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Malignant gliomas are heterogeneous tumors, mostly incurable, arising in the cen-
tral nervous system (CNS) driven by genetic, epigenetic, and metabolic aberrations.
Mutations in isocitrate dehydrogenase (IDH1/2™") enzymes are predominantly found in
low-grade gliomas and secondary high-grade gliomas, with IDH1 mutations being more
prevalent. Mutant-IDH1/2 confers a gain-of-function activity that favors the conversion
of a-ketoglutarate (a-KG) to the oncometabolite 2-hydroxyglutarate (2-HG), resulting
in an aberrant hypermethylation phenotype. Yet, the complete depiction of the epige-
netic alterations in IDH™" cells has not been thoroughly explored. Here, we applied an
unbiased approach, leveraging epigenetic-focused cytometry by time-of-flight (CyTOF)
analysis, to systematically profile the effect of mutant-IDH1 expression on a broad
panel of histone modifications at single-cell resolution. This analysis revealed extensive
remodeling of chromatin patterns by mutant-IDH1, with the most prominent being
deregulation of histone acetylation marks. The loss of histone acetylation occurs rapidly
following mutant-IDH1 induction and affects acetylation patterns over enhancers and
intergenic regions. Notably, the changes in acetylation are not predominantly driven
by 2-HG, can be rescued by pharmacological inhibition of mutant-IDH1, and reversed
by acetate supplementations. Furthermore, cells expressing mutant-IDH1 show higher
epigenetic and transcriptional heterogeneity and upregulation of oncogenes such as
KRAS and MYG, highlighting its tumorigenic potential. Our study underscores the tight
interaction between chromatin and metabolism dysregulation in glioma and highlights
epigenetic and oncogenic pathways affected by mutant-IDH1-driven metabolic rewiring.
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Cell-type-specific chromatin organization, crucial for establishing cellular identity, is
achieved by orchestrated and tightly regulated deposition of DNA and histone modifica-
tions. The core histones are extensively and dynamically modified by covalent attachment
of various chemical groups, such as acetylation and methylation of different lysine residues
(1, 2). Chromatin alterations are highly frequent across human cancers, with many tumors
harboring mutations in chromatin modifiers (3—6). This is exemplified in malignant
gliomas, aggressive tumors arising in the central nervous system (CNS), in which
chromatin-related pathways are cither directly mutated or indirectly deregulated, suggest-
ing epigenetic reprogramming as a major driver of these tumors (7).

Isocitrate dehydrogenase (IDH1/2) enzymes are frequently mutated in adult gliomas,
and their mutation status is currently used for CNS tumor classification (8, 9). IDH™"
gliomas share clinical characteristics, such as low histological grade, age of onset, and
anatomical location (7). While having a better prognosis than IDH™ gliomas, these tumors
grow continuously, infiltrate normal brain tissue, and eventually become aggressive tumors
with accelerated tumor growth and neovascularization (9-11). The mutations, found
predominantly in the IDH1 (R132H) enzyme, and less frequently in IDH2 (R172H),
are heterozygous and considered early somatic events in these tumors (9, 12, 13). WT
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IDH enzymes convert the TCA metabolite isocitrate into alpha-ketoglutarate (0KG) while The authors declare no competing interest.
generating NADPH (14). The cancer-associated mutations in IDH alter the catalytic
pocket of the enzymes, causing further reduction of aKG into the oncometabolite
2-Hydroxyglutarate (2-HG) (15, 16). This results in more than a 100-fold increase in
2-HG levels in glioma cells expressing mutant-IDH. 2-HG acts as a competitive inhibitor
of enzymes that rely on aKG as a cofactor, spanning various cellular functions (17). Among
these are aKG-dependent demethylases of histones and DNA, whose inhibition by
mutant-IDH results in perturbed chromatin architecture and function (7). IDH™" cells
exhibit higher levels of DNA and histone methylation, which have been associated with
differentiation block and can facilitate tumorigenesis (18-20).
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In addition, IDH™" cells undergo massive metabolic repro-
gramming (21-23). Recent studies revealed a tight connection
between the metabolic state of cells and the epigenetic machinery,
often hijacked in different ways during tumorigenesis (24-26).
Thus, the changes in histone and DNA methylation documented
to follow the 2-HG elevation may not be the only metabolic
alteration that reprograms the chromatin landscape in IDH™"
gliomas. We recently adapted CyTOF to profile a wide array of
histone modifications in single cells, demonstrating the power of
such analysis in revealing chromatin alterations in cancer (27).
Here, we leveraged this epigenetic-focused CyTOF methodology
to systematically profile the effects of mutant-IDH1 expression
on the chromatin states of cells. We revealed dynamic and exten-
sive remodeling of chromatin, mainly affecting histone acetylation
and altering the enhancer landscape of cells, rather than histone
methylation. Finally, the single-cell analysis revealed higher epi-
genetic diversity within cells expressing mutant-IDH1, leading to
increased epigenetic heterogeneity, providing a potential selective
advantage for these cells.

