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Abstract
Reversible, spatial, and temporal regulation of metabolic reprogramming and
epigenetic homeostasis are prominent hallmarks of carcinogenesis. Cancer cells
reprogram their metabolism to meet the high bioenergetic and biosynthetic
demands for vigorous proliferation. Epigenetic dysregulation is a common fea-
ture of human cancers, which contributes to tumorigenesis and maintenance
of the malignant phenotypes by regulating gene expression. The epigenome
is sensitive to metabolic changes. Metabolism produces various metabolites
that are substrates, cofactors, or inhibitors of epigenetic enzymes. Alterations
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in metabolic pathways and fluctuations in intermediate metabolites convey
information regarding the intracellular metabolic status into the nucleus by
modulating the activity of epigenetic enzymes and thus remodeling the epige-
netic landscape, inducing transcriptional responses to heterogeneous metabolic
requirements. Cancer metabolism is regulated by epigenetic machinery at both
transcriptional and post-transcriptional levels. Epigenetic modifiers, chromatin
remodelers and non-coding RNAs are integral contributors to the regulatory
networks involved in cancer metabolism, facilitating malignant transformation.
However, the significance of the close connection between metabolism and epi-
genetics in the context of cancer has not been fully deciphered. Thus, it will
be constructive to summarize and update the emerging new evidence support-
ing this bidirectional crosstalk and deeply assess how the crosstalk between
metabolic reprogramming and epigenetic abnormalities could be exploited
to optimize treatment paradigms and establish new therapeutic options. In
this review, we summarize the central mechanisms by which epigenetics and
metabolism reciprocally modulate each other in cancer and elaborate upon
and update the major contributions of the interplays between epigenetic aber-
rations and metabolic rewiring to cancer initiation and development. Finally,
we highlight the potential therapeutic opportunities for hematological malig-
nancies and solid tumors by targeting this epigenetic-metabolic circuit. In
summary, we endeavored to depict the current understanding of the coordi-
nation between these fundamental abnormalities more comprehensively and
provide newperspectives for utilizingmetabolic and epigenetic targets for cancer
treatment.
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1 BACKGROUND

Cellular metabolic reprogramming is a core hallmark of
cancer [1, 2]. A large body of researches have tried to eluci-
date the direct effects ofmetabolism on tumor growth, pro-
liferation, andmetastasis. Highly proliferating cancer cells
require numerous building blocks for active biosynthesis
and an abundant energy supply. To meet the requirements
for growth and survival, cancer cells experience signifi-
cant metabolic alterations, such as upregulated glycolysis
and enhanced glutamine catabolism. Oncogenic repro-
gramming of cellular metabolism is a downstream event
of mutant oncogenes or tumor suppressors, dysregulated
signal transduction pathways, and perturbed microenvi-
ronmental nutrient availability [3–6]. Emerging researches
suggest thatmetabolism is notmerely a passive participant
of tumorigenesis; it can serve as signaling molecules and
globally control gene expression. Another general mecha-

nism bywhichmetabolism canmodulate cellular activities
has been proposed. Cellular metabolism provides a pool
of intermediate metabolites acting as substrates, cofactors,
agonists, or antagonists of chromatin-modifying enzymes.
Significant changes in the metabolic pool accompany the
reprogramming of metabolism. Thus, it is reasonable to
speculate that fluctuations in these metabolites could reg-
ulate the state and function of cells through epigenetic
mechanisms. The hyperactive pentose phosphate pathway
(PPP) promotes global epigenomic reprogramming and
drives the evolution of distant metastasis in pancreatic
ductal adenocarcinoma (PDA), providing robust evidence
for this hypothesis [7].
The term “epigenetics” was defined as a “stably herita-

ble phenotype resulting from changes in a chromosome
without alterations in the DNA sequence” [2, 8]. Beyond
oncogenic mutations, four classic epigenetic mechanisms,
DNA methylation, histone modifications, chromatin
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remodeling, and non-coding RNAs (ncRNAs), dynam-
ically influence various chromatin-related processes,
such as gene transcription, DNA repair, and replication.
The basic unit of chromatin is the nucleosome, which
is assembled from a histone octamer consisting of H2A,
H2B, H3, and H4, with 147 base pairs of DNA wrapped
around the octamer [9]. Alterations in chromatin struc-
ture caused by epigenetic modifications and chromatin
remodelers can change the transcriptional accessibility
of regional DNA sequences, thus profoundly influencing
gene expression. In human cancers, epigenetic modifica-
tion profiles and ncRNA expression patterns often change
globally [10–14]. Compelling evidence highlights that epi-
genetic reprogramming is crucial for the acquisition and
maintenance of hallmark capabilities in cancer, including
unlocking phenotypic plasticity and deregulating cellular
metabolism [2, 15-19].
Some studies have revealed that the interplay between

epigenetics and metabolic reprogramming endows tumor
cells with the capability to adapt to ever-changing condi-
tions during tumorigenesis. Most recently, many discov-
eries have been made. These findings will be discussed
in detail later to provide more supporting evidence for
this hypothesis. Additionally, with advances in the fields
of cancer metabolism and epigenetics, several intrigu-
ing new themes have emerged. One key question is how
metabolism tunes transcription through non-canonical
histone modifications like lactylation and succinylation. A
second important question is whether a close interaction
exists betweenmetabolism andRNAepigenetics. Covering
these themes will significantly deepen our understand-
ing of this topic and provide fundamental insights into
tumor biology. However, there are still some limitations
existing in current studies. First, the causal link between
the metabolic-epigenetic loop and phenotypic outcomes
in cancer has not been rigorously proven. That is to say,
whether all these outcomes observed are directly caused by
metabolically driven changes in epigenetic modifications
needs further validation.Newly developed epigenome edit-
ingmay enable us to confirmwhich chromatinmarks have
causal roles in determining tumor behaviors [20]. Second,
metabolic and epigenetic heterogeneities within tumors
are currently rarely taken into account. High-throughput
techniques, including spatial omics and single-cell omics,
may answer the question of how heterogenous metabolic
and epigenetic patterns interweave with each other to
amplify intra-tumoral phenotypic diversity [21].
Cancer metabolism and epigenetics are both attrac-

tive therapeutic targets for cancer therapy, which is not
surprising, given their important roles in cancer. Unfor-
tunately, successful clinical applications of drugs targeting
metabolism are rare. The efficacy of epigenetic drugs has
been confined to hematologicalmalignancies, and they are

almost ineffective in solid tumors. This indicates the need
to identify true metabolic or epigenetic vulnerabilities and
develop new drug combinations. The robust association
between metabolism and epigenetics has been revealed.
It is thus rational to propose some potential treatment
strategies targeting these communications (Figure 1).

2 REPROGRAMMED CELLULAR
METABOLISM IN CANCER

The most classic example of metabolic reprogramming
in cancer is the Warburg effect, also known as aero-
bic glycolysis. Cancer cells tend to convert pyruvate, the
end product of glycolysis, into lactate rather than direct-
ing it into mitochondrial metabolism despite the intact
function of oxidative phosphorylation (OXPHOS). This
may be caused by the increased demand of cancer cells
for macromolecule biosynthesis compared with energy
production. The intermediate products of glycolysis can
be diverted into biosynthetic programs such as serine
metabolism, hexosamine pathway, and PPP [22, 23]. These
metabolic branches, often deregulated, provide reduced
nicotinamide adenine dinucleotide phosphate (NADPH)
for reductive biosynthesis and combating oxidative stress
and S-adenosyl methionine (SAM) for methylation reac-
tions and building blocks for proteins and nucleic acids
[24, 25]. In addition, cancer cells can utilize intermedi-
ates of the tricarboxylic acid (TCA) cycle for de novo fatty
acid and non-essential amino acid synthesis. Researchers
reported that cancer cells might be addicted to glutamine
and glucose [26, 27]. Glutamine is involved in the synthe-
sis of essential amino acids, purine bases, and pyrimidine
bases. Further, glutamine can also be metabolized into α-
ketoglutarate (α-KG) to replenish the TCA cycle in the
mitochondria [28]. Beyond that, lipid metabolism also
undergoes reprogramming in cancer. Cancer cells have
active fatty acid and cholesterol synthesis that make up the
membrane and form signalingmolecules. Fatty acid oxida-
tion is an important energy source for rapidly proliferating
cancer cells [29, 30]. Altogether,metabolic reprogramming
dramatically impacts many biological properties of can-
cer cells, such as fueling proliferation and growth and
promoting invasion and distant metastasis [31, 32].

3 EPIGENETICMECHANISMS IN
CANCER

Epigenetic changes, including DNA methylation, histone
modifications, chromatin remodeling, and ncRNAs, are
closely related to cancer development and malignant pro-
gression. Here, we provide an overview of the basic
principles of these epigenetic processes.
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F IGURE 1 Overview of the crosstalk between metabolic reprogramming and epigenetics in cancer. Metabolic reprogramming
modulates epigenetics by providing substrates, cofactors, agonists, or antagonists for epigenetic modifiers and chromatin remodelers. The
other way round, epigenetic mechanisms are involved in cancer metabolic reprogramming by regulating the expression and function of
metabolic enzymes and upstream regulators

3.1 DNAmethylation

DNA methylation refers to the enzymatic addition of
a methyl group to a cytosine 5-carbon, which forms
5-methylcytosine (5mC). It occurs mainly at scattered
cytosine-guanine (CpG) dinucleotide sites and some CpG
islands, which are CpG-rich sequences [33]. Neverthe-
less, CpG sites in CpG islands that overlap with the
promoter regions of approximately two-thirds of human
genes are commonly unmethylated to maintain a per-
missive chromatin state for transcription [34]. In cancer,
DNA methylation patterns are extensively reshaped with
global hypomethylation but with regional hypermethyla-
tion of CpG islands in promoters of tumor suppressor
genes [33, 35]. DNA methyltransferases (DNMTs) utilize
SAM as the methyl group donor and are responsible
for the deposition of methyl groups on C5 of cytosines
[36]. DNMTs include two major categories: maintenance
methyltransferaseDNMT1 and de novomethyltransferases
DNMT3A and DNMT3B. Ten-eleven translocation (TETs)
family proteins, including TET1, TET2, and TET3, have
been demonstrated to be mammalian DNA hydroxylases
for active DNA demethylation. TETs require oxygen and

α-KG as substrates and ferrous iron as cofactors to medi-
ate demethylation reactions [37]. Specifically, 5mC is
oxidized stepwise into 5-hydroxymethylcytosine (5hmC),
5-formylcytosine (5fC), and 5-carboxylcytosine (5caC) dur-
ing this process, followed by replication-dependent dilu-
tion or base excision repair [38]. Of note, 5hmC represents
both a demethylation intermediate and a stable epigenetic
mark. Its abundance could reflect the function and activity
of TETs [39, 40].
In cancer cells, global DNA hypomethylation revealed

by genome-wide analyses is the most prominent and ear-
liest identified DNA methylation abnormality [41]. DNA
hypomethylation, accompanied by the activation of tran-
scription, repeats, transposable elements, and oncogenes,
may contribute to increases in aneuploidies and genomic
instability, which are hallmarks of cancer [42]. Further-
more, aberrant hypermethylation of CpG islands in the 5′
promoter regions of tumor suppressor genes in cancer cells
can lock them into inactive states, silencing their expres-
sion. For example, RB, a well-known tumor suppressor
gene, was discovered to be downregulated by promoter
CpG-islands hypermethylation and promote oncogenesis
[43, 44]. Such aberrant DNA methylation patterns were
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also observed in tumor suppressor genes like CDKN2A,
MLH1, and CDH1 [45–47].

3.2 Histone modifications

Each histone possesses a highly flexible N-terminal tail
enriched with lysine and arginine residues that can be
extensively modified [48]. Covalent histone modifications
include acetylation, methylation, acylation (e.g., lactyla-
tion, succinylation, and crotonylation), phosphorylation,
SUMOylation, and citrullination. Some histone modifica-
tions can alter interactions between histones and DNA
or can be recognized by specific binding proteins to
impact chromatin compaction and regulate transcription
processes [49, 50].
Histone acetylation can promote amore open chromatin

state and increase chromatin accessibility for gene expres-
sion. Histone acetylation is dynamically established by
histone acetyltransferases (HATs) and is removed by his-
tone deacetylases (HDACs). There are three major groups
of HATs: the GNAT family, the MYST family, and the
orphan family. HATs transfer acetyl groups from acetyl-
coenzyme A (acetyl-CoA) to histone lysine residues [51].
Four classes of HDACs were identified: class I (HDAC1-3
and HDAC8), class II (HDAC4-7 and HDAC9-10), class IV
(HDAC11), and class III (Sirtuin/SIRT1-7). SIRTs require
nicotinamide adenine dinucleotide (NAD+) as the cofac-
tor [51, 52]. Some HDACs can also deacetylate nonhistone
proteins [52].
Histone methylation occurs in the side chains of lysine,

arginine, and histidine residues. Histone lysine methyl-
transferases (KMTs) can specifically transfer one, two,
or three methyl groups from SAM to specific histone
lysine residues to generate mono-, di-, or tri-methylated
(me1/2/3) histone [53]. There are two kinds of histone
demethylases (KDMs). The family of amine oxidases
(LSDs) utilizes flavin adenine dinucleotide (FAD) as a
cofactor and is limited to demethylating mono- and di-
methylated lysine. Jumonji C (JmjC) domain-containing
histone demethylases (JHDMs) utilize ferrous iron and
α-KG and demethylate tri-methylated lysine [54]. The
functions of different histone methylations depend on the
location and degree of methylation of lysine residues. His-
tone methylation plays an essential role in modulating
transcription by changing the chromatin structure, recruit-
ing chromatin remodeling factors, or guiding the binding
of transcription factors [55].
In cancer cells, a genome-wide profile revealed the loss

of mono-acetylation and tri-methylation of histone H4
at a global level [56]. The discovery was subsequently
confirmed in skin cancer, and the study suggested that
the alteration occurs at the early stage and accumulates

during carcinogenesis. With growing evidence support-
ing this discovery in multiple cancers, it was accepted
as a common feature of cancer cells. These losses pri-
marily appeared at the acetylated K16 and tri-methylated
K20 residues of histone H4 and were connected to the
well-described DNA hypomethylation in cancer [56–58].
In addition, certain combinations of histone modification
are associated with extensive CpG island hypermethyla-
tion in cancer cells, including H3K9 methylation, H3K27
tri-methylation, loss of H3K4 tri-methylation, and deacety-
lation of histones H3 and H4 [59, 60]. Histone modifica-
tions promote tumor pathogenesis and evolution through
transcriptional regulation that activates oncogene expres-
sion and represses tumor suppressor gene expression. For
example, the enhancer of zeste homolog 2 (EZH2) binds
to the promoter region of P21, a crucial tumor suppres-
sor gene, and regulates its H3K27me3 modification, which
promotes proliferation and tumorigenesis in gastric cancer
[61].

3.3 Chromatin remodeling

Chromatin structure is dynamically regulated by DNA and
histone modifiers and ATP-dependent chromatin remod-
eling complexes (CRCs). CRCs contain four different fam-
ilies: switch/sucrose non-fermentable (SWI/SNF), imita-
tion switch (ISWI), chromodomain-helicase DNA-binding
(CHD), and inositol-requiring mutant 80 (INO80). CRCs
can change the packaging state of chromatin, specialize
in chromatin regions, and regulate chromatin accessibility
through sliding, ejecting, or reorganizing nucleosomes [62,
63]. Components of the SWI/SNF complex are frequently
and extensively mutated in various types of cancer; how-
ever, themechanisms of CRCsmutations in tumorigenesis
remain unclear [64].
The SWI/SNF family, composed of 8 to 14 subunits, was

initially extracted from Saccharomyces cerevisiae. Eukary-
otes usually employ two SWI/SNF family complexes with
two relevant catalytic subunits. The family slides and
ejects nucleosomes in various processes at many loci but
is incapable of chromatin assembly [65]. The ISWI fam-
ily comprises 2 to 4 subunits. Among the ISWI family,
dNURF, dCHRAC and dACF complexes were initially
extracted from Drosophila melanogaster and hWICH or
hNoRC was subsequently recognized. Eukaryotes develop
diverse ISWI family complexes by combining one or two
catalytic subunits with specialized proteins [66]. Most
ISWI family complexes, including ACF and CHRAC, pro-
mote chromatin assembly and transcriptional repression
by improving nucleosome spacing [62]. The CHD fam-
ily, among which Mi-2 combines 1 to 10 subunits, was
initially extracted from Xenopus laevis [67]. Some CHD
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family complexes promote transcription by sliding or
ejecting nucleosomes, whereas others repress transcrip-
tion, including the vertebrate Mi-2/NuRD complex. The
variability in CHD family complexes may result in chro-
modomain diversity [68]. The INO80 family, composed
of more than 10 subunits, was first extracted from Sac-
charomyces cerevisiae. INO80 participates in DNA repair
and transcriptional activation [69]. Notably, SWR1-related
complexes in the INO80 family reorganize nucleosomes
by replacing canonical H2A-H2B dimers with H2A.Z-H2B
dimers [70].
So far, the studies of chromatin remodeling in can-

cer have focused on SWI/SNF family. The sequencing of
cancer genomes revealed high-frequencymutations in var-
ious SWI/SNF family members in several hematological
and solid malignancies, including SNF5, BRG1,MTA1 and
ARID1A [71–75]. These members act as tumor suppres-
sors, themutations ofwhich contribute to the development
and maintenance of cancer. The mutations of these chro-
matin remodelers provided opportunities to change chro-
matin accessibility and protein complex topology, yielding
oncogenic outcomes. Mutations in the SMARCB1 gene
promote tumorigenesis in malignant rhabdoid tumors
by preventing SWI/SNF complex interaction with typical
enhancers and promoting remaining SWI/SNF subunits
to induce gene expression at super-enhancers [76]. In
addition, the SWI/SNF family complexes interact with
transcription factors by multiple lineage-specific subunits
to regulate differentiation. They also potentiate malig-
nancy by damaging the balance between differentiation
and self-renewal. Moreover, SWI/SNF family complexes
participate in cell motility, cell-cycle progression, and
nuclear hormone signaling [75].

3.4 Non-coding RNAs

ncRNAs are functional transcripts driven by non-protein-
coding genomes. Among the ncRNA family, microRNAs
(miRNAs), long non-coding RNAs (lncRNAs), and cir-
cular RNAs (circRNAs) are relatively well studied in
cancer. They functionally interact with each other and
form a sophisticated regulatory network, finely regulating
all fundamental biological processes in cells [77, 78].
MiRNAs are small ncRNAs containing about 22

nucleotides, biogenesis taking place through a multi-step
process involving the RNase III enzymes, Drosha and
Dicer [79]. They inhibit post-transcriptional gene expres-
sion by regulating mRNA translation into proteins and
are estimated to mediate the translation of over 60% of
protein-coding genes. The inhibition is completed through
mRNA degradation and the suppression of translation
initiation [80]. MiRNAs participate in multiple biological

processes, including development, proliferation, differ-
entiation, and apoptosis. Some miRNAs mediate specific
individual targets, while others function as major process
controllers, simultaneously regulating multiple gene
expressions [81].
LncRNAs, comprising the largest portion of the non-

coding transcriptome, are a heterogeneous group encom-
passing transcripts longer than 200 nucleotides and with-
out protein-coding capacity [82]. Although lncRNAs were
considered to lack open reading frames or conserved
codons in transcripts, the recent investigation suggested
that some transcripts may produce small peptides [83,
84]. Compared to protein-coding genes, lncRNAs are com-
monly expressed at a lower level but display more cell
type-specific expression patterns. Functions of lncRNAs
are more complicated and varied than that of miRNAs,
including transcriptional regulation, mRNA processing,
and post-transcriptional control [77].
CircRNAs are characterized by the covalent link of the

3′ and 5′ ends in forming single-stranded continuous loop
structures, reshaping RNA structure cognition [85]. They
are more stable than liner ncRNAs, owing to the lack of
exposed ends that are inclined to nucleolytic degradation
and specific RNA folding. In addition, they are evolution-
ary conserved and abundant in eukaryotes [86]. Splicing
and circularization of exons or introns are considered the
initial genesis events of circRNAs. CircRNAs exert critical
biological functions by serving as sponges to inhibit miR-
NAs, mediating protein functions or encoding peptides
[87].
Growing evidence has revealed that the aberrant expres-

sion of ncRNAs is one of the hallmark features of cancers,
and distinct ncRNA expression profiles exhibited between
tumor cells and normal cells play a vital role in tumor
progression and metastasis [88, 89]. Cancer-associated
miRNAs are commonly categorized into tumor suppressor
miRNAs and oncogenic miRNAs. Well-established tumor
suppressor miRNAs involve miR-145, miR-34a, and the
let-7 family and well-characterized oncogenic miRNAs
include miR-21 and miR-155 [90]. Notably, some miRNAs
exert dual functions. For example, miR-200c constrains
epithelial-to-mesenchymal transition (EMT) to inhibit
metastasis initiation in cancer; however, it promotes dis-
tant metastasis in late-stage cancers [91–93]. Notably, miR-
NAs can inhibit cell proliferation by targeting cell cycle
regulatory genes and mediating the cell cycle. The signif-
icantly decreased global expression level of miRNAs was
discovered in various tumor cells, leading to the disorder of
miRNAs function and deprivation of cell cycle inhibition
[94]. LncRNAs display cancer-related expression profiles
based on tumor-specific features. Specifically, hypoxia is
a major cause of cancer progression and chemotherapeu-
tic resistance acquisition, leading to aberrant expression
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of several lncRNAs. LncRNA p21 is hypoxia-responsive
that develops a positive feedback loop with HIF-1α to
motivate glycolysis in cancer [95]. Upregulation of the
hypoxia-inducing lncRNA EFNA3 accelerates Ephrin-A3
accumulation at the cell surface to promote tumor invasion
and metastasis [96]. Widespread dysregulation of circR-
NAs has been discovered in multiple cancers, which is
frequently accompanied by reduced global circRNA levels
in rapidly proliferating cancer cells, indicating that many
circRNAs act as tumor suppressors. However, individual
circRNAs could be upregulated in cancer cells to promote
oncogenesis because their slow generation and high stabil-
ity guarantee their accumulation in non-proliferative cells
[97–100].

