; Figure S3A and S3B). In the
presence of lactate, KNS42 cells became highly susceptible to increasing concentrations of
IACS-010759 and oligomycin, whereas conditions devoid of lactate displayed a significantly
more resistant phenotype against these compounds (Figure 2G and 2H; Figure S3A and
S3B). In contrast, lactate containing conditions were not efficient to sensitize for etoposide,
suggesting specificity of the findings related to oxidative energy metabolism (Figure S3A).
We also noted that lactate mediated transcriptional up-regulation of respiratory complexes
was mitigated by IACS-010759 (Figure S3C).

To further refine the specificity of these findings we took advantage of yeast Ndi1,

which encodes for NADH dehydrogenase and facilitates a rescue from complex |

inhibition mediated by IACS-010759 in human GBM cells. Consistently, inhibition of
lactate mediated rescue from glucose deprived mediated reduction in cellular viability

by complex I inhibition was almost fully rescued by Ndil overexpression (Figure 21).
Furthermore, IACS-010759 mediated reduction of oxygen consumption rate as well as
maximal respiration was reversed in the presence of Ndil (Figure 2J). Overall, these
findings support a central role of complex | (NADH dehydrogenase) in lactate metabolism.
A fundamental component of cellular respiration is the complex | substrate, NADH, which
will be oxidized to NAD in the presence of sufficient molecular oxygen. Therefore, in the
context of activation of oxidative energy metabolism through lactate it is of interest to assess
the NAD/NADH, ratio (Sullivan et al., 2015). We found that lactate only had a small impact
on the NAD/NADH ratio, which was not consistent amongst the cell cultures tested (Figure
S3D).

Lactate provides carbons to support the intermediary metabolism of GBM cells

We hypothesized that lactate is taken up and readily converted to pyruvic acid through
lactate dehydrogenase and subsequently converted to citric acid via acetyl-CoA in two
enzymatic catalyzed reactions by pyruvate dehydrogenase and citrate synthase, respectively.
Alternatively, lactate may be converted from pyruvate to oxaloacetate via the pyruvate
carboxylase reaction to yield the m+3 citric acid isotopologue (Figure 3B). To this purpose,
we utilized U-13C-lactate to trace its carbons through the intermediary metabolism in

a broad variety of different GBM cells (Figure 3A). We found substantial labeling of
citrate, succinate, fumarate and malate. Moreover, we noted labeling of amino acids,
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including aspartate, alanine and glutamate (Figure S4A). Next, we sought to elucidate

the impact of other fuel sources on the metabolization of lactate in GBM cells. To

this purpose, we focused on glucose and glutamine. We found that as glucose and/or
glutamine concentrations increased less labeling of TCA-cycle metabolites, amino acids
and glutathione from lactate occurred (Figure 3C; Figure S4B). However, it is noteworthy
that despite the presence of glucose and/or glutamine, lactate carbons still substantially
contributed to the intermediary metabolism of GBM cells (Figure 3C). Lactate derived
carbons may also be used for gluconeogenesis. Indeed, we found labeling of phospho-enol
pyruvate and 3-phosphoglycerate, while in contrast no labeling of glucose-6-phosphate

was detected, suggesting that lactate provides carbons efficiently to the lower portion of
glycolysis in GBM cells (Figure S4B). Consistently, GBM cells express detectable levels of
key enzymes, involved in gluconeogenesis (i.e. PC, PCK1) (Figure S4C and S4D). Given
the labeling of acetyl-CoA by lactate we speculated whether fatty acid synthesis is in part
supported by lactate and found that palmitic acid was partially labeled by lactate (Figure
S4E). Overall, these findings implicate that lactate carbons are heavily used by a broad range
of malignant glioma cells to fuel various metabolic pathways that are essential for growth
and resistance to cell death.

We evaluated a novel inhibitor of PDHAL that has reached clinical phase 11 trials, called
CPI-613 (devimistat) (Zachar et al., 2011). To this purpose, we treated GBM22 and
KNS42 cells with increasing concentrations of CPI-613 in the presence or absence of
lactate. As anticipated, exposure to lactate facilitated the potency of CPI-613 to reduce
the cellular viability of GBM cells, in keeping with the observations, involving blockers
of the respiratory chain complexes (Figure 3D). Moreover, we performed the drug affinity
responsive target stability (DARTS) assay to confirm that CPI-613 binds to PDHAL in both
KNS42 and GBM22 cells (Figure 3E). Consistently, over-expression of PDHA1 partially
rescued for the cytotoxicity mediated by CPI1-613 (Figure 3F). To further narrow down the
specific role of PDHAL in lactate metabolism, we specifically silenced the expression of
this enzyme in KNS42 and GBM22 cells by either shRNA or siRNA. Our data shows that
silencing of PDHAL attenuates lactate mediated rescue from glucose deprivation (Figure
3G-3I; Figure S4F). Since shRNAs may display off-targets, we performed cDNA rescue
experiments, involving a shRNA-resistant PDHAL wild-type (active) or S293E mutated
(partially inactive enzyme) cDNA (Figure 3J and 3K). While PDHAL wild-type cDNA
was capable of reversing cell death/reduction in cellular viability, the catalytically inactive
mutant failed to rescue the effects of the PDHAL shRNA, suggesting specificity of our
findings related to the relevant target (Figure 3J and 3K). In addition, we confirmed our
findings related to PDHA with siRNA, which resembled the effects seen with the ShRNA
(Figure S4G-4J). Moreover, we further assessed the role of PC by employing siRNA and
demonstrated that loss of PC dampens lactate mediated rescue from glucose deprivation
(Figure S4G-4J).

We extended our studies to in vivo experiments. Due to their rapid growth, we implanted
the U87-EGFRvIII cells in the subcutis of nude mice and following establishment of
tumors we injected uniformly labeled lactate and harvested the tumors for LC/MS analysis
(Figure S5A). We found that akin to the in vitro findings lactate substantially labeled
metabolites of the TCA-cycle, suggesting that indeed lactate carbons are readily utilized
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by the intermediary metabolism of GBM models in vivo (Figure S5B). In addition, we
determined the absolute concentrations of lactate in tumors and normal tissue (Figure

S5C). As anticipated, the heterotopic xenograft tumor displayed higher levels of lactate as
compared to normal tissue (Figure S5C). Next, we assessed whether injection of GBM cells
in an orthotopic location (right striatum) in nude mice would also reveal labeling of TCA-
cycle metabolites from lactate (Figure 4A and 4B). Moreover, we were wondering about the
relative contributions of glucose and lactate carbons to the TCA-cycle. To this purpose, we
injected U87-EGFR-vIII GBM cells orthotopically. When tumors were established based on
MRI imaging, we injected glucose and lactate tracers simultaneously and after 20 minutes
the brain tumors and adjacent normal brain tissue were collected for LC/MS analysis (Figure
S5D and S5E). The choice of uniformly labeled glucose and single carbon labeled lactate
coupled with a short interval between injection and harvesting of the tumors enabled us

to distinguish the carbon source of TCA-cycle metabolite labeling (Figure S5E). We found
that lactate carbons in tumor tissue was derived from both glucose and lactate. Concerning
citric acid, we found that glucose carbons contributed significantly less to citric acid in
tumor tissue as compared to normal brain. Remarkably, lactate contributed its carbons to a
much larger extent to citric acid as compared to glucose in brain tumor tissue. Consistently,
the ratio between lactate derived citric acid and glucose derived citric acid is significantly
elevated in brain tumor tissue as compared to normal brain. Similar observations were made
with other TCA-cycle metabolites (Figure S5E). It is interesting to note that lactate also
substantially labeled glutamic acid, supporting a potential cross talk between glutamine

and lactate metabolism. Orthotopic PDX GBM models in mice remain the current standard
model for resembling human disease properly and for preclinical testing of therapeutic
interventions, respectively. To this end, we utilized two PDX models, the GBM12 and
GBM22 (Figure 4C and 4D; Figure S5F). We observed the reduced incorporation of glucose
carbons in citric acid in tumor tissue as compared to normal tissue and the relative increase
of lactate derived carbons over glucose carbons in citric acid in tumor tissue (Figure 4D).
All in all, these results underscore a significant role of lactate in GBM metabolism and that
lactate is fundamentally important to maintain an active TCA-cycle in these malignancies.