Results

Mutant-IDH1 Elicits Global Alterations to Histone Methylation
and Acetylation Marks. The IDH1-R132H mutation is considered
an early event in glioma development and thus is thought to play
roles in tumor initiation (13). To study early epigenetic changes
driven by mutant-IDHI, we expressed FLAG-tagged IDHI1-
R132H in immortalized human astrocytes (IHA, Fig. 14 and
SI Appendix, Fig. S1A4). We verified that mutant-IDH1 expression
levels were comparable to those detected in a previously published
system of IDH™" glioma, as well as glioma cells endogenously
expressing the mutant protein (S/ Appendix, Fig. S1B). High levels
of the oncometabolite 2-HG were detected following the induction
of mutant-IDH1 by doxycycline (Fig. 1B). To systematically
explore the extent and dynamics of chromatin alterations
mediated by mutant-IDH1 expression, we utilized our recently
developed epigenetic-CyTOF method to profile an extensive
array of histone modifications (27). Our panel consists of metal-
conjugated antibodies targeting multiple histone modifications
and chromatin regulators, core histone proteins, and the mutant-
IDHI1 protein (Fig. 1C). Dimensionality reduction using uniform
manifold approximation and projection (UMAP) analysis of IHA
cells expressing IDH1-R132H revealed consistent alterations in
various epigenetic marks. This resulted in a gradual shift of the
center of distribution of cells expressing the mutant enzyme for
2, 4, and 7 d (S Appendix, Fig. S1 C-E). The levels of multiple
chromatin modifications were altered by expression of mutant-
IDHI, with different patterns observed for different modifications
(Fig. 1D and SI Appendix, Fig. S2). To explore the dynamics of
these alterations, we calculated the trajectory of change for each
modification following induction of mutant-IDH1 and plotted
the correlations between the trajectories of all modifications, so
that modifications that showed a similar trajectory of change are
clustered together (Fig. 1£). This analysis revealed two distinct
patterns; most histone methylation marks, with the exception
of H3K27me3, increased following mutant-IDH1 induction.
On the contrary, all histone acetylation marks that we measured
robustly decreased. The histone hypermethylation phenotype of
IDH1-R132H cells has been reported by several studies, mostly
focusing on late passaged cells with prolonged mutant-IDH1
expression (18, 28, 29); our data revealed that the increase in
some methylation marks, such as H3K9me3 and H3K4me3,
could be seen as early as 2 to 4 d after induction. In addition,
our analysis revealed marked and rapid decrease in both H3
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and H4 acetylation marks (H3K27ac, H3K64ac, H3K9ac, and
H4K16ac) induced by expression of IDH1-R132H, in line with
a previous bulk mass spectrometry analysis (30). To confirm that
these epigenetic alterations are indeed specific to expression of
the mutant enzyme and are not caused by IDH1 over expression,
we compared astrocytes induced to express either WT or mutant
IDH1 (81 Appendix, Fig. S3A). Notably, cells expressing mutant-
IDH1 showed reduced levels of histone acetylation marks, along
with increase in methylation marks, also when compared to cells
ectopically expressing WT IDH1 (SI Appendix, Fig. S3 B and
O). The reduction in histone acetylation marks is seen early after
induction of mutant-IDH1, co-occurring, or even preceding
the increase in histone methylation, and was also confirmed by
western blot (Fig. 1 F and G). Overall, our unbiased analysis
revealed multiple epigenetic changes occurring following mutant-
IDHI1 induction, with both methylation and acetylation marks
being significantly altered.

Loss of Histone Acetylation is seen Across Multiple Systems
and can be Reverted by Pharmacological Inhibition of Mutant-
IDH1. To examine whether this loss of histone acetylation is
unique to the context of astrocytes or represents a general effect
of mutant-IDH1 expression, we induced the mutant enzyme
in two highly diverse systems: The HEK293 cells and the
glioblastoma (GBM) cells (MGG18) cells, engineered to express
mutant-IDHI in a doxycycline-dependent manner. Western blot
analysis revealed that even in HEK293 cells, which arise from
human embryonic kidney, induction of mutant-IDH1 resulted
in loss of acetylation of H3 and H4 (Fig. 24). CyTOF analysis
of the MGG18 cells, expressing mutant-IDH1 for a prolonged
period (over 2 mo), thus modeling long-term adaptation to
mutant-IDH1 expression, also revealed loss of all measured
histone acetylation marks compared to noninduced cells (Fig. 2B
and ST Appendix, Fig. S3D). Finally, we also observed histone H3
and H4 hypoacetylation on multiple lysine residues in mutant-
IDHLI cells derived from a mouse glioma model, in addition to
the reduction in H3K27ac recently reported by Garrett et al.
(31) (SI Appendix, Fig. S3E).