4 METABOLIC REWIRING AFFECTS
EPIGENETICS THROUGH REGULATING
SUBSTRATES AND COFACTORS
AVAILABILITY OF CHROMATIN
REGULATORS

Many metabolites serve as substrates or cofactors for
chromatin-modifying enzymes, and their cellular concen-
tration ranges overlap with the kinetic parameters of these
enzymes [101]. Therefore, the availability of these critical
metabolites could influence the activities of chromatin-
modifying enzymes and, thus, the abundance of epigenetic
modifications. However, chromatin remodelers are sat-
urated with their substrate, ATP, because of the high
intracellular ATP concentration. Their activities are thus
generally unaffected by metabolic reprogramming [102].
We think these are general mechanisms explaining how
metabolism controls epigenetics in cancer. Researches
have revealed that metabolism could regulate tumor ini-
tiation, differentiation, proliferation, metastasis, and drug
resistance through epigenetics. That is to say, these intri-
cate interactions function in almost all stages of tumori-
genesis, even before the malignant transformation. One
representative example is that metabolic regulation of
the epigenome drives tumorigenesis in posterior fossa
A ependymomas. Hypoxia induces metabolic reprogram-
ming, significantly decreasing SAM levels while increasing
α-KG and acetyl-CoA levels. The perturbations of these
three key metabolites attenuate the substrate availabil-
ity of H3K27 methyltransferases, promoting the activity
of H3K27 demethylases, and fueling H3K27 acetyltrans-
ferases. Collectively, these changes lead to a unique epige-
netic landscape characterized by H3K27 hypomethylation
and hyperacetylation [103]. How the aforementioned key
metabolites, along with other primary metabolites, build
a bridge between aberrant metabolism and the epigenome
in cancer will be discussed in detail below.

We have also gained some new insights into cancer
metabolism beyond conventional wisdom. First, cancer
metabolism is subcellularly compartmentalized, which
allows metabolites to participate in many distinct bio-
logical processes [104]. Several metabolic intermediates,
such as acetyl-CoA and NAD+, can be produced in the
nucleus. Recent research has shown that almost all TCA
cycle-associated enzymes exist in the nucleus, forming
a local metabolic pool [105]. Thus, the concentration of
these metabolites is regulated by, but relatively indepen-
dent of, mitochondrial and cytoplasmic metabolism. This
represents an additional mechanism that tumor cells can
exploit to regulate chromatin. Second, newly identified
histone post-translational modifications, such as histone
lactylation and succinylation, are also metabolically sensi-
tive [106, 107]. They orchestrate two of the most important
metabolic pathways, glycolysis and TCA cycle, and epige-
netic transcriptional responses. To delve further into these
histone modifications will be very interesting.

4.1 Substrates of chromatin modifiers

Acetyl-CoA is a crucial metabolite in many cellular
compartments. It is mainly produced by pyruvate oxida-
tive decarboxylation, fatty acid β-oxidation, and branched
amino acid catabolism in the mitochondrial matrix [108].
Acetyl-CoA cannot penetrate the mitochondrial mem-
brane directly. Instead, it forms citrate with oxaloacetate
in the TCA cycle, which can be transported into the
cytosol anddecomposed to acetyl-CoAbyATP-citrate lyase
(ACL) [109]. Acetate metabolism catalyzed by acetyl-CoA
synthetase 2 (ACSS2) is an alternative source of cytoso-
lic acetyl-CoA [108]. Histone acetylation relies on the
acetyl-CoA synthesis and can be dynamically regulated by
fluctuating concentrations of cellular acetyl-CoA derived
from glucose and lipids under physiological conditions
[110–113].
Metabolic reprogramming could alter the ratio of acetyl-

CoA to coenzyme A and subsequently affect histone
acetylation states in cancer cells. AMPK is responsible
for promoting glycolysis and the TCA cycle in leukemia.
AMPK promotes the production of acetyl-CoA, which
maintains global histone acetylation to facilitate the
expression of leukemogenic transcription factors [114]. The
PI3K/AKT pathway is activated in human prostate can-
cer and gliomas. AKT activity correlates with histone
acetylation levels in clinical samples. KRAS mutations
promote acetyl-CoA production and histone acetylation
by phosphorylating ACL and enhancing glucose uptake
in an AKT-dependent manner [115]. AKT-induced ACL
and histone acetylation are also required for acinar-
ductal metaplasia and pancreatic tumorigenesis. Reduced
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acetyl-CoA levels caused by ACL ablation impair early
pancreatic tumorigenesis [116]. The ACL is augmented
in melanomas. ACL regulates MITF transcription and
promotes melanoma growth through P300-mediated his-
tone acetylation. Targeting ACL increases the sensitivity
of MAPK inhibition in BRAF-mutant melanoma [117].
ACL is essential for maintaining global histone acety-
lation, whereas ACSS2 can compensate for acetyl-CoA
levels in a dose-dependent manner when ACL is deficient
[118]. Acyl-CoA thioesterase 12 (ACOT12) could hydrolyze
acetyl-CoA into acetate and coenzyme A. Downregulated
ACOT12 increases acetyl-CoA abundance along with his-
tone H3 acetylation levels in hepatocellular carcinoma
(HCC), which epigenetically promote EMT andmetastasis
[119]. Reprogrammed lipid metabolism is involved in con-
trolling cell state transitions. Enhanced fatty acid oxidation
(FAO) contributes to acquiring a mesenchymal phenotype
in breast cancer cells by producing acetyl-CoA tomaintain
histone acetylation on the promoters of genes associated
with EMT [120].
These acetyl-CoA-producing enzymes are also located

in the nucleus, locally regulating histone acetylation. DNA
damage signaling promotes nuclear ACL phosphoryla-
tion. Phosphorylated ACL produces acetyl-CoA locally
and promotes histone acetylation at double-strand break
sites, thereby recruiting BRCA1 and favoring homologous
recombination repair. These results indicate that acetyl-
CoA production by ACL is spatially and temporally con-
trolled [121]. Growth factors or mitochondrial dysfunction
augment pyruvate dehydrogenase complex (PDC) translo-
cation from the mitochondria into the nucleus during
the S phase. The nuclear PDC generates acetyl-CoA and
promotes the acetylation of H3K9 and H3K18, which sup-
ports S phase progression [122]. In Pten deficient prostate
tumors, PDChas a strong nuclear localization. The nuclear
PDC regulates H3K9ac and thus affects the expression of
lipid synthesis genes [123]. This is an alternative way to
generate acetyl-CoA for histone acetylation in addition to
ACL. However, it is astonishing that silencing ACL and
PDC affect different sites of acetylation [122, 123].
Under stress conditions, such as nutrient deprivation or

hypoxia, acetyl-CoA generated from glucose is markedly
reduced. Specific subsets of cancer cells may be addicted
to utilizing acetate as an alternative carbon source for
maintaining acetyl-CoA production, which is mediated by
ACSS [124–126]. Acetate can restore histone acetylation at
H3K9, H3K27, and H3K56. Increased histone acetylation
at FASN and ACACA promoter regions promotes de novo
lipid synthesis [127].However, the proportion of exogenous
acetate-derived acetyl-CoA used for histone acetylation is
relatively low compared to the amount flowing into mito-
chondrial metabolism and lipogenesis [128, 129]. Under
metabolic stress, ACSS2 translocates to the nucleus and

maintains cell survival and growth by promoting H3
acetylation at the promoter regions of lysosomal biogen-
esis and autophagy-related genes. The acetate needed for
nuclear ACSS2 to produce acetyl-CoA is generated by his-
tone deacetylation [128]. Nuclear ACSS2maintains histone
acetylation by acetate recapturing, which could explain
how cancer cells balance the need for acetyl-CoA and the
lack of nutrition [128, 129].
SAM is synthesized from methionine and ATP during

the methionine cycle, which is essential for one-carbon
metabolism [130]. Serine and other amino acids, such
as glycine and threonine, are the major one-carbon unit
donors of one-carbonmetabolism [24, 131]. Serine can also
contribute to SAM production by supporting de novo ATP
synthesis to offer adenosine beyond providing one-carbon
units for remethylating homocysteine [132]. The methyla-
tion status is modulated by cellular SAM levels tuned by
one-carbon metabolism [133, 134].
Cancer cells are addicted to serine, which contributes to

nucleotide synthesis, methylation, and antioxidant activ-
ity. Liver kinase B1 (LKB1)mutation synergizeswithKRAS
activation to potentiate glycolysis and serine metabolism,
which favors SAM production. Elevated SAM generation
alters the epigenetic landscape of DNA methylation and
dynamically supports retrotransposon methylation and
transcriptional silencing. However, it seems to have lit-
tle effect on histone and RNA methylation levels [135].
SHMT2, the gene encoding serine hydroxymethyltrans-
ferase 2 (SHMT2) in serine catabolism, is frequently
amplified in B-cell lymphomas. SHMT2 is responsible
for converting serine into glycine and contributes a one-
carbon unit to the folate cycle. Overexpressed SHMT2
changes the DNAmethylation state globally and epigenet-
ically silences tumor suppressor genes in lymphoma [136].
Phosphoglycerate dehydrogenase (PHGDH), the critical
enzyme in the de novo serine synthesis pathway, directs
glycolytic flux into the one-carbon metabolic network.
Upregulated PHGDH increases metabolite levels in the
methionine cycle and promotes histone methylation [137].
Small cell/neuroendocrine prostate cancer (NEPC), which
is highly aggressive, has a distinct DNA methylation pro-
file from that of adenocarcinoma during differentiation.
Protein kinase C λ/ι (PKCλ/ι) deficiency increases the one-
carbon metabolism through the mTORC1/ATF4/PHGDH
axis to fuel DNA methylation, which promotes NEPC
differentiation [138].
Methionine metabolism can also alter SAM and SAH

concentrations, thus quantifying histone methylation.
Methionine restriction leads to decreasedH3K4me3 at pro-
moters and the expression of colorectal cancer-associated
genes [134]. Cancer stem cells depend highly on methio-
nine because of their high SAM consumption rate. Inhi-
bition of the key enzyme, methionine adenosyltransferase
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2A (MAT2A), in the methionine cycle ablates histone
methylation in cancer stem cells, which impairs their
tumor formation ability and resistance to cisplatin [139].
Deregulation of nicotinamide N-methyltransferase

(NNMT) could alter the epigenetic state by consuming
methyl units into 1-methylnicotinamide (1MNA), which
consequently attenuates the SAM/SAH ratio. Deregulated
NNMT is found in many different tumors and sup-
ports tumorigenesis by selectively reducing the histone
methylation of several specific genes and increasing their
expression [140].
Other metabolites can also act as substrates for his-

tone modifications [141]. Evidence of the role of these
histone modifications in cancer continues to emerge.
Lactate is a product of the Warburg effect and is a
key metabolite and signaling molecule. It plays essen-
tial roles in multiple biological processes during tumor
progression, such as angiogenesis, immune escape, and
cell proliferation [142]. However, their role in chro-
matin modification has long been overlooked. Recently,
researchers have found that histone lactylation derives
from lactate and could contribute to gene expression
[143, 144]. Active glycolysis provides sufficient lactate for
lactylation in ocular melanomas. H3K18la is enriched
in YTH N6-methyladenosine RNA binding protein 2
(YTHDF2) promoter regions and promotes the transcrip-
tion of YTHDF2. As anN6-methyladenosine (m6A) reader,
YTHDF2 binds to the m6A sites of PER1 and TP53mRNAs
for degradation [145]. Lactylation provides new insight
into the Warburg effect and requires further investigation
[146].

4.2 Cofactors of chromatin modifiers

α-KG is an intermediate in the TCA cycle and is produced
from isocitrate by isocitrate dehydrogenase (IDH). α-KG is
the co-substrate for a class of dioxygenase enzymes such
as JHDMs, TETs, and prolyl hydroxylase [147]. In human
pluripotent stem cells, α-KG induces histone and DNA
demethylation and promotes differentiation [148]. It can
be presumed that α-KG has an important role in regu-
lating epigenomic plasticity. The same mechanism could
explain the antitumor effects of α-KG. In PDA, p53 inacti-
vation leads to reduced α-KG levels by rewiring the glucose
and glutamine metabolism, which impairs TETs activity.
This causes tumor cells to gain the characteristics of poor
differentiation and high aggressiveness [149].When exoge-
nous serine is abundant, squamous cell carcinoma (SCC)
cells show enhanced mitochondrial pyruvate metabolism
and prevent NAD+ regeneration by reducing pyruvate to
lactate. Limited NAD+ is not conducive to serine synthe-
sis. Thus, SCC cells inhibit the de novo serine synthesis

pathway, resulting in the accumulation of the byproduct,
α-KG. Decreased α-KG inhibits histone demethylases and
H3K27me3 demethylation, which blocks cancer stem cells
from differentiating. This feature maintains the stemness
of tumor stem cells and promotes tumor initiation [147].
Glutamine replenishes the TCA cycle to produce α-

KG [150]. Increased consumption of glutamine leads to
local glutamine deficiency in tumor core regions. Hyper-
methylation of histones caused by decreased glutamine
and α-KG levels causes cancer cell dedifferentiation
and BRAF inhibition resistance [151]. Glutamine supple-
mentation increases the downstream metabolite, α-KG.
An increase in α-KG concentration could suppress the
oncogenic pathway in melanoma by decreasing global
H3K4me3 levels and affecting H3K4me3-dependent tran-
scription [152]. However, the role of glutamine in cancer
remains unclear. KRAS-mutant colorectal cancer cells
show increased reliance on glutamine. Mutant KRAS pro-
motes glutaminolysis and succinate, fumarate, and malate
accumulation in the TCA cycle, whereas the level of
α-KG decreases. Downregulation of α-KG to succinate
ratio inhibits the activities of demethylases and impacts
genome-wide DNA and histone methylation. Aberrant
methylation patterns activate WNT/β-catenin signaling
and increase tumor stemness [153].
NAD+ is a co-enzyme that mediates oxidation-

reduction (redox) reactions in many metabolic pathways,
including glycolysis, TCA cycle, OXPHOS, and FAO.
NAD+ regulates cell metabolism, redox homeostasis,
genome stability, and histone modifications [154]. SIRTs
remove acyl groups from lysine residues and transfer
NAD+ into 2′-O-acyl-ADP ribose (OAADPR) and nicoti-
namide (NAM) [155]. SIRTs can sense NAD+ levels, and
their activity may be modulated by cellular concentrations
of NAD+ and NAM [156, 157].
The metabolic switch from FAO to glycolysis decreases

NAD+ concentration and inhibits SIRT1, thereby block-
ingH4K16 deacetylation in skeletal muscle stem cells. This
directly shows that metabolic reprogramming can rewrite
the epigenetic state throughNAD+ [156]. For breast cancer
cells, nicotinamide phosphoribosyltransferase (NAMPT)
and NMN adenylyltransferase 1 (NMNAT1) regulate spe-
cific gene expression in a SIRT1-dependent way. As the
key enzymes of the NAD+ salvage pathway, NAMPT
and NMNAT1 regulate NAD+ concentration and SIRT1
deacetylation activity, thus affecting H4K16ac levels at
gene promoters. SIRT1 can recruit NMNAT1 to target
gene promoter regions, creating a locally high NAD+ con-
centration to control SIRT1 activity [158]. In melanoma,
the BRAF/ERK/STAT5 pathway transcriptionally regu-
lates NAMPT expression. Overexpressed NAMPT changes
the histone modification landscape and allows melanoma
cells to switch to a more invasive phenotype associated
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with resistance to targeted therapies and immunotherapies
[159].

4.3 Oncometabolites: competitive
inhibitors of chromatin modifiers

In cancer cells containing mutated metabolic enzymes,
2-hydroxyglutarate (2-HG), fumarate, and succinate may
be produced and accumulate [160]. It is worth noting
that 2-HG is chiral and exists as the two isoforms, D2-
HG and L2-HG. These two enantiomers are differentially
upregulated in distinct tumor contexts. These abnormal
metabolites mix into the metabolic pool and competi-
tively inhibit the activity of α-KG-dependent dioxygenases,
such as multiple histone demethylases and the TET family
of 5-methylcytosine hydroxylases, because of their sim-
ilar structure to α-KG [161, 162]. They are also called
oncometabolites because their aberrant accumulation can
promote malignant transformation [160]. For example,
IDH1/2 encodes isocitrate dehydrogenase 1/2, which usu-
ally catalyzes the oxidative decarboxylation of isocitrate
to α-KG. Mutated IDH1/2 gains the function of produc-
ing 2-HG, specifically the D enantiomer, from α-KG [163,
164]. Emerging evidence indicates that elevated 2-HG
levels could alter global histone and DNA methylation
patterns and drive tumorigenesis in leukemia and glioma
[165–167].
Impaired histone and DNA demethylation are associ-

ated with blocked cell differentiation [16, 168-173]. For
example, IDH2mutation impairs the differentiation poten-
tial of multipotent cells and endows them with the ability
to escape contact inhibition. IDH mutations are sufficient
to promote malignant transformation and generate poorly
differentiated sarcomas [174]. IDH mutations also cause
genome-wide DNA hypermethylation at the cohesin- and
CTCF-binding sites. Decreased CTCF bindingwidely com-
promises chromosomal topology and results in oncogenes
like PDGFRA aberrant activation through interaction
with distant enhancers [175]. IDH mutations alter cell
metabolism and DNA repair through epigenetic mech-
anisms. Mutant IDH silences lactate dehydrogenase A
(LDHA) by increasing promoter methylation [176]. D2-
HG increases repressive histone methylation marks at the
ATM promoter, resulting in impaired DNA damage repair
and self-renewal of hematopoietic stem cells (HSCs) [177].
There are some similar findings in gliomas and acute
myeloid leukemia (AML) that IDH1/2 mutations induce
homologous recombination defects and sensitize tumor
cells to poly (ADP-ribose) polymerase inhibition [178].
Besides, mutant IDH produces D2-HG and epigenetically
suppresses the expression of interferon γ response genes,
which impedes immune response in cholangiocarcinoma
[179].

Under physiological conditions, the L enantiomer of 2-
HG is produced by LDHA and malate dehydrogenase 1
and 2 (MDH1/2) in response to hypoxia stress [180–182]. It
has a far more potent inhibitory effect on α-KG-dependent
dioxygenases than the D enantiomer [161, 162]. L2-HG,
rather thanD2-HG,mainly elevates in renal cell carcinoma
(RCC) due to reduced expression of L2-HG dehydroge-
nase (L2HGDH), which can convert L2-HGback into α-KG
to avoid the accumulation of L2-HG. Consistently, accu-
mulation of L2-HG reduces DNA 5hmC and increases
repressive trimethylated histone marks like H3K9me3 and
H3K27me3 [183]. Restoring L2HGDH can stunt tumor
growth [184].
In addition to IDH, mutations in succinate dehydro-

genase (SDH) and fumarate hydratase (FH) have been
identified. They may share the same oncogenic mecha-
nism. FH and SDHmutants lose their enzymatic activities
and lead to fumarate and succinate accumulation, inhibit-
ing α-KG-dependent dioxygenases [185]. SDH-mutant gas-
trointestinal stromal tumors (GIST), paragangliomas, and
FH-mutant renal cell carcinomas show characteristic
hypermethylation patterns [186–190]. In paraganglioma,
hypermethylated and downregulated genes are involved
in chromaffin cell differentiation and EMT [187]. Consis-
tent with findings in IDH-mutant gliomas, abnormal DNA
methylation at CTCF sites in SDH-deficient GIST compro-
mises FGF and KIT insulators, reorganizes chromosome
topology, and allows super-enhancers to interact with and
activate oncogenes [191]. Fumarate and succinate accumu-
lation suppresses homologous recombination DNA repair
by inhibiting KDM4A and KDM4B and makes tumor cells
vulnerable to PARP inhibitors [192, 193].
When it comes to the mutation of enzymes in the TCA

cycle, another essential and ubiquitous post-translational
modification, succinylation, is also affected. Succinyl-CoA,
the substrate of succinylation reaction, is mainly gen-
erated from the TCA cycle. Histone succinylation can
be mediated both enzymatically and non-enzymatically.
KAT1 and KAT2A are responsible for depositing his-
tone succinylation marks, whereas SIRT5 and SIRT7
are histone desuccinylases [194–196]. Histone succinyla-
tion is generally associated with transcriptional activation
and broadly regulates the expression of tumor-related
genes [197–200]. KAT2A interacts with the α-ketoglutarate
dehydrogenase (α-KGDH) complex in the nucleus. α-
KGDH complex locally catalyzes succinyl-CoA production
and fuels KAT2A-mediated H3K79 succinylation, which
induces gene expression and promotes tumor growth [197].
In IDH1/2-mutated gliomas, inhibition of SDH and subse-
quent accumulation of succinyl-CoAare caused byD2-HG,
which foster widespread histone and nonhistone protein
hypersuccinylation in different cellular compartments.
Although hypersuccinylation induced by oncometabo-
lites preferentially impacts mitochondrial metabolism, it
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also profoundly affects chromatin [201]. SDH loss selec-
tively perturbs genome-wide chromatin succinylation in
promoter regions. Genes involved in transcriptional reg-
ulation and RNA processing are most affected [202].
However, many tumors, including esophageal squamous
cell carcinoma (ESCC), are globally hyposuccinylated. It
suggests that the functions of histone succinylation are
context-dependent [203]. Limited researches have pro-
vided a glimpse into how succinyl-CoA is used explicitly
by the tumor to alter the epigenetic chromatin state. Fur-
ther detailed studies are urgently needed to unravel this
important link (Figure 2).
Aberrant epigenetic modifications have previously been

attributed to mutation and abnormal expression of epi-
genetic enzymes. Cellular metabolism, which provides
substrates, cofactors, and oncometabolites for epigenetic
enzymes, also dynamically affects the epigenetic land-
scape. This fundamental process is precisely controlled
under normal circumstances. However, these “molecular
signals” can be excessive, insufficient, and even erroneous
in cancer. Merely inhibiting a specific metabolic pathway
or epigenetic enzyme will activate compensating mecha-
nisms. It is conceivable that resistance to monotherapies
is almost inevitable. The results presented above provide
the molecular bases for the necessity of targeting the inter-
sections between metabolism and epigenetics in cancer.
Simultaneously targeting both upstream and downstream
epigenetic enzymes of the metabolic-epigenetic axis may
achieve much more significant and durable responses.
In addition to being confirmed in preclinical studies, this

concept has exhibited promising clinical results in treating
leukemia. IDH-mutant leukemia possesses a hypermethy-
lated phenotype. Although hypomethylating agents and
IDH inhibitors have been approved by authorities and
improved the clinical outcomes of AML patients, drug
resistance invariably occurs. Blocking the source of 2-
HG (IDH inhibitor, ivosidenib) coordinates synergistically
with the inhibition of DNA methyltransferase (DNMT
inhibitor, azacytidine) in patients unable to receive inten-
sive induction chemotherapy. Combined therapy signifi-
cantly improved drug responses, event-free survival, and
overall survival compared to azacytidine monotherapy.
Toxic effects were durable. These important findings may
eventually offer a new treatment option to AML patients
with IDH mutations [204, 205].