To assess the efficacy of CPI-613 in vivo we harnessed two orthotopic PDX models in

mice (Figure 4E-4G). Following intracranial injection and establishment of GBM22 PDX
tumors in mice, two groups were randomly assigned. One group was treated with vehicle,
while a second group received CPI-613 four times a week. Notably, mice receiving CPI-613
displayed a reduced tumor size and an extended overall survival as compared to animals
treated with vehicle without induction of toxicity (Figure 4E-4G; Figure S5G and S5H).
Given that CPI1-613 is expected to affect TCA-cycle metabolite, we determined relevant
levels through MALDI-TOF from our in vivo experiments. To this end, we found that
CPI-613 reduced the levels of malate, succinate, fumarate and TCA-cycle associated amino
acids, aspartate and glutamate (Figure 4H; Figure S5I). We performed TUNEL-staining and
found that CPI-613 induced cell death in vivo (Figure 41). Conversely, CP1-613 reduced the
proliferation of tumor cells (Figure 4J).
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Lactate labels acetyl-CoA and subsequent histone acetyl-residues in a manner dependent
on ATP citrate lyase (ACLY)

While our data showed that lactate prominently labeled the TCA-cycle, we sought to
determine whether acetyl-CoA were labeled by lactate as well given that acetyl-CoA plays

a fundamental role in post translational histone modification executed by HAT enzymes
(Figure 5A-5L). To this purpose, KNS42 and GBM22 cells were exposed to U-13C labeled
lactate and harvested for LC/MS analysis focused on isotopologues of acetyl-CoA. We
found that the majority of acetyl-CoA was labeled by lactate carbons and that the total

levels of acetyl-CoA were elevated as well (Figure 5A-5D). Our expectation was that lactate
was metabolized to pyruvic acid (LDH reaction) and then within the mitochondrial matrix
reacted to acetyl-CoA via oxidative decarboxylation through the pyruvate dehydrogenase
reaction, which would yield the m+2 acetyl-CoA isotopologue (Figure 5D). In line with this
hypothesis, the m+2 acetyl-CoA isotopologue revealed the strongest labeling pattern derived
from lactate carbons (Figure 5D).

Next, we determined whether lactate carbons label the acetyl-residues in histone proteins by
performing a tracing experiment with uniformly labeled lactate and subsequent acid-based
extraction of histone followed by LC/MS analysis. In keeping with our assumptions, we
found that lactate carbons significantly labeled histone proteins, including histones H2A,

H3 and H4 (Figure 5E-5L). Specifically, activating histone marks, such H3K9 and H3K 14,
were identified to be labeled by lactate carbons. To further extent the notion that lactate
affects histone acetylation at key residues we performed western blotting on lysates from
several GBM cell cultures (Figure 5M). We focused mainly on acetylated H3K27, H3K9 and
H3K14 given that these histone marks are well-studied and associated with open chromatin.
Moreover, the H3K27ac modification highlights active promoters as well as cis-regulatory
elements, such as enhancers/super-enhancers. First, we focused on the H3K27ac mark

and assessed its levels with increasing concentrations of lactate either in the presence or
absence of glucose and glutamine (Figure S6A). We found that irrespective of glucose levels
lactate increased the acetylation of H3K27 in a dose dependent manner. Moreover, even the
addition of glutamine did not suppress the effects of lactate on H3K27ac. In alignment with
these findings, we found that histone acetyltransferases were up-regulated by lactate (Figure
S6B).

Lactate modulates the binding of H3K27ac to promoter regions and cis-regulatory
elements and affects chromatin accessibility.

To gain a more detailed understanding how lactate regulates the epigenome we performed
genome wide chromatin immunoprecipitation sequencing (H3K27ac) with three defined
conditions (starvation, lactate and physiological conditions) (Figure 6A—6G; Figure S7A).
Following sequencing and mapping to the genome, peaks from the three different conditions
were called and annotated, e.g. promoter, exon, intron and intergenic regions (Figure 6A—
6D; Figure S6C). First, we narrowed the focus to peaks located around the transcriptional
start site and found that lactate facilitated the binding of H3K27ac to the transcriptional

start sites in cluster 1 and 2 without obvious changes in the distribution pattern of the peaks
(enrichment plot) (Figure 6A; Figures S6C). The three conditions resulted in a different
total number of peaks with the highest number identified in the lactate containing conditions

Mol Cell. Author manuscript; available in PMC 2023 August 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Torrini et al.

Page 9

(Figure 6A; Figure S6C). Consistently, peak enrichments were detected near individual
genes related to oxidative phosphorylation, proliferation, lactate uptake and histone acetyl-
transferases (HATS) (Figure S6D-S61). A Chip-gPCR assay confirmed the increased
presence of H3K9ac and H3K27ac at the PDGFRA promoter following lactate exposure,

in keeping with the CHIP-seq. results (Figure S6H). Pathway analysis of the lactate related
peaks surrounding the transcriptional start sites were especially enriched for genes involved
in mitochondrial energy metabolism in keeping with our transcriptional analysis that
uncovered the electron transport chain and oxidative phosphorylation as critical pathways
to be activated by lactate (Figure 6E). Extending the analysis beyond the transcriptional start
sites demonstrated that the distribution pattern of the peaks changed in a manner dependent
on the treatment conditions, showing a relative increase in peaks located in exons, introns
and intergenic regions in the lactate containing condition as compared to the starvation
condition (Figure 6C and 6D). However, taken the absolute values into account the lactate
containing conditions revealed the highest number of peaks in each designated category
compared to both the physiological as well as the starvation conditions (Figure 6C). Next,
we assessed cis-regulatory elements given that such regions have been shown to be central
for tumor growth, development and resistance to therapy (Figure 6E-6G). Based on our
super-enhancer analysis we found an increase in super-enhancer formation following lactate
exposure and pathway analysis, using GREAT, indicated enrichment related to mitochondria
in keeping with the earlier findings above (Figure 6F). The remaining open question to
answer was whether these epigenetic changes driven by lactate would be associated with an
increase in accessibility of the chromatin. To this purpose, we proceeded with ATAC-seq.
under starvation conditions in the presence or absence of lactate. As anticipated, we found
significant enhanced accessibility in samples exposed to lactate (Figure 6H).

Lactate drives histone-acetylation in a manner dependent on ACLY

To pinpoint the involved pathway how lactate facilitates histone acetylation, we
hypothesized that this involves oxidative metabolism and in particular ACLY. In this
context, ACLY holds a central role since it supplies cytosolic/nuclear acetyl-CoA to be
utilized as a substrate by histone-acetyltransferases (Wellen et al., 2009). Therefore, we
took a two-pronged strategy to block the activity of this enzyme, including genetic and a
pharmacological approach. We found that BMS303141, an inhibitor of ACLY, reduced the
viability of GBM cells in lactate culturing conditions (Figure 7A). Next, we utilized two
shRNA constructs to specifically silence ACLY expression in KNS42 and GBM22 cells

to study the impact of ACLY on lactate mediated support of cellular viability (Figure 7B
and 7C). As expected, lactate mediated rescue from glucose deprivation was mitigated by
silencing of ACLY (Figure 7B and 7C). To account for the specificity of these findings,
we performed a cDNA rescue experiment, involving the shACLY#3 constructs since this
shRNA targets an untranslated region of the ACLY mRNA (Figure 7D and 7E; Figure
S7A and S7B). Consistently, this sShRNA construct did not affect the expression of the
ACLY cDNA in GBM cells. In keeping with the expression lentiviral mediated ectopic
expression of ACLY reversed the effect of the ACLY shRNA and almost fully restored