Pharmacological inhibition of mutant-IDH1 with AGI5198
reverted the epigenetic changes induced by the mutant protein,
resulting in a reduction in histone methylation and an increase in
histone acetylation levels (Fig. 2C). Similarly, inhibition of
mutant-IDH1 by either AGI5198 or Vorasidenib (AG-881)
increased histone acetylation levels in both the human GBM cells
MGG119, endogenously expressing IDHI1*"**, and mouse gli-
oma cells driven by endogenous 7dh1 k1320 (Fig. 2 D and E) (32).
These results further verify the direct role of mutant-IDH1 protein
in mediating these epigenetic changes. Of note, Vorasidenib was
shown to significantly improve progression-free survival in recur-
rent IDH mutant grade 2 glioma patients [INDIGO trial,
NCT04164901 (33)], leading to drug-induced lineage differen-
tiation (34). The differentiation phenotype might be linked to the
robust epigenetic changes mediated by this drug.

We next compared the early epigenetic changes induced by
mutant-IDH to the effect of supplementing the cells with 2-HG.
To that end, astrocytes were treated with a cell-permeable form
of 2-HG (octyl-2HG) and analyzed with the epigenetic CyTOF
panel. 2-HG induced mild epigenetic alterations which were
mostly distinct from the IDH1-mediated epigenetic changes. As
expected, several histone methylation marks, such as H3K9me3
and H3K36me2, were higher in 2-HG treated cells. Interestingly,
while the levels of H4K16ac were reduced, we did not observe an
overall reduction in histone acetylation as seen following

mutant-IDH1 induction (Fig. 2F and SI Appendix, Fig. S4). Thus,
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Fig. 1. Mutant-IDH1 elicits global changes in chromatin patterns, with early loss of histone acetylation. (A) IHA were treated with doxycycline for the indicated
time points to induce expression of FLAG-tagged IDH1-R132H. Western blot of total cell lysate with the indicated antibodies is shown. Signal intensity was
normalized to H3 signal and indicated below each blot. (B) Quantification of cellular 2-HG levels in IHA expressing IDH1-R132H for the indicated time points, as
measured by LC-MS/MS. Mean = SE of three replicates are shown. *** P-value < 0.001; two-sided t test. (C-F) IHA were induced to express IDH1-R132H for 2,
4, and 7 d, following CyTOF analysis. (C) Scheme of CyTOF experimental setup and analysis. Cells were fixed and incubated with a panel of chromatin-related
antibodies, along with antibodies targeting core histones and the ectopically expressed IDH1-R132H. For each cell, quantification of each feature is obtained, and
normalized to the levels of the core histone (Methods Summary). The illustration was created with BioRender.com. (D) Heatmap of the mean levels of the indicated
features in each of the IHA samples as measured by CyTOF. Rows are standardized and clustered; red and blue denote high and low levels of the modifications,
respectively. (E) Heatmap of the correlations between the means of distributions of the modifications at the different time points, indicating similarity in the
trajectories of change of each modification in response to mutant-IDH1 induction. Red denotes high degree of correlation between modifications that varied
together. Clustering shows distinct trends with methylation marks increasing and acetylation marks decreasing following mutant-IDH1 induction. (F) Mean +
SE calculated by bootstrapping, for the indicated histone mark in the indicated time point, are shown. (G) Western blot analysis of the samples described in F
with the indicated antibodies. Signal intensity was normalized to H3 signal and indicated below each blot. CyTOF panel composition used for each experiment
is described in S/ Appendix, Table S2.

increased levels of 2-HG following mutant-IDH1 expression con- ~ Mutant-IDH1 Alters Acetyl-CoA Metabolism, which can be
tribute to histone methylation but cannot solely explain the  Rescued by Acetate Supplement. We reasoned that mutant-IDH1
decrease in histone acetylation marks. Overall, our results suggest ~ induction may deregulate the levels of additional metabolites
that mutant IDH1-dependent loss of histone acetylation isabroad ~ that can affect the chromatin state (35). Previous studies have
and robust phenomenon seen in multiple experimental models ~ shown that histone acetylation is tightly linked to cellular levels
and is not solely manifested by the increase in 2-HG levels. of acetyl-CoA and acetate (24, 36-38). Thus, we hypothesized
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Fig. 2. Reversal of histone acetylation loss by pharmacological inhibition of mutant-IDH1. (A) HEK293 cells were induced to express either WT or IDH1-R132H
for 7 d, and analyzed by western blot with the indicated antibodies. Signal intensity was normalized to H3 signal and indicated below each blot. (B) MGG18 cells
were induced to express IDH1-R132H for over 2 mo and analyzed by CyTOF, in comparison to cells not treated with doxycycline. Mutant-IDH1 cells show lower
levels of acetylation marks. Box plots depict CyTOF measurements of the indicated modifications; ***P-value < 0.001. (C) IHA were induced to express mutant-
IDH1 for 7 d. 2 d after initiation of induction, cells were treated with 5 uM of AGI5198 for a total of 5 d. Heatmap of the mean levels of the indicated features in
each of the samples as measured by CyTOF is shown. Rows are standardized and clustered. (D) MGG119 cells (human GBM endogenously expressing IDH1%"32H)
were treated with 5 uM of AGI5198 for 6 d prior to CyTOF analysis. Inhibition of mutant-IDH1 results in an increase in acetylation marks. Box plots depict CyTOF
measurements of the indicated modifications; ***P-value < 0.001. (£) Histone acetylation levels were measured by CyTOF in two pairs of treated (AG-881, 1 pM)
and untreated mouse glioma cells (Idh 157132 Trp 53/0ox. 0 ig2¢¢) (32). Box plots depict CyTOF measurements of the indicated modifications; ***P-value < 0.001.
(F) IHA were treated with 0.5 mM octyl-2HG for 7 d and analyzed by CyTOF. Shown are the mean differences between control and 2-HG treated cells for the
indicated feature. The mean values for the control were subtracted from 2-HG treated cells. Error bars represent SEM, calculated by bootstrapping. Features
that were increased upon 2-HG treatment are marked in purple. Supplement of 2-HG results in common and distinct changes as compared to mutant-IDH1
expression. CyTOF panel composition used for each experiment is described in S/ Appendix, Table S2. All P-values were calculated by Welch's t test.
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that metabolic rewiring of mutant-IDH1 cells may shift the use
of these metabolites, resulting in reduced histone acetylation.
Supporting this hypothesis, we found that the expression patterns
of several genes that are part of different metabolic pathways
related to acetyl-CoA homeostasis were altered upon induction
of mutant-IDH1 (Fig. 3 A and B and SI Appendix, Fig. S5A and
Table S3). Interestingly, analysis of expression data from human
WT or IDH1™ gliomas revealed a significant reduction in three
of these key metabolic genes, in accordance with the changes
observed in the inducible system (Fig. 3C).