5 ABERRANT EPIGENETIC
PATTERNS CONTRIBUTE TOMETABOLIC
REPROGRAMMING

Genetic and epigenetic alterations actively participate
in the metabolic reprogramming of cancer. For exam-

ple, oncogenic Kras mutations selectively rewire glu-
cose metabolism to promote pancreatic tumor growth
[3]. Compared with genetic mutations, epigenetic regu-
lations are reversible and variable. Epigenetic modifiers
modulate metabolism by directly changing the tran-
scriptional activities of metabolic enzymes or proteins
in metabolism-related signaling pathways according to
the needs of tumor cells. Increased histone and DNA
methylation mark transcriptionally repress fructose-1,6-
biphosphatase (FBP1), which triggers the reprogramming
of glucose metabolism to sustain cancer stem cell-like
properties in breast cancer cells [206]. The roles of ncR-
NAs in regulating metabolic reprogramming are much
more complicated, involving both transcriptional and post-
transcriptional regulations. Exploring the epigenetic roles
of ncRNAs in regulating metabolism will dramatically
expand the list of drug targets. Although studies are emerg-
ing, there remain important unanswered questions. One
outstanding issue is how these epigenetic processes are
coordinated to promote tumor development by regulating
metabolism.
Here, we introduce the four pivotal epigenetic mecha-

nisms and discuss their contributions. Given that many
recurrent mutations in epigenetic regulators have been
identified as cancer drivermutations, their roles in promot-
ing cancer metabolism will be highlighted.

5.1 DNAmodifiers and modification

Abnormal methylation of promoter DNA occurs in
metabolic enzymes. The TET3 protein is often upregu-
lated in AML cells. TET3 induces the expression of glucose
metabolism-related genes by depositing 5hmC marks on
their promoters [207]. Hypomethylation of the promoter
contributes to the upregulation of hexokinase 2 (HK2)
in liver cancer and glioblastoma. Enhanced HK2 lev-
els promote increased glycolytic flux [208, 209]. DNMT1
downregulates FBP1 in basal-like breast cancer by binding
and methylating the FBP1 promoter, inhibiting gluconeo-
genesis and enhancing cancer cell glycolytic rates [206].
The glucose transporter (GLUT) plays an essential role in
glucose metabolism in cancer. Elevated GLUT promotes
glucose access to tumor cells and facilitates aerobic gly-
colysis. Consequently, lactate and pyruvate, metabolites
of aerobic glycolysis, acidify the tumor microenvironment
and increase tumor proliferation and invasion. Promoter
hypermethylation causes the inactivation of DERL3, a cru-
cial regulator of the endoplasmic reticulum-associated pro-
tein degradation pathway, which enhances the expression
of GLUT1 and promotes aerobic glycolysis. This is medi-
ated by DNMT1 and DNMT3B [210]. In addition, elevated
CAV-1 expression by hypomethylation of the promoter
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F IGURE 2 Metabolism pathways provide substrates and cofactors for epigenetic processes. Metabolic reprogramming is the hallmark of
cancer. Cancer cells undergo a series of dramatic changes in cellular glucose, amino acids, and lipids metabolism to adapt to the external
environment and meet the demands for rapid proliferation. Metabolites, such as acetyl-CoA and SAM, generated from nutrients in these
biochemical reactions provide acetyl groups and methyl groups for histone acetylation, histone methylation, DNA methylation, and RNA
methylation. Besides, α-KG and NAD+ are the cofactors of demethylases (TETs, JHDMs, ALKBH5, and FTO) and deacetylases (SIRTs).

(Continues)
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F IGURE 2 (Continued)
Oncometabolites that accumulate because of mutation or abnormal expression of metabolic enzymes are competitive inhibitors of many
histone demethylases and the TET family of 5-methylcytosine hydroxylases. Metabolic rewiring could change global metabolite levels and
thus remodel the epigenome by modulating epigenetic modifiers. Abbreviations: Acetyl-CoA, Acetyl-coenzyme A; SAM, S-adenosyl
methionine; α-KG, α-ketoglutarate; NAD+, Nicotinamide adenine dinucleotide; TET, Ten-eleven translocation family proteins; JHDM,
Jumonji C domain-containing histone demethylase; ALKBH5, AlkB homolog 5 RNA demethylase; FTO, Fat mass and obesity-associated
protein; SIRT, Sirtuin; NADH, Nicotinamide adenine dinucleotide; PHGDH, Phosphoglycerate dehydrogenase; PSAT1, Phosphoserine
aminotransferase 1; PSPH, Phosphoserine phosphatase; 3-PG, 3-phosphoglycerate; 3PHP, 3-phosphohydroxypyruvate; 3PS, 3-phosphoserine;
LDH, Lactate dehydrogenase; PDH, pyruvate dehydrogenase; ACL, ATP-citrate lyase; ACSS2, Acetyl-CoA synthetase 2; ACOT12, Acyl-CoA
thioesterase 12; IDH2, Isocitrate dehydrogenase 2; SDH, Succinate dehydrogenase; FDH, Fumarate dehydrogenase; D2HGDH,
D2-hydroxyglutarate dehydrogenase; MDH2, Malate dehydrogenase 2; mIDH2, Mutant isocitrate dehydrogenase 2; D2-HG,
D2-hydroxyglutarate; L2HGDH, L2-hydroxyglutarate dehydrogenase; L2-HG, L2-hydroxyglutarate; MDH1, Malate dehydrogenase 1; mIDH1,
Mutant isocitrate dehydrogenase 2; IDH1, Isocitrate dehydrogenase 1; SHMT2, Serine hydroxymethyltransferase 2; SAH, S-adenosyl
homocysteine; MAT2A, Methionine adenosyltransferase 2A; NNMT, Nicotinamide N-methyltransferase; NAM, Nicotinamide; 1MNA,
1-methylnicotinamide; NAMPT, Nicotinamide phosphoribosyltransferase; SIRT1, Sirtuin 1; NMNAT1, Nicotinamide mononucleotide
adenylyltransferase 1; NMN, Nicotinamide mononucleotide; HAT, Histone acetyltransferase; KMT, Histone lysine methyltransferase; HDAC,
Histone deacetylase; KDM, Histone lysine demethylase; DNMT, DNA methyltransferase; METTL3, Methyltransferase-like 3

CpG site upregulates GLUT3 transcription, stimulates
glucose uptake, and increases aerobic glycolysis [211].

5.2 Histone modifiers and
modifications

Loss of histone methyltransferase EZH2 synergizes with
oncogenic NRAS mutations to accelerate leukemic trans-
formation in myeloid neoplasms. In terms of mecha-
nism, EZH2 epigenetically silences branched-chain amino
acid transaminase 1 (BCAT1) and disturbs branched-
chain amino acids (BCAAs) metabolism in hematopoietic
stem/progenitor cells (HPSCs). Loss of EZH2 abolishes
promoter repression and activates enhancers of BCAT1,
leading to the accumulation of BCAAs and the subsequent
activation of mTOR signaling in leukemia-initiating cells
[212]. The histone methyltransferase KMT2D is frequently
mutated in lung cancer. KMT2D deficiency promotes lung
tumorigenesis and upregulates glycolysis by impairing
super-enhancers of PER2 [213]. In melanoma, KMT2D
loss causes genome-wide reduction of H3K4me1-marked
active enhancer chromatin states and subsequently acti-
vates IGF1R/AKT to increase glycolysis [214]. KMT2D
is transcriptionally repressed and mutated in pancreatic
cancer. KMT2D repression promotes a metabolic shift to
glycolysis and alters the cellular lipid profile of pancreatic
cancer cells, which provides energy for cell prolifera-
tion [18]. Overexpressed histone methyltransferase NSD2
establishes H3K36me2 marks at the promoters of genes
associated with glucose metabolism to upregulate the
expression of HK2, glucose-6-phosphate dehydrogenase
(G6PD), and TIGAR in breast cancer. As a result, glucose
flux through PPP and NADPH production is upregulated
to alleviate reactive oxygen species (ROS) and promote

drug resistance [215]. Mutation and activation of histone
methyltransferase SETD2 are frequently observed in renal
cancer. SETD2-deficient cancer cells exhibit enhanced
OXPHOS and fatty acid synthesis [216]. The histone H3K9
methyltransferase G9A (KMT1C) is elevated inmany types
of cancer and promotes tumorigenesis. G9A activates the
serine-glycine biosynthetic pathway by transcriptionally
upregulating key enzymes, such as PHGDH, phospho-
serine aminotransferase 1 (PSAT1), SHMT2, and phos-
phoserine phosphatase (PSPH), by increasing H3K9me1
levels around the transcriptional start sites [217]. Consis-
tently, KDM4C, the histone demethylase responsible for
removing the repressive mark H3K9me3, could epigenet-
ically coordinate the regulation of amino acid metabolism
with G9A. Decreased H3K9me3 level with a concomitant
increased ratio of H3K9me1 to H3K9me3 at the promot-
ers of genes associated with the synthesis and transport of
seine and glycine promote tumor proliferation [218]. LSD1
(KDM1A) activates glycolysis and represses mitochon-
drial metabolism and FAO in hepatocellular cancer. H3K4
demethylation in the promoter regions of PGC-1α and
LCAD partially explains the mechanism underlying this
metabolic preference [219]. KDM5A specifically removes
the active mark H3K4me3 onMPC-1 genes in PDA. MPC-1
promotes pyruvate metabolism in mitochondria. Tran-
scriptional inhibition of MPC-1 endows PDAwith reliance
on glycolysis [220].
P300/CBP regulates the alteration of cancer metabolism

and the transcription of enzymes in glycolysis-related
metabolic pathways, such as amino acid metabolism, fatty
acid metabolism, and nucleotide synthesis, by acetylating
histone H3K18/K27 directly at the promoters of metabolic
genes [221]. SIRT6 is deleted or downregulated in many
cancer types, such as pancreatic and colorectal cancer. The
deficiency of SIRT6, the co-repressor of HIF-1α and MYC,
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promotes tumorigenesis by supporting glycolytic switch,
ribosome biogenesis, and glutamine metabolism without
activating other oncogenic signaling pathways. Inhibition
of glycolysis in SIRT6-deficient cells completely inhibits
tumor formation [222, 223]. Mechanistically, SIRT6 dele-
tion, transcriptional silencing, and pointmutations cannot
deacetylate H3K9 and H3K56 and repress glycolytic gene
expression [223, 224]. HDAC11 removes H3K9ac on the
LKB1 promoter and inhibits its expression. LKB1 inhibition
promotes glycolysis and maintains the stemness of HCC
cells [225].

5.3 Chromatin remodeling complexes

Several studies have suggested that the SWI/SNF com-
plex is involved in the rewiring of cancer metabolism.
ARID1A, along with other core subunits, can directly bind
to the promoter of GLS1. ARID1A inactivation increases
the accessibility of theGLS1 promoter and upregulates glu-
taminase (GLS) expression. ARID1A-inactivated clear cell
ovarian carcinoma cells show dependence on glutamine
metabolism for aspartate generation, nucleotide synthe-
sis, and a decrease in glucose consumption [226]. Another
study found that ARID1A deficiency in ovarian cancer
cells impairs the recruitment of SWI/SNF to the tran-
scription start site of SLC7A11 and subsequently reduces
cystine uptake and reduced glutathione (GSH) synthe-
sis. Inhibiting the glutamate-cysteine ligase synthetase
catalytic subunit (GCLC), a rate-limiting enzyme in the
GSH metabolic pathway, induces oxidative stress and
the death of cancer cells. Nevertheless, ARID1A-deficient
ovarian cancer cells are insensitive to GLS1 inhibition
[227]. SMARCA4 is frequently mutated and inactivated
in lung adenocarcinoma. SMARCA4 regulates genes in
the hypoxic response pathway and glycolysis to combat
energy stress. However, augmented fatty acid and protein
synthesis in SMARCA4-mutant cells results in substan-
tial energy demand. Inconsistent with the Warburg effect,
defective glycolytic capacity drives SWI/SNF-mutant lung
adenocarcinoma tumors to shift energy metabolism from
glycolysis to OXPHOS [19]. Elevated BRG1 (SMARCA4)
increases fatty acid synthesis in breast cancer by transcrip-
tionally activating lipogenic genes, such as ACC, FASN,
ACL, and ACSL1. Upregulated de novo lipogenesis can
greatly promote tumor proliferation [228].
The above studies summarize the link ATP-dependent

CRCs to cancer metabolism and demonstrate a novel
mechanism of how mutant CRCs components contribute
to tumorigenesis. Remarkably, these findings provide
a new perspective that the vulnerability of SWI/SNF-
mutant tumors tometabolism could be a therapeutic target
(Table 1).

5.4 Non-coding RNAs

MicroRNAs regulate gene expression at the post-
transcriptional level [229]. The role of miRNAs in
metabolism has been thoroughly investigated and doc-
umented; consequently, it is not discussed in detail in
this section [230, 231]. Here, we emphasize that miRNAs
are indispensable coordinators of metabolic regulatory
networks.
Long non-coding RNAs (lncRNAs) participate in var-

ious physiological and pathological processes. LncRNAs
are involved in various important cellular processes and
play pivotal roles in gene regulation atmultiple levels [232].
LncRNAs are involved in cancer metabolism via diverse

mechanisms. LncRNAs can recruit chromatinmodifiers to
target genes and alter their epigenetic status. LINC00184
recruits DNMT1 to the PTEN promoter, increasing the
methylation level of the PTEN promoter and inhibiting
the expression of PTEN [233]. Fusobacterium nucleatum,
an oncobacterium, activates glycolysis in colorectal cancer
by increasing lncRNAENO1-IT1. LncRNAENO1-IT1 inter-
acts with KAT7 specifically and mediates KAT7 binding to
the promoter region of ENO1. Increased H3K27Ac levels
promote transcription of enolase 1 (ENO1), which increases
tumor glucose metabolism and progression [234]. LncR-
NAs can regulate gene expression by interfering with tran-
scription. In prostate cancer, lncRNA PCGEM1 occupies
DNA loci on the promoters of metabolic genes involved
in glucose, lipid, and glutamine metabolism that overlap
with c-Myc. LncRNA PCGEM1 promotes the recruitment
of c-Myc to its target genes and induces transactiva-
tion activities. These results emphasize that the lncRNA
PCGEM1 is a vital transcriptional regulator in restruc-
turing metabolic networks [235]. LncRNAs also bind to
other transcription factors, AHR, GLI2, and E2F1, to
promote metabolic switching, thereby stimulating tumor
progression [236–238].
LncRNAs mediate the splicing, degradation, and trans-

lation of mRNA. The lncRNA CCAT2 alters metabolism
by facilitating glycolysis and glutaminolysis. The lncRNA
CCAT2 acts as a scaffold binding GLS pre-mRNA and
CFIm complex and regulates alternative splicing of GLS
in an allele-specific manner. Moreover, other metabolic
pathways, such as carbohydrate metabolism and fructose
and mannose metabolism, may share the same alternative
splicing mechanism [239]. LncRNA LNCAROD interacts
with SRSF3, a splicer that mediates alternative splic-
ing of PKM. Splicing switching of PKM from PKM1 to
PKM2 upregulates glycolysis in HCC [240]. LncRNA GLS-
AS, an intronic antisense lncRNA, is derived from GLS.
It can form double-stranded RNA with GLS pre-mRNA
and recruit the ADAR/Dicer complex, which silences
GLS expression. Under nutritional stress conditions,
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TABLE 1 Aberrant epigenetic patterns cause metabolic alterations

Epigenetic regulator Cancer type Metabolic alteration
DNAmodifier
TET3 overexpression [207] Leukemia Upregulating glucose metabolism
Histone modifier
EZH2 deficiency [212] Leukemia Activating branched-chain amino acids

metabolism
KMT2D deficiency [213] Lung cancer Upregulating glycolysis
KMT2D deficiency [214] Melanoma Upregulating glycolysis
KMT2D inhibition [18] Pancreatic cancer Upregulating glycolysis and lipids metabolism
NSD2 overexpression [215] Breast cancer Upregulating pentose phosphate pathway
SETD2 deficiency [216] Renal cancer Upregulating oxidative phosphorylation and

fatty acid synthesis
G9A overexpression [217] Osteosarcoma, Neuroblastoma, etc. Upregulating serine-glycine biosynthetic

pathway
LSD1 overexpression [219] Liver cancer Upregulating glycolysis
KDM4C overexpression [218] Cervical cancer, Neuroblastoma, etc. Upregulating amino acids metabolism
KDM5A overexpression [220] Pancreatic cancer Upregulating glycolysis
P300/CBP overexpression [221] Liver cancer Upregulating glycolysis and amino acids

metabolism
SIRT6 deficiency [222] Pancreatic cancer, Colorectal cancer,

etc.
Upregulating glycolysis

HDAC11 overexpression [225] Liver cancer Upregulating glycolysis
Chromatin remodeler
ARID1A deficiency [226] Ovarian cancer Upregulating glutamine metabolism
ARID1A deficiency [227] Ovarian cancer Inhibiting reduced glutathione synthesis
SMARCA4 deficiency [19] Lung cancer Upregulating oxidative phosphorylation
SMARCA4 overexpression [228] Breast cancer Upregulating fatty acids synthesis

Abbreviations: TET3, Ten-eleven translocation family protein 3; EZH2, Enhancer of zeste homolog 2; KMT2D,Histone lysinemethyltransferase 2D; NSD2, Nuclear
receptor binding SETdomain protein 2; SETD2, SETdomain containing 2;G9A,Euchromatic histone lysinemethyltransferase 2; LSD1, Lysine-specific demethylase
1; KDM4C, Histone lysine demethylase 4C; KDM5A, Histone lysine demethylase 5A; P300/CBP, E1A binding protein p300/CREB binding protein; SIRT6, Sirtuin
6; HDAC11, Histone deacetylase 11; ARID1A, AT-rich interacting domain-containing protein 1A; SMARCA4, SWI/SNF-related, matrix-associated, actin-dependent
regulator of chromatin, subfamily A, member 4.

