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Abstract 
 

Changes in metabolism and chromatin regulation help cancer cells sustain proliferation under nutrient 
limitation and adapt to therapy. Acetyl-CoA and S-adenosylmethionine donate acetyl and methyl 
groups for histone acetylation and methylation, respectively. Other chromatin-modifying reactions 
require α-ketoglutarate or NAD⁺, and lactate metabolism contributes to histone lactylation. Regulation 
also runs in the opposite direction. DNA methylation, histone modifications, chromatin remodeling, 
and noncoding RNAs influence metabolic pathway use by altering expression of enzymes and 
transporters. These reciprocal effects can stabilize malignant cell states or alter lineage identity and 
substrate use, with consequences for antitumor immunity, metastatic adaptation, and drug tolerance. 
Accumulation of 2-hydroxyglutarate, succinate, or fumarate illustrates how metabolic perturbations can 
directly affect chromatin regulation and cell fate. Studies outside cancer show that some chromatin 
changes persist after the initiating metabolic stimulus ends. In residual disease, the question is whether 
cells that retain these changes after drug withdrawal respond differently to subsequent treatment than 
cells whose chromatin state returns to baseline. The distinction matters because a state maintained after 
withdrawal may present a different therapeutic target from one that requires continued drug exposure. 
This review examines how metabolic flux influences chromatin and how the resulting transcriptional 
changes shape cell states within the tumor microenvironment. We discuss clinical evidence for mutant 
IDH inhibition and consider investigational combinations that target metabolic and epigenetic 
regulators. We also examine how isotope tracing, single-cell and spatial multi-omics, and serial 
biomarker measurements can identify therapeutic dependencies, inform patient selection, and monitor 
emerging resistance. 
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1. Introduction 

Histone acetyltransferases use a product of central carbon metabolism; DNA and histone 
methyltransferases use a different methyl donor. These reactions change nutrient availability to the 
transcriptional regulatory machinery and, in some cases, to cell identity. Chromatin-modifying enzymes 
use acetyl-CoA, S-adenosylmethionine (SAM), α-ketoglutarate (α-KG) and NAD⁺ as substrates or 
cofactors (1–4). The relationship is reciprocal: if chromatin-modified genes encode enzymes involved 
in metabolite replenishment, the effect creates a feedback loop. By changing the expression of metabolic 
enzymes and transporters, chromatin regulation can alter substrate availability and metabolic pathway 
utilization, and thus the metabolic state that underpins the original chromatin state. 

DNA methylation, histone modifications, and chromatin remodeling programs regulate the expression 
of metabolic enzymes and transporters to favor certain pathways and to maintain established metabolic 
states (5, 6). Changes in metabolism and chromatin often go hand in hand with a change in cell fate. A 
cell leaving quiescence to enter into division has very different metabolic requirements, and a cell 
leaving self-renewal to enter into differentiation will begin to use a very different set of regulatory 
regions (7, 8). Nutrient supply, oxygen tension, and the redox balance will all affect the substrates 
available for chromatin reactions. Which genes will respond will also depend on whether their 
regulatory regions are accessible. Collectively, these effects can influence whether a cell adapts to stress 
or dies, and whether a change in gene expression is maintained once the conditions that triggered it have 
passed (9–11). 

In cancer, metabolic reprogramming and epigenetic dysregulation can reinforce each other. Changes in 
substrate availability can alter chromatin at genes that control differentiation and survival. The 
transcriptional response to that change may well be to alter the expression of the metabolic enzymes or 
transporters themselves, thus helping to maintain the very conditions that gave rise to the change. Such 
a feedback loop can sustain proliferation, enable lineage transitions, and allow malignant cells to adapt 
to a metastatic site, escape immune surveillance, and survive therapy (12–14). Work outside cancer has 
helped separate the initial response from the persistent response. Studies of stem cell differentiation, 
immune activation, metabolic memory, and cellular stress have examined how changes in nutrient 
supply, mitochondrial activity, or redox balance can lead to chromatin and transcriptional changes that 
persist long after the initial stimulus is removed (15–18). 

For tumor biology, this distinction is important, as a cell that requires continued exposure to maintain 
a phenotype may respond quite differently to stress withdrawal or drug rechallenge than a cell that 
maintains the phenotype during recovery. The same metabolic perturbation can lead to very different 
chromatin responses depending on cell lineage, starting chromatin state, and the timing and location of 
exposure (19). Conversely, different metabolic perturbations can lead to the same chromatin state. 
Paired single-cell measurements of metabolites and transcripts can identify the populations in which 
these changes occur together (20). 

An altered metabolic profile may drive lineage transitions or emerge after cells adopt states with distinct 
metabolic requirements. Determining which scenario applies is essential when interpreting studies of 
metastasis and drug tolerance. Differentiation and immune activation provide valuable experimental 
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comparisons, particularly when assessing cells after stimulus withdrawal. Mutant IDH inhibition is 
discussed as a clinical example, alongside the mechanistic basis of other therapeutic combinations 
targeting metabolism and chromatin. In these contexts, critical evidence includes whether the treatment 
engages the intended biochemical reaction in the relevant cell population and whether this engagement 
influences sensitivity to subsequent therapy. Additionally, the potential for sampling during treatment 
to distinguish target engagement from compensatory mechanisms is evaluated. 