the effect of lactate mediated rescue from glucose deprivation (Figure 7E; Figure S7A).
Next, we investigated whether ACLY is involved in lactate mediated histone acetylation in
GBM cells. To this end, we found that the ATP-citrate lyase inhibitor broadly counteracted
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lactate mediated acetylation of total acetylated H3, H3K9, and H3K27 in KNS42 and
GBM22 cells (Figure 7F). In addition, we assessed histone acetylation following lactate
exposure in the context of ShRNA-mediated suppression of ACLY. In agreement with the
viability data, we found that suppression of ACLY counteracted lactate mediated H3 total
histone acetylation as well as the specific lysine residues K9 and K27 (Figure 7G). These
observations were independently confirmed by using siRNA (Figure S7C). While cells
transfected with non-targeting siRNA revealed a sharp increase in both acetylation of H3K9
and H3K27, this effect was substantially attenuated following silencing of ACLY (Figure
S7C). To further enhance the specificity of these findings and to rule out major off-target
effects we performed a cDNA rescue in analogy to the viability experiment (Figure 7H).
We found that lactate mediated acetylation of histone H3 residues was reduced following
silencing of ACLY and that lentiviral mediated restoration of ACLY expression with ACLY
silencing restored lactate mediated histone acetylation (Figure 7H). Next, we determined
how the substrate of histone acetyltransferases, acetyl-CoA, was affected by silencing

of ACLY. We found that both total levels of acetyl-CoA and lactate labeled acetyl-CoA
(m+2 isotopologue) were significantly reduced after interference with ACLY expression, in
keeping with the histone acetylation results (Figure 71). These findings position ACLY as

a central molecule to mediate lactate mediated histone acetylation and survival following
lactate exposure.

Next, we further interrogated the required pathways and processes that lead to histone
acetylation by lactate. Given the involvement of oxidative metabolism in lactate metabolism,
we interfered with cellular respiration and PDHAL by silencing relevant genes or treatment
with pharmacological inhibitors in the presence or absence of lactate (Figure S7TD-S7H). In
the presence of lactate, we found that IACS reduced histone acetylation and that this effect
was partially rescued by ectopic expression of Ndil (Figure S7E). Concerning PDHAL, both
CPI1-613 and shRNA specific silencing of PDHA1 reduced histone acetylation under lactate
culturing conditions (Figure S7F and S7G). The specificity of the sShRNA experiment was
further confirmed through ectopic expression of a sShRNA resistant PDHA1 cDNA, which
counteracted the effects of the PDHAL shRNA on histone acetylation, whereas a ShRNA
resistant PDHAL S293E mutant was unable to do so (Figure S7H). Overall, these results
suggest that functional oxidative metabolism is a perquisite for lactate to act as a modifier of
histone acetylation.

DISCUSSION

While interference with genetic changes is currently the foremost strategy to block tumor
growth, it has become obvious in the recent years that there is a significant potential to target
tumor cell metabolism for therapy (Fu et al., 2015; Ghosh et al., 2015; Sancho et al., 2015).
Recent strategies include interference with glycolytic metabolism (Warburg effect) (e.g. by
the compound 2-DG), the electron transport chain, glutamine and branched chain amino
acid metabolism and fatty acid oxidation and synthesis (Leone et al., 2019). In this vein,

a better understanding of energetic fuel requirements are a mean to the identify metabolic
dependencies and thus potentially novel therapeutic approaches to treat recalcitrant solid
malignancies such as glioblastoma WHO IV (Chowdhry et al., 2019; Field et al., 2020;
Kofuji et al., 2019; Leone et al., 2019; Masui et al., 2020; Michealraj et al., 2020; Ngo et
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al., 2020; Vander Heiden et al., 2009). Undoubtedly, glucose is a central fuel for all tumors,
which is either oxidized or converted to lactate (Carrer et al., 2019; Lee et al., 2018). In

the present study, we extend these earlier findings and demonstrate a significant role of
lactate to be a fuel source of oxidative energy metabolism in model system of glioblastoma.
Our findings highlight a significant role of lactate to preserve GBM cell proliferation and
survival even in the presence of mutated IDH1 R132H, which was associated to have

an impact on cellular respiration before (Fu et al., 2015; Karpel-Massler et al., 2017).

It is noteworthy that acetate was not able to rescue GBM cells from nutrient-deprived
mediated reduction in viability, further emphasizing the impact of lactate. By preforming
carbon tracing experiments in vivo we demonstrated further that in orthotopic GBM PDX
models lactate labels substantially the TCA-cycle. Moreover, combined tracer experiments,
involving labeled glucose and lactate suggest that at least in some orthotopic GBM PDX
models lactate appears to be the most predominant carbon substrate to fuel the TCA-cycle,
indicating a pivotal role of lactate in GBM metabolism and suggesting both lactate and
more broadly the TCA-cycle as a potential metabolic liability in GBMs. Others have made
similar observations in preclinical models of non-small cell lung cancer (Faubert et al.,
2017). However, our studies are the first to demonstrate such observations in glioblastoma,
which are biologically highly distinct from lung cancer related to several tumor specific
properties, especially migratory, metastatic behavior and the microenvironment, in particular
related to the oxygen tension. These observations are remarkable for a number of reasons:
i) it suggests that oxidative metabolism plays a vital role in glioma growth, ii) it challenges
the notion that lactate is a waste product of metabolism given that it actually is substantially
utilized in GBM metabolism, iii) it opens up therapeutic opportunities. Regarding the latter,
we took advantage of the clinically validated CPI-613 drug compound (Alistar et al., 2017;
Pardee et al., 2018; Philip et al., 2019). We found that this compound affected animal
survival in PDX madels, opening the opportunity for potential additional studies, involving
the standard of care.

We noted prominent labeling of acetyl-CoA by lactate carbons and therefore hypothesized
that lactate derived acetyl-CoA could serve as substrate for HATs. Remarkably, we found
substantial labeling of histone acetyl residues derived from lactate carbons, increased

global binding of H3K27ac marks to regions around the transcriptional start sites as

well as to cis-regulatory elements (CHIP-seq) and enhanced accessibility of chromatin
(ATAC-seq.) (Buenrostro et al., 2013; Buenrostro et al., 2015) coupled with integral changes
in gene expression, positioning lactate as a significant modifier of the epigenome and

gene expression in model systems of GBM. Interference with this metabolic process at
multiple levels counteracts histone acetylation, reverses pro-survival expression changes and
ultimately ablates growth of GBM cells. These findings extent earlier results, demonstrating
that glucose modifies the epigenome of cancer cells in an ACLY dependent manner to
facilitate growth and survival of tumor cells, including GBM model systems. While other
acids, such as acetate, have been shown to modulate gene expression and the epigenome, at
least, in our model systems tested, acetate was insufficient to reverse cell death precipitated
by low glucose levels. Other model systems suggested that acetate enhances ability of
T-cells to inhibit tumor formation by regulation of their histone landscape.
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In summary, we have identified lactate as a fuel source to drive GBM survival by modulating
the epigenome of GBMs and that this novel axis can be therapeutically targeted, involving

a promising drug compound currently in clinical trials for other solid and non-solid
malignancies.

Limitations of the Study

While our study provides evidence that GBM cells metabolize lactate, which will lead to
the modulation of the epigenome, there are several aspects that remain to be determined. It
remains to be shown whether lactate would affect lactylation and methylation of histones.
Based on research by others it appears likely that a mixture of different post-translational
histone modifications could affect gene expression following lactate exposure. In addition,
a more rigorous characterization of the requirements with regards to lactate transport over
the mitochondrial membrane appears to be necessary, which may involve mitochondrial
localization of MCT1 and related chaperones. In addition, it is necessary to investigate
potential clinical applications further with regards to the administration of CPI-613 and
whether or not it will enhance the efficacy of the standard of care (temozolomide +/-
radiation).

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Markus Siegelin
(ms4169@cumc.columbia.edu).

Materials availability—Plasmids, cell lines and other unique/stable reagents generated in
this study are available from the lead contact without restriction.