downregulated lncRNA GLS-AS causes pancreatic cancer
to accommodate glutamine and glucose deprivation [241].
Trastuzumab-resistant breast cancer cells have upregu-
lated lncRNA AGAP2-AS1. LncRNA AGAP2-AS1 forms a
complex with HuR, which binds to and stabilizes car-
nitine palmitoyl transferase 1 (CPT1) mRNA to improve
its expression, promote FAO, and induce drug resistance
[242]. LncRNAs can mediate c-Myc mRNA decay and
glycolysis by virtue of IGF2BPs [243–245].
LncRNAs can regulate gene expression as sponges of

miRNAs. LncRNAPVT1 containsmiRNA-complementary
sites and acts as a competing endogenous RNA (ceRNA)
of miR-143, which targets and suppresses HK2 in gall-
bladder cancer. The sequestration of miR-143 by lncRNA
PVT1 elevates HK2 expression and facilitates the War-
burg effect and gallbladder cancer progression [246].
This is the most extensively studied mechanism of the
lncRNA-mediated metabolic switch. The same mecha-

nism fundamentally applies to aberrant regulation of
metabolic transporters, key enzymes, and transcription
factors associated with glucose, glutamine, and fatty acid
metabolism [240, 242, 247-250]. LncRNAs can bind to
metabolic enzymes or transcriptional factors andmodulate
their activity or block their post-translational modifica-
tions. LncRNA HULC repositions PKM2 and LDHA to
the cell membrane and enhances the interaction between
these glycolytic enzymes and their phosphorylation regu-
lator, FGFR1. FGFR1 modulates enzymatic activities and
promotes glycolysis by elevating their phosphorylation
levels [251]. Hypoxia-induced lincRNA-p21 competitively
binds to VHL and prevents hydroxylated HIF-1α from
interactingwith it. Disassociation fromVHLpreventsHIF-
1α from degradation via the VHL-dependent ubiquitin-
proteasome pathway [95]. In triple-negative breast can-
cer, LINK-A recruits BRK to phosphorylate HIF-1α at
Tyr565. Phosphorylation of Tyr565 attenuates the Pro564
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site hydroxylated by PHD1 [252]. Many other lncR-
NAs stabilize PKM2, 6-phosphofructo-2-kinase/fructose-
2,6-biphosphatase 3 (PFKFB3), and c-Myc by directly
binding and blocking these proteins from ubiquitination-
mediated degradation [253–256]. LncRNAs are found to
function as scaffolds for proteins and RNA to form con-
densates. Under glutamine deprivation, lncRNA GIRGL
forms a complex with CAPRIN1 andGLS1mRNA and pro-
motes the formation of stress granules via liquid-liquid
phase separation. This process contributes to the transla-
tional suppression of GLS, which favors tumor growth in a
glutamine-restricted environment [257].
Circular RNAs (circRNAs) have a single-stranded,

covalently closed-loop structure. Growing evidence indi-
cates that circRNAs play crucial roles inmany diseases and
have multiple biological functions [258]. Mechanistically,
circRNAs can function as ceRNAs to sponge miRNAs and
regulate downstream targets. Additionally, circRNAs can
regulate transcription, interact with proteins, or even be
translated into peptides [87].
Some circRNAs have been identified as key participants

in reprogramming cancer metabolism. The overwhelm-
ing majority of research has focused on their ability to
act as molecular sponges, which could antagonize the
regulation of metabolic enzymes, transcription factors,
and signaling pathways by miRNA. In HCC, miR-338-
3p represses glycolysis by targeting and degrading PKM2.
CircMAT2B sponges miR-388-3p and promotes glucose
metabolism reprogramming and tumor cells’ malignancy
under hypoxic conditions [259]. CircENO1 upregulates
ENO1 and modulates glycolysis by targeting miR-22-3p in
lung adenocarcinoma (LUAD) [260]. In pancreatic cancer,
circMBOAT2 favors glutaminolysis by sponging miR-433-
3p and upregulating glutamic-oxaloacetic transaminase
1 (GOT1)[261]. Upstream molecules modulate glycolysis
like HIF-1α [262, 263], PTK [264], and c-Myc [265], and
upstream molecules related to glutamine metabolisms,
such as Wnt2 [266], USP5 [267], and IGF [268], are also
found to be regulated by the circRNA-miRNA axis.
CircRNAs can directly bind to target mRNA and reg-

ulate gene expression at the transcriptional level. Cir-
cRNF13 is a tumor suppressor that targets and stabilizes
SUMO2 mRNA. SUMO2 accelerates GLUT1 degrada-
tion by promoting its SUMOylation and ubiquitination.
Downregulated circRNF13 enhances aerobic glycolysis in
nasopharyngeal carcinoma (NPC) [269].
Various modes of circRNA-protein interactions are

newly clarified mechanisms responsible for metabolic
rewiring, which have not been thoroughly studied [270].
CircACC1 is induced under metabolic stress and plays a
critical role in AMPK-mediated metabolic reprogramming
in colorectal cancer. CircACC1 binds to the β1 and γ1 sub-
units of AMPK and facilitates holoenzyme assembly and

stability. AMPK phosphorylates and inactivates ACC1 to
increase fatty acid β-oxidation but has the opposite effect
on 6-phosphofructo-2-kinase (PFK2) to promote glycolysis
[271]. CircCUX1 binds to EWSR1 and promotes its interac-
tionwithMAZ. ActivatedMAZ promotes the transcription
of CUX1, a transcription factor that facilitates glycolysis
[272]. CircCDKN2B-AS1 recruits IMP3 (IGF2BP3) to the
HK2 mRNA, making it more stable. Increased expression
of HK2 favors glycolysis in cervical cancer [273]. In col-
orectal cancer, circMYH9 impedes the binding between
hnRNPA2B1 and p53 pre-mRNA. CircMYH9 relieves tran-
scriptional repression of serine and glycine anabolism by
impairing the expression of p53 [274]. In LUAD, circD-
CUN1D4 forms a ternary complex with HUR and TXNIP
mRNA and regulates glycolysis in a TXNIP-dependent
manner [275] (Figure 3).
Epigenetic modifications, chromatin remodeling,

and ncRNAs participate in the precise regulation of
metabolism to favor tumor initiation and progression.
They control the ability of tumor cells to uptake nutrients,
metabolize nutrients, and adapt to nutrition depriva-
tion. Dysregulated epigenetic patterns can cause specific
metabolic preferences or dependencies in tumor cells.
These weaknesses can be exploited and directly targeted.
Furthermore, epigenetic drugs may profoundly remodel
cellular metabolic states and thus sensitize tumor cells
to other metabolic drugs. One such example is that dual
inhibition of DNMT and KMT reverses the Warburg effect
and causes OXPHOS dependence in glycolysis-addicted
hematological malignancies [276]. Targeting mitochon-
drial metabolic stress potentiates the effects of epigenetic
drugs. This drug combination shows encouraging results
in the clinical trial. In older patients with AML, azacitidine
plus venetoclax, a BCL2 inhibitor, significantly improved
the median overall survival to 14.7 months, as compared
with 9.6 months in the group with azacitidine alone [277].
These basic and clinical studies may open new avenues
for developing combination strategies based on epigenetic
and metabolic drugs.

6 EMERGING ROLES OF RNA
EPIGENETICS IN CANCERMETABOLISM

Dynamic RNA modification is an emerging research field
termed “RNA epigenetics” [278, 279]. Prevalent modi-
fications on mRNA include m6A, N7-methylguanosine
(m7G), 5-methylcytosine (m5C), N1-methyladenosine
(m1A), pseudouridine (Ψ), inosine (I), and uridine (U).
m6A is the most abundant epigenetic mRNA modifica-
tion, accounting for 60% of RNA methylation. M6A RNA
modifications regulate mRNA splicing, nuclear trans-
port, translation, and degradation [280]. As a reversible
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F IGURE 3 Pattern diagrams of the mechanisms involved in regulating metabolism by lncRNAs and circRNAs. (A) LncRNAs can recruit
DNA methyltransferase and histone acetyltransferase to the promoter region of metabolic enzyme genes. Altered DNA methylation and
histone acetylation determine the transcriptional activation or repression of target genes. (B) LncRNAs can recruit transcription factors
governing metabolism and promote gene transcription. (C) LncRNAs regulate alternative splicing and mRNA stability of metabolic enzymes
and transcription factors. (D) LncRNAs can function as ceRNAs. LncRNAs sponge miRNAs and block miRNAs from binding with target

(Continues)
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F IGURE 3 (Continued)
mRNAs and suppressing the expression of enzymes, transcription factors, and upstream regulators. (E) LncRNAs can modulate the activity of
metabolic enzymes and transcription factors by mediating their phosphorylation and can prevent them from ubiquitination and
proteasome-mediated degradation. (F) LncRNA can be a scaffold to promote phase separation and regulate the translation of metabolic
enzymes. (G) CircRNAs can sponge miRNAs and antagonize the effect of miRNAs on metabolism. (H) CircRNAs can directly bind with
mRNAs and affect their stability. (I) CircRNAs interact with proteins through different modes. CircRNAs can stabilize target proteins,
mediate protein-protein interactions and affect the binding of RNA-binding proteins to mRNAs. Abbreviations: lncRNA, Long non-coding
RNA; ceRNA, Competing endogenous RNA; miRNA, MicroRNA; circRNA, Circular RNA

chemical modification, m6A could also be deposited
by writer proteins, removed by eraser proteins, and
recognized by reader proteins [281]. M6A is found to
regulate gene expression in various biological processes,
and disturbed distribution or abundance of m6A could
even drive many diseases [282–284]. Accumulating evi-
dence has demonstrated that m6A RNA modification
is affected by cancer metabolism; conversely, it exten-
sively impacts cancer metabolic rewiring by modulating
the expression of metabolic genes, which drive tumor
development. Although there is a lack of relevant studies
in the literature, we could envisage that other novel
RNA modifications, such as m5C, m1A, and Ψ, are also
closely linked with metabolism in cancer. Elucidating
the roles of the crosstalk between RNA epigenetics and
cancer metabolism will be an important area for further
investigation.
In addition to DNA and histone methylation, SAM is

also required for RNA methylation. mTORC1 promotes
methionine metabolism and increases SAM production
via MAT2A, a crucial target for activated mTORC1 signal-
ing. Nevertheless, mTORC1-dependent regulation of SAM
synthesis has little impact on DNA and histone methyla-
tion states. Tumors with hyperactivated mTORC1 depend
on MAT2A-mediated m6A RNA for protein synthesis and
cell proliferation [285]. Methylenetetrahydrofolate dehy-
drogenase 2 (MTHFD2), a mitochondrial enzyme involved
in one-carbon metabolism, is elevated in clear cell renal
cell carcinoma (ccRCC). MTHFD2 depletion results in
decreased global methylation levels of nucleic acids and
histones, of which RNA methylation is the most influ-
enced. Increased methylation of HIF-2α mRNA enhances
its translation and subsequently promotes aerobic gly-
colysis [286]. Similar to DNA and histone disturbances,
RNA methylation is significantly elevated in IDH-mutant
tumors because fat mass and obesity-associated pro-
tein (FTO) are α-KG-dependent dioxygenases that can
also be competitively inhibited by R-2HG (D2-HG) [287,
288]. However, R-2HG-induced hypermethylation pro-
duces contradictory effects on tumorigenesis. In IDH-
mutant leukemia, the decreasedm6A demethylase activity
of FTO abrogates m6A /YTHDF2-mediated upregulation
of PFKP and LDHB, attenuates aerobic glycolysis, and
inhibits leukemogenesis [289] (Figure 1).

High methyltransferase-like 3 (METTL3) expression
increased HK2 and GLUT1 expression depending on its
m6A methyltransferase activity. M6A modification regu-
lates HK2 and GLUT1 mRNA levels and stability and is
closely correlated with the activation of glycolysis in col-
orectal cancer [290]. In cervical and liver cancer cells, m6A
positively regulates glycolysis by stabilizing and promot-
ing the translation of PDK4, which controls glucose flux
into glycolysis and OXPHOS [291]. Another potential tar-
get is ENO1 in LUAD [292]. FTO has a synthetic lethal
interaction with VHL tumor suppressor in ccRCC. VHL-
deficient tumor cells are addicted to glutamine. Increased
FTO rewires the metabolic reprogramming and survival
of VHL-deficient ccRCC cells by diminishing m6A methy-
lation and enhancing the expression of the glutamine
transporter SLC1A5 [293].
Some key transcription factors or upstream regulators

related to metabolic reprogramming are also affected by
m6A RNA modifications. METTL3 activates glycolysis by
promoting m6A modification of HDGF mRNA in gas-
tric cancer [294], HIF-1α mRNA in liver cancer [295],
APC mRNA in ESCC [296], and USP48 mRNA in liver
cancer [297]. METTL3 enhances pre-mRNA splicing of
ERRγ. ERRγ increases FAO via regulating CPT1B [298].
FTO demethylates the transcription factors c-Jun, JunB,
C/EBPβ, and c-Myc, thus rewiring glycolytic metabolism
[299]. In LUAD, decreased FTO upregulates m6A abun-
dance on MYC mRNA and enhances glycolysis [300].
In bladder cancer, decreased AlkB homolog 5 RNA
demethylase (ALKBH5) promotes glycolysis by stabiliz-
ing CK2α mRNA in an m6A-dependent manner [301].
In metastatic renal cell carcinoma (RCC), downregulated
methyltransferase-like 14 (METTL14) reduces m6A levels
and stabilizes BPTF,which alters the super-enhancer land-
scape, affects DNA accessibility, and promotes glycolytic
reprogramming [302]. YTHDF2 mediates m6A-dependent
mRNA decay of LXRA, which is involved in cholesterol
homeostasis control [303].
M5C RNA modification can bridge transcription and

translation. The m5C modification on PKM2 mRNA can
be recognized and stabilized by Aly/REF nuclear export
factor (ALYREF) to facilitate glycolysis and cell prolifera-
tion [304]. Similar toDNAandhistonemodifications, RNA
modifications regulate cancermetabolism, and conversely,
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cancer-specific metabolic changes can affect RNA modifi-
cations. RNA-modifying enzymes are potential therapeu-
tic targets for cancer therapy [305]. FB23-2, a newly devel-
oped FTO inhibitor, can inhibit proliferation, promote
differentiation, and induce apoptosis in AML cells, show-
ing efficacy in treating AML [306]. However, there are no
currently available small-molecule activators or inhibitors
that selectively target RNA methyltransferases. Although
the development of targeted drugs is still in a very early
stage, their clinical applications might be very promising.

7 THERAPEUTIC PROSPECTS AND
CLINICAL TRANSFORMATION

Previous clinical trials have suggested that using a sin-
gle epigenetic or metabolic agent is insufficient. Based on
the topic of this review, it is interesting to test whether
metabolic or epigenetic abnormalities sensitize tumor cells
to other epigenetic drugs, metabolic agents, or combined
therapies. The aforementioned studies have provided a
source of inspiration for identifying novel targets.

7.1 Challenges of epigenetic and
metabolic monotherapy

DNA and histone modifications are both highly dynamic
and reversible. Small-molecule compounds can potentially
reverse aberrant epigenetic modification patterns during
tumorigenesis, some of which have been approved for clin-
ical use in hematological malignancies [307]. However,
the therapeutic effect of monotherapy is not satisfactory
for all patients and lacks efficacy for other solid tumors
[308]. This raises interest in using combinations of epi-
genetic therapies with other agents in chemotherapies,
immunotherapies, or targeted therapies to achieve syner-
gistic effects. Analogously, despite many drugs targeting
cancer metabolism entering clinical trials, few metabolic
therapies have been approved [309, 310]. Metabolic het-
erogeneity and plasticity may account for the failed appli-
cations [311]. Therefore, it is necessary to identify bona
fide metabolic vulnerability in a certain type of can-
cer. Metabolic alterations have also been found to be
involved in treatment resistance. The combined use of
metabolic agents may unlock the potential of epigenetic
drugs and provide new clinical opportunities [312]. There
are some possibleways to identify novel targets. First, basic
researches have employed transcriptomics, epigenomics,
and metabolomics to discover many new potential targets.
For example, analysis of the metabolome of tumor cells
after epigenetic agent GSK126 treatment reveals that lipid
synthesis is strengthened tomediate drug resistance. Thus,

targeting lipid metabolism can restore sensitivity to epi-
genetic therapy [313]. Second, combination drug screens
with selected drug libraries targeting the metabolic and
epigenetic abnormalities exhibited in tumors may pro-
vide more direct evidence to develop optimal therapies
[314]. Third, current clinically proven treatment strategies
may be extended to other cancer types possessing simi-
lar metabolic and epigenetic abnormalities. Testing these
strategies will offer new therapeutic options for tumors
that lack effective treatments.

7.2 Metabolic agents support antitumor
effects of epigenetic therapy

Recently, the therapeutic potential of epigenetic agents in
combination with metabolic inhibitors has attracted con-
siderable attention. For IDH1-mutant AML, the mIDH1
(mutant IDH1) inhibitor ivosidenib and the hypomethy-
lating agent azacitidine showed promising therapeutic
effects in both preclinical stages and clinical trials. Encour-
aging results from a phase 3 trial showed that patients
treated with ivosidenib and azacitidine combined ther-
apy experienced greater clinical benefits than those treated
with azacitidine monotherapy [204, 205, 315]. These works
remind us of other cancer types with similar muta-
tional and epigenetic patterns, such as glioma, sarcoma,
and cholangiocarcinoma [316, 317]. Several small-molecule
inhibitors targeting the glioma epigenome, such as mIDH
inhibitors, HDAC inhibitors and DNMT inhibitors, are
under clinical evaluation. A new clinical trial is underway
to examine the effect of the combination of olutasidenib
(mIDH1 inhibitor) with azacitidine in advanced glioma
and chondrosarcoma [318].
Another breakthrough was discovering the potent syn-

ergistic anticancer effect of hypomethylating agents and
BCL2 inhibitor venetoclax in solid tumors and hemato-
logical malignancies. Epigenetic drugs that inhibit DNMT,
HDAC, and HMT trigger a marked metabolic shift from
glycolysis to OXPHOS, which could generate excessive
oxidative stress. Venetoclax then boosts the apoptosis
of tumor cells by depolarizing the mitochondrial mem-
brane and disrupting mitochondrial metabolism [276, 319,
320]. These drug combinations deliver a powerful one-two
punch to cancer cells and have been successfully translated
into clinical trials on leukemia and myelodysplastic syn-
drome [277, 321]. More importantly, solid tumors, such as
liver, lung, colon and breast cancer, synergistically respond
to these drug combinations. Further studies are necessary
to determine whether their extraordinary results will be
recapitulated.
Clinical experience suggests that epi-drugs are often

ineffective in solid tumors, restricting their further
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applications. Thus, unraveling the underlying mecha-
nisms of drug resistance or insensitivity is urgently needed.
Epigenetic agents may also induce specific metabolic vul-
nerabilities in solid tumors, which could be exploited to
develop innovative combinatorial treatment regimens. The
EZH2 inhibitorGSK126 could change the overallmetabolic
profiles of melanoma, as evidenced by enhanced lipid
synthesis. Drugs targeting fatty acid metabolism can re-
sensitize tumor cells to EZH2 inhibition [313]. In cervical
cancer, inhibition of HDACmakes cancer cells rely on glu-
cose and glutamine catabolism for survival. Glycolysis and
glutamine metabolism blockers, combined with HDAC
inhibitors, further induce oxidative and energetic stress,
accelerating cancer cell apoptosis [322, 323]. In glioblas-
toma, HDAC inhibitors elicit profound metabolic changes
characterized by enhanced FAO but a decreased Warburg
effect. The interaction and cause-and-effect relationship
between epigenetic and metabolic processes provide a
rationale for the combined use of the pan-HDAC inhibitor
panobinostat and FAO inhibitor etomoxir. Combination
treatment has shown better therapeutic effects than any
single agent in patient-derived xenograft models [324]
(Table 2).