Next, we set to directly measure the levels of cellular acetyl-CoA
over multiple time points following mutant IDH1 induction. As
early as 24 h after induction, we observed a reduction in acetyl-CoA
levels, supporting the notion that expression of mutant-IDH1
rewires the metabolic state of the cells, limiting acetyl-CoA avail-
ability (Fig. 3D and SI Appendix, Fig. S5B). Moreover, inhibition
of mutant-IDHI1 increased acetyl-CoA levels in cells induced to
express the mutant protein (Fig. 3£ and SI Appendix, Fig. S5C).
In line with this metabolic rewiring and a previous report,
mutant-IDHTI cells were sensitive to HDAC inhibition, poten-
tially due to the inability of cells to increase the acetyl pool upon
treatment with these inhibitors (Fig. 3F) (31).

To further explore the possibility that the reduction in histone
acetylation is due to a shortage in acetate-driven metabolites, we
supplemented the cells with acetate, which restored the deposition
of acetyl groups on H3 and H4 histones (Fig. 3 G and H). Of
note, mutant-IDH1 cells showed a larger fold increase
(acetate-treated vs. control cells) than cells not expressing the
mutant enzyme. This supports the notion that the histone acetyl-
ation machinery in these cells is intact, and once provided with a
substrate, the cells can restore acetylation levels. Taken together,
our data suggest that the loss of histone acetylation driven by
mutant-IDH1 is caused by metabolic rewiring and changes in the
cellular availability of acetyl-CoA and acetate.

To further explore the relevance of our findings to human
IDH1-mutant gliomas, we obtained and analyzed two clinically
relevant datasets: 1) oligodendroglioma patients treated with
mutant-IDH  inhibitors, from a perioperative phase 1 trial
(NCT03343197); and 2) single-cell RNA-seq data from eight oligo-
dendroglioma samples, two of which were treated with mutant-IDH
inhibitors (34, 40—42). In agreement with our experimental systems,
we found that mutant-IDH inhibition in patients diagnosed with
IDH™" gliomas altered the expression of acetyl-CoA-related meta-
bolic genes, supporting a direct role for mutant-IDH1 in rewiring of
this metabolic hub (Fig. 37and ST Appendix, Fig. S5D). For example,
while Pyruvate Dehydrogenase Kinase (PDK) and ACSS (Acyl-CoA
Synthetase) family members were down-regulated upon induction
of mutant-IDH1, its inhibition resulted in increased expression of
these genes. Similarly, the expression levels of ACLY increased in
mutant-IDHT cells, while reduced in tumors treated with the inhib-
itor. Interestingly, while CPT1A increased upon mutant-IDHI
induction in our IHA cells, CPT1C mildly decreased. In the single-cell
dataset, these two genes showed opposite patterns, potentially due to
context-dependent regulation of these two family members. Of note,
while the dominantly expressed family member in the IHA cells was
CPT1A, human tumors showed higher expression of CPT1C, in
agreement with mutant-IDH1 activating the transcription of both
genes (Fig. 3B and SI Appendix, Fig. S5D). These results suggest that
mutant-IDH1 alters metabolic pathways related to acetyl CoA home-
ostasis in our model system and in human tumors.

Finally, we examined whether the growth of mutant-IDHT cells
may also be influenced by external acetate levels, potentially reveal-
ing a metabolic dependency of these cells. MGG18 cells, express-
ing mutant-IDH1, showed reduced growth rates when cultured
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with limited amounts (0.05 to 0.1%) of the serum-free supple-
ment B-27, as expected (Fig. 3/). Importantly, supplementing this
limited media with acetate increased the growth rates, suggesting
that the availability of external acetate supports proliferation of
these cancer cells (Fig. 3K).