2. Metabolism Shapes the Epigenome and Cancer Cell States 

2.1 Metabolic Substrates and Cofactors Linking Cellular Metabolism to Chromatin Regulation 

Metabolic regulation of epigenetic modifications is fundamentally constrained by the availability of 
intracellular substrates and cofactors required for chromatin-modifying enzyme activity. DNA 
methylation, histone methylation, histone acetylation, and their corresponding demethylation and 
deacetylation processes are all dependent on the supply and balance of key metabolic intermediates, 
linking the cellular metabolic state directly to chromatin regulation (21, 22). The pathways that supply 
energy and building blocks also determine which metabolites are available for reactions at chromatin. 
When nutrient supply or oxygen levels change, or when mitochondrial function or biosynthetic demand 
shifts, the resulting changes in metabolite pools can affect which epigenetic marks are added, 
maintained, or removed (10, 21, 23). The same change in metabolite availability can therefore affect 
deposition and removal unequally, since the enzymes that add and remove a given mark may draw on 
different metabolic pools. 

Four metabolites are responsible for a large proportion of the direct biochemical link between cellular 
metabolism and chromatin regulation (21). Histone acetyltransferases utilize acetyl-CoA to acetylate 
lysine residues. Alterations in central carbon metabolism can therefore affect histone acetylation and, 
in turn, chromatin accessibility and transcription at responsive loci (10, 24). DNA and histone 
methyltransferases use S-adenosylmethionine (SAM) as their methyl donor. The methionine cycle 
resupplies SAM, and folate-dependent one-carbon metabolism supports methionine regeneration. 
Alterations in these pathways can have an effect on methylation by affecting the supply of methyl 
groups to the methyltransferases (23, 25). 

The metabolic requirements for removing a mark differ from those for adding it. Ten-eleven 
translocation (TET) enzymes and Jumonji C (JmjC) domain histone demethylases use α-ketoglutarate 
(α-KG) as a cosubstrate. Succinate, fumarate, and 2-hydroxyglutarate can inhibit these enzymes when 
they accumulate, so α-KG abundance alone gives an incomplete picture of demethylation capacity (22, 
26). Reduced demethylase activity can favor retention of methylation marks at loci where these enzymes 
act. Sirtuins utilize oxidized nicotinamide adenine dinucleotide (NAD⁺) to catalyze the removal of 
acetyl groups from histones (27, 28). Increased acetylation at histone sites targeted by sirtuins may 
indicate enhanced local acetyl-CoA availability for acetyltransferases, reduced NAD⁺ availability for 
sirtuins, or a combination of both factors. Whole-cell measurements may obscure alterations in the 
metabolite pool available at chromatin. Consequently, total metabolite concentration can remain 
constant while substrate availability decreases within the compartment where the chromatin enzyme 
functions. During nutrient limitation or changes in mitochondrial activity, the local metabolite pool may 
fluctuate even if enzyme abundance remains unchanged. The transcriptional consequences depend on 
the specific chromatin marks affected, their genomic locations, and whether the impacted loci regulate 
genes essential for cellular adaptation (23, 28). Metabolic flux determines the extent to which each 
metabolite reaches its target enzyme (Figure 1). 
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Figure 1. Metabolite Control of Epigenetic Reactions. Acetyl-CoA, SAM, α-KG, and NAD⁺ connect central metabolism to 
histone acetylation, DNA and histone methylation and demethylation, and sirtuin-dependent deacetylation. Changes in their 
abundance or compartmental availability can alter chromatin regulation and gene expression, while accumulation of 
succinate, fumarate, or 2-HG can inhibit α-KG-dependent demethylation. Created in BioRender. Piaoting, F. (2026) 
https://BioRender.com/xlvqljt. Abbreviations: 2-HG, 2-hydroxyglutarate; Ac, acetyl group; acetyl-CoA, acetyl coenzyme A; 
α-KG, α-ketoglutarate; A, acetyl group; DNMTs, DNA methyltransferases; HATs, histone acetyltransferases; HMTs, histone 
methyltransferases; JmjC, Jumonji C; M, methyl group; NAD⁺, oxidized nicotinamide adenine dinucleotide; NADH, reduced 
nicotinamide adenine dinucleotide; PDH, pyruvate dehydrogenase; SAH, S-adenosylhomocysteine; SAM, S-
adenosylmethionine; TCA cycle, tricarboxylic acid cycle; TET, ten-eleven translocation. 

In tumors, oncogenic signaling and biosynthetic demand alter production and consumption. Nutrient 
limitation, hypoxia, and mitochondrial dysfunction can further shift their availability. Changes in 
acetyl-CoA, SAM, α-KG, NAD⁺, and related metabolites can affect chromatin regulation at loci 
involved in proliferation, differentiation, and stress tolerance. This shows one way metabolic 
reprogramming can influence the ability of malignant cells to maintain or change state during tumor 
evolution. 

2.2 Oncometabolites and Metabolic Perturbations 

Metabolic disruption in cancer can result in the accumulation of compounds that inhibit chromatin-
modifying enzymes (29, 30). These compounds include 2-hydroxyglutarate (2-HG), succinate, and 
fumarate, which inhibit α-KG-dependent dioxygenases such as TET enzymes and JmjC-domain histone 
demethylases (4, 31–34). The inhibitory effect depends partly on the concentrations of these metabolites 
relative to α-KG. Reduced enzyme activity can promote the retention of DNA or histone methylation 
at loci targeted by these enzymes. In experimental systems, impaired demethylation can limit the 
expression of differentiation-associated genes and promote maintenance of an undifferentiated state or 
a shift in lineage (33, 36, 37). Linking enzyme inhibition to phenotype requires identification of the 
responsive loci and determination of whether methylation changes at these sites affect the relevant 
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differentiation program. Additionally, mitochondria can regulate nuclear transcription through reactive 
oxygen species, which induce hypoxia-responsive gene expression via a distinct mechanism (35). 