7.3 Synthetic lethality principle in
epigenetic-metabolic circuit

The concept of synthetic lethality can be summarized as
the interaction between two genes. Loss of either gene
alone does not affect cell viability, but the loss of both
genes simultaneously leads to cell death [325, 326]. In other
words, losing one of the two genes renders tumor cells
highly dependent on another. Consequently, targeting the
synthetic lethal partner is a potent anticancer strategy for
oncogenic mutations previously thought to be pharma-
cologically intractable [327, 328]. One of the most classic
examples of synthetic lethal interactions in cancers is the
BRCA mutation and PARP inhibition [329, 330]. Since
then, many other novel synthetic lethal interactions have
been identified [328]. Loss-of-function mutations lack tar-
geted therapeutic approaches, and some are vulnerable to
metabolic inhibitors or epigenetic agents. Available evi-
dence demonstrates that synthetic lethal screening is a
promising therapeutic option for patients with epigenetic
or metabolic deficiencies.
Cancer cells with epigenetic defects exhibit metabolic

vulnerabilities. Recent findings have extended the
synthetic lethal partners to proteins closely related to
metabolism. BCAT1 inhibitors impair the proliferation of
EZH2-deficient leukemia-initiating cells both in vitro and
in vivo. Inhibition is selective and does not affect normal
HPSCs and hematopoiesis. Inhibition of metabolism may

also be applied to other types of hematological malig-
nancies with EZH2 mutations or dysregulation [212].
In LUAD, KMT2D loss abolishes the inhibitory effect of
PER2 on glycolytic genes. Increased glycolytic activity is
an attractive therapeutic vulnerability. 2-DG preferentially
hampers LUAD cell growth and tumor formation in
xenotransplantation models [213]. TET3-depleted AML
cells are sensitive to inhibition of glycolysis by 2-DG
[207]. Lung cancer with SMARCA4 or ARID1A loss is
characterized by enhanced OXPHOS. Extreme reliance
on energy production makes SWI/SNF-mutant LUAD
more susceptible to the OXPHOS inhibitor IACS-010759
than tumor cells without the aforementioned mutations
[19]. ARID1A inactivation was synthetically lethal with
GLS and GCLC inhibition. The loss of ARID1A leads to a
metabolic phenotype characterized by glutamine depen-
dence. ARID1A-mutant ovarian clear cell carcinoma cell
lines and tumors formed in orthotopic xenograft models
are sensitive to GLS inhibitor CB-839 [226]. Another
study on ovarian carcinoma cells reported that ARID1A
mutations have synthetic lethal relationships with
the glutathione metabolic pathway. Pharmacologically
inhibiting the key enzyme GCLC with buthionine-
sulfoximine selectively induces ARID1A-deficient cancer
cell death. Surprisingly, both the genetic and phar-
macological inhibition of glutamine transport and
catabolism are ineffective in cells with ARID1A deficiency
[227].
Metabolic deficiencies create specific vulnerabilities to

epigenetic agents. LKB1-mutant pancreatic tumor cells are
susceptible to inhibition of the serine metabolic pathway
and DNA methylation, which is the major consumer of
SAM. DNMT inhibitor decitabine hinders tumor growth,
induces necrosis and apoptosis, and causes significant
tumor regression in vitro and in vivo [135]. Similarly, the
loss of PKCλ/ι induces NEPC differentiation by controlling
global DNA methylation levels. Decitabine blocks NEPC
differentiation and inhibits tumor proliferation [138]. A
shortage of glutamine leads to histone hypermethylation
on H3K27, which helps melanoma cells develop drug
resistance to BRAF inhibitors. However, abnormal his-
tone methylation patterns confer crucial vulnerability to
histone methyltransferase EZH2 inhibitors. DZNep and
EPZ005687 inhibit tumor growth when combined with
BRAF inhibitors to overcome tumor drug resistance [151]
(Table 3).
Suppressing a broad spectrum of metabolic or epige-

netic enzymes can cause potential deleterious side effects.
New-generation epigenetic drugs, such as BET inhibitors,
HMT inhibitors, and KDM inhibitors, are more specific.
Their applications may improve the efficacy and tolera-
bility of synthetic lethal therapies and epigenetic drugs in
combination with metabolic therapies.
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TABLE 2 Promising treatment regimens combining metabolic therapy with epigenetic therapy

Study type
Potential
therapeutic target Agent Cancer type Investigation

Phase 3 (NCT03173248)
[204, 205]

DNMT and mIDH1 Azacitidine combined
with ivosidenib

Leukemia Efficacy and safety in treating IDH1m
AML patients not suitable for
standard induction therapy

Phase 1b/2
(NCT02677922) [315,
338]

DNMT and mIDH2 Azacitidine combined
with enasidenib

Leukemia Efficacy and safety in IDH2m AML
patients not suitable for standard
induction therapy

Phase 1/2
(NCT03684811) [339]

DNMT and mIDH1 Azacitidine combined
with olutasidenib

Glioma and
chondrosar-
coma

Efficacy and safety in treating IDHm
patients with advanced solid tumors
and gliomas

Phase 3 (NCT02993523)
[276, 277]

DNMT and BCL2 Azacitidine combined
with venetoclax

Leukemia Efficacy and safety in treating AML
patients not suitable for standard
induction therapy

Phase 2
(NCT03404193) [340,
341]

DNMT and BCL2 Decitabine combined with
venetoclax

Leukemia Efficacy and safety in treating patients
with relapsed/refractory AML or
relapsed high-risk Myelodysplastic
Syndrome (MDS)

Phase 2 (NCT05376111) DNMT and BCL2 Azacitidine combined
with venetoclax

Leukemia Efficacy and safety in treating newly
diagnosed T-cell acute lymphoblastic
leukemia patients

Phase 2 (NCT03573024) DNMT and BCL2 Azacitidine combined
with venetoclax

Leukemia Efficacy and safety in treating
non-elderly adult AML patients

Phase 2
(NCT04062266)

DNMT and BCL2 Azacitidine combined
with venetoclax

Leukemia Efficacy and safety in treating patients
with AML in remission

Phase 2 (NCT05361057) DNMT and BCL2 Azacitidine combined
with venetoclax

Leukemia Efficacy and safety in preventing relapse
of consecutive measurable residual
disease positive AML patients

Phase 2
(NCT04905810)

DNMT and BCL2 Azacitidine or decitabine
combined with
venetoclax

Leukemia Efficacy and safety in treating AML
patients with prior hypomethylating
agent failure

Phase 2 (NCT04801797) DNMT and BCL2 Azacitidine combined
with venetoclax

Leukemia Efficacy and safety in treating newly
diagnosed AML

Phase 2 (NCT05048615) DNMT and BCL2 Azacitidine combined
with venetoclax

Leukemia Efficacy and safety in treating AML
patients not suitable for intensive
chemotherapy

Phase 2 (NCT05431257) DNMT and BCL2 Azacitidine combined
with venetoclax

Leukemia Efficacy and safety in treating
elderly/unfit for standard therapy
and relapsed/refractory patients with
AML

Phase 2 (NCT04867928) DNMT and BCL2 Azacitidine combined
with venetoclax

Leukemia Efficacy and safety in managing
molecular relapse/progression in
NPM1-mutated AML patients

Phase 2 (NCT04128501) DNMT and BCL2 Azacitidine combined
with venetoclax

Leukemia Efficacy and safety in treating
post-transplant AML patients

Phase 3
(NCT04102020)
[342]

DNMT and BCL2 Azacitidine combined
with venetoclax

Leukemia Efficacy and safety in treating adult
AML participants in the first
remission after conventional
chemotherapy

Phase 1/2
(NCT04550442)

DNMT and BCL2 Azacitidine combined
with venetoclax

Leukemia and
MDS

Efficacy and safety in treating relapsed/
refractory high-risk MDS or chronic
myelomonocytic leukemia

(Continues)
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TABLE 2 (Continued)

Study type
Potential
therapeutic target Agent Cancer type Investigation

Phase 1b
(NCT02966782)

DNMT and BCL2 Azacitidine combined
with venetoclax

MDS Efficacy and safety in treating patients
with relapsed/refractory MDS

Phase 1 (NCT02942290) DNMT and BCL2 Azacitidine combined
with venetoclax

MDS Efficacy and safety in treating patients
with treatment-naïve higher-risk
MDS

Phase 1/2
(NCT04160052) [343]

DNMT and BCL2 Azacitidine combined
with venetoclax

MDS Efficacy and safety in treating patients
with high-risk recurrent or refractory
MDS

Phase 2 (NCT05379166) DNMT and BCL2 Azacitidine combined
with venetoclax

MDS Efficacy and safety in treating
therapy-related or secondary MDS

Preclinical [114] BRD4 and AMPK JQ-1 combined with
compound C

Leukemia /

Preclinical [313] EZH2 and fatty acid
synthesis

GSK126 combined with
fenofibrate

Melanoma /

Preclinical [322] HDAC and glu-
cose/glutamine
metabolism

LMK235 combined with
2-DG/BPTES

Cervical cancer /

Preclinical [323] HDAC and
glycolysis

LAQ824 combined with
2-DG

Glioblastoma /

Preclinical [324] HDAC and fatty
acids oxidation

Panobinostat combined
with etomoxir

Glioblastoma /

Abbreviations: DNMT, DNA methyltransferase; mIDH1, mutant isocitrate dehydrogenase 1; AML, Acute myeloid leukemia; mIDH2, mutant isocitrate dehydro-
genase 2; BCL2, BCL2 apoptosis regulator; MDS, Myelodysplastic syndrome; BRD4, Bromodomain containing 4; AMPK, AMP-activated protein kinase; EZH2,
Enhancer of zeste homolog 2; HDAC, Histone deacetylase.

TABLE 3 Synthetic lethal relationships in cancer with epigenetic/metabolic defects

Epigenetic/metabolic
defect Cancer type

Potential
therapeutic target Agent Study type

Epigenetic defect
EZH2 deficiency [212] Leukemia BCAT1 Gabapentin Preclinical
KMT2D deficiency [213] Lung cancer Glycolysis 2-DG Preclinical
ARID1A deficiency [226] Ovarian cancer GLS CB-839 Preclinical
ARID1A deficiency [227] Ovarian cancer GCLC Buthionine-

sulfoximine
Preclinical

SMARCA4 deficiency [19] Lung cancer Oxidative
phosphorylation

IACS-010759 Preclinical

Metabolic defect
LKB1 deficiency [135] Pancreatic cancer DNMT Decitabine Preclinical
PKCλ/ι deficiency [138] Prostatic cancer DNMT Decitabine Preclinical
ACLY overexpression [116] Pancreatic cancer BET and mevalonate

pathway
JQ-1 and
atorvastatin

Preclinical

Abbreviations: EZH2, Enhancer of zeste homolog 2; BCAT1, Branched-chain amino acid transaminase 1; KMT2D, Histone lysine methyltransferase 2D; ARID1A,
AT-rich interacting domain-containing protein 1A; GLS, Glutaminase; GCLC, Glutamate-cysteine ligase synthetase catalytic subunit; SMARCA4, SWI/SNF-
related, matrix-associated, actin-dependent regulator of chromatin, subfamily A, member 4; LKB1, Liver kinase B1; DNMT, DNA methyltransferase; PKCλ/ι,
Protein kinase C λ/ι; ACLY, ATP-citrate lyase; BET, Bromodomain and extra-terminal domain protein.
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8 CONCLUSIONS AND PERSPECTIVES

Cell metabolism and the epigenetic landscape are highly
dynamic. Epigenetic abnormalities deregulate metabolic
enzymes or signaling pathways to provide energy,
nucleotides, amino acids, fatty acids and many other
metabolites to cancer cells and support their rapid prolif-
eration. Furthermore, nutritional status and intracellular
signals coordinate gene expression at the epigenetic level
by churning metabolite pools. These two cooperate to
enable cancer cells to quickly adjust to the changing
environment.
However, it is intriguing that the mutual regulation

of metabolism and epigenetics is precise to some extent.
Specifically, only limited and certain types of histone
methylation are influenced when the intracellular SAM
content fluctuates. It can be surmised that this phe-
nomenon is ascribed to the different catalytic properties
of the enzymes responsible for those methylation sites.
Furthermore, not all metabolic pathways are selectively
modulated by epigenetic lesions in cancer cells. KMT2D-
mutated cancer cells consistently showed a dependency
on glycolysis. In contrast, different cancers with the same
epigenetic lesion as ARID1A inactivation tend to expose
distinct metabolic fragilities. The mechanisms underly-
ing these discrepancies warrant further investigation. It is
worth noting that concomitant changes in diverse cellu-
lar processes occur inextricably when cellular metabolic
states shift. For example, the AMPK and mTOR pathways
are intrinsic metabolic sensors that monitor intracellular
energy production and nutrient supply, controlling cell
growth, proliferation, and survival [331]. In addition to
being a methyl donor, increased availability of SAM could
function as a signal molecule sensed by the SAM sensor
upstream of mTORC1 (SAMTOR) and abrogate inhibition
of the mTOR pathway [332]. Furthermore, as mentioned
above, many enzymes share the same substrates or cofac-
tors. They are also affected by metabolic disturbances and
chromatin modifiers. For instance, oncometabolites can
drive tumorigenesis by hampering the activity of prolyl-
hydroxylases, which fosters the stabilization of HIF-1α, in
addition to demethylases [333]. In addition, nonhistone
proteins are widely modulated by various metabolite-
induced post-translational modifications, affecting almost
all aspects of cell biology, such as gene transcription and
signal transduction. One case is p53, whose acetylation
and methylation can fine-tune its transcriptional activity
[334]. These extensive and unexpected biological effects
on cancer may obfuscate the contribution of epigenetic
mechanisms and require careful dissection.
Considering the highly intertwined relationship

between metabolism and epigenetic regulation, it is not
surprising that metabolic drugs can reverse epigenetic

alterations, and in turn, epigenetic agents can exert
antitumor effects partly by disturbing cancer metabolism
[221]. High-throughput technologies will help character-
ize the specific epigenetic or metabolic vulnerabilities
exposed during this two-way communication, which
could be induced and exploited as potential therapeutic
targets. Combined pharmacological intervention and
synthetic lethal screening are feasible approaches. In
particular, elegant studies combining metabolic therapy
and epigenetic therapy in hematological malignancies
provide a milestone in targeting the epigenetic-metabolic
circuit, hopefully becoming a novel paradigm for cancer
treatment. Although the prospect is exciting, most of our
related knowledge is limited to in vitro studies and is
usually context-specific, without considering the effects
on immune cells [335–337]. More confirmatory evidence
should be explored before actual clinical practice.
Recently, the burgeoning fields of ncRNAs andRNAepi-

genetics have provided novel insights into the crosstalk
between epigenetics and cancermetabolism, the therapeu-
tic values of which have not yet been comprehensively
studied. Nonetheless, they can be regarded as candidate
targets for developing new therapies.
In conclusion, this review highlights the close connec-

tions between metabolism and epigenetics in cancer and
proposes promising targeting therapeutic strategies. The
current preclinical and clinical studies knowledge will
potentially open up further research and novel therapeutic
opportunities.

DECLARATIONS
ETH ICS APPROVAL AND CONSENT TO
PART IC IPATE
Not applicable.

CONSENT FOR PUBL ICAT ION
Not applicable.

CONFL ICT OF INTEREST
The authors declare that they have no competing interests.

FUNDING
This work was supported by the National Natural Sci-
ence Foundation of China (81600766), the Science and
Technology Commission of Shanghai (20DZ2270800), and
the Innovative research team of high-level local uni-
versities in Shanghai (SHSMU-ZDCX20210900; SHSMU-
ZDCX20210902).

AUTH OR CONTRIBUT IONS
Xianqun Fan, Shengfang Ge, and Ai Zhuang designed
and revised the manuscript. Tongxin Ge, Ai Zhuang, and
Peiwei Chai wrote the manuscript and made the figures.



1072 GE et al.

Peiwei Chai, Xiang Gu, and Renbing Jia polished the
manuscript and gave useful suggestions. All authors read
and approved the final manuscript.

ACKNOWLEDGMENTS
Not applicable.

DATA AVAILAB IL ITY STATEMENT
The material supporting the conclusion of this review has
been included in the article.

ORCID
Renbing Jia https://orcid.org/0000-0001-6642-7451
PeiweiChai https://orcid.org/0000-0002-9135-0940
XianqunFan https://orcid.org/0000-0002-9394-3969

REFERENCES
1. Hanahan D, Weinberg RA. Hallmarks of cancer: the next

generation. Cell. 2011;144(5):646-74.
2. Hanahan D. Hallmarks of Cancer: New Dimensions. Cancer

Discov. 2022;12(1):31-46.
3. Ying H, Kimmelman AC, Lyssiotis CA, Hua S, Chu GC,

Fletcher-Sananikone E, et al. Oncogenic Kras maintains
pancreatic tumors through regulation of anabolic glucose
metabolism. Cell. 2012;149(3):656-70.

4. Mitsuishi Y, Taguchi K, Kawatani Y, Shibata T, Nukiwa T,
Aburatani H, et al. Nrf2 redirects glucose and glutamine into
anabolic pathways in metabolic reprogramming. Cancer Cell.
2012;22(1):66-79.

5. Satoh K, Yachida S, Sugimoto M, Oshima M, Nakagawa T,
Akamoto S, et al. Global metabolic reprogramming of colorec-
tal cancer occurs at adenoma stage and is induced by MYC.
Proc Natl Acad Sci U S A. 2017;114(37):E7697-e706.

6. Hoxhaj G, Manning BD. The PI3K-AKT network at the inter-
face of oncogenic signalling and cancer metabolism. Nat Rev
Cancer. 2020;20(2):74-88.

7. McDonald OG, Li X, Saunders T, Tryggvadottir R, Mentch SJ,
Warmoes MO, et al. Epigenomic reprogramming during pan-
creatic cancer progression links anabolic glucose metabolism
to distant metastasis. Nat Genet. 2017;49(3):367-76.

8. Nebbioso A, Tambaro FP, Dell’Aversana C, Altucci L. Cancer
epigenetics: Moving forward. PLoS Genet. 2018;14(6):e1007362.

9. Dawson MA. The cancer epigenome: Concepts, challenges,
and therapeutic opportunities. Science. 2017;355(6330):1147-52.

10. Jung G, Hernández-Illán E, Moreira L, Balaguer F, Goel A.
Epigenetics of colorectal cancer: biomarker and therapeutic
potential. Nat Rev Gastroenterol Hepatol. 2020;17(2):111-30.

11. Morris MR, Latif F. The epigenetic landscape of renal cancer.
Nat Rev Nephrol. 2017;13(1):47-60.

12. Grady WM, Yu M, Markowitz SD. Epigenetic Alterations
in the Gastrointestinal Tract: Current and Emerging Use
for Biomarkers of Cancer. Gastroenterology. 2021;160(3):690-
709.

13. Dawson MA, Kouzarides T. Cancer epigenetics: from mecha-
nism to therapy. Cell. 2012;150(1):12-27.

14. AnastasiadouE, Jacob LS, Slack FJ. Non-codingRNAnetworks
in cancer. Nat Rev Cancer. 2018;18(1):5-18.

15. Flavahan WA, Gaskell E, Bernstein BE. Epigenetic plasticity
and the hallmarks of cancer. Science. 2017;357(6348).

16. LuC,Ward PS, KapoorGS, RohleD, Turcan S, Abdel-WahabO,
et al. IDHmutation impairs histone demethylation and results
in a block to cell differentiation. Nature. 2012;483(7390):474-8.

17. Chaligne R, Gaiti F, Silverbush D, Schiffman JS, Weisman
HR, Kluegel L, et al. Epigenetic encoding, heritability and
plasticity of glioma transcriptional cell states. Nat Genet.
2021;53(10):1469-79.

18. Koutsioumpa M, Hatziapostolou M, Polytarchou C, Tolosa EJ,
Almada LL, Mahurkar-Joshi S, et al. Lysine methyltransferase
2D regulates pancreatic carcinogenesis through metabolic
reprogramming. Gut. 2019;68(7):1271-86.

19. Lissanu Deribe Y, Sun Y, Terranova C, Khan F, Martinez-
Ledesma J, Gay J, et al. Mutations in the SWI/SNF complex
induce a targetable dependence on oxidative phosphorylation
in lung cancer. Nat Med. 2018;24(7):1047-57.

20. Stricker SH, Köferle A, Beck S. From profiles to function in
epigenomics. Nat Rev Genet. 2017;18(1):51-66.

21. Wu Y, Cheng Y, Wang X, Fan J, Gao Q. Spatial omics: Navi-
gating to the golden era of cancer research. Clin Transl Med.
2022;12(1):e696.

22. Pavlova NN, Thompson CB. The Emerging Hallmarks of
Cancer Metabolism. Cell Metab. 2016;23(1):27-47.

23. Ward PS, Thompson CB. Metabolic reprogramming: a can-
cer hallmark even warburg did not anticipate. Cancer Cell.
2012;21(3):297-308.

24. Locasale JW. Serine, glycine and one-carbon units: cancer
metabolism in full circle. Nat Rev Cancer. 2013;13(8):572-83.

25. Patra KC, Hay N. The pentose phosphate pathway and cancer.
Trends Biochem Sci. 2014;39(8):347-54.

26. Reinfeld BI, Madden MZ, Wolf MM, Chytil A, Bader JE,
Patterson AR, et al. Cell-programmed nutrient partitioning in
the tumour microenvironment. Nature. 2021;593(7858):282-8.

27. AltmanBJ, Stine ZE,DangCV. FromKrebs to clinic: glutamine
metabolism to cancer therapy. Nat Rev Cancer. 2016;16(10):619-
34.

28. Hensley CT, Wasti AT, DeBerardinis RJ. Glutamine and can-
cer: cell biology, physiology, and clinical opportunities. J Clin
Invest. 2013;123(9):3678-84.

29. Snaebjornsson MT, Janaki-Raman S, Schulze A. Greasing the
Wheels of the Cancer Machine: The Role of Lipid Metabolism
in Cancer. Cell Metab. 2020;31(1):62-76.

30. Currie E, Schulze A, Zechner R, Walther TC, Farese RV,
Jr. Cellular fatty acid metabolism and cancer. Cell Metab.
2013;18(2):153-61.

31. Boroughs LK, DeBerardinis RJ.Metabolic pathways promoting
cancer cell survival and growth. Nat Cell Biol. 2015;17(4):351-9.

32. Bergers G, Fendt SM. The metabolism of cancer cells during
metastasis. Nat Rev Cancer. 2021;21(3):162-80.

33. Li E, Zhang Y. DNA methylation in mammals. Cold Spring
Harb Perspect Biol. 2014;6(5):a019133.

34. Skvortsova K, Stirzaker C, Taberlay P. The DNA methylation
landscape in cancer. Essays Biochem. 2019;63(6):797-811.

35. GreenbergMVC, Bourc’his D. The diverse roles of DNAmethy-
lation in mammalian development and disease. Nat Rev Mol
Cell Biol. 2019;20(10):590-607.

36. Lyko F. The DNA methyltransferase family: a versatile toolkit
for epigenetic regulation. Nat Rev Genet. 2018;19(2):81-92.

https://orcid.org/0000-0001-6642-7451
https://orcid.org/0000-0001-6642-7451
https://orcid.org/0000-0002-9135-0940
https://orcid.org/0000-0002-9135-0940
https://orcid.org/0000-0002-9394-3969
https://orcid.org/0000-0002-9394-3969


GE et al. 1073

37. Wu X, Zhang Y. TET-mediated active DNA demethyla-
tion: mechanism, function and beyond. Nat Rev Genet.
2017;18(9):517-34.

38. Rasmussen KD, Helin K. Role of TET enzymes in DNAmethy-
lation, development, and cancer. Genes Dev. 2016;30(7):733-50.

39. Bray JK, Dawlaty MM, Verma A, Maitra A. Roles and Reg-
ulations of TET Enzymes in Solid Tumors. Trends Cancer.
2021;7(7):635-46.

40. Lio CJ, Yuita H, Rao A. Dysregulation of the TET family of
epigenetic regulators in lymphoid and myeloid malignancies.
Blood. 2019;134(18):1487-97.

41. Feinberg AP, Vogelstein B. Hypomethylation distinguishes
genes of some human cancers from their normal counterparts.
Nature. 1983;301(5895):89-92.

42. Baylin SB, Jones PA. A decade of exploring the cancer
epigenome - biological and translational implications. Nat Rev
Cancer. 2011;11(10):726-34.

43. Ohtani-Fujita N, Fujita T, Aoike A, Osifchin NE, Robbins PD,
Sakai T. CpG methylation inactivates the promoter activity of
the human retinoblastoma tumor-suppressor gene. Oncogene.
1993;8(4):1063-7.