Data and code availability

. The unprocessed and uncompressed imaging data have been deposited to
‘Mendeley Data and are publicly available as of the date of publication.
Accession numbers are listed in the key resources table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell cultures and growth conditions—KNS42 cells were obtained from the Japanese
Collection of Research Bioresources Cell Bank (JCRB, IFO50356). U87MG, DBTRG0O5MG
and U251 human glioblastoma cell lines were purchase from the American Type Culture
Collection (Manassas, VA). NCH644 stem cell-like glioma cells were obtained from Cell
Line Services (CLS, Heidelberg, Germany). U87-EGFRVIII cells were kindly provided by
Dr. Frank Furnari (Ludwig Institute for Cancer Research, La Jolla, CA). Patient-derived
glioblastoma cell lines, GBM22, GBM43, GBM12 were obtained from Dr. Jann Sarkaria
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(Mayo Clinic, Rochester, MN) 2018 and 2021. GBM12 is a patient-derived xenograft line
derived from a male patient (glioblastoma WHO grade 1V, IDH-wildtype, mesenchymal
molecular subtype, EGFR amplified, PTEN wt, TP53 mutated (splice mutation), MYC
non-amplified). GBM22 is a patient-derived xenograft line derived from a male patient
(Gliosarcoma WHO grade 1V, IDH-wildtype, classical molecular subtype, IDH1 wt, EGFR
gain, PTEN wt, TP53 mutated, MY C amplified). GBM43 is a patient-derived xenograft
line derived from a male patient (Glioblastoma WHO grade IV, IDH-wildtype, classical
molecular subtype, IDH wt, EGFR gain, PTEN wildtype, TP53 mutated, MYC non-
amplified). The GBM cell lines were cultured in Dulbecco’s modified Eagle’s medium
(Fisher Scientific, MT10013CV), supplemented with 10% fetal bovine serum (Gemini) and
100 pg/ml Primocin (Invivogen, ant-pm-1) and were maintained at 37°C in an atmosphere
containing 5% CO,.

METHOD DETAILS

Cell viability—Cell viability was performed in a 96-well plate with density 3,000 cells

per well, incubated with different media conditions for 24h or 72h, and was analyzed with
CellTiter-Glo® Luminescent Cell Viability Assay (Promega, G7571) or Crystal Violet Assay
Kit (Abcam, ab232855) according to the manufacturer’s instruction. For the crystal violet
staining, cells were fixed in 3.7% PFA (Thermo Fisher, 28908) and staining with 0.05%
crystal violet for 30min followed by three washes in water. The stained-wells were dried for
few minutes and solubilized with 50% methanol. The plate was analyzed in a plate reader at
545 OD.

Small interference RNA transfection—GBM cells were seeded with density 30,000
cells per well in a 12 well plate for 24h prior to the transfection. Lipofectamine RNAIMAX
(Invitrogen, 13778075) was used according to manufacturers’ instructions. siRNAs

were purchased from Dharmacon: siNT (D-001810-10), siSLC16A1#6 (J-007402-06),
siSLC16A1#7(J-007402-07), siSLC16A1#8 (J-070402-08), siPDHAL (L-010329-00-0005),
siPC (L008950-00-0005), siACLY#1 (J-004915-05 ), siIACLY#2 (J-004915-06 ), SIACLY#3
(J-004915-07), SiIACLY#4 (J-004915-08).

Plasmid constructs—Lentivirus production was performed by transfection of pMD2.G,
psPAX2 and the relevant lentivirus transfer plasmid into 293T cells. The viral

supernatant was collected over 72h. The viral particles were filtered and concentrated
before they were used for transduction of target GBM cells. For knock down

experiments, cells were infected in the presence of 8 ug/mL polybrene (Santa

Cruz Biotechnology, sc-134220) and were selected with puromycin (Santa Cruz
Biotechnology, sc-108071) to obtain stable cell lines expressing the desired constructs.
Plasmid constructs were purchased from Sigma: shSLC16A1#35 (TRCN0000038535),
shSLC16A1#39 (TRCN0000038339), shSLC16A1#40 (TRCN0O000038340),
shPDHA1#582 (TRCN0000028582), shPDHA1#590 (TRCN0000028590), shPDHA1#602
(TRCN0000028602), shACLY#3 (TRCN0000078283), ShACLY#4 (TRCN0000078284).
shScramble was purchased from Addgene (Cat#1864). pLV-EF1-NDI1-IRES-RFP-

WPRE (Saccaromyces.Cerevisiae) and pLV-EF1-ORF-IRES-RFP-WPRE (empty vector)
(Saccaromyces Cerevisiae) were kindly provided by Dr. Chandel (Northwestern University,
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Chicago, IL) (Wheaton et al., 2014). pCDH-3xFlag (empty vector) and pCDH-PDHA-WT-
Flag-Blasticidin were provided by Dr. Lin (Wake Forest School of Medicine, Winston-
Salem, NC) (Cai et al., 2020). pLX304 control (EX-NEG-LX304) and pLX304_ACLY_V5
(EX-OL00009-LX304) were purchased from Genecopoeia (Rockville, MD).

Site directed mutagenesis—Mutated PDHA constructs was generated by using
QuikChange Il XL Site-Directed Mutagenesis Kit (Agilent, 200521) according to the
manual guidelines. Primer sequences are in the Table S2.

Seahorse mito stress assay—Oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) were evaluated using the 8-well Seahorse XFp Extracellular

Flux Analyzers (Agilent Inc.) according to the manufacturer instructions. Briefly, GBM cell
lines were seeded at 80-90% density for 24h prior the assay. Cells were starved for 30
minutes. Thereafter, cells were either left in Seahorse XF basic medium without glucose and
glutamine in the presence or absence of 10 mM lactate (0-0-10mM) or in the Seahorse XF
basic medium supplemented with 5mM glucose (5-0-0). The assay medium was adjusted to
the final pH of 7 prior to incubate GBM cells for 1h in a CO5free incubator. Then, cells
were exposed to extracellular flux analysis on the Seahorse XFp instrument to perform a
mitochondrial stress assay and assess the different oxygen consumption rate (OCR). The
following compounds were injected in a sequential order: 2.5 uM oligomycin, 2 uM FCCP,
and 0.5 uM rotenone/antimycin. The results are automatically generated in the Seahorse XF
Mito Stress Test Report.

Flow cytometry—Apoptosis evaluation was assessed by Annexin V/ propidium iodide
staining using the Annexin V Apoptosis Detection Kit (BD Biosciences, 556547) according
to the manufacturer’s instruction. For Pl staining, cells were collected in 200 L ice-cold
PBS in flow cytometry tubes and were fixed with 800ul ice-cold 85% ethanol overnight

at 4°C. Cells were centrifuged at 1400 rpm, the supernatant was removed and the cells
were stained with 200 pL PI/RNase staining solution (Cell Signaling Technology, 4087S)
prior to the flow cytometric analysis (LSRII). For the EdU/ PI staining, the Click-iT EdU
Alexa Flour 488 Flow Cytometry Assay kit (Thermo Fisher Scientific, C10632) was used.
The EdU dye was added to the culture media 1h prior to collect the cells according to the
manufacturer’s guidelines. Data were analyzed using FlowJo software (version 10.8.1; Tree
Star, Ashland, OR).

Western blot analysis—Whole cell lysates were collected using 1X Laemmli Buffer

and denatured for 5 min at 95°C. Protein were loaded on gradient precast gels purchased

by Invitrogen (NP0321BOX). Western blot apparatus system from Invitrogen was utilized.
Primary antibody used: MCT1/SLC16A1 (CST, 85680), ATP-Citrate Lyase (CST, 4332),
PCK1 (D12F5) (CST, 12940), H3K9%ac (CST, 9649), H3K27ac (CST, 4353), H3 (CST,
14269), PDHALI (Invitrogen, 8D10E6), Acetyl-H3 (Sigma-Aldrich, 06-599), H3K14ac
(Active Motif, 61433), PCB (Abcam, ab115579), 14-3-3 (C20) (Santa Cruz, sc-628), V5-
Tag (E9H8O) (CST, 80076), p-actin (Sigma-Aldrich A1978, clone AC15), and Flag (Sigma-
Aldrich, F3165). The secondary antibodies were used: anti-rabbit 1IgG (H + L) secondary
antibody, HRP (Thermo Fisher 31460; 1: 3000) and anti-mouse 1gG (H + L) secondary
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antibody, HRP (Thermo Fisher 31430; 1: 3000). The western blots were acquired by using
the Azure (C300) imaging system (Azure Biosystems).