Lactate metabolism contributes to histone lysine lactylation, a covalent modification that connects 
glycolytic activity to chromatin regulation (38, 39). Histone lactylation has been linked to distinct 
transcriptional responses in astrocytes following experimental subarachnoid hemorrhage (40) and 
during embryonic genome activation (41). These observations suggest that the same modification can 
function in different contexts. Bulk measurements reflect changes in total histone lactylation, but 
attributing a transcriptional effect to modification at a particular locus requires assessing local 
enrichment and experimentally perturbing lactylation to determine its impact on gene expression. 
Lactylation introduces a covalent mark to histones, whereas demethylase inhibition impedes the 
removal of existing methylation marks. Changes in metabolite availability can alter the balance between 
chromatin mark deposition and removal. Certain metabolites inhibit demethylation or deacetylation, 
while lactate metabolism promotes histone lactylation (21, 22, 38). Both mechanisms can influence 
transcription at loci that regulate differentiation, proliferation, or survival under stress. 

3. Epigenetic Control of Metabolic Reprogramming and Cancer Cell Plasticity 

3.1 Epigenetic Regulation of Metabolic Gene Expression 

Chromatin regulation can influence cellular metabolic pathway selection by modulating enzyme and 
transporter expression. This relationship is bidirectional. Differentiation studies have associated 
metabolite availability with chromatin changes (36, 37), and research on histone lactylation 
demonstrates a connection between glycolytic activity and transcription (38, 39). Which loci respond, 
how long the response lasts, and how it affects cell behavior depend on lineage and environmental 
context. Restoring a candidate chromatin enzyme's activity after perturbation can determine whether 
recovery of metabolic gene expression coincides with restoration of pathway activity in the same cells. 
Sequential measurement of chromatin marks, transcript levels, and metabolic flux can clarify the 
temporal sequence of these changes. Similar measurements after stress withdrawal can reveal whether 
transcription and pathway activity recover in parallel. Studies in astrocytes after experimental 
subarachnoid hemorrhage and during embryonic genome activation exemplify the role of histone 
lactylation in distinct transcriptional programs (40, 41). Alongside DNA methylation and chromatin 
remodeling, these modifications integrate metabolic conditions with gene expression regulation (42). 

3.2 Epigenetic Control of Metabolic State Switching 

Changes in energy demand and substrate availability can alter the epigenetic regulation of genes 
encoding metabolic enzymes, transporters, and pathway regulators. The resulting transcriptional 
response can affect how much substrate enters the cell and how flux is distributed among competing 
pathways. Studies of obesity and muscle stem cells link chromatin regulation to changes in metabolic 
function, while cancer studies implicate epigenetic mechanisms in maintaining metabolic programs that 
support malignant cell survival (43–45). Obesity-associated epigenetic inheritance and human 
metabolic disease further exemplify the connections between epigenetic regulation and metabolic 
phenotypes (46, 47). Chromatin remodeling mediates the integration of metabolic signals with 
transcriptional responses (48). β-Glucan promotes trained innate immunity by inducing glycolysis 
through mTOR and HIF-1α (49), whereas S-2-hydroxyglutarate influences CD8⁺ T-cell differentiation 
by modulating α-KG-dependent dioxygenase activity (50). Population studies provide complementary 
evidence for these mechanisms. An epigenome-wide association study identified correlations between 
DNA methylation and circulating metabolic measures, yielding candidate loci for functional analysis 
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(51). Experimental perturbation of methylation at a candidate locus, followed by assessment of pathway 
activity, can determine whether the epigenetic mark contributes to the observed metabolic phenotype. 
Targeting BAZ2B in hepatic senescence and metabolic dysfunction-associated steatohepatitis further 
highlights the role of chromatin regulators in metabolic disease (52). 

Cancer cells can rapidly adapt substrate utilization, enzyme activity, and metabolite exchange in 
response to hypoxia, nutrient limitation, or therapeutic intervention. Alterations in chromatin and 
transcriptional regulation support these adaptive responses. Experimental perturbation of a candidate 
chromatin regulator, combined with monitoring metabolic pathway activity at multiple time points 
during and after stress, can differentiate between roles in establishing versus maintaining adaptation. 
Comparing recovery dynamics with and without the perturbation can further reveal whether sustained 
pathway activity is dependent on the chromatin regulator. 

3.3 Non-coding RNAs and Chromatin Architecture in Metabolic Adaptation 

Metabolic gene expression is shaped by higher-order chromatin organization and noncoding RNAs 
(ncRNAs), as well as by DNA and histone modifications (53, 54). Chromatin-remodeling complexes 
reposition nucleosomes, changing whether transcription factors can access their binding sites at 
promoters and enhancers as cellular demands shift (53). Noncoding RNAs act at both transcriptional 
and post-transcriptional steps. Through these mechanisms, they can change the abundance or activity 
of the proteins that regulate metabolic pathways. MicroRNAs modulate mitochondrial function and 
metabolic programs by targeting transcripts that encode metabolic proteins or their regulators (55). 
Long non-coding RNAs regulate metabolic gene expression through interactions with regulatory 
proteins as well as through transcriptional and post-transcriptional mechanisms, providing multiple 
levels of control over metabolic programs (56). Circular RNAs also contribute to cancer-associated 
metabolic regulation, including the modulation of glycolytic pathways (57). 

Distal enhancers influence transcription by forming physical contacts with their target promoters. YY1 
mediates a subset of these interactions, and disruption of its binding or expression alters both chromatin 
looping and transcription (58). Changes in steady-state transcript abundance may result from altered 
synthesis, decay, or both processes. Simultaneous measurement of enhancer–promoter contacts, nascent 
transcription, and transcript decay would clarify these mechanisms. In cancer cells subjected to nutrient 
limitation or therapy, such analyses could determine whether chromatin architecture and noncoding 
RNAs regulate the same metabolic genes and whether these effects persist after stress withdrawal within 
the same cell population. 