Mutant-IDH1 Expression Alters the Enhancer Landscape to
Promote Oncogenic Transcription. Acetylation of histones is
functionally linked to actively transcribed, open chromatin, with
various acetylated residues associated with different regulatory
mechanisms, such as enhancer and promoter activity, as well as
chromatin organization (2, 43). We thus set to examine early
gene expression changes associated with mutant-IDH1 induction
by RNA-sequencing analysis. Overall, astrocytes induced to
express mutant-IDH1 for 7 d, compared to cells not treated
with doxycycline, showed mild changes in gene expression, with
a slight preference for downregulation of expression (245 genes
significantly down-regulated; 219 genes significantly up-regulated,
Fig. 44). Of note, the genes up-regulated by mutant-IDH1 were
enriched for oncogenic pathways such as KRAS, MYC, and TNFa
(Fig. 4B).

To gain insights into the genomic locations associated with loss
of histone acetylation, we profiled the genomic patterns of three
acetylation marks, H3K9ac, H3K27ac, and H4K16ac, following
mutant-IDHIT  induction, by Cut&Run analysis (46).
Genome-wide analysis confirmed a reduction in coverage over
acetylated regions following mutant-IDH]1 induction for all three
acetylation marks, in agreement with our CyTOF data, and a
previous report (Fig. 4C) (31). Concordantly, ATAC-seq indicated
an attenuation in chromatin accessibility upon mutant-IDH1
induction (Fig. 4D). Despite the global loss of H3K9ac, genes
up-regulated by mutant-IDH1 showed slightly higher levels of
H3K9ac at their promoters, in accordance with their increased
expression (Fig. 4F). In control noninduced cells, these three
acetylation sites on histone H3 and H4 were located both at pro-
moter regions and at intronic and intergenic regions, in agreement
with the literature (87 Appendix, Fig. S6A) (48-50). Thus, we
explored which of these genomic features show the loss of histone
acetylation. Interestingly, while we did not see changes in H3K9ac
levels across all active transcription start sites (TSS), a significant
reduction in H3K9ac signal was detected over enhancer regions,
suggesting that the decrease in acetylation signal observed in our
CyTOF analysis stems mainly from changes over intergenic
regions (Fig. 4F) (47). These data support the notion that
mutant-IDHT alters acetylation patterns over distal genomic
regions, which are known to comprise regulatory elements such
as enhancers.

In contrast to H3K9ac, we observed a reduction in H3K27ac
and H4K16ac signal over both active TSS and distal regions (Fig. 4G
and S/ Appendix, Fig. S6B). ATAC-seq revealed decreased chromatin
accessibility over H3K27ac peaks upon induction of mutant-IDH],
supporting a functional role for the loss of H3K27ac in promoting
aless accessible chromatin state in these regions (Fig. 4H). H3K27ac
is considered a classical mark for active enhancers and is used to
define super-enhancers, critical for cell-identity establishment and
expression of oncogenic transcriptional programs (51-53).
Interestingly, IDH1™" cells showed a decrease in H3K27ac not only
on regular enhancers but also on super-enhancers (Fig. 4G). To
explore the functional consequences of these alterations to the
enhancer landscape, we identified 229 super-enhancers unique to
control cells (compared to cells expressing mutant-IDH1 for 7 d).
Genes associated with these super-enhancers were enriched for terms
related to cellular senescence and chromatin organization and were,
in general, down-regulated upon mutant-IDH1 induction (Fig. 4/
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Fig. 3. Acetate supplement rescues histone acetylation and
supports the growth of mutant-IDH1-expressing cells. (A) A
simplified scheme of metabolic pathways, marked with different
colors, associated with acetyl-CoA homeostasis. See S/ Appendix,
Table S3 for the full gene list. The illustration was created with
BioRender.com and adapted from ref. 39. (B) Bar plot show-
ing Log2 fold change of the indicated genes in IHA induced
to express mutant-IDH1 (7 d). Shown are the genes from the
list in S/ Appendix, Table S3 that were significantly differentially
expressed. *P-value < 0.05, **P-value < 0.01. See also S/ Appendix,
Fig. S5A. (C) Expression levels of acetyl-CoA-related metabolic
genes that significantly differ between WT (n = 34) and IDH1™"
(n=91)low-grade gliomas (TCGALGG cohort). Expression levels are
shown as log2(fpkm - uq + 1); *P-value < 0.05, ***P-value <0.001;
two-sided t test with Benjamini-Hochberg correction for multiple
testing. Box plots show center line as median, box limits as
upper and lower quartiles, and whiskers extend from the edge
to 1.5 " IQR. Data beyond the end of the whiskers are plotted
individually as outlying points. (D and £) Quantification of cellular
acetyl-CoA levels by LC-MS/MS in HEK293 cells expressing
IDH1-R132H for the indicated time points (D), or IHA induced to
express IDH1-R132H for 7 d and treated with 5 uM of AGI5198
for 5d asin Fig. 2C (E). Mean + SE of three biological (D) or tech-
nical (E) replicates are shown. *P-value < 0.05, **P-value < 0.01;
two-sided t test. Expression of mutant-IDH1 results in a decrease
in acetyl-CoA levels. (F) Cell viability, as measured by CellTiterGlo,
is shown for IHA treated with Dox and 1 uM Vorinostat for 72 h
(Left panel) and MGG18 induced to express mutant IDH1 grown
in low B-27 media (0.1%) and treated with 1 pM Vorinostat (Right
panel). Media supplemented with Dox and HDACi was changed
every 2 to 3 d. Mean + SE of three technical repeats is shown.
***%P_value < 0.001; two-sided t test. (G and H) IHA were induced
to express mutant-IDH1 for 4 d and supplemented with 5 mM
acetate 2 d prior to collection for CyTOF (G) or western blot (H)
analysis. (G) Mean differences between acetate and nontreated
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and S7 Appendix, Fig. S6C). Overall, our genome-wide analysis sug-
gests that induction of mutant-IDH1 results in an altered enhancer
landscape due to the widespread loss of histone acetylation marks.
Interestingly, while changes in gene expression patterns were
observed, they were mild at this early time point, perhaps reflecting
the relatively long time it takes for these tumors to grow.