Real-time PCR analysis—RNA was extracted with the miRNAeasy Mini Kit (QIAGEN,
217004). 500ng of total RNA was reverse transcribed using cDNA synthesis kit (Origene).
Gene expression was evaluated by gPCR using SYBR green RT-PCR kit (Applied
Biosystems) and the reaction was run at 95°C for 10 min, followed by 40 cycles of 95°C for
15 s, 60°C for 30 s, and 72°C for 30 s, on a gPCR Instrument (Quantabio). Primer sequences
are in the Table S2.

Microarray and gene set enrichment analysis—Transcriptomic analysis and gene set
enrichment analysis (GSEA) was performed as previously described (Nguyen et al., 2020)
and was deposited in GEO (GSE145699).

Liquid chromatography and mass spectrometry (LC/MS) and isotope tracing—
Histones were purified according to the acid extraction protocol (Sidoli et al., 2016). KNS42
cells were cultured in 15 cm dishes and nuclei were harvested on ice-cold NIB buffer (15
mM Tris-HCL pH7.5, 15 mM NaCl, 250 mM sucrose 5 mM MgCl,, 1 mM CaCl,, 60

mM KCl and 1mM DTT, 10 mM sodium butyrate, 1X protease inhibitors, 0.1% NP-40),
followed by a 10 min incubation on ice with vortexing every 3 min. Nuclei were pelleted

at 700xg for 5 min at 4 °C and washed with NIB buffer without NP-40. The nuclear pellets
were then resuspended in 0.2M H,SO,4 and incubated for 4 h at 4°C. After centrifugation,
histones were precipitated from the supernatant by addition of 20% TCA for 1h. The pellet
was washed with acetone containing 0.1% HCI, and then with 100% acetone. Histones

were dried at RT and resuspended in distilled water and analyzed by LC/MS. For the in
vitro stable isotope tracing experiments, GBM cells were grown in DMEM high glucose,
10% FBS and primocin media condition to 80-90% confluence. Then, they were washed
with PBS before a 24h incubation with a media consisting of DMEM without glucose,
glutamine, and phenol red in the presence of 10% dialyzed FBS (Thermo Fisher) and 10mM
solution of [U-13C] sodium L-lactate (Cambridge Isotope Laboratories, Inc; CLM-29731).
Thereafter, polar metabolites were extracted using 80% ice-cold HPLC grade methanol and
the supernatant was processed for analysis by LC/MS.

Chromatin immunoprecipitation (CHIP) sequencing and ATAC-sequencing—
ChIP assays were performed according to the manual instructions (SimpleChIP® Enzymatic
Chromatin IP Kit, CST, 9003). Each immunoprecipitation required 4x10% GBM cells,

which were cross-linked using 1% formaldehyde in culture medium for 10min at RT

and quenched with glycine for 5 min. Chromatin Immunoprecipitations were performed
using H3K27ac antibody (CST, 4535), H3K9ac antibody (CST, 9649), Rabbit 1gG antibody
(CST, 2729). DNA was eluted, purified and analyzed by RT-PCR (QuantaBio). CHIP
H3K27ac or H3K9ac samples were analyzed by next generation sequencing (lllumina
HiSeQ instrument; HiSeq 4000; single read 50 bp (SR50)). ChIP-seq data were deposited in
GEO (GSE151852).

For the ATAC-seq, cells were grown in different media conditions with or without L-lactate
for 24h. Thereafter, cells were harvested and subjected to ATAC-seq kit according to the
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manual instructions (Active Motif; 53150). Purified tagmented DNA was processed for PCR
amplification to create a library for the subsequent Next Generation Sequencing of ATAC
samples. ATACseq data were deposited in GEO (GSE162831).

Orthotopic glioblastoma models—500,000 U87-EGFRVIII, GBM12 or GBM22 PDX
GBM cells were prepared in PBS for stereotactic injection into 6—8 weeks old Nu/Nu mice
as previously described (Nguyen et al., 2020). A Hamilton syringe was introduced into a
burr hole 3 mm lateral, 1 mm anterior of the bregma and 3 mm down into the striatum using
a stereotactic device. Tumor cells were then stereotactically injected at a rate of 1 pL/min.
For monitoring the tumor growth, MRI imaging was performed using a Bruker BioSpec™,
9.4 Tesla imaging device. Mice were injected intraperitoneally four times a week with
CPI613 or vehicle at the dosage of 50mg/kg. For intraperitoneal application CP1-613
(APEXBIO) was dissolved in 10% DMSO, 32% Kolliphor (Kolliphor® EL- Sigma Aldrich)
8% Ethanol (Pharmco-Aaper, Brookfield, CT) and 50% PBS. Animals were monitored for
tumor growth-related symptoms, such as neurological deficits, weight loss or death of the
animal, which was considered as the primary endpoint. All procedures were conducted

in accordance with Animal Welfare Regulations and were approved by the Institutional
Animal Care and Use Committee (IACUC) at the Columbia University Medical Center
(AC-AABCB6505, AC-AAAV7451, and AC-AABI3633).

Liquid chromatography and mass spectrometry (LC/MS) extraction from
tumors—A 20% (w/w) solution of [U-13C] sodium L-lactate in H,O was purchased from
CIL (Cambridge Isotope Laboratories, Inc; CLM-29731). The labeled-lactate solution was
injected intraperitoneal into 6-8 weeks old Nu/Nu at doses 2 g/kg which were sacrificed
30 min after the i.p. injection. Tumor tissue and the other organs were rapidly harvested
and weighted on an analytic balance. 10-20 mg of brain tumor or other organs were placed
in tubes containing 80% ice-cold HPLC grade methanol and dissociated. The homogenized
tissue was centrifuged at 140009 for 10min at 4°C and the supernatant was processed for
polar metabolite analysis by LC/MS.

Mass spectrometry imaging (MSI)—Formalin fixed, paraffin embedded mouse brain
sections were deparaffinized by submerging in xylene for 3 min and allowed to dry. A
digital image of the slide was acquired using an Epson V600 flatbed document scanner
for alignment and region-of-interest definition in the mass spectrometer. MALDI matrix
(1,5-diaminonapthalene [DAN]) was prepared at a concentration of 10 mg/mL in 50%
acetonitrile. Matrix was deposited as a uniform coating using and HTX M5 Robotic Reagent
Sprayer (HTX Technologies, Chapel Hill, NC). Image acquisition was performed using
FlexImaging 5.1 in negative ion mode using a Bruker timsTOF fleX MALDI QTOF mass
spectrometer (Bruker Daltonics, Billerica, MA). Digital microscopy images were acquired
of the sections at 20X magnification using a Hamamatsu NanoZoomerSQ Slide Scanner
(Hamamatsu Corporation, Bridgewater, NJ). Images were viewed and annotated for tumor
regions using NDP.view2 (Hamamatsu). Annotated images were merged with the images
of the sections used for data collection using GIMP (www.gimp.org) and the annotated
regions of interest extracted for data analysis. Metabolite identification was performed by
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loading the image data into MetaboScape 2021b (Bruker) and searching against the HMDB
database.

Quantification and statistical analysis—Statistical significance was assessed by
two-tailed student’s t-test or ANOVA (for multiple comparisons) using Prism version 8
(GraphPad, La Jolla, CA). A p < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Lactate is metabolized in glioblastoma, which is dependent on cellular
respiration.