Metabolic gene expression is determined by enzymatic modifications, chromatin organization, and 
RNA-mediated regulation, which collectively influence gene transcription and transcript utilization (59, 
60). In cancer, this integrated regulatory network enables metabolic phenotypes to remain stable enough 
to support malignant growth while maintaining the plasticity needed to adapt to hypoxia, nutrient 
limitation, metastatic dissemination, and therapeutic pressure (61). Perturbation of a candidate enhancer 
or noncoding RNA before and after stress exposure could distinguish between requirements for 
establishing a new metabolic state and those for maintaining it. 

A specific enhancer or noncoding RNA necessary for establishing an adaptive metabolic state may 
become dispensable once maintenance of that state is achieved through alternative regulatory 
mechanisms (Figure 2). 
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Figure 2. Epigenetic Control of Metabolic State Switching. DNA methylation, histone acetylation and methylation, 
chromatin remodeling, and noncoding RNA-mediated regulation influence the expression of metabolic enzymes, transporters, 
and regulatory factors. These mechanisms shape metabolic gene expression and impose epigenetic constraints on metabolic 
switching, highlighting the role of chromatin remodeling in enabling transitions between metabolic states. Created in 
BioRender. Piaoting, F. (2026) https://BioRender.com/uud9bgs. Abbreviations: Ac, acetyl group; M, methyl group; ncRNA, 
noncoding RNA. 

4. Metabolic-Epigenetic Reprogramming in Cancer and the Tumor Ecosystem 

4.1 Tumor Initiation, Progression, Metastasis, and Therapeutic Resistance 

Cancer progression depends on metabolic and epigenetic programs that are stable enough to sustain 
malignant growth yet plastic enough to accommodate changing microenvironmental and therapeutic 
pressures. Beyond enhanced glycolysis, tumor cells adapt by altering glutamine utilization, lipid 
metabolism, mitochondrial function, and redox homeostasis (62). The nuclear pyruvate dehydrogenase 
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complex generates acetyl-CoA for histone acetylation, directly linking metabolic enzyme localization 
to chromatin regulation (63). Methionine dependence in tumor-initiating cells further exemplifies the 
connection between nutrient metabolism and methylation-associated cellular regulation (64). Defined 
cancer models have revealed multiple mechanisms linking metabolic alterations to chromatin regulation 
and cellular behavior. For example, lactate supports a metabolic-epigenetic axis involving lipid 
metabolism in prostate cancer (65), while α-ketoglutarate attenuates Wnt signaling and promotes 
differentiation in colorectal cancer (66). Metastasis-initiating breast cancer cells display specific 
metabolic dependencies that support their malignant activity (67). Accumulation of fumarate and 
succinate can inhibit α-KG-dependent histone and DNA demethylases, directly linking metabolic 
abnormalities to altered methylation (68). 

Deficiencies in metabolic enzymes are associated with characteristic molecular profiles. DNA 
methylation profiling distinguishes SDH-deficient gastrointestinal stromal tumors from KIT-PDGFRA-
driven tumors, revealing a distinct epigenetic phenotype (69). Similarly, SDH- and FH-deficient renal 
cell carcinomas exhibit unique genomic and metabolic features (70). These findings define disease-
associated states that can inform investigations into the functional consequences of metabolic 
disruption. Restoration of enzyme activity could be used to test which metabolic and epigenetic features 
are dependent on the underlying deficiency. 

At super-enhancers, the acetylation reader BRD4 sustains oncogenic transcription (71). In hypoxic 
esophageal squamous cell carcinoma, DNMT1-dependent methylation of RORA promotes tumor 
progression by regulating SLC2A3 expression, thereby linking DNA methylation at this locus to 
metabolic adaptation (72). Enhancer-promoter hubs organize transcriptional networks involved in 
oncogenesis and drug resistance (73), situating chromatin organization within the broader context of 
tumor progression and metastasis regulation (74). LKB1 inactivation alters chromatin accessibility and 
promotes metastatic progression in experimental cancer models (75). Single-cell analysis of colorectal 
cancer liver metastasis identifies accessibility changes associated with metastatic cellular states and 
liver tropism (76). Perturbation of candidate regulatory elements in metastatic models could determine 
whether these accessibility changes contribute to liver colonization or arise after tumor cells enter the 
hepatic microenvironment. Collectively, these studies demonstrate the connection between chromatin 
regulation and malignant adaptation across distinct stages of progression. 

Therapeutic interventions can select for slow-cycling or dormancy-like tumor cells. Depending on the 
experimental model, persister cell survival is associated with altered glutamine or lipid utilization, 
oxidative phosphorylation, or antioxidant metabolism. Alterations in chromatin accessibility and 
transcription have also been implicated in survival during drug exposure (77, 78). Reversible drug 
tolerance may precede acquired resistance and is often characterized by reduced expression of lineage 
markers and increased metabolic flexibility (79). These features can coexist within a tumor and may 
evolve as drug exposure continues. Resumption of proliferation following drug withdrawal and 
restoration of drug sensitivity represent distinct endpoints. Lineage tracking during withdrawal and 
rechallenge can determine whether early persister cells contribute to resistant outgrowth and whether 
resistance remains restricted to specific lineages. Measurement of pathway activity at each phase can 
clarify whether metabolic changes associated with initial survival persist as the population resumes 
growth or whether subsequent outgrowth relies on a different metabolic program. 