Mutant-IDH1 Increases Heterogeneity in Human and Mouse
Glioma Cells and in Human Tumors. The high-dimensional
single-cell data generated by the epigenetic CyTOF are not only
limited to quantitative measurements of global alterations in each
histone mark but can also teach us about the epigenetic diversity
and heterogeneity within cells in the population. As the effect of
mutant-IDH1 on histone acetylation marks may vary between
different cells, we reasoned that this could result in a heterogeneous
population. To explore this possibility, we performed dimensionality
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reduction by UMAP, using all measured features, and calculated
the global distance between every two cells in the population, as
defined by the 95th quantile of the distribution of distances between
any two points in the population. If a population exhibits longer
distances between cells, it suggests higher heterogeneity within
this cell population. Interestingly, across all UMAP parameters,
the induction of mutant-IDH1 in astrocytes gradually increased
epigenetic heterogeneity (Fig. 5A4). Furthermore, in the same
sample, cells expressing higher levels of mutant-IDH1 showed
greater heterogeneity (Fig. 5B). A similar increase was seen in the
long-term mutant-IDH1 expressing MGG18 cells compared to
the control cells, and in patient-derived HGG cells, harboring
ATRX and TP53 inactivating mutations, stably expressing IDH1
R132H [Fig. 5 Cand D, (54). Furthermore, inhibition of mutant-
IDH1 with either AGI5198 or Vorasidenib (AG-881) in human or
mouse mutant-IDH I-expressing cells resulted in lower epigenetic
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heterogeneity (Fig. 5 £ and F). These results suggest a robust role
for mutant-IDHI1 in affecting epigenetic heterogeneity in diverse
cellular contexts.

To explore a different measure of heterogeneity, we calculated
for each modification the Gini coefficient, commonly used to
measure the inequality among the values of a frequency distribu-
tion; so that higher values indicate higher diversity (55). Most
chromatin marks scored higher Gini index in mutant-IDH1
expressing cells than control cells, supporting increased epigenetic
heterogeneity (Fig. 5 G and H). Interestingly, acetylation marks
were among the marks which showed the highest increase in het-
erogeneity, further highlighting the functional link between these
marks and mutant-IDH1. Concordantly, inhibition of the mutant
protein resulted in a lower Gini index of several modifications,

PNAS 2025 Vol.122 No.1 2403862122

Bonferroni correction for multiple comparisons.

including the four acetylation marks measured (Fig. 57). These
data indicate that expression of mutant-IDH1 leads to increased
epigenetic diversity between cells in multiple histone modifica-
tions, resulting in increased epigenetic heterogeneity in the pop-
ulation of cells.

Finally, we aimed to explore whether the effect of mutant-IDH1
on epigenetic heterogeneity has functional consequences for tran-
scriptional heterogeneity in human IDH™" oligodendroglioma
patients. To that end, we leveraged a recently published single-cell
transcriptomic profiling of a matched pair of samples taken from
an individual diagnosed with grade 2 oligodendroglioma, pretreat-
ment, and 4 wk after initiation of IDH inhibition (34).
Importantly, we found that inhibiting mutant-IDH in this patient
led to reduced transcriptional heterogeneity, as measured by the
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mean distance between cells in each sample and the distribution
of the global distances between each two cells in the pre- and
posttreatment samples (Fig. 5/). Moreover, the decrease in tran-
scriptional heterogeneity following mutant-IDH inhibition was
also seen when comparing global distance scores in single-cell
transcriptomic samples from six nontreated oligodendroglioma
patients compared to two individuals treated with IDH inhibitors
(Fig. 5K and SI Appendix, Fig. S7) (34, 41, 42). While limited to
a small number of tumors, our analysis suggests a chromatin-based
mechanism that may contribute to the high transcriptional het-
erogeneity found in glioma and may be reversed, at least partially,
by mutant IDH inhibitors