44. Yao Y, Gu X, Xu X, Ge S, Jia R. Novel insights into RB1
mutation. Cancer Lett. 2022;547:215870.

45. Herman JG, Merlo A, Mao L, Lapidus RG, Issa JP, Davidson
NE, et al. Inactivation of the CDKN2/p16/MTS1 gene is fre-
quently associated with aberrant DNA methylation in all
common human cancers. Cancer Res. 1995;55(20):4525-30.

46. Kane MF, Loda M, Gaida GM, Lipman J, Mishra R, Goldman
H, et al. Methylation of the hMLH1 promoter correlates with
lack of expression of hMLH1 in sporadic colon tumors andmis-
match repair-defective human tumor cell lines. Cancer Res.
1997;57(5):808-11.

47. Yoshiura K, Kanai Y, Ochiai A, Shimoyama Y, Sugimura T,
Hirohashi S. Silencing of the E-cadherin invasion-suppressor
gene by CpG methylation in human carcinomas. Proc Natl
Acad Sci U S A. 1995;92(16):7416-9.

48. Zhao Z, Shilatifard A. Epigenetic modifications of histones in
cancer. Genome Biol. 2019;20(1):245.

49. Audia JE, Campbell RM. Histone Modifications and Cancer.
Cold Spring Harb Perspect Biol. 2016;8(4):a019521.

50. Lawrence M, Daujat S, Schneider R. Lateral Thinking: How
Histone Modifications Regulate Gene Expression. Trends
Genet. 2016;32(1):42-56.

51. Marmorstein R, Zhou MM. Writers and readers of histone
acetylation: structure, mechanism, and inhibition. Cold Spring
Harb Perspect Biol. 2014;6(7):a018762.

52. Seto E, Yoshida M. Erasers of histone acetylation: the his-
tone deacetylase enzymes. Cold Spring Harb Perspect Biol.
2014;6(4):a018713.

53. Mohan M, Herz HM, Shilatifard A. SnapShot: Histone lysine
methylase complexes. Cell. 2012;149(2):498-.e1.

54. Shi Y, Whetstine JR. Dynamic regulation of histone lysine
methylation by demethylases. Mol Cell. 2007;25(1):1-14.

55. Greer EL, Shi Y. Histone methylation: a dynamic mark in
health, disease and inheritance. Nat Rev Genet. 2012;13(5):343-
57.

56. FragaMF, Ballestar E, Villar-GareaA, Boix-ChornetM, Espada
J, Schotta G, et al. Loss of acetylation at Lys16 and trimethyla-

tion at Lys20 of histone H4 is a common hallmark of human
cancer. Nat Genet. 2005;37(4):391-400.

57. Tryndyak VP, Kovalchuk O, Pogribny IP. Loss of DNA methy-
lation and histoneH4 lysine 20 trimethylation in human breast
cancer cells is associated with aberrant expression of DNA
methyltransferase 1, Suv4-20h2 histone methyltransferase and
methyl-binding proteins. Cancer Biol Ther. 2006;5(1):65-70.

58. Pogribny IP, Ross SA, Tryndyak VP, Pogribna M, Poirier LA,
Karpinets TV. Histone H3 lysine 9 and H4 lysine 20 trimethy-
lation and the expression of Suv4-20h2 and Suv-39h1 histone
methyltransferases in hepatocarcinogenesis induced bymethyl
deficiency in rats. Carcinogenesis. 2006;27(6):1180-6.

59. Fahrner JA, Eguchi S, Herman JG, Baylin SB. Dependence of
histone modifications and gene expression on DNA hyperme-
thylation in cancer. Cancer Res. 2002;62(24):7213-8.

60. Ballestar E, Paz MF, Valle L, Wei S, Fraga MF, Espada J, et al.
Methyl-CpG binding proteins identify novel sites of epigenetic
inactivation in human cancer. Embo J. 2003;22(23):6335-45.

61. Duan R, Du W, Guo W. EZH2: a novel target for cancer
treatment. J Hematol Oncol. 2020;13(1):104.

62. Clapier CR, Cairns BR. The biology of chromatin remodeling
complexes. Annu Rev Biochem. 2009;78:273-304.

63. Clapier CR, Iwasa J, Cairns BR, Peterson CL. Mecha-
nisms of action and regulation of ATP-dependent chromatin-
remodelling complexes. Nat Rev Mol Cell Biol. 2017;18(7):407-
22.

64. Kadoch C, Hargreaves DC, Hodges C, Elias L, Ho L, Ranish
J, et al. Proteomic and bioinformatic analysis of mammalian
SWI/SNF complexes identifies extensive roles in humanmalig-
nancy. Nat Genet. 2013;45(6):592-601.

65. Lessard J, Wu JI, Ranish JA, Wan M, Winslow MM, Staahl
BT, et al. An essential switch in subunit composition of a
chromatin remodeling complex during neural development.
Neuron. 2007;55(2):201-15.

66. PépinD,VanderhydenBC, PickettsDJ,MurphyBD. ISWI chro-
matin remodeling in ovarian somatic and germ cells: revenge
of the NURFs. Trends Endocrinol Metab. 2007;18(5):215-24.

67. Marfella CG, Imbalzano AN. The Chd family of chromatin
remodelers. Mutat Res. 2007;618(1-2):30-40.

68. Denslow SA, Wade PA. The human Mi-2/NuRD complex and
gene regulation. Oncogene. 2007;26(37):5433-8.

69. Bao Y, Shen X. INO80 subfamily of chromatin remodeling
complexes. Mutat Res. 2007;618(1-2):18-29.

70. Morrison AJ, Shen X. Chromatin remodelling beyond tran-
scription: the INO80 and SWR1 complexes. Nat Rev Mol Cell
Biol. 2009;10(6):373-84.

71. Chapman MA, Lawrence MS, Keats JJ, Cibulskis K, Sougnez
C, Schinzel AC, et al. Initial genome sequencing and analysis
of multiple myeloma. Nature. 2011;471(7339):467-72.

72. Morin RD, Mendez-Lago M, Mungall AJ, Goya R, Mungall
KL, Corbett RD, et al. Frequent mutation of histone-modifying
genes in non-Hodgkin lymphoma. Nature. 2011;476(7360):298-
303.

73. Gui Y, Guo G, Huang Y, Hu X, Tang A, Gao S, et al. Frequent
mutations of chromatin remodeling genes in transitional cell
carcinoma of the bladder. Nat Genet. 2011;43(9):875-8.

74. Jones S, Wang TL, Shih Ie M, Mao TL, Nakayama K,
Roden R, et al. Frequent mutations of chromatin remodeling



1074 GE et al.

gene ARID1A in ovarian clear cell carcinoma. Science.
2010;330(6001):228-31.

75. Wang K, Kan J, Yuen ST, Shi ST, Chu KM, Law S, et al.
Exome sequencing identifies frequent mutation of ARID1A in
molecular subtypes of gastric cancer. Nat Genet. 2011;43(12):
1219-23.

76. Wang X, Lee RS, Alver BH, Haswell JR, Wang S, Mieczkowski
J, et al. SMARCB1-mediated SWI/SNF complex function is
essential for enhancer regulation. Nat Genet. 2017;49(2):289-95.

77. Beermann J, Piccoli MT, Viereck J, ThumT. Non-coding RNAs
in Development and Disease: Background, Mechanisms, and
Therapeutic Approaches. Physiol Rev. 2016;96(4):1297-325.

78. Slack FJ, Chinnaiyan AM. The Role of Non-coding RNAs in
Oncology. Cell. 2019;179(5):1033-55.

79. Krol J, Loedige I, Filipowicz W. The widespread regulation
of microRNA biogenesis, function and decay. Nat Rev Genet.
2010;11(9):597-610.

80. He L, Hannon GJ. MicroRNAs: small RNAs with a big role in
gene regulation. Nat Rev Genet. 2004;5(7):522-31.

81. Mendell JT. MicroRNAs: critical regulators of development,
cellular physiology and malignancy. Cell Cycle. 2005;4(9):1179-
84.

82. Mercer TR, Dinger ME, Mattick JS. Long non-coding RNAs:
insights into functions. Nat Rev Genet. 2009;10(3):155-9.

83. Bazzini AA, Johnstone TG, Christiano R, Mackowiak SD,
Obermayer B, Fleming ES, et al. Identification of small ORFs
in vertebrates using ribosome footprinting and evolutionary
conservation. Embo J. 2014;33(9):981-93.

84. Ingolia NT, Lareau LF, Weissman JS. Ribosome profiling
of mouse embryonic stem cells reveals the complexity and
dynamics of mammalian proteomes. Cell. 2011;147(4):789-802.

85. Memczak S, Jens M, Elefsinioti A, Torti F, Krueger J, Rybak
A, et al. Circular RNAs are a large class of animal RNAs with
regulatory potency. Nature. 2013;495(7441):333-8.

86. Patop IL, Wüst S, Kadener S. Past, present, and future of
circRNAs. Embo J. 2019;38(16):e100836.

87. Kristensen LS, Andersen MS, Stagsted LVW, Ebbesen KK,
Hansen TB, Kjems J. The biogenesis, biology and characteri-
zation of circular RNAs. Nat Rev Genet. 2019;20(11):675-91.

88. Yan Y, Shen Z, Gao Z, Cao J, Yang Y, Wang B, et al. Long
noncoding ribonucleic acid specific for distant metastasis of
gastric cancer is associated with TRIM16 expression and facil-
itates tumor cell invasion in vitro. J Gastroenterol Hepatol.
2015;30(9):1367-75.

89. Saw PE, Xu X, Chen J, Song EW. Non-coding RNAs: the
new central dogma of cancer biology. Sci China Life Sci.
2021;64(1):22-50.

90. Toden S, Zumwalt TJ, Goel A. Non-coding RNAs and poten-
tial therapeutic targeting in cancer. Biochim Biophys Acta Rev
Cancer. 2021;1875(1):188491.

91. Toiyama Y, Hur K, Tanaka K, Inoue Y, Kusunoki M, Boland
CR, et al. SerummiR-200c is a novel prognostic andmetastasis-
predictive biomarker in patients with colorectal cancer. Ann
Surg. 2014;259(4):735-43.

92. Korpal M, Ell BJ, Buffa FM, Ibrahim T, Blanco MA, Celià-
Terrassa T, et al. Direct targeting of Sec23a by miR-200s
influences cancer cell secretome and promotes metastatic
colonization. Nat Med. 2011;17(9):1101-8.

93. Pecot CV, Rupaimoole R, Yang D, Akbani R, Ivan C, Lu C, et al.
Tumour angiogenesis regulation by the miR-200 family. Nat
Commun. 2013;4:2427.

94. Qi Y, Ding L, Zhang S, Yao S, Ong J, Li Y, et al. A plant
immune protein enables broad antitumor response by rescuing
microRNA deficiency. Cell. 2022;185(11):1888-904.e24.

95. Yang F, Zhang H, Mei Y, Wu M. Reciprocal regulation of HIF-
1α and lincRNA-p21 modulates the Warburg effect. Mol Cell.
2014;53(1):88-100.

96. Gómez-Maldonado L, Tiana M, Roche O, Prado-Cabrero A,
Jensen L, Fernandez-Barral A, et al. EFNA3 long noncoding
RNAs induced by hypoxia promote metastatic dissemination.
Oncogene. 2015;34(20):2609-20.

97. Kristensen LS, Jakobsen T, Hager H, Kjems J. The emerging
roles of circRNAs in cancer and oncology. Nat Rev Clin Oncol.
2022;19(3):188-206.

98. Song X, Zhang N, Han P, Moon BS, Lai RK, Wang K, et al.
Circular RNA profile in gliomas revealed by identification tool
UROBORUS. Nucleic Acids Res. 2016;44(9):e87.

99. SmidM,Wilting SM,UhrK,Rodríguez-González FG, deWeerd
V, Prager-Van der Smissen WJC, et al. The circular RNome of
primary breast cancer. Genome Res. 2019;29(3):356-66.

100. Vo JN, CieslikM, ZhangY, Shukla S, Xiao L, ZhangY, et al. The
Landscape of Circular RNA in Cancer. Cell. 2019;176(4):869-
81.e13.

101. Reid MA, Dai Z, Locasale JW. The impact of cellular
metabolism on chromatin dynamics and epigenetics. Nat Cell
Biol. 2017;19(11):1298-306.

102. Dai Z, Ramesh V, Locasale JW. The evolving metabolic land-
scape of chromatin biology and epigenetics. Nat Rev Genet.
2020;21(12):737-53.

103. Michealraj KA, Kumar SA, Kim LJY, Cavalli FMG, Przelicki D,
Wojcik JB, et al. Metabolic Regulation of the EpigenomeDrives
Lethal Infantile Ependymoma. Cell. 2020;181(6):1329-45.e24.

104. Wellen KE, Snyder NW. Should we consider subcellular com-
partmentalization ofmetabolites, and if so, how dowemeasure
them? Curr Opin Clin Nutr Metab Care. 2019;22(5):347-54.

105. Liu X, Si W, He L, Yang J, Peng Y, Ren J, et al. The exis-
tence of a nonclassical TCA cycle in the nucleus that wires the
metabolic-epigenetic circuitry. Signal Transduct Target Ther.
2021;6(1):375.

106. Dai X, Lv X, Thompson EW, Ostrikov KK. Histone lacty-
lation: epigenetic mark of glycolytic switch. Trends Genet.
2022;38(2):124-7.

107. Liu J, Shangguan Y, Tang D, Dai Y. Histone succinyla-
tion and its function on the nucleosome. J Cell Mol Med.
2021;25(15):7101-9.

108. Pietrocola F, Galluzzi L, Bravo-San Pedro JM, Madeo F,
Kroemer G. Acetyl coenzyme A: a central metabolite and
second messenger. Cell Metab. 2015;21(6):805-21.

109. Shi L, Tu BP. Acetyl-CoA and the regulation of metabolism:
mechanisms and consequences. Curr Opin Cell Biol.
2015;33:125-31.

110. Wellen KE, Hatzivassiliou G, Sachdeva UM, Bui TV, Cross JR,
Thompson CB. ATP-citrate lyase links cellular metabolism to
histone acetylation. Science. 2009;324(5930):1076-80.

111. Moussaieff A, Rouleau M, Kitsberg D, Cohen M, Levy G,
Barasch D, et al. Glycolysis-mediated changes in acetyl-CoA



GE et al. 1075

and histone acetylation control the early differentiation of
embryonic stem cells. Cell Metab. 2015;21(3):392-402.

112. McDonnell E, Crown SB, Fox DB, Kitir B, Ilkayeva OR,
Olsen CA, et al. Lipids Reprogram Metabolism to Become
a Major Carbon Source for Histone Acetylation. Cell Rep.
2016;17(6):1463-72.

113. Wong BW, Wang X, Zecchin A, Thienpont B, Cornelissen
I, Kalucka J, et al. The role of fatty acid β-oxidation in
lymphangiogenesis. Nature. 2017;542(7639):49-54.

114. Jiang Y, Hu T, Wang T, Shi X, Kitano A, Eagle K, et al.
AMP-activated protein kinase links acetyl-CoA homeosta-
sis to BRD4 recruitment in acute myeloid leukemia. Blood.
2019;134(24):2183-94.

115. Lee JV, Carrer A, Shah S, Snyder NW, Wei S, Venneti S, et al.
Akt-dependent metabolic reprogramming regulates tumor cell
histone acetylation. Cell Metab. 2014;20(2):306-19.

116. Carrer A, Trefely S, Zhao S, Campbell SL, Norgard RJ, Schultz
KC, et al. Acetyl-CoA Metabolism Supports Multistep Pancre-
atic Tumorigenesis. Cancer Discov. 2019;9(3):416-35.

117. Guo W, Ma J, Yang Y, Guo S, Zhang W, Zhao T, et al. ATP-
Citrate Lyase Epigenetically Potentiates Oxidative Phosphory-
lation to Promote Melanoma Growth and Adaptive Resistance
to MAPK Inhibition. Clin Cancer Res. 2020;26(11):2725-39.

118. Zhao S, Torres A, Henry RA, Trefely S,WallaceM, Lee JV, et al.
ATP-Citrate Lyase Controls a Glucose-to-Acetate Metabolic
Switch. Cell Rep. 2016;17(4):1037-52.

119. Lu M, Zhu WW, Wang X, Tang JJ, Zhang KL, Yu GY,
et al. ACOT12-Dependent Alteration of Acetyl-CoA Drives
Hepatocellular Carcinoma Metastasis by Epigenetic Induc-
tion of Epithelial-Mesenchymal Transition. Cell Metab.
2019;29(4):886-900.e5.

120. Loo SY, Toh LP, Xie WH, Pathak E, Tan W, Ma S, et al.
Fatty acid oxidation is a druggable gateway regulating cellu-
lar plasticity for driving metastasis in breast cancer. Sci Adv.
2021;7(41):eabh2443.

121. Sivanand S, Rhoades S, Jiang Q, Lee JV, Benci J, Zhang
J, et al. Nuclear Acetyl-CoA Production by ACLY Promotes
Homologous Recombination. Mol Cell. 2017;67(2):252-65.e6.

122. Sutendra G, Kinnaird A, Dromparis P, Paulin R, Stenson TH,
Haromy A, et al. A nuclear pyruvate dehydrogenase complex
is important for the generation of acetyl-CoA and histone
acetylation. Cell. 2014;158(1):84-97.

123. Chen J, Guccini I, Di Mitri D, Brina D, Revandkar A, Sarti M,
et al. Compartmentalized activities of the pyruvate dehydroge-
nase complex sustain lipogenesis in prostate cancer. Nat Genet.
2018;50(2):219-28.

124. Comerford SA, Huang Z, Du X,Wang Y, Cai L,Witkiewicz AK,
et al. Acetate dependence of tumors. Cell. 2014;159(7):1591-602.

125. Mashimo T, Pichumani K, Vemireddy V, Hatanpaa KJ, Singh
DK, Sirasanagandla S, et al. Acetate is a bioenergetic sub-
strate for human glioblastoma and brain metastases. Cell.
2014;159(7):1603-14.

126. Schug ZT, Peck B, Jones DT, Zhang Q, Grosskurth S, Alam IS,
et al. Acetyl-CoA synthetase 2 promotes acetate utilization and
maintains cancer cell growth under metabolic stress. Cancer
Cell. 2015;27(1):57-71.

127. Gao X, Lin SH, Ren F, Li JT, Chen JJ, Yao CB, et al.
Acetate functions as an epigenetic metabolite to promote lipid
synthesis under hypoxia. Nat Commun. 2016;7:11960.

128. Li X, Yu W, Qian X, Xia Y, Zheng Y, Lee JH, et al.
Nucleus-Translocated ACSS2 Promotes Gene Transcription for
Lysosomal Biogenesis and Autophagy. Mol Cell. 2017;66(5):
684-97.e9.

129. Bulusu V, Tumanov S, Michalopoulou E, van den Broek NJ,
MacKay G, Nixon C, et al. Acetate Recapturing by Nuclear
Acetyl-CoA Synthetase 2 Prevents Loss of Histone Acetylation
during Oxygen and Serum Limitation. Cell Rep. 2017;18(3):647-
58.

130. Lu SC, Mato JM. S-adenosylmethionine in liver health, injury,
and cancer. Physiol Rev. 2012;92(4):1515-42.

131. Ducker GS, Rabinowitz JD. One-CarbonMetabolism inHealth
and Disease. Cell Metab. 2017;25(1):27-42.

132. Maddocks OD, Labuschagne CF, Adams PD, VousdenKH. Ser-
ineMetabolismSupports theMethionineCycle andDNA/RNA
Methylation through De Novo ATP Synthesis in Cancer Cells.
Mol Cell. 2016;61(2):210-21.

133. Shiraki N, Shiraki Y, Tsuyama T, Obata F, Miura M, Nagae
G, et al. Methionine metabolism regulates maintenance and
differentiation of human pluripotent stem cells. Cell Metab.
2014;19(5):780-94.

134. Mentch SJ, Mehrmohamadi M, Huang L, Liu X, Gupta
D, Mattocks D, et al. Histone Methylation Dynamics and
Gene Regulation Occur through the Sensing of One-Carbon
Metabolism. Cell Metab. 2015;22(5):861-73.

135. Kottakis F,NicolayBN,RoumaneA,KarnikR,GuH,Nagle JM,
et al. LKB1 loss links serine metabolism to DNA methylation
and tumorigenesis. Nature. 2016;539(7629):390-5.

136. Parsa S, Ortega-Molina A, YingHY, JiangM, TeaterM,Wang J,
et al. The serine hydroxymethyltransferase-2 (SHMT2) initiates
lymphoma development through epigenetic tumor suppressor
silencing. Nat Cancer. 2020;1:653-64.

137. Liu S, Sun Y, Jiang M, Li Y, Tian Y, Xue W, et al.
Glyceraldehyde-3-phosphate dehydrogenase promotes liver
tumorigenesis by modulating phosphoglycerate dehydroge-
nase. Hepatology. 2017;66(2):631-45.

138. Reina-Campos M, Linares JF, Duran A, Cordes T, L’Hermitte
A, BadurMG, et al. Increased Serine and One-Carbon Pathway
Metabolism by PKCλ/ι Deficiency Promotes Neuroendocrine
Prostate Cancer. Cancer Cell. 2019;35(3):385-400.e9.

139. Wang Z, Yip LY, Lee JHJ, Wu Z, Chew HY, Chong PKW,
et al.Methionine is ametabolic dependency of tumor-initiating
cells. Nat Med. 2019;25(5):825-37.

140. Ulanovskaya OA, Zuhl AM, Cravatt BF. NNMT promotes
epigenetic remodeling in cancer by creating ametabolicmethy-
lation sink. Nat Chem Biol. 2013;9(5):300-6.