Metabolic-epigenetic coupling links metabolite availability and chromatin regulation to differentiation, 
cellular plasticity, and cell-fate outcomes (Figure 3). 
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Figure 3. Integration of Metabolism and Epigenetics in Cell Fate Decisions. Metabolic states and metabolite availability 
influence chromatin modifications during stem cell differentiation and cellular state transitions. Nutrient and oxygen 
availability and mitochondrial function regulate acetyl-CoA-dependent acetylation, α-KG-dependent demethylation, and 
NAD⁺-dependent deacetylation, while epigenetic programs reciprocally regulate metabolic pathways. This coupling shapes 
gene expression and cellular plasticity, influencing proliferation, temporary cell-cycle arrest, senescence, and cell death. 
Created in BioRender. Piaoting, F. (2026) https://BioRender.com/uq2cg3o. Abbreviations: acetyl-CoA, acetyl coenzyme A; 
α-KG, α-ketoglutarate; NAD⁺, oxidized nicotinamide adenine dinucleotide; SAM, S-adenosylmethionine. 

4.2 Metabolic-Epigenetic Remodeling of the Tumor Immune Microenvironment 

Nutrient availability within specific tumor regions is shaped by substrate consumption and release by 
malignant and stromal cells. Substrate competition can modify metabolism in infiltrating immune cells, 
while metabolites released by one cell population can affect chromatin structure or effector function in 
another. As a result, metabolic changes that support malignant growth may also alter the differentiation, 
persistence, or function of immune populations involved in the antitumor response. 

During inflammation and immune responses, metabolic-epigenetic interactions remodel immune cell 
activation, differentiation, and effector states, thereby influencing tissue injury and repair (80). Immune 
cells display distinct metabolic requirements across resting, activated, effector, and memory stages, 
accompanied by dynamic changes in DNA methylation, histone modifications, and chromatin 
accessibility (81). Recent studies indicate that metabolic reprogramming and epigenetic regulation in 
immune cells are not independent processes; rather, they jointly determine the intensity and duration of 
inflammation and the capacity to restore immune homeostasis (82, 83). 

This metabolic-epigenetic coupling is especially prominent in innate immune cells. In experimental 
models of trained immunity, β-glucan stimulation induces mTOR- and HIF-1α-dependent glycolysis, 
thereby linking metabolic reprogramming to enhanced innate immune responses (49). Additional 



Fu et al. Cancer Biome and Targeted Therapy 2026; 1(4):252-278 
 

 
	

261 

studies demonstrate epigenetic changes associated with human monocyte-to-macrophage 
differentiation and trained innate immunity (83). 

Adaptive immunity is also regulated by metabolic-epigenetic coupling, but with lineage-specific 
outcomes (80). Effector T-cell differentiation involves increased glycolysis, one-carbon metabolism, 
and glutamine utilization, accompanied by chromatin remodeling (81, 84). T-cell metabolic 
requirements vary according to differentiation state, activation conditions, and tissue context; thus, 
regulatory and memory populations should not be assigned a single universal metabolic program (81). 
Metabolites can directly influence T-cell fate; for example, S-2-hydroxyglutarate modulates α-KG-
dependent dioxygenase activity and promotes a memory-like differentiation program in CD8+ T cells 
(50). 

β-Glucan studies position mTOR- and HIF-1α-dependent glycolysis as upstream regulators of trained 
innate immunity (49). Metabolic requirements for immune activation differ by the specific effector 
function involved (85). In mouse bone marrow-derived dendritic cells, CTCF coordinates enhancer 
contacts that control inflammatory transcription (86). Macrophages originating from hematopoietic 
stem cells in autoimmune mice display metabolic and chromatin characteristics linked to trained 
immunity (87). In regulatory T cells, transketolase deficiency disrupts the non-oxidative pentose 
phosphate pathway, reduces α-KG availability, and increases DNA methylation. This perturbation 
impairs suppressive function under the tested conditions, linking disruption of a specific metabolic 
pathway to an immunoregulatory phenotype (88). 

Lactylation represents an additional connection between glycolytic metabolism and protein regulation, 
with functional outcomes determined by the specific substrate modified and the cellular context (89). 
In hepatocellular carcinoma, lactylome profiling reveals lactylation-associated mechanisms underlying 
metabolic adaptation (90). β-Glucan-induced glutaminolysis and fumarate accumulation drive 
epigenetic reprogramming in monocytes, while mevalonate can induce trained immunity via signaling 
pathways linked to histone modifications (91, 92). Therefore, inflammation-associated metabolites 
function not only as byproducts of cellular activation but also as signals that convey metabolic state to 
persistent chromatin and transcriptional programs. 

Within tumors, comparable metabolic-epigenetic programs arise in response to a distinct ecological 
context. Competition for glucose and amino acids, accumulation of lactate and other metabolites, 
hypoxia, and tumor-derived signaling factors collectively reshape the metabolic and chromatin states 
of infiltrating macrophages, T cells, and other immune populations. These alterations can suppress 
cytotoxic effector programs, promote immunoregulatory or dysfunctional states, and help maintain an 
immunosuppressive microenvironment. Additionally, metabolic adaptation supports malignant-cell 
persistence; for example, metabolic changes in residual breast cancer cells facilitate tumor recurrence 
after oncogene withdrawal (93). Consequently, metabolic-epigenetic regulation of immune and 
malignant cell fate constitutes a critical interface linking tumor metabolism, cellular plasticity, and 
therapeutic response. 