Discussion

Epigenetic reprogramming has been suggested as a driver of gli-
omagenesis (7). For IDH™" tumors, this has been supported by
the low mutational burden and the highly altered metabolic state
of these tumors (35, 56). The effects of mutant-IDH on chromatin
patterns have been studied mainly within the context of inhibition
of demethylation enzymes by the 2-HG oncometabolite (18, 28,
29). Here, we aimed to apply an unbiased approach to study the
early epigenetic events mediated by introduction of this mutant
enzyme in nontransformed astrocytes, as IDH1 mutations are
thought to occur early in glioma development. Thus, we applied
high-dimensional single-cell analysis to profile a wide array of
histone modifications following short induction of IDH1-R132H
in astrocytes. We find that global reduction in multiple histone
acetylation marks is an early consequence of mutant-IDH1
expression, observed across diverse biological systems. Of note,
expression of R172K IDH2 in mouse cells was shown to result
in a decrease in H3 acetylation, as detected by a pan Ac-H3 anti-
body, suggesting that this loss of histone acetylation may also be
associated with mutations in IDH2 (18). Importantly, this loss
was not observed in astrocytes treated with 2-HG, in line with
previous metabolic profiling, showing both common and unique
alterations between mutant-IDH and 2-HG (22). Nevertheless,
high levels of 2-HG may contribute partially to reduction in his-
tone acetylation marks, since we did observe lower levels of
H4K16ac in 2-HG treated cells. In the context of neuronal stem
cells, 2-HG have been shown to reduce acetyl-CoA levels, causing
the reduction in H3K27ac and chromatin accessibility observed
in D2HGDH deficient cells (57). Yet, the degree and cellular
consequences of 2-HG accumulation following IDH1 expression
and D2HGDH downregulation differ substantially and seem to
be highly cell-type dependent.

The hypermethylated phenotype of mutant-IDH1 cells has
been associated with impaired chromatin accessibility, blocking
differentiation (20). Furthermore, a recent study by Schvartzman
and colleagues linked the increase in heterochromatin with
impaired DNA replication and replication stress (56). Our study
highlights that inhibition of aKG-dependent demethylases may
not be the sole mechanism by which mutant-IDH1 promotes
heterochromatin formation. Loss of acetylation on histone resi-
dues can facilitate chromatin compaction and thus increase het-
erochromatin (58). Indeed, our ATAC-seq analysis revealed that
enhancers that lost H3K27ac upon expression of mutant-IDH1
showed reduced accessibility. Importantly, the loss of histone
acetylation occurs immediately following mutant-IDH1 induc-
tion and therefore is probably not a result of changes in cellular
growth rates or indirect downstream alterations.

We provide evidence for rewiring of acetyl-CoA-related meta-
bolic pathways by mutant-IDH1 in several model systems and
in human tumors. Interestingly, multiple pathways regulating

https://doi.org/10.1073/pnas.2403862122

acetyl-CoA availability are affected, some of which are context-
dependent and may exert opposing effects on acetyl-CoA levels. For
example, downregulation of PDK and ACSS family members is
expected to reduce acetyl-CoA, while upregulation of ACLY and
CPT1A may increase it. These results, seen in both the IHA exper-
imental system and in patients, emphasize IDH1-mediated rewiring
of acetyl-CoA metabolism. Expression of IDH™" alters the balance
between the different pathways, which regulates the levels of this
important metabolite in different cellular compartments and from
different sources (39, 59). In addition, CPT1A and CPT1C are
affected differently by mutant-IDH1, depending on the cells
examined, highlighting context-specific variation in mutant-IDH1-
dependent metabolic rewiring. Further studies are needed to explore
the direct consequences of alteration in each pathway to acetyl-
CoA levels in different cellular compartments, in the context of
glioma cells.

Opverall, this metabolic rewiring leads to changes in the availabil-
ity of acetate derivatives, and specifically acetyl-CoA, thus affecting
chromatin maintenance. Upon external addition of such metabo-
lites, IDH1™* cells can restore histone acetylation levels, suggesting
that the molecular machinery of deposition is intact. Acetylation of
histones may serve as reservoirs of acetyl groups, which can be trans-
ferred to activating acetylation sites upon specific stimuli (24, 36,
60). The metabolic rewiring of IDH1™" cells may require the deple-
tion of such nuclear reservoirs of acetyl groups for nuclear or cyto-
plasmic use. Of note, this may point toward a metabolic vulnerability
of cells expressing the mutant enzyme. Indeed, IDH inhibition
reverted the expression changes of acetyl-coA-related metabolic
genes in oligodendroglioma patients. Moreover, the growth of
IDH1-mutant cells under starvation was enhanced by addition of
acetate, pointing to a potential metabolic dependency. In line with
this observation, a recent study by Garrett et al. suggests HDACI
and HDACG as potential drug-targetable enzymes supporting
growth in IDHI1 mutant gliomas (31). Inhibition of HDAC
enzymes may deplete mutant-IDH1 cells of the needed acetyl
groups that are normally removed from histone storage sites, thus
compromising viability. Of note, our genome-wide analysis revealed
reduced acetylation marks mainly in intergenic regions, which may
serve as such storage sites. Nevertheless, we observed changes in
enhancer landscape following mutant-IDH1 induction, contribut-
ing to the gene expression differences detected. Thus, it is likely that
loss of acetylation on chromatin, mediated by mutant-IDH1 expres-
sion, may affect both enhancer activity and potential “storage” sites,
eventually contributing to deregulated epigenetic landscapes and
glioma development. Of note, despite the global loss of histone
acetylation, there are genes that are transcriptionally up-regulated
upon mutant-IDH1 induction. These genes not only maintain
H3K9ac levels, but show slightly higher levels at their promoters,
supporting the notion that histone acetylation loss can be regulated
in a loci-specific manner. It is possible that these up-regulated genes
gain activating histone methylation marks, such as H3K4me3, fol-
lowing induction of IDH™", preventing loss of histone acetylation
and consequently leading to their increased expression. Importantly,
some of these genes are implicated in oncogenic pathways, such as
KRAS, MYC, and TNFa, potentially contributing to the oncogenic
properties of mutant-IDHI.