141. Sabari BR, Zhang D, Allis CD, Zhao Y. Metabolic regulation of
gene expression through histone acylations. Nat Rev Mol Cell
Biol. 2017;18(2):90-101.

142. Ippolito L, Morandi A, Giannoni E, Chiarugi P. Lactate: A
Metabolic Driver in the Tumour Landscape. Trends Biochem
Sci. 2019;44(2):153-66.

143. Jiang J, Huang D, Jiang Y, Hou J, Tian M, Li J, et al. Lactate
Modulates Cellular Metabolism Through Histone Lactylation-
Mediated Gene Expression in Non-Small Cell Lung Cancer.
Front Oncol. 2021;11:647559.

144. San-Millán I, Julian CG, Matarazzo C, Martinez J, Brooks GA.
Is Lactate an Oncometabolite? Evidence Supporting a Role
for Lactate in the Regulation of Transcriptional Activity of



1076 GE et al.

Cancer-Related Genes in MCF7 Breast Cancer Cells. Front
Oncol. 2019;9:1536.

145. Yu J, Chai P, Xie M, Ge S, Ruan J, Fan X, et al. Histone
lactylation drives oncogenesis by facilitatingm(6)A reader pro-
tein YTHDF2 expression in ocular melanoma. Genome Biol.
2021;22(1):85.

146. Zhang D, Tang Z, Huang H, Zhou G, Cui C, Weng Y, et al.
Metabolic regulation of gene expression by histone lactylation.
Nature. 2019;574(7779):575-80.

147. Baksh SC, Todorova PK, Gur-Cohen S, Hurwitz B, Ge Y, Novak
JSS, et al. Extracellular serine controls epidermal stem cell fate
and tumour initiation. Nat Cell Biol. 2020;22(7):779-90.

148. TeSlaa T, Chaikovsky AC, Lipchina I, Escobar SL,
Hochedlinger K, Huang J, et al. α-Ketoglutarate Acceler-
ates the Initial Differentiation of Primed Human Pluripotent
Stem Cells. Cell Metab. 2016;24(3):485-93.

149. Morris JPt, Yashinskie JJ, Koche R, Chandwani R, Tian S, Chen
CC, et al. α-Ketoglutarate links p53 to cell fate during tumour
suppression. Nature. 2019;573(7775):595-9.

150. Yang L, Venneti S, Nagrath D. Glutaminolysis: A Hallmark of
Cancer Metabolism. Annu Rev Biomed Eng. 2017;19:163-94.

151. Pan M, Reid MA, Lowman XH, Kulkarni RP, Tran TQ, Liu X,
et al. Regional glutamine deficiency in tumours promotes ded-
ifferentiation through inhibition of histone demethylation. Nat
Cell Biol. 2016;18(10):1090-101.

152. Ishak Gabra MB, Yang Y, Li H, Senapati P, Hanse EA,
Lowman XH, et al. Dietary glutamine supplementation sup-
presses epigenetically-activated oncogenic pathways to inhibit
melanoma tumour growth. Nat Commun. 2020;11(1):3326.

153. Wong CC, Xu J, Bian X, Wu JL, Kang W, Qian Y, et al. In Col-
orectal Cancer Cells With Mutant KRAS, SLC25A22-Mediated
Glutaminolysis ReducesDNADemethylation to IncreaseWNT
Signaling, Stemness, and Drug Resistance. Gastroenterology.
2020;159(6):2163-80.e6.

154. Xie N, Zhang L, Gao W, Huang C, Huber PE, Zhou X, et al.
NAD(+) metabolism: pathophysiologic mechanisms and ther-
apeutic potential. Signal Transduct Target Ther. 2020;5(1):227.

155. Cantó C, Menzies KJ, Auwerx J. NAD(+) Metabolism and
the Control of Energy Homeostasis: A Balancing Act between
Mitochondria and the Nucleus. Cell Metab. 2015;22(1):31-53.

156. Ryall JG, Dell’Orso S, Derfoul A, Juan A, Zare H, Feng X,
et al. The NAD(+)-dependent SIRT1 deacetylase translates a
metabolic switch into regulatory epigenetics in skeletal muscle
stem cells. Cell Stem Cell. 2015;16(2):171-83.

157. Eckert MA, Coscia F, Chryplewicz A, Chang JW, Hernandez
KM, Pan S, et al. Proteomics reveals NNMT as a master
metabolic regulator of cancer-associated fibroblasts. Nature.
2019;569(7758):723-8.

158. Zhang T, Berrocal JG, Frizzell KM, Gamble MJ, DuMond ME,
Krishnakumar R, et al. Enzymes in the NAD+ salvage pathway
regulate SIRT1 activity at target gene promoters. J Biol Chem.
2009;284(30):20408-17.

159. Ohanna M, Cerezo M, Nottet N, Bille K, Didier R, Beranger G,
et al. Pivotal role of NAMPT in the switch of melanoma cells
toward an invasive and drug-resistant phenotype. Genes Dev.
2018;32(5-6):448-61.

160. Yang M, Soga T, Pollard PJ. Oncometabolites: linking altered
metabolism with cancer. J Clin Invest. 2013;123(9):3652-8.

161. Chowdhury R, Yeoh KK, Tian YM, Hillringhaus L, Bagg EA,
Rose NR, et al. The oncometabolite 2-hydroxyglutarate inhibits
histone lysine demethylases. EMBO Rep. 2011;12(5):463-9.

162. Xu W, Yang H, Liu Y, Yang Y, Wang P, Kim SH, et al.
Oncometabolite 2-hydroxyglutarate is a competitive inhibitor
of α-ketoglutarate-dependent dioxygenases. Cancer Cell.
2011;19(1):17-30.

163. Dang L, White DW, Gross S, Bennett BD, Bittinger MA,
Driggers EM, et al. Cancer-associated IDH1mutations produce
2-hydroxyglutarate. Nature. 2009;462(7274):739-44.

164. Ward PS, Patel J,Wise DR, Abdel-WahabO, Bennett BD, Coller
HA, et al. The common feature of leukemia-associated IDH1
and IDH2 mutations is a neomorphic enzyme activity con-
verting alpha-ketoglutarate to 2-hydroxyglutarate. Cancer Cell.
2010;17(3):225-34.

165. FigueroaME, Lugthart S, Li Y, Erpelinck-Verschueren C, Deng
X, Christos PJ, et al. DNA methylation signatures identify bio-
logically distinct subtypes in acute myeloid leukemia. Cancer
Cell. 2010;17(1):13-27.

166. Turcan S, Rohle D, Goenka A, Walsh LA, Fang F, Yilmaz
E, et al. IDH1 mutation is sufficient to establish the glioma
hypermethylator phenotype. Nature. 2012;483(7390):479-83.

167. Figueroa ME, Abdel-Wahab O, Lu C, Ward PS, Patel J, Shih
A, et al. Leukemic IDH1 and IDH2 mutations result in
a hypermethylation phenotype, disrupt TET2 function, and
impair hematopoietic differentiation. Cancer Cell. 2010;18(6):
553-67.

168. Wang F, Travins J, DeLaBarre B, Penard-Lacronique V, Schalm
S, Hansen E, et al. Targeted inhibition of mutant IDH2
in leukemia cells induces cellular differentiation. Science.
2013;340(6132):622-6.

169. Kernytsky A, Wang F, Hansen E, Schalm S, Straley K, Gliser C,
et al. IDH2 mutation-induced histone and DNA hypermethy-
lation is progressively reversed by small-molecule inhibition.
Blood. 2015;125(2):296-303.

170. Losman JA, Looper RE, Koivunen P, Lee S, Schneider RK,
McMahon C, et al. (R)-2-hydroxyglutarate is sufficient to pro-
mote leukemogenesis and its effects are reversible. Science.
2013;339(6127):1621-5.

171. Sasaki M, Knobbe CB, Munger JC, Lind EF, Brenner D,
Brüstle A, et al. IDH1(R132H) mutation increases murine
haematopoietic progenitors and alters epigenetics. Nature.
2012;488(7413):656-9.

172. Rohle D, Popovici-Muller J, Palaskas N, Turcan S, Grommes
C, Campos C, et al. An inhibitor of mutant IDH1 delays
growth and promotes differentiation of glioma cells. Science.
2013;340(6132):626-30.

173. Saha SK, Parachoniak CA, Ghanta KS, Fitamant J, Ross KN,
Najem MS, et al. Mutant IDH inhibits HNF-4α to block hep-
atocyte differentiation and promote biliary cancer. Nature.
2014;513(7516):110-4.

174. Lu C, Venneti S, Akalin A, Fang F, Ward PS, Dematteo RG,
et al. Induction of sarcomas by mutant IDH2. Genes Dev.
2013;27(18):1986-98.

175. Flavahan WA, Drier Y, Liau BB, Gillespie SM, Venteicher
AS, Stemmer-Rachamimov AO, et al. Insulator dysfunction
and oncogene activation in IDH mutant gliomas. Nature.
2016;529(7584):110-4.



GE et al. 1077

176. Chesnelong C, Chaumeil MM, Blough MD, Al-Najjar M,
Stechishin OD, Chan JA, et al. Lactate dehydrogenase A silenc-
ing in IDH mutant gliomas. Neuro Oncol. 2014;16(5):686-95.

177. Inoue S, Li WY, Tseng A, Beerman I, Elia AJ, Bendall SC, et al.
Mutant IDH1Downregulates ATM andAlters DNARepair and
Sensitivity to DNADamage Independent of TET2. Cancer Cell.
2016;30(2):337-48.

178. Sulkowski PL, CorsoCD,RobinsonND, Scanlon SE, Purshouse
KR, Bai H, et al. 2-Hydroxyglutarate produced by neomorphic
IDH mutations suppresses homologous recombination and
induces PARP inhibitor sensitivity. Sci Transl Med. 2017;9(375).

179. WuMJ, Shi L, Dubrot J,Merritt J, Vijay V,Wei TY, et al.Mutant
IDH Inhibits IFNγ-TET2 Signaling to Promote Immunoeva-
sion and Tumor Maintenance in Cholangiocarcinoma. Cancer
Discov. 2022;12(3):812-35.

180. Intlekofer AM, Dematteo RG, Venneti S, Finley LW, Lu
C, Judkins AR, et al. Hypoxia Induces Production of L-2-
Hydroxyglutarate. Cell Metab. 2015;22(2):304-11.

181. Intlekofer AM, Wang B, Liu H, Shah H, Carmona-Fontaine C,
Rustenburg AS, et al. L-2-Hydroxyglutarate production arises
from noncanonical enzyme function at acidic pH. Nat Chem
Biol. 2017;13(5):494-500.

182. OldhamWM, Clish CB, Yang Y, Loscalzo J. Hypoxia-Mediated
Increases in L-2-hydroxyglutarate Coordinate the Metabolic
Response to Reductive Stress. Cell Metab. 2015;22(2):291-303.

183. Shim EH, Livi CB, Rakheja D, Tan J, Benson D, Parekh V, et al.
L-2-Hydroxyglutarate: an epigenetic modifier and putative
oncometabolite in renal cancer. Cancer Discov. 2014;4(11):1290-
8.

184. Shelar S, Shim EH, Brinkley GJ, Kundu A, Carobbio F,
Poston T, et al. Biochemical and Epigenetic Insights into L-
2-Hydroxyglutarate, a Potential Therapeutic Target in Renal
Cancer. Clin Cancer Res. 2018;24(24):6433-46.

185. Xiao M, Yang H, XuW, Ma S, Lin H, Zhu H, et al. Inhibition of
α-KG-dependent histone and DNA demethylases by fumarate
and succinate that are accumulated in mutations of FH and
SDH tumor suppressors. Genes Dev. 2012;26(12):1326-38.

186. Killian JK, Kim SY, Miettinen M, Smith C, Merino M, Tsokos
M, et al. Succinate dehydrogenase mutation underlies global
epigenomic divergence in gastrointestinal stromal tumor. Can-
cer Discov. 2013;3(6):648-57.

187. Letouzé E, Martinelli C, Loriot C, Burnichon N, Abermil N,
Ottolenghi C, et al. SDHmutations establish a hypermethylator
phenotype in paraganglioma. Cancer Cell. 2013;23(6):739-52.

188. Linehan WM, Spellman PT, Ricketts CJ, Creighton CJ, Fei SS,
Davis C, et al. Comprehensive Molecular Characterization of
Papillary Renal-Cell Carcinoma. N Engl JMed. 2016;374(2):135-
45.

189. Sun G, Zhang X, Liang J, Pan X, Zhu S, Liu Z, et al. Integrated
Molecular Characterization of Fumarate Hydratase-deficient
Renal Cell Carcinoma. Clin Cancer Res. 2021;27(6):1734-43.

190. Sciacovelli M, Gonçalves E, Johnson TI, Zecchini VR, da
Costa AS, Gaude E, et al. Fumarate is an epigenetic modi-
fier that elicits epithelial-to-mesenchymal transition. Nature.
2016;537(7621):544-7.

191. Flavahan WA, Drier Y, Johnstone SE, Hemming ML,
Tarjan DR, Hegazi E, et al. Altered chromosomal topol-
ogy drives oncogenic programs in SDH-deficient GISTs.
Nature. 2019;575(7781):229-33.

192. Sulkowski PL, Sundaram RK, Oeck S, Corso CD, Liu
Y, Noorbakhsh S, et al. Krebs-cycle-deficient hereditary
cancer syndromes are defined by defects in homologous-
recombination DNA repair. Nat Genet. 2018;50(8):1086-92.

193. Sulkowski PL, Oeck S, Dow J, Economos NG, Mirfakhraie
L, Liu Y, et al. Oncometabolites suppress DNA repair by
disrupting local chromatin signalling. Nature. 2020;582(7813):
586-91.

194. Zhao S, Zhang X, Li H. Beyond histone acetylation-writing and
erasing histone acylations. Curr Opin Struct Biol. 2018;53:169-
77.

195. Wang M, Lin H. Understanding the Function of Mammalian
Sirtuins and Protein Lysine Acylation. Annu Rev Biochem.
2021;90:245-85.

196. Fu Y, Yu J, Li F, Ge S. Oncometabolites drive tumorigenesis
by enhancing protein acylation: from chromosomal remod-
elling to nonhistone modification. J Exp Clin Cancer Res.
2022;41(1):144.

197. Wang Y, Guo YR, Liu K, Yin Z, Liu R, Xia Y, et al. KAT2A
coupled with the α-KGDH complex acts as a histone H3
succinyltransferase. Nature. 2017;552(7684):273-7.

198. Yang G, Yuan Y, Yuan H, Wang J, Yun H, Geng Y, et al. His-
tone acetyltransferase 1 is a succinyltransferase for histones
and non-histones and promotes tumorigenesis. EMBO Rep.
2021;22(2):e50967.

199. Jing Y, Ding D, Tian G, Kwan KCJ, Liu Z, Ishibashi T, et al.
Semisynthesis of site-specifically succinylated histone reveals
that succinylation regulates nucleosome unwrapping rate and
DNA accessibility. Nucleic Acids Res. 2020;48(17):9538-49.

200. Zorro Shahidian L, Haas M, Le Gras S, Nitsch S, Mourão
A, Geerlof A, et al. Succinylation of H3K122 destabilizes
nucleosomes and enhances transcription. EMBO Rep.
2021;22(3):e51009.

201. Li F, He X, Ye D, Lin Y, Yu H, Yao C, et al. NADP(+)-IDH
Mutations Promote Hypersuccinylation that Impairs Mito-
chondria Respiration and Induces Apoptosis Resistance. Mol
Cell. 2015;60(4):661-75.

202. Smestad J, Erber L, ChenY,Maher LJ, 3rd. Chromatin Succiny-
lationCorrelateswithActiveGene Expression and Is Perturbed
by Defective TCA Cycle Metabolism. iScience. 2018;2:63-75.

203. Guo Z, Pan F, Peng L, Tian S, Jiao J, Liao L, et al. Systematic
Proteome and Lysine Succinylome Analysis Reveals Enhanced
Cell Migration by Hyposuccinylation in Esophageal Squamous
Cell Carcinoma. Mol Cell Proteomics. 2021;20:100053.

204. DiNardo CD, Stein AS, Stein EM, Fathi AT, Frankfurt O, Schuh
AC, et al. Mutant Isocitrate Dehydrogenase 1 Inhibitor Ivosi-
denib in Combination With Azacitidine for Newly Diagnosed
Acute Myeloid Leukemia. J Clin Oncol. 2021;39(1):57-65.

205. Montesinos P, Recher C, Vives S, Zarzycka E, Wang J, Bertani
G, et al. Ivosidenib and Azacitidine in IDH1-Mutated Acute
Myeloid Leukemia. N Engl J Med. 2022;386(16):1519-31.

206. Dong C, Yuan T, Wu Y, Wang Y, Fan TW, Miriyala S,
et al. Loss of FBP1 by Snail-mediated repression provides
metabolic advantages in basal-like breast cancer. Cancer Cell.
2013;23(3):316-31.

207. Pulikkottil AJ, Bamezai S, Ammer T, Mohr F, Feder K, Vegi
NM, et al. TET3 promotes AML growth and epigenetically reg-
ulates glucose metabolism and leukemic stem cell associated
pathways. Leukemia. 2022;36(2):416-25.



1078 GE et al.

208. Wolf A, Agnihotri S, Munoz D, Guha A. Developmental pro-
file and regulation of the glycolytic enzyme hexokinase 2 in
normal brain and glioblastoma multiforme. Neurobiol Dis.
2011;44(1):84-91.

209. Goel A, Mathupala SP, Pedersen PL. Glucose metabolism in
cancer. Evidence that demethylation events play a role in
activating type II hexokinase gene expression. J Biol Chem.
2003;278(17):15333-40.

210. Lopez-Serra P, Marcilla M, Villanueva A, Ramos-Fernandez A,
PalauA, Leal L, et al. Corrigendum:ADERL3-associated defect
in the degradation of SLC2A1 mediates theWarburg effect. Nat
Commun. 2016;7:13467.

211. Parton RG, Simons K. The multiple faces of caveolae. Nat Rev
Mol Cell Biol. 2007;8(3):185-94.

212. Gu Z, Liu Y, Cai F, Patrick M, Zmajkovic J, Cao H, et al. Loss
of EZH2 Reprograms BCAA Metabolism to Drive Leukemic
Transformation. Cancer Discov. 2019;9(9):1228-47.

213. Alam H, Tang M, Maitituoheti M, Dhar SS, Kumar M, Han
CY, et al. KMT2DDeficiency Impairs Super-Enhancers to Con-
fer a Glycolytic Vulnerability in Lung Cancer. Cancer Cell.
2020;37(4):599-617.e7.

214. Maitituoheti M, Keung EZ, Tang M, Yan L, Alam H, Han G,
et al. Enhancer Reprogramming Confers Dependence on Gly-
colysis and IGF Signaling in KMT2D Mutant Melanoma. Cell
Rep. 2020;33(3):108293.

215. Wang J, Duan Z, Nugent Z, Zou JX, Borowsky AD, Zhang
Y, et al. Reprogramming metabolism by histone methyltrans-
ferase NSD2 drives endocrine resistance via coordinated acti-
vation of pentose phosphate pathway enzymes. Cancer Lett.
2016;378(2):69-79.

216. Liu J, Hanavan PD, Kras K, Ruiz YW, Castle EP, Lake DF, et al.
Loss of SETD2 Induces a Metabolic Switch in Renal Cell Carci-
noma Cell Lines toward Enhanced Oxidative Phosphorylation.
J Proteome Res. 2019;18(1):331-40.

217. Ding J, Li T,WangX, ZhaoE,Choi JH,YangL, et al. Thehistone
H3 methyltransferase G9A epigenetically activates the serine-
glycine synthesis pathway to sustain cancer cell survival and
proliferation. Cell Metab. 2013;18(6):896-907.

218. Zhao E, Ding J, Xia Y, Liu M, Ye B, Choi JH, et al. KDM4C
and ATF4 Cooperate in Transcriptional Control of Amino Acid
Metabolism. Cell Rep. 2016;14(3):506-19.

219. SakamotoA,Hino S,NagaokaK,AnanK, TakaseR,Matsumori
H, et al. Lysine Demethylase LSD1 Coordinates Glycolytic and
MitochondrialMetabolism inHepatocellular CarcinomaCells.
Cancer Res. 2015;75(7):1445-56.

220. Cui J, Quan M, Xie D, Gao Y, Guha S, Fallon MB, et al.
A novel KDM5A/MPC-1 signaling pathway promotes pancre-
atic cancer progression via redirecting mitochondrial pyruvate
metabolism. Oncogene. 2020;39(5):1140-51.

221. Cai LY, Chen SJ, Xiao SH, Sun QJ, Ding CH, Zheng BN, et al.
Targeting p300/CBP Attenuates Hepatocellular Carcinoma
Progression through Epigenetic Regulation of Metabolism.
Cancer Res. 2021;81(4):860-72.

222. Sebastián C, Zwaans BM, Silberman DM, GymrekM, Goren A,
Zhong L, et al. The histone deacetylase SIRT6 is a tumor sup-
pressor that controls cancer metabolism. Cell. 2012;151(6):1185-
99.

223. Zhong L, D’Urso A, Toiber D, Sebastian C, Henry RE,
Vadysirisack DD, et al. The histone deacetylase Sirt6 regulates
glucose homeostasis via Hif1alpha. Cell. 2010;140(2):280-93.

224. Kugel S, Feldman JL, Klein MA, Silberman DM, Sebastián
C, Mermel C, et al. Identification of and Molecular Basis for
SIRT6 Loss-of-Function Point Mutations in Cancer. Cell Rep.
2015;13(3):479-88.