Metabolic conditions within tumors can alter immune-cell function and chromatin regulation. Immune 
cells, in turn, influence local nutrient availability through substrate consumption and modulate 
inflammatory signaling through their metabolic activity. Serial measurements of chromatin state and 
effector function in defined immune-cell populations can reveal whether these responses resolve after 
the initiating stimulus is withdrawn or persist during recovery. The duration of the response can help 
determine when to pair tumor-directed therapy with an intervention that supports antitumor immunity 
(Figure 4). 
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Figure 4. Metabolic-Epigenetic Remodeling across the Tumor Ecosystem. Metabolic and epigenetic states are shaped by 
reciprocal interactions among malignant, immune, and stromal cells within spatially heterogeneous tumor 
microenvironments. Hypoxia, nutrient limitation, extracellular metabolites, and therapeutic pressure alter metabolic inputs to 
chromatin regulation, while epigenetic programs stabilize or redirect metabolic states. These interactions contribute to tumor-
cell plasticity, immune dysfunction, metastatic dissemination and colonization, and therapeutic resistance. Created in 
BioRender. Piaoting, F. (2026) https://BioRender.com/f58ytmb. Abbreviations: 2-HG, 2-hydroxyglutarate; CAF, cancer-
associated fibroblast; CD8⁺, cluster of differentiation 8-positive; ECM, extracellular matrix; H⁺, hydrogen ion; O₂, oxygen; 
Treg, regulatory T cell. 

4.3 Metabolic Memory as a Model for Persistent Tumor Cell-State Reprogramming 

The molecular effects of a metabolic exposure can outlast the initiating stimulus. In experimental 
models, transient hyperglycemia induces epigenetic and transcriptional changes that persist after 
normoglycemia is restored, a phenomenon termed metabolic memory (94). Fatty-acid exposure 
promotes DNMT3B-dependent methylation of the PGC-1α promoter in muscle cells (95), and 
epigenetic alterations in human pancreatic islets affect mitochondrial function and insulin secretion 
(96). After weight loss, adipose tissue in humans and mice retains transcriptional changes, with 
persistent epigenetic alterations observed in mouse adipocytes (97). Mitochondrial regulation offers 
another mechanism for altering cellular metabolic phenotypes, as demonstrated by increased hepatic 
fatty-acid oxidation following MCJ silencing (98). Collectively, these findings differentiate enduring 
chromatin-associated responses from metabolic adaptations maintained by alternative regulatory 
mechanisms. 

Neural and immune systems demonstrate complementary relationships among metabolite availability, 
cellular function, and chromatin regulation. SARM1-dependent NAD+ depletion connects metabolite 
consumption to axonal degeneration (99), while nuclear ACSS2 provides acetyl-CoA for neuronal 
histone acetylation and gene expression linked to hippocampal memory (100). APOE4-associated lipid-
droplet accumulation in microglia exemplifies how altered lipid handling can accompany dysfunctional 
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cellular states (101). A direct metabolic contribution to chromatin modification is shown by the 
incorporation of alcohol-derived metabolites into brain histone acetylation (102). Histone deacetylation 
and disease-associated epigenomic changes further influence neural plasticity and immune-related 
transcriptional programs in the brain (103, 104). 

After reoxygenation or nutrient replenishment, metabolite concentrations may return to baseline before 
transcription or chromatin state does. A similar lag may follow drug withdrawal. Tracking individual 
cells through recovery and rechallenge can show whether those that retain an altered chromatin state 
differ in survival, drug sensitivity, or capacity to resume proliferation. Perturbing the mechanism that 
maintains this state after the original stimulus has been removed can test whether it contributes to 
residual disease or recurrence. 

4.4 Metabolic-Epigenetic Coupling across the Tumor Microenvironment 

Tumors function as multicellular ecosystems where metabolic-epigenetic states arise from interactions 
among malignant cells, immune populations, fibroblasts, endothelial cells, and the surrounding 
extracellular environment. Regional variations in oxygenation, nutrient delivery, extracellular acidity, 
and metabolite accumulation generate spatially distinct biochemical niches that impose unique 
constraints on chromatin regulation (105, 106). Consequently, metabolic-epigenetic reprogramming is 
unlikely to occur uniformly throughout a tumor. Rather, distinct cellular populations may occupy 
different metabolic and epigenetic states based on their localization and interactions with neighboring 
cells. 

Cancer-associated fibroblasts and other stromal populations influence metabolic-epigenetic regulation 
through nutrient exchange, extracellular matrix remodeling, cytokine signaling, and metabolite release 
or consumption (107–109). Conversely, lactate-mediated epigenetic reprogramming can drive the 
formation of cancer-associated fibroblasts in pancreatic cancer (110). These reciprocal interactions can 
sustain, buffer, or circumvent malignant-cell metabolic dependencies, highlighting the importance of 
stromal support when translating findings from isolated cells to intact tumors. 

A metabolic signal detected in a bulk tumor specimen may originate from malignant, stromal, or 
immune cells. Identifying its cellular source is essential for interpreting pharmacological interventions, 
as inhibiting a pathway in malignant cells can alter substrate availability for neighboring cells. Spatial 
metabolomics enables localization of the metabolic signal, while single-cell transcriptional and 
chromatin profiling can identify responsive populations and characterize their transcriptional and 
epigenetic states during treatment. Collectively, these approaches can differentiate tumor-cell 
dependencies from those maintained by neighboring populations and determine whether target 
inhibition also modifies local metabolic conditions that support antitumor immune function. 

5. An Integrated Framework for Metabolic-Epigenetic State Transitions in Cancer 

Metabolic-epigenetic coupling links biochemical conditions to the transcriptional programs that 
determine cellular identity and adaptation. Histone acetylation illustrates this relationship: metabolic 
pathways provide acetyl-CoA for chromatin modification, while transcriptional regulation controls the 
enzymes and transporters that sustain metabolic activity (111). Single-cell multimodal approaches 
enable resolution of these relationships across heterogeneous populations and facilitate identification of 
molecular states that may be masked in bulk measurements (112). Therefore, an integrated framework 
must consider the timing, location, and functional consequences of metabolic-epigenetic interactions. 
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Changes in metabolite availability can modulate chromatin-modifying enzyme activity before 
transcriptional changes. The initial biochemical response and subsequent transcriptional alterations are 
determined by substrate availability, enzyme characteristics, and cellular context (113, 114). Under 
conditions of oxygen and serum deprivation, nuclear ACSS2 recycles acetate generated by histone 
deacetylation to sustain histone acetylation, thereby maintaining chromatin modification during 
metabolic stress (115). SIRT7-mediated histone desuccinylation further links enzymatic chromatin 
regulation to chromatin compaction and genome stability (116). These mechanisms enable cellular 
adaptation to environmental changes, although the persistence of the resulting state is governed by 
additional transcriptional and regulatory processes. 