Lactate provides carbons to acetyl-residues of histones.

Lactate modifies the enhancer and super-enhancer landscape of GBM cells.
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Figure 1. Lactate facilitates survival of GBM model systems under nutrient deprived conditions
in a manner dependent on the MCT1 transporter
(A) Shown is the mRNA levels of SLC16A1 (MCT1) in the TCGA glioblastoma database.

Data was extracted from oncomine.org. Middle lines in boxplot: median; box ranges: upper:
75th percentile; lower: 25th percentile; error bars: 10th and 90th percentile.

(B) SLC16A1 (MCT1) mRNA expression in the cBioPortal cancer genomics database of
1739 cell lines. KNS42, a pediatric GBM cell line (highlighted in red), is among the top of
cell lines with high expression of MCT1 mRNA levels. A complete list of cell lines with the
relative SLC16A1 mRNA levels is shown in the Table S1.
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(C) Real time PCR analysis of SLC16A1 (MCT1) mRNA levels in astrocyte, established
glioblastoma, patient-derived xenograft glioblastoma, and stem-like glioblastoma cells
(n=4). FC: fold change. 18S is used as a housekeeping gene.

(D-G) GBM cells were cultured in different media conditions: physiological media,
starvation media, and lactate media for 72h and cell viability analysis was assessed by
using CellTiter-Glo (n=5).

(H, 1) GBM cells were cultured in starvation media, 5 mM lactate media, or 10 mM lactate
media for 48h and the cells were stained with annexin V/propidium iodide staining (n=3).
The quantification was shown in (1).

(J) Shown is the quantification of EdU positive (S-phase) staining in GBM cells cultured in
starvation media or 10 mM lactate media for 48h (n=3).

(K) KNS42 and GBM22 cells were transfected with non-targeting siNT or MCT1 specific
siRNAs, cultured in starvation media or 10 mM lactate media for 48h and the cells were
stained with annexin V/propidium iodide staining (n=3). *Statistical analysis was performed
between starvation media and lactate media, +statistical analysis was performed between
SiNT and siMCT1.

(L) Western blot of GBM cells that were transfected with non-targeting siNT or MCT1
specific SIRNA.

(M) KNS42 and GBM22 cells were transduced with non-targeting ShNT or MCT1 specific
shRNAs, cultured in physiological media, starvation media, or lactate media for 48h and
analysis of cell viability was performed (n=4).

Statistical significance was assessed by a two-tailed student’s t-test in (J) or ANOVA

with Dunnett’s multiple comparison test in (D-G, I, K, M). Data are shown as mean *

SD. *p<0.05, **p<0.01, ***/ ****p<0.001. Media condition: physiological media (5 mM
glucose, 1 mM glutamine), starvation media (0.5 mM glucose, 0.5 mM glutamine), 5 mM
lactate media (0.5 mM glucose, 0.5 mM glutamine, 5 mM lactate), 10 mM lactate media (0.5
mM glucose, 0.5 mM glutamine, 10 mM lactate), 15 mM lactate media (0.5 mM glucose,
0.5 mM glutamine, 15 mM lactate). See also Figure S1.
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Figure 2. Lactate mediated rescue of GBM viability is dependent on a functional electron
transport chain/oxidative phosphorylation

(A, B) GBM cells were exposed to the starvation media (0.5 mM glucose, 0.5 mM
glutamine) or lactate media (0.5 mM glucose, 0.5 mM glutamine, 10 mM lactate) overnight
and were subjected to transcriptomic analysis and followed by GSEA. Shown are the
enrichment plots of TCA cycle, mitochondrial respiration complex, and electron transport
chain. NES: normalized enrichment score. FDR: false discovery rate.

(C, D) KNS42 cells were exposed to the starvation media or lactate media overnight. Cells
were then harvested and processed for polar metabolite LC/MS analysis. Metabolite set
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enrichment analysis was performed using MetaboAnalyst. Shown is the pathway impact and
the TCA cycle is highlighted in red.

(E) KNS42 and GBM22 cells were starved for 30 minutes (0 mM glucose, 0 mM glutamine,
0 mM lactate), exposed to 5mM glucose or 5SmM glucose+10 mM lactate, and subjected to
extracellular flux analysis on the Seahorse XFp instrument to perform a mitochondrial stress
assay. OM; oligomycin. FCCP; Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone.
R/A; Rotenone and antimycin (n=3).

(F) KNS42 and GBM22 cells were starved for 30 minutes, exposed to 10 mM lactate in

the presence or absence of 1nM IACS-010759, a clinically validated respiratory complex |
inhibitor, and subjected to extracellular flux analysis to perform a mitochondrial stress assay
(n=3).

(G, H) KNS42 and GBM22 cells were exposed to physiological media (5 mM glucose, 1mM
glutamine) or lactate media (0.5 mM glucose, 0.5 mM glutamine, 10 mM lactate), treated
with 1nM IACS-010759 for overnight (KNS42)/ 7h (GBM22) and the cells were stained
with annexin V/propidium iodide staining (n=3). The quantification was shown in (H).

(1) KNS42 and GBM22 cells transduced with empty vector (EV) or a vector containing
NDI1 cDNA, exposed to physiological media or lactate media, treated with increasing
concentration of IACS-010759 for 24h and cell viability was analyzed (n=4).

(J) KNS42 and GBM22 cells transduced with empty vector (EV) or a vector containing
NDI1 cDNA, exposed lactate media (0.5 mM glucose, 0.5 mM glutamine, 10 mM lactate),
treated with 1nM IACS-010759 for 7h, and subjected to extracellular flux analysis on the
Seahorse XFp instrument to perform a mitochondrial stress assay (n=3).

Statistical significance was assessed by a two-tailed student’s t-test. Data are shown as mean
+ SD. *p<0.05, **p<0.01, ***/ ****p<0.001. n.s: not significant. See also Figure S2, S3 and
Table S1.
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Figure 3. U-13C lactate substantially labels the intermediary metabolism of GBM cultures and
PDHAL1 is involved in lactate metabolism/survival pathways

(A) Established GBM cells, pediatric GBM cells, and patient-derived GBM cells were
incubated in DMEM depleted of phenol red, glucose, and glutamine, supplemented with
1.5% dialyzed FBS in presence or absence of 10 mM U-13C-labelled lactate for 16h

and were processed for LC/MS polar metabolite analysis. Shown are fraction of the
isotopologues for each metabolite (n = 3).
(B) Shown are the 13C-sodium lactate carbons and how they are transferred among
molecules of the TCA cycle. Lactate is metabolized to pyruvate (m + 3). Lactate is either
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oxidized in the TCA cycle, resulting in (m + 2) citric acid. If lactate is used for anaplerosis,
citric acid (m + 3) is produced. Lactate carbons also label acetyl-CoA via the ATP-citrate
lyase (ACLY) reaction in the cytosol.

(C) KNS42 cells were exposed to different media conditions containing U-13C-lactate
overnight and were performed LC/S analysis. Media condition: 0-0-10: 0 mM glucose, 0
mM glutamine, 10 mM lactate, 0.5-0.5-10: 0.5 mM glucose, 0.5 mM glutamine, 10 mM
lactate, 5-0-10: 5 mM glucose, 0 mM glutamine, 10 mM lactate, 5-1-10: 5 mM glucose, 1
mM glutamine, 10 mM lactate. Shown are fraction of the isotopologues for each metabolite
(n=3).

(D) KNS42 and GBM22 cells were exposed to physiological media (5 mM glucose, 1 mM
glutamine) or lactate media (0.5 mM glucose, 0.5 mM glutamine, 10 mM lactate) and were
treated with increasing concentration of CP1613 for 24h and cell viability analysis was
performed (n=4).

(E) DARTS assay identifies PDHAL as a CPI-613 binding protein. Standard western blot
of GBM cell extracts were used in the presence or absence of Pronase. 14-3-3 is used as a
loading control.