Our CyTOF approach provides a framework for analyzing
multiple marks in a highly quantitative and sensitive manner. The
single-cell resolution allows for the analysis of heterogeneity in
the cellular response. While we see a global reduction in acetyla-
tion, it seems highly heterogeneous between cells. Increased het-
erogeneity was also observed for the histone methylation marks
in IDHI1-mutant-expressing cells. This suggests that each cell
responds differently to the metabolic challenge, rendering it harder
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to detect robust chromatin and transcriptional changes. An inter-
esting speculation would be that this increased heterogeneity may
provide the population of IDHI-mutant cells a greater fitness
advantage or enhance their ability to adapt to diverse and changing
environmental conditions. Indeed, treatment of mutant-IDH1
mouse glioma cells with the IDH inhibitor Vorasidenib, recently
tested in the phase 3 INDIGO clinical (33), resulted in an increase
in histone acetylation marks and reduced epigenetic heterogeneity.
Importantly, single-cell transcriptomics analysis of patients treated
with IDH inhibitor revealed a reduction in transcriptional heter-
ogeneity following the treatment. These results further support a
role for mutant-IDH1 in mediating epigenetic heterogeneity, with
consequences for transcriptional heterogeneity. Overall, this study
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3.0

Standardized Global Distance

500 single cells, randomly selected without replacement
from each population, was calculated and repeated 500
times. ***P-value < 0.001, two-sided t test. Bottom panel:
the distribution of the global distances between each two
cells in each sample (as the analysis shown in panels A-F).
(K) From each tumor, 100 malignant cells were randomly
selected without replacement (samples with less than 100
informative malignant cells were not included). TPM values
were z-scored, and the global distance between cells in each
tumor was calculated as in panels A-F. Boxplots groups
tumors according to treatment status (treatment naive,
n = 5; treated, n = 2). The mean global distance score for
each tumor is shown as individual data points. ***P-value
< 0.001, two-sided t test. See S/ Appendix, Fig. S7 for the
distribution of each tumor. CyTOF panel composition used
for each experiment is described in S/ Appendix, Table S2.

4.0 5.0

highlights the tight interaction between metabolic rewiring and
chromatin dynamics in cancer cells and underscores the power of
single-cell epigenetic analysis.

Methods Summary

Cell Culture. [HA, fetal-SV40, were obtained from abm. MGG18 cells transduced
with doxycycline-dependent IDH1-R132H were generated in Prof. Daniel Cahill's

laboratory (61).
Mouse glioma cells (NRAS®™', p53 KD, ATRX KD with or without IDH1-

R132H) were generated in Prof. Maria Castro's laboratory (54). Mouse glioma
cells (Ih 150R152H. Trp 5 3fowox: O fig 2¢) were generated in Dr. Jerome Fortin's

laboratory (32).
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Antibody Metal Conjugation and CyTOF Analysis. Antibodies were conju-
gated to metals using the MIBItag Conjugation Kit (IONpath), according to the
manufacturer's protocols. Sample preparation and CyTOF analysis were conducted
as described in ref. 27. All antibodies are listed in S| Appendix, Table S1.

Expression Analysis of Human Tumor Samples. Xena browser (62) was used
to visualize expression data from the TCGA LGG cohort. Samples tested for IDH1
mutation were included (n = 125).

Expression data from phase 1 IDHi trial (NCT03343197) were analyzed
as described in refs. 34 and 40. As indicated by Spitzer et al. (34), patients at
Massachusetts General Hospital (MGH) were consented preoperatively in all cases
according to Institutional Review Board DF/HCC 10-417. All human data/samples
were deidentified prior to use.

Single-cell RNA-seq data of nontreated and IDHi-treated oligodendrogliomas
were downloaded and analyzed as described in ref. 34.

Data, Materials, and Software Availability. All sequencing data are depos-
ited in NCBI's Gene Expression Omnibus (GEO) under Accession No. GSE238106
(63). CyTOF fes files are deposited in Flow Repository (FR-FCM-Z6LF) (64). CyTOF
epigeneticanalysisis available at https://doi.org/10.5281/zen0d0.8178524 (65).
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