Spatial organization also influences these interactions. Metabolic-epigenetic signaling in glioblastoma 
exemplifies the diverse pathways by which metabolic activity and chromatin regulation intersect in 
cancer (117). At the cellular level, heterogeneous enhancer states facilitate distinct responses to 
metabolic stress, as observed in pancreatic β cells (118). Spatial multi-omics enables analysis of intact 
tissues, allowing localization of molecular programs within specific cellular and microenvironmental 
contexts (119). Integrating these approaches with assessments of nuclear metabolite availability and 
enzyme localization may clarify why similar metabolic perturbations yield different transcriptional 
outcomes. 

Alterations in cell state can modify metabolic demand, with transcriptional regulation determining how 
these demands are met. During glutamine deprivation, DDIT3 modulates the balance between 
glycolysis and oxidative phosphorylation (120). In tumors undergoing lineage transitions, the metabolic 
pathways available to meet new demands are influenced by genetic background, differentiation status, 
and local environmental conditions (121). Chromatin accessibility can either facilitate or restrict these 
transitions by controlling access to regulatory regions (122). The persistence of the adapted state 
following removal of the initiating stimulus depends, in part, on the continued activity of supporting 
transcriptional programs. 

A multiregional atlas of the human brain has integrated chromatin accessibility and gene expression 
data to distinguish regulatory differences among cell populations and anatomical regions (123). In the 
liver, single-cell spatial multi-omics has identified enhancer networks associated with zonation (124). 
Developmental studies have investigated how environmental exposures influence epigenetic plasticity 
(125), while integrated analyses of RNA, chromatin, and metabolites have refined the molecular 
characterization of the human kidney (126). In tumors, these methods may distinguish lineage-
associated regulatory differences from those driven by local metabolic conditions, including responses 
of malignant and stromal cells within the same region. 

Molecular profiling can identify chromatin reactions suitable for direct experimental testing. HBO1-
catalyzed H3K9 lactylation establishes a direct connection between a specific enzymatic activity and 
transcriptional regulation (127). In tumor models, genetic or pharmacological perturbation of HBO1 
can be combined with metabolite quantification and locus-specific chromatin profiling. Subsequent 
rescue experiments can assess whether restoration of HBO1 activity reinstates both transcriptional 
activity and the malignant phenotype. Serial measurements in defined cell populations can establish 
whether local metabolite availability changes before chromatin state shifts. Following individual cells 
after stimulus withdrawal can then show whether the altered state returns to baseline or persists across 
cell divisions. Perturbing the candidate reaction and assessing its impact on differentiation, survival, 
immune function, or treatment response can identify dependencies that support tumor growth or 
adaptive resistance (Figure 5). 
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Figure 5. Metabolic-Epigenetic Feedback Governing Cancer Cell-State Transitions. Metabolic inputs, including nutrient 
availability, mitochondrial activity, metabolic reprogramming, microenvironmental cues, and oncometabolite accumulation, 
influence chromatin regulation by altering metabolite availability that serves as a substrate, cofactor, or regulator of 
epigenetic enzyme activity. Epigenetic mechanisms, including DNA methylation, histone modifications, chromatin remodeling, 
and non-coding RNAs, reciprocally regulate metabolic genes and pathways, establishing a dynamic feedback loop. Depending 
on cellular and microenvironmental context, this coupling can promote distinct cancer cell states, including proliferative, 
plastic or stem-like, stress-adapted, drug-tolerant, and metastatic states, thereby contributing to tumor growth, adaptation, 
dissemination, and therapeutic resistance. Created in BioRender. Piaoting, F. (2026) https://BioRender.com/0vpf5x1. 
Abbreviations: 2-HG, 2-hydroxyglutarate; acetyl-CoA, acetyl coenzyme A; α-KG, α-ketoglutarate; NAD⁺, oxidized 
nicotinamide adenine dinucleotide; OXPHOS, oxidative phosphorylation; TCA cycle, tricarboxylic acid cycle. 

6. Targeting Metabolic-Epigenetic Dependencies in Cancer 

Combination strategies require disease-specific mechanistic justification and evidence that the targeted 
processes contribute to the same malignant state (128). Combined inhibition of HDAC and eIF4A in 
pancreatic ductal adenocarcinoma exemplifies epigenetic-translation targeting, rather than direct 
combined inhibition of a metabolic enzyme and a chromatin regulator (129). Metabolic perturbations 
can modulate epigenetic regulation (130), while HDAC inhibition can remodel metabolic 
transcriptional programs, as demonstrated in glioblastoma models (131). The most direct clinical 
example involves inhibition of an abnormal metabolic enzyme that generates an epigenetically active 
oncometabolite. More indirect strategies, such as targeting glycolysis, one-carbon metabolism, 
glutamine utilization, or lipid metabolism, remain context-dependent because they also impact normal 
tissues and can be circumvented through metabolic plasticity (30). 