(F) Stably transduced empty vector (EV) and PDHA wild-type KNS42 cells were exposed
to 10 mM lactate and were treated with CP1613 for 24h and the cells were stained with
annexin V/propidium iodide staining (n=3). Shown is the quantification of viable cells. FC:
fold change.

(G, H) Stably transduced non-targeting ShRNA or PDHA specific ShRNA KNS42 and
GBM22 cells were cultured in starvation media or 10 mM lactate media and cells were
labeled with Annexin/PI dye and analyzed by flow cytometry. Quantification is shown in (H)
(n=3).

(1) Standard western blot of KNS42 and GBM22 cells transduced with non-targeting shNT
or PDHAL1 specific sShRNA.

(J-K) Stably transduced non-targeting sShNT or PDHAL specific ShRNA KNS42 cells were
transduced with empty vector (EV), PDHA1-R wild-type (PDHAL cDNA resistant against
PDHAL shRNA), or PDHA1-R S293E, cultured in starvation media or 10 mM lactate
media, and cell viability analysis or Annexin/Pl staining were performed (n=3).

Statistical significance was assessed by a two-tailed student’s t-test. Data are shown as mean
+ SD. *p<0.05, **p<0.01, ****p<0.001. n.s: not significant. See also Figure S4.
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Figure 4. Lactate predominantly labels the TCA-cycle in orthotopic PDX models in mice and
pharmacological targeting of the TCA-cycle extends animal survival

(A) Schematic representation of the intracranial model of glioblastoma. GBM cells were
implanted into the right striatum of nude mice for three weeks. An equal amount of both
3-13C-labelled lactate (m+1) and U-13C-labelled glucose (m+6) were injected i.p 30 min
prior to brain tumor collection.

(B) Shown is the U-13C-glucose carbons (red) and 3-13C-lactate carbons (blue) and how
they are transferred among molecules of the TCA cycle. Glucose is metabolized to pyruvic
acid labelling three carbons, while lactate is metabolized to pyruvic acid labelling just one
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carbon. Glucose derived carbons label the TCA cycle metabolites in a (m + 2) pattern, while
lactate labelling occurs in (m+1).

(C) GBM12 cells were implanted into the right striatum of Nu/Nu mice for three weeks. An
equal amount of both 3-13C-labelled lactate (m+1) and U-13C-labelled glucose (m+6) were
injected i.p 30 min prior to brain tumor collection for LC/MS analysis.

(D) Shown are the levels of TCA cycle-intermediates isotopologue m+1 (derived from
lactate, blue dot graph) and TCA cycle-intermediates isotopologue m+2 (derived from
glucose, red dot graphs).

(E, F) Two groups of mice implanted with GBM12 cells were randomly assigned: vehicle
and CP1613 (50mg/kg) treatment was initiated after seven days of the implantation. Mice
were treated four times per week by i.p. injection. Shown is the tumor size of representative
MRI images using a Bruker BioSpecTM, 9.4 Tesla MR Imager. The quantification is shown
in (F) (n=5).

(G) GBM cells were implanted into the right striatum of Nu/Nu mice and treated with
vehicle or CP1613 (50mg/kg) four times a week to assess tumor growth-related symptoms/
survival.

(H) Representative hematoxylin and eosin staining and MALDI-TOF imaging of the brain
tissues treated with vehicle or CP1613.

(1, J) TUNEL and Ki67 staining of the vehicle or CP1613 treated GBM22 tumors treatment
in (G). Scale bar: 50um.

Statistical significance was assessed by a two-tailed student’s t-test. Kaplan—Meier curves
of animal’s survival are provided and the log-rank test was used to assess statistical
significance. Data are shown as mean + SD. *p<0.05, **p<0.01. See also Figure S5.
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Figure 5. Lactate labels acetyl-CoA and acetyl-residues of histone proteins in GBM models
(A, B) KNS42 cells were incubated overnight in starvation media (0.5 mM glucose, 0.5

mM glutamine) or lactate media (0.5 mM glucose, 0.5 mM glutamine, 10 mM lactate) and
processed for LC/MS analysis to measure the absolute and relative acetyl-CoA levels.

(C, D) KNS42 and GBM22 cells were incubated overnight in the presence of 10 mM
U-13C-labelled lactate and processed for LC/MS analysis. Shown are labeled and unlabeled
fractions of Acetyl-CoA.

(E-L) KNS42 and GBM22 cells incubated with 10 mM of U-13C-labelled lactate overnight,
the cells were used to extract histones (acidic extraction) to evaluate the incorporation of
labeled carbons in histone peptides. Shown are the spectra of different histone peptides and
the related acetylation sites which have incorporated the labelled lactate carbons. Shown in
(K, L) are the fractions of enriched acetyl-peptides derived from U-13C-lactate carbons for
the histone 3 (H3), histone 2A (H2A) and histone 4 (H4) at different lysine.
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(M) Standard western blot of GBM cells were incubated with different concentration of
lactate for 24 h. H3 is used as a loading control. See also Figure S6.
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Figure 6. Lactate enhances the accessibility of chromatin and regulates the enhancer landscape
(A) KNS42 were exposed to the media conditions as indicated: starvation media (0.5 mM

glucose, 0.5 mM glutamine), lactate media (0.5 mM glucose, 0.5 mM glutamine, 10 mM
lactate), physiological media (5 mM glucose, 1mM glutamine) overnight and harvested for
ChIP with H3K27ac antibody followed by massive parallel DNA-sequencing (ChlP-seq).
The CHIP H3K27ac signal enrichments of normalized reads at the transcriptional start sites
as well as the metagene plots are shown (presented as clusters with the highest to lowest
peak intensities).
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(B) The gene ontology cluster analysis shows enrichment for mitochondrial related genes
(cluster 1 from (A)).

(C, D) MACS?2 peak calling was performed on the three individual samples in (A), annotated
to their localization (promoter, exon, intron or intergenic) and quantified in relative and
absolute number.

(E-G) Enhancer and super-enhancer analysis was performed in KNS42 exposed to the
starvation and lactate media using a modified ROSE algorithm. GO biological process
analysis on the super-enhancer regions is shown in (E). The super-enhancers (SE) are
highlighted in a hockey-stick plot is shown in (F). A heat map and a metagene plot of the
super-enhancer regions are presented in (G).

(H) ATAC-seq. analysis was performed to compare chromatin accessibility in KNS42 were
exposed to the starvation media and lactate media. Shown are the heatmaps for the peak
intensity detected. See also Figure S6.
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Figure 7. ATP-citrate lyase (ACLY) is a key enzyme in lactate metabolism and facilitates histone

acetylation in GBM models
(A) GBM cells were cultured in physiological media (5 mM glucose, 1mM glutamine)

and lactate media (0.5 mM glucose, 0.5 mM glutamine, 10 mM lactate) and treated with

increasing concentrations of BMS303141 for 24h and cell viability analysis was performed.

FC: fold change (n=4).

(B) GBM cells were transduced with non-targeting sShNT or ACLY specific ShRNAs,
exposed to different media conditions: physiological, starvation media, and lactate media,
and cell viability analysis was performed (n=4). *the statistical analysis was compared
between shNT and shACLY.

(C) Standard western blot of KNS42 and GBM22 cells transduced with non-targeting shN
or ACLY specific ShRNA. Actin is used as a loading control.

(D) Standard western blot of stably transduced sShNT or ShACLY KNS42 cells further
infected with empty vector (EV) or ACLY cDNA in the presence or absence of 10 mM
lactate.

T

(E) Stably transduced shNT or shACLY (3’UTR) KNS42 cells were transduced with empty

vector (EV) or ACLY cDNA, exposed to different media culture: physiological media,
starvation media, and lactate media, and cell viability analysis was performed (n=4).
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(F) Standard western blot of KNS42 and GBM22 cells cultured in the presence or absence of
10 mM lactate media and treated with increasing concentrations of BMS303141 for 24h.
(G) Standard western blot of stably transduced shNT or shACLY in KNS42 and GBM22
cells cultured in the presence or absence of 10 mM lactate media.

(H) Stably transduced shNT or shACLY (3’UTR) KNS42 cells were transduced with empty
vector (EV) or ACLY cDNA, exposed to different media culture: physiological media,
starvation media, and lactate media. Thereafter, the cells were collected for standard western
blot with indicated antibodies.

(1) Stably transduced shNT or shACLY in KNS42 cells were incubated with 10 mM U-13C-
labelled lactate overnight and processed for LC/MS analysis (n=3).

Statistical significance was assessed by a two-tailed student’s t-test in (E, 1) or ANOVA with
Dunnett’s multiple comparison test in (B). Data are shown as mean + SD and +SEM in (A).
*p<0.05, **p<0.01, ***/ ****p<0.001. See also Figure S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

MCT1/SLC16A1 Cell signaling Cat# 85680
ATP-Citrate Lyase Cell signaling Cat# 4332
PCK1 (D12F5) Cell signaling Cat# 12940
Acetyl-Histone H3 (Lys9) (C5B11) Cell signaling Cat# 9649
Acetyl-Histone H3 (Lys27) Cell signaling Cat# 4353
Histone H3 (1B1B2) Cell signaling Cat# 14269
PDHA1 Invitrogen Cat# 8D10E6
Acetyl-Histone H3 Sigma Cat# 06-599
Histone H3K14ac Active Motif Cat# 61433
PCB Abcam Cat# ab115579
14-3-3 (C20) Santa Cruz Cat# sc-628
V5-Tag (E9H80) Cell signaling Cat# 80076
B-actin Sigma Cat# A1978, clone AC15
Flag Sigma Cat# F3165

anti-rabbit IgG (H + L) secondary antibody, HRP
anti-mouse 1gG (H + L) secondary antibody, HRP

Thermo Fisher

Thermo Fisher

Cat# 31460
Cat# 31430

Chemicals, Peptides, and Recombinant Proteins

BMS-303141

Oligomycin A

I1ACS-010759

Devimistat (CPI-613)

Pronase

Sodium Acetate

L-(+)-Lactic acid >98%

Sodium L-lactate

D-Glucose (U-13C6, 99%)

Sodium L-Lactate (3-13C, 98%) 20% w/w in H20

Sodium L-Lactate (Microbiological/Pyrogen Tested)
(13C3, 98%) 20% w/w in H20

MedChemExpress

Selleckchem

Selleckchem

Selleckchem

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Cambridge Isotope Laboratories, Inc

Cambridge Isotope Laboratories, Inc

Cambridge Isotope Laboratories, Inc

Cat# HY-16107
Cat# S1478

Cat# S8731

Cat# S2776

Cat# 10165921001
Cat# S2889

Cat# L1750

Cat# L7022

Cat# CLM-1396-2
Cat# CLM-1578-PK

Cat# CLM-1579-MPT-PK

Critical Commercial Assays

NuPAGE™ 4 to 12%, Bis-Tris, 1.0-1.5 mm, Mini
Protein Gels

CellTiter-Glo® Luminescent Cell Viability Assay
Crystal Violet Assay Kit

16% Formaldehyde (w/v), Methanol-free
Lipofectamine RNAIMAX Transfection Reagent
QuikChange Il XL Site-Directed Mutagenesis Kit

Thermo Fisher

Promega
Abcam
Thermo Fisher
Invitrogen

Agilent
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REAGENT or RESOURCE SOURCE IDENTIFIER
Seahorse XFp Glycolysis Stress Test Kit Agilent Cat# 103017-100
Seahorse XFp Cell Mito Stress Test Kit Agilent Cat# 103010-100
Annexin V Apoptosis Detection Kit BD Biosciences Cat# 556547
Propidium lodide (PI)/RNase Staining Solution Cell signaling Cat# 4087S
ﬁliltCk_lT EdU Alexa Flour 488 Flow Cytometry Assay Thermo Fisher Cat# C10632
miRNeasy Mini kit Qiagen Cat# 217004
First Strand cDNA Synthesis Kit Origene Cat# NP100042
PerfeCta® SYBR® Green FastMix VWR Cat# 101414-270
SimpleChIP® Enzymatic Chromatin IP Kit Cell signaling Cat# 9003
ATAC-Seq Kit Active Motif Cat# 53150
Deposited Data

Microarray data GEO database ID: GSE145699
ChIP-seq data GEO database ID: GSE151852
ATAC-seq data GEO database ID: GSE162831
Raw Data Western Blot Mendeley http://dx.doi.org/10.17632/pd854w5cyy.1

Experimental Models: Cell Lines

KNS42

U87-MG
DBRTG-05MG
U251

NCH644
IDH1(R132H) U87
U87-EGFRVIII
GBM22 cells
GBMA43 cells
GBM12 cells
Astrocyte

Japanese Collection of Research
Bioresources Cell Bank

American Type Culture Collection
American Type Culture Collection
Sigma

Cell Line Services

American Type Culture Collection

Ludwig Institute for Cancer Research

Mayo Clinic
Mayo Clinic
Mayo Clinic

ScienceCell Research Laboratories

Cat# IFO50356

Cat# HTB-14

Cat# CRL-2020
Cat# CB_09063001
Cat# 300124

Cat# HTB-141G
Frank Furnari

Jann Sarkaria

Jann Sarkaria

Jann Sarkaria

Cat# 1800

Oligonucleotides

ON-TARGETplus Non-targeting Pool
ON-TARGETplus Human SLC16A1siRNA#6
ON-TARGETplus Human SLC16A1siRNA#7
ON-TARGETplus Human SLC16A1siRNA#8
ON-TARGETplus Human PDHAL siRNA
ON-TARGETplus Human PC siRNA
ON-TARGETplus Human ACLY siRNA#1
ON-TARGETplus Human ACLY siRNA#2
ON-TARGETplus Human ACLY siRNA#3
ON-TARGETplus Human ACLY siRNA#4
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Dharmacon
Dharmacon
Dharmacon
Dharmacon
Dharmacon
Dharmacon
Dharmacon
Dharmacon
Dharmacon

Dharmacon

Cat# D-001810-10
Cat# J-007402-06
Cat# J-007402-07
Cat# J-070402-08

Cat# L-010329-00-0005
Cat# L008950-00-0005

Cat# J-004915-05
Cat# J-004915-06
Cat# J-004915-07
Cat# J-004915-08
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REAGENT or RESOURCE SOURCE IDENTIFIER
shSLC16A1#35 Sigma Cat# TRCN0000038535
shSLC16A1#39 Sigma Cat# TRCN0000038339
shSLC16A1#40 Sigma Cat# TRCN0000038340
shPDHA1#582 Sigma Cat# TRCN0000028582
shPDHA1#590 Sigma Cat# TRCN0000028590
shPDHA1#602 Sigma Cat# TRCN0000028602
ShACLY#3 Sigma Cat# TRCN0000078283
ShACLY#4 Sigma Cat# TRCN0000078284
Recombinant DNA
pLV-EF1-NDI1-IRES-RFP-WPRE Northwestern University Navdeep Chandel
pLV-EF1-ORF-IRES-RFP-WPRE Northwestern University Navdeep Chandel

Wake Forest School of Medicine, . .
pCDH-3xFlag Winston-Salem, NC Hui-Kuan Lin
PCDH-PDHA-WT-Flag-Blasticidin Wake Forest School of Medicine, Hui-Kuan Lin

pLX304
pLX304_ACLY_V5

Winston-Salem, NC
Genecopoeia

Genecopoeia

EX-NEG-LX304
EX-OL00009-L X304

Software and Algorithms

Galaxy software
Integrated Genome Browser 9.1.8

GraphPad Prism 9
MataboAnalysis 5.0

Basepair

CompuSyn

FlowJo software (version 10.8.1)

Azure (C300) imaging system

https://usegalaxy.org/
BioViz.org.
GraphPad

https://www.metaboanalyst.ca/
home.xhtml

Basepair Tech
ComboSyn, Inc.
BD

Azure Biosystems

N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
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