IDH1/2-mutant cancers provide a clinically validated proof of principle that a genetically defined 
metabolic alteration can create a therapeutically actionable epigenetic dependency. Cancer-associated 
mutant IDH enzymes acquire neomorphic activity, leading to accumulation of the oncometabolite 2-
hydroxyglutarate (2-HG) (132), which inhibits α-KG-dependent TET DNA demethylases and JmjC-
domain histone demethylases, resulting in DNA and histone hypermethylation and impaired 
differentiation. Therapeutic inhibition of mutant IDH has translated this mechanistic insight into clinical 
benefit. Enasidenib and ivosidenib have produced durable responses and promoted differentiation in 
patients with IDH2- and IDH1-mutant relapsed or refractory AML, respectively (133, 134). In newly 
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diagnosed IDH1-mutant AML, the addition of ivosidenib to azacitidine significantly improved clinical 
outcomes compared to azacitidine alone (135). In grade 2 IDH-mutant glioma, the brain-penetrant dual 
IDH1/2 inhibitor vorasidenib significantly prolonged progression-free survival and delayed the need 
for subsequent anticancer intervention in the phase III INDIGO trial (136). Collectively, these trials 
demonstrate the clinical benefit of targeting mutant IDH enzymes. However, the extent to which clinical 
benefit is attributable to reversal of epigenetic abnormalities or differentiation blockade varies by 
disease and treatment context (133–136). 

Evidence for epigenetic combinations and therapies targeting metabolic–epigenetic dependencies varies 
by tumor type and mechanism, and many approaches remain investigational (128–131). For 
interventions targeting histone lactylation, acetyl-CoA-dependent acetylation, NAD⁺-dependent 
deacylation, or SAM-dependent methylation, clinical development requires validated assays to measure 
target engagement and evidence that the intended chromatin change occurs at tolerable exposures. After 
treatment begins, alternative pathways can replenish depleted substrates, and reliance on the targeted 
pathway may vary across regions of the same tumor. If normal tissues depend on that pathway, toxicity 
may limit the exposure required for sustained inhibition. A pretreatment biomarker can also miss cell-
state transitions that emerge during therapy. Serial measurements of metabolites and chromatin, 
combined with single-cell or spatial profiling, could guide patient selection and dosing schedules and 
help detect emerging resistance (137–140). 

A paired biomarker may integrate measurements of metabolite abundance or flux with DNA 
methylation, histone modification, or chromatin accessibility at responsive loci. Early depletion of a 
substrate may precede reversal of the associated chromatin state. Prospective sampling across tumor 
regions and treatment time points can assess whether this temporal discordance resolves and whether it 
predicts subsequent therapeutic response or acquired resistance. A metabolic inhibitor can decrease the 
supply of a specific metabolite that sustains a malignant chromatin state. If tumor cells compensate by 
restoring pathway activity through transcriptional mechanisms, a second agent could directly target this 
compensatory response (128, 141, 142). 

Discussion 

Metabolic and chromatin changes can establish, stabilize, or redirect malignant cell states during tumor 
progression. Related changes can occur in adjacent stromal and immune populations. When a metabolic 
signature coincides with a chromatin state, perturbing the underlying reaction can test whether the cells 
depend on it to maintain the phenotype. Its value as a therapeutic target also depends on how readily 
alternative pathways compensate and whether malignant cells are more sensitive to inhibition than 
normal cells. These questions should be tested across tumor regions, cell populations, and treatment 
stages, where substrate availability, chromatin accessibility, and enzyme activity may differ. 

As a result, identical metabolic perturbations can produce distinct epigenetic outcomes across different 
tumor regions or cell populations, while similar chromatin states may emerge via separate metabolic 
pathways. Addressing this heterogeneity necessitates methodologies that surpass bulk-tissue and 
population-averaged analyses, such as single-cell epigenomic and spatial metabolic profiling capable 
of delineating cell-state-specific regulatory and metabolic programs (137, 138). Mutant IDH1 
establishes a defined biochemical starting point through production of 2-HG (132). Where the evidence 
begins with co-occurrence of a metabolite and a chromatin mark, timed perturbation can establish 
temporal order in the responding population. Inhibiting and restoring the candidate reaction can test 
whether locus-specific chromatin changes and the phenotype depend on it. 
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A key unresolved issue is whether an adaptive state requires ongoing exposure to therapeutic or 
microenvironmental stress, or if it persists after such exposure ceases. Evidence shows that a reversible 
chromatin-mediated drug-tolerant state exists in cancer-cell subpopulations (143), and that ACSS2-
mediated metabolic-epigenetic coupling contributes to fulvestrant resistance in breast cancer (144). 
These observations define distinct forms of chromatin-associated tolerance and metabolic-epigenetic 
resistance, but do not indicate that all adaptive states inevitably become permanent. Longitudinal 
perturbation, withdrawal, and rechallenge experiments are necessary to distinguish when these states 
remain reversible and when additional mechanisms maintain residual disease or acquired resistance. 

Time-resolved perturbation studies can determine whether a metabolic alteration sustains a tumor 
phenotype via chromatin modifications. Paired single-cell and spatial analyses can subsequently 
identify the specific cell populations and tumor regions where this dependency is present. For clinical 
application, candidate biomarkers should be monitored serially to assess their correlation with target 
engagement and resistance development. Treatment studies must also define the optimal timing for 
pathway inhibition and evaluate whether the necessary exposure can prevent adaptive escape while 
maintaining normal tissue integrity and antitumor immune responses. 

A causal link is strongest when a defined metabolic reaction alters chromatin at specific loci, and those 
changes contribute to the phenotype in the same cell population. Isotope tracing can identify the 
metabolic source, and single-cell and spatial profiling can locate the responding cells. Perturbing the 
affected loci can then test their contribution to survival, dissemination, or immune evasion. Paired 
patient samples collected before and during therapy can show whether the response also occurs 
clinically. If the state persists after drug withdrawal, rechallenge can test whether surviving cells retain 
the dependency and inform whether to inhibit the pathway during initial therapy or after resistance 
emerges. 
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