225. Bi L, Ren Y, Feng M, Meng P, Wang Q, Chen W, et al. HDAC11
Regulates Glycolysis through the LKB1/AMPK Signaling Path-
way to Maintain Hepatocellular Carcinoma Stemness. Cancer
Res. 2021;81(8):2015-28.

226. Wu S, Fukumoto T, Lin J, Nacarelli T, Wang Y, Ong D, et al.
Targeting glutamine dependence throughGLS1 inhibition sup-
presses ARID1A-inactivated clear cell ovarian carcinoma. Nat
Cancer. 2021;2(2):189-200.

227. Ogiwara H, Takahashi K, Sasaki M, Kuroda T, Yoshida
H, Watanabe R, et al. Targeting the Vulnerability of Glu-
tathione Metabolism in ARID1A-Deficient Cancers. Cancer
Cell. 2019;35(2):177-90.e8.

228. Wu Q, Madany P, Dobson JR, Schnabl JM, Sharma S, Smith
TC, et al. The BRG1 chromatin remodeling enzyme links can-
cer cell metabolism and proliferation. Oncotarget. 2016;7(25):
38270-81.

229. Bracken CP, Scott HS, Goodall GJ. A network-biology perspec-
tive of microRNA function and dysfunction in cancer. Nat Rev
Genet. 2016;17(12):719-32.

230. Chan B, Manley J, Lee J, Singh SR. The emerging roles of
microRNAs in cancer metabolism. Cancer Lett. 2015;356(2 Pt
A):301-8.

231. Hatziapostolou M, Polytarchou C, Iliopoulos D. miRNAs link
metabolic reprogramming to oncogenesis. Trends Endocrinol
Metab. 2013;24(7):361-73.

232. Statello L, Guo CJ, Chen LL, Huarte M. Gene regulation by
long non-coding RNAs and its biological functions. Nat Rev
Mol Cell Biol. 2021;22(2):96-118.

233. Li W, Huang K, Wen F, Cui G, Guo H, He Z, et al.
LINC00184 silencing inhibits glycolysis and restoresmitochon-
drial oxidative phosphorylation in esophageal cancer through
demethylation of PTEN. EBioMedicine. 2019;44:298-310.

234. Hong J, Guo F, Lu SY, Shen C, Ma D, Zhang X, et al. F.
nucleatum targets lncRNAENO1-IT1 to promote glycolysis and
oncogenesis in colorectal cancer. Gut. 2021;70(11):2123-37.

235. Hung CL, Wang LY, Yu YL, Chen HW, Srivastava S, Petrovics
G, et al. A long noncoding RNA connects c-Myc to tumor
metabolism. Proc Natl Acad Sci U S A. 2014;111(52):18697-702.

236. Yan T, Shen C, Jiang P, Yu C, Guo F, Tian X, et al. Risk
SNP-induced lncRNA-SLCC1 drives colorectal cancer through
activating glycolysis signaling. Signal Transduct Target Ther.
2021;6(1):70.

237. Zheng X, Han H, Liu GP, Ma YX, Pan RL, Sang LJ, et al.
LncRNA wires up Hippo and Hedgehog signaling to repro-
gramme glucose metabolism. Embo J. 2017;36(22):3325-35.

238. Logotheti S, Marquardt S, Gupta SK, Richter C, Edelhäuser
BAH, Engelmann D, et al. LncRNA-SLC16A1-AS1 induces
metabolic reprogramming during Bladder Cancer pro-
gression as target and co-activator of E2F1. Theranostics.
2020;10(21):9620-43.

239. Redis RS, Vela LE, Lu W, Ferreira de Oliveira J, Ivan C,
Rodriguez-Aguayo C, et al. Allele-Specific Reprogramming of
CancerMetabolism by the Long Non-coding RNACCAT2.Mol
Cell. 2016;61(4):520-34.

240. Jia G, Wang Y, Lin C, Lai S, Dai H, Wang Z, et al. LNCAROD
enhances hepatocellular carcinoma malignancy by activating



GE et al. 1079

glycolysis through induction of pyruvate kinase isoformPKM2.
J Exp Clin Cancer Res. 2021;40(1):299.

241. Deng SJ, Chen HY, Zeng Z, Deng S, Zhu S, Ye Z, et al. Nutri-
ent Stress-Dysregulated Antisense lncRNA GLS-AS Impairs
GLS-Mediated Metabolism and Represses Pancreatic Cancer
Progression. Cancer Res. 2019;79(7):1398-412.

242. Han J, Qu H, Han M, Ding Y, Xie M, Hu J, et al. MSC-induced
lncRNA AGAP2-AS1 promotes stemness and trastuzumab
resistance through regulating CPT1 expression and fatty acid
oxidation in breast cancer. Oncogene. 2021;40(4):833-47.

243. Wang Y, Lu JH, Wu QN, Jin Y, Wang DS, Chen YX, et al.
LncRNA LINRIS stabilizes IGF2BP2 and promotes the aerobic
glycolysis in colorectal cancer. Mol Cancer. 2019;18(1):174.

244. Ma F, Liu X, Zhou S, LiW, Liu C, ChadwickM, et al. Long non-
coding RNA FGF13-AS1 inhibits glycolysis and stemness prop-
erties of breast cancer cells through FGF13-AS1/IGF2BPs/Myc
feedback loop. Cancer Lett. 2019;450:63-75.

245. Zhai S, Xu Z, Xie J, Zhang J, Wang X, Peng C, et al. Epigenetic
silencing of LncRNA LINC00261 promotes c-myc-mediated
aerobic glycolysis by regulating miR-222-3p/HIPK2/ERK
axis and sequestering IGF2BP1. Oncogene. 2021;40(2):
277-91.

246. Chen J, Yu Y, Li H, HuQ, Chen X, He Y, et al. Long non-coding
RNA PVT1 promotes tumor progression by regulating themiR-
143/HK2 axis in gallbladder cancer. Mol Cancer. 2019;18(1):33.

247. Hua Q, Jin M, Mi B, Xu F, Li T, Zhao L, et al. LINC01123, a
c-Myc-activated long non-coding RNA, promotes proliferation
and aerobic glycolysis of non-small cell lung cancer through
miR-199a-5p/c-Myc axis. J Hematol Oncol. 2019;12(1):91.

248. Liu Y, He D, Xiao M, Zhu Y, Zhou J, Cao K. Long noncoding
RNA LINC00518 induces radioresistance by regulating glycol-
ysis through an miR-33a-3p/HIF-1α negative feedback loop in
melanoma. Cell Death Dis. 2021;12(3):245.

249. Zhou Y, Huang Y, Hu K, Zhang Z, Yang J, Wang Z. HIF1A
activates the transcription of lncRNA RAET1K to modulate
hypoxia-induced glycolysis in hepatocellular carcinoma cells
via miR-100-5p. Cell Death Dis. 2020;11(3):176.

250. LiuH, ZhangQ, SongY,HaoY,CuiY, ZhangX, et al. Longnon-
coding RNA SLC2A1-AS1 induced by GLI3 promotes aerobic
glycolysis and progression in esophageal squamous cell carci-
noma by sponging miR-378a-3p to enhance Glut1 expression. J
Exp Clin Cancer Res. 2021;40(1):287.

251. Wang C, Li Y, Yan S, Wang H, Shao X, Xiao M, et al.
Interactome analysis reveals that lncRNA HULC promotes
aerobic glycolysis through LDHA and PKM2. Nat Commun.
2020;11(1):3162.

252. Lin A, Li C, Xing Z, Hu Q, Liang K, Han L, et al. The LINK-A
lncRNA activates normoxic HIF1α signalling in triple-negative
breast cancer. Nat Cell Biol. 2016;18(2):213-24.

253. Bian Z, Zhang J, LiM, Feng Y,WangX, Zhang J, et al. LncRNA-
FEZF1-AS1 Promotes Tumor Proliferation and Metastasis in
Colorectal Cancer by Regulating PKM2 Signaling. Clin Cancer
Res. 2018;24(19):4808-19.

254. Hua Q, Mi B, Xu F, Wen J, Zhao L, Liu J, et al. Hypoxia-
induced lncRNA-AC020978 promotes proliferation and gly-
colytic metabolism of non-small cell lung cancer by regulating
PKM2/HIF-1α axis. Theranostics. 2020;10(11):4762-78.

255. Liu J, Liu ZX, Wu QN, Lu YX, Wong CW, Miao L, et al. Long
noncoding RNA AGPG regulates PFKFB3-mediated tumor
glycolytic reprogramming. Nat Commun. 2020;11(1):1507.

256. Tang J, Yan T, Bao Y, Shen C, Yu C, Zhu X, et al.
LncRNA GLCC1 promotes colorectal carcinogenesis and
glucose metabolism by stabilizing c-Myc. Nat Commun.
2019;10(1):3499.

257. Wang R, Cao L, Thorne RF, Zhang XD, Li J, Shao F, et al.
LncRNA GIRGL drives CAPRIN1-mediated phase separation
to suppress glutaminase-1 translation under glutamine depri-
vation. Sci Adv. 2021;7(13): eabe5708.

258. Shang Q, Yang Z, Jia R, Ge S. The novel roles of circRNAs in
human cancer. Mol Cancer. 2019;18(1):6.

259. Li Q, Pan X, Zhu D, Deng Z, Jiang R, Wang X. Circular RNA
MAT2B Promotes Glycolysis and Malignancy of Hepatocel-
lular Carcinoma Through the miR-338-3p/PKM2 Axis Under
Hypoxic Stress. Hepatology. 2019;70(4):1298-316.

260. Zhou J, Zhang S, Chen Z, He Z, Xu Y, Li Z. CircRNA-ENO1
promoted glycolysis and tumor progression in lung adenocar-
cinoma through upregulating its host gene ENO1. Cell Death
Dis. 2019;10(12):885.

261. Zhou X, Liu K, Cui J, Xiong J, Wu H, Peng T, et al. Circ-
MBOAT2 knockdown represses tumor progression and glu-
tamine catabolism by miR-433-3p/GOT1 axis in pancreatic
cancer. J Exp Clin Cancer Res. 2021;40(1):124.

262. Cao L, Wang M, Dong Y, Xu B, Chen J, Ding Y, et al. Circu-
lar RNA circRNF20 promotes breast cancer tumorigenesis and
Warburg effect through miR-487a/HIF-1α/HK2. Cell Death
Dis. 2020;11(2):145.

263. Shangguan H, Feng H, Lv D, Wang J, Tian T, Wang X. Circular
RNA circSLC25A16 contributes to the glycolysis of non-small-
cell lung cancer through epigenetic modification. Cell Death
Dis. 2020;11(6):437.

264. Zhang S, Lu Y, Jiang HY, Cheng ZM, Wei ZJ, Wei YH,
et al. CircC16orf62 promotes hepatocellular carcinomaprogres-
sion through the miR-138-5p/PTK2/AKT axis. Cell Death Dis.
2021;12(6):597.

265. Guan H, Luo W, Liu Y, Li M. Novel circular RNA circSLIT2
facilitates the aerobic glycolysis of pancreatic ductal adeno-
carcinoma via miR-510-5p/c-Myc/LDHA axis. Cell Death Dis.
2021;12(7):645.

266. Cao J, Zhang X, Xu P,WangH,Wang S, Zhang L, et al. Circular
RNA circLMO7 acts as a microRNA-30a-3p sponge to promote
gastric cancer progression via the WNT2/β-catenin pathway. J
Exp Clin Cancer Res. 2021;40(1):6.

267. Cai J, Chen Z, Wang J, Wang J, Chen X, Liang L, et al.
circHECTD1 facilitates glutaminolysis to promote gastric
cancer progression by targeting miR-1256 and activating β-
catenin/c-Myc signaling. Cell Death Dis. 2019;10(8):576.

268. Zhen N, Gu S, Ma J, Zhu J, Yin M, Xu M, et al. CircHMGCS1
Promotes Hepatoblastoma Cell Proliferation by Regulating
the IGF Signaling Pathway and Glutaminolysis. Theranostics.
2019;9(3):900-19.

269. Mo Y, Wang Y, Zhang S, Xiong F, Yan Q, Jiang X, et al.
Circular RNA circRNF13 inhibits proliferation and metasta-
sis of nasopharyngeal carcinoma via SUMO2. Mol Cancer.
2021;20(1):112.



1080 GE et al.

270. Zhou WY, Cai ZR, Liu J, Wang DS, Ju HQ, Xu RH. Circular
RNA: metabolism, functions and interactions with proteins.
Mol Cancer. 2020;19(1):172.

271. Li Q, Wang Y, Wu S, Zhou Z, Ding X, Shi R, et al. CircACC1
Regulates Assembly and Activation of AMPK Complex under
Metabolic Stress. Cell Metab. 2019;30(1):157-73.e7.

272. Li H, Yang F, Hu A, Wang X, Fang E, Chen Y, et al.
Therapeutic targeting of circ-CUX1/EWSR1/MAZ axis inhibits
glycolysis and neuroblastoma progression. EMBO Mol Med.
2019;11(12):e10835.

273. Zhang Y, Zhao L, Yang S, Cen Y, Zhu T, Wang L, et al.
CircCDKN2B-AS1 interacts with IMP3 to stabilize hexokinase
2 mRNA and facilitate cervical squamous cell carcinoma aer-
obic glycolysis progression. J Exp Clin Cancer Res. 2020;39(1):
281.

274. Liu X, Liu Y, Liu Z, Lin C,Meng F, Xu L, et al. CircMYH9 drives
colorectal cancer growth by regulating serine metabolism and
redox homeostasis in a p53-dependent manner. Mol Cancer.
2021;20(1):114.

275. Liang Y,Wang H, Chen B, Mao Q, XiaW, Zhang T, et al. circD-
CUN1D4 suppresses tumor metastasis and glycolysis in lung
adenocarcinoma by stabilizing TXNIP expression. Mol Ther
Nucleic Acids. 2021;23:355-68.

276. Fresquet V, Garcia-Barchino MJ, Larrayoz M, Celay J, Vicente
C, Fernandez-Galilea M, et al. Endogenous Retroelement Acti-
vation by Epigenetic Therapy Reverses the Warburg Effect
andElicitsMitochondrial-MediatedCancer Cell Death. Cancer
Discov. 2021;11(5):1268-85.

277. DiNardo CD, Jonas BA, Pullarkat V, Thirman MJ, Garcia
JS, Wei AH, et al. Azacitidine and Venetoclax in Previ-
ously Untreated Acute Myeloid Leukemia. N Engl J Med.
2020;383(7):617-29.

278. He C. Grand challenge commentary: RNA epigenetics? Nat
Chem Biol. 2010;6(12):863-5.

279. Liu N, Pan T. RNA epigenetics. Transl Res. 2015;165(1):28-35.
280. Dong S, Wu Y, Liu Y, Weng H, Huang H. N(6) -

methyladenosine Steers RNA Metabolism and Regulation
in Cancer. Cancer Commun (Lond). 2021;41(7):538-59.

281. He PC, He C. m(6) A RNA methylation: from mechanisms to
therapeutic potential. Embo J. 2021;40(3):e105977.

282. Wang S, Chai P, Jia R, Jia R. Novel insights on m(6)A RNA
methylation in tumorigenesis: a double-edged sword. Mol
Cancer. 2018;17(1):101.

283. Shi H, Chai P, Jia R, Fan X. Novel insight into the regu-
latory roles of diverse RNA modifications: Re-defining the
bridge between transcription and translation. Mol Cancer.
2020;19(1):78.

284. Barbieri I, Kouzarides T. Role of RNAmodifications in cancer.
Nat Rev Cancer. 2020;20(6):303-22.

285. Villa E, Sahu U, O’Hara BP, Ali ES, Helmin KA, Asara JM,
et al. mTORC1 stimulates cell growth through SAM synthesis
andm(6)AmRNA-dependent control of protein synthesis. Mol
Cell. 2021;81(10):2076-93.e9.

286. GreenNH,GalvanDL, Badal SS, Chang BH, LeBleuVS, Long J,
et al.MTHFD2 linksRNAmethylation tometabolic reprogram-
ming in renal cell carcinoma. Oncogene. 2019;38(34):6211-25.

287. Elkashef SM, Lin AP, Myers J, Sill H, Jiang D, Dahia PLM,
et al. IDH Mutation, Competitive Inhibition of FTO, and RNA
Methylation. Cancer Cell. 2017;31(5):619-20.

288. Su R, Dong L, Li C, Nachtergaele S, Wunderlich M, Qing
Y, et al. R-2HG Exhibits Anti-tumor Activity by Target-
ing FTO/m(6)A/MYC/CEBPA Signaling. Cell. 2018;172(1-2):90-
105.e23.

289. Qing Y, Dong L, Gao L, Li C, Li Y, Han L, et al. R-2-
hydroxyglutarate attenuates aerobic glycolysis in leukemia
by targeting the FTO/m(6)A/PFKP/LDHB axis. Mol Cell.
2021;81(5):922-39.e9.

290. Shen C, Xuan B, Yan T, Ma Y, Xu P, Tian X, et al. m(6)A-
dependent glycolysis enhances colorectal cancer progression.
Mol Cancer. 2020;19(1):72.

291. Li Z, Peng Y, Li J, Chen Z, Chen F, Tu J, et al. N(6)-
methyladenosine regulates glycolysis of cancer cells through
PDK4. Nat Commun. 2020;11(1):2578.

292. Ou B, Liu Y, Yang X, Xu X, Yan Y, Zhang J. C5aR1-
positive neutrophils promote breast cancer glycolysis through
WTAP-dependent m6A methylation of ENO1. Cell Death Dis.
2021;12(8):737.

293. Xiao Y, Thakkar KN, Zhao H, Broughton J, Li Y, Seoane JA,
et al. The m(6)A RNA demethylase FTO is a HIF-independent
synthetic lethal partner with the VHL tumor suppressor. Proc
Natl Acad Sci U S A. 2020;117(35):21441-9.

294. Wang Q, Chen C, Ding Q, Zhao Y, Wang Z, Chen J, et al.
METTL3-mediated m(6)A modification of HDGF mRNA pro-
motes gastric cancer progression and has prognostic signifi-
cance. Gut. 2020;69(7):1193-205.

295. Yang N, Wang T, Li Q, Han F, Wang Z, Zhu R, et al. HBXIP
drives metabolic reprogramming in hepatocellular carcinoma
cells viaMETTL3-mediatedm6Amodification of HIF-1α. J Cell
Physiol. 2021;236(5):3863-80.

296. WangW, Shao F, YangX,Wang J, ZhuR, YangY, et al.METTL3
promotes tumour development by decreasing APC expression
mediated by APC mRNA N(6)-methyladenosine-dependent
YTHDF binding. Nat Commun. 2021;12(1):3803.

297. Du L, Li Y, Kang M, Feng M, Ren Y, Dai H, et al.
USP48 Is Upregulated by Mettl14 to Attenuate Hepatocellu-
lar Carcinoma via Regulating SIRT6 Stabilization. Cancer Res.
2021;81(14):3822-34.

298. Chen Z, Wu L, Zhou J, Lin X, Peng Y, Ge L, et al. N6-
methyladenosine-induced ERRγ triggers chemoresistance of
cancer cells through upregulation of ABCB1 and metabolic
reprogramming. Theranostics. 2020;10(8):3382-96.

299. Liu Y, Liang G, Xu H, Dong W, Dong Z, Qiu Z, et al. Tumors
exploit FTO-mediated regulation of glycolytic metabolism to
evade immune surveillance. Cell Metab. 2021;33(6):1221-33.e11.

300. Yang X, Shao F, Guo D,WangW,Wang J, Zhu R, et al. WNT/β-
catenin-suppressed FTO expression increases m(6)A of c-Myc
mRNA to promote tumor cell glycolysis and tumorigenesis.
Cell Death Dis. 2021;12(5):462.

301. Yu H, Yang X, Tang J, Si S, Zhou Z, Lu J, et al. ALKBH5 Inhib-
ited Cell Proliferation and Sensitized Bladder Cancer Cells
to Cisplatin by m6A-CK2α-Mediated Glycolysis. Mol Ther
Nucleic Acids. 2021;23:27-41.

302. Zhang C, Chen L, Liu Y, Huang J, Liu A, Xu Y, et al. Down-
regulated METTL14 accumulates BPTF that reinforces super-
enhancers and distal lung metastasis via glycolytic reprogram-
ming in renal cell carcinoma. Theranostics. 2021;11(8):3676-93.

303. Fang R, Chen X, Zhang S, Shi H, Ye Y, Shi H, et al.
EGFR/SRC/ERK-stabilized YTHDF2 promotes cholesterol



GE et al. 1081

dysregulation and invasive growth of glioblastoma. Nat
Commun. 2021;12(1):177.

304. Wang JZ, Zhu W, Han J, Yang X, Zhou R, Lu HC, et al.
The role of the HIF-1α/ALYREF/PKM2 axis in glycolysis and
tumorigenesis of bladder cancer. Cancer Commun (Lond).
2021;41(7):560-75.

305. Xue C, Chu Q, Zheng Q, Jiang S, Bao Z, Su Y, et al. Role of
main RNA modifications in cancer: N(6)-methyladenosine, 5-
methylcytosine, and pseudouridine. Signal Transduct Target
Ther. 2022;7(1):142.

306. Huang Y, Su R, Sheng Y, Dong L, Dong Z, Xu H, et al. Small-
Molecule Targeting of Oncogenic FTO Demethylase in Acute
Myeloid Leukemia. Cancer Cell. 2019;35(4):677-91.e10.

307. Bates SE. Epigenetic Therapies for Cancer. N Engl J Med.
2020;383(7):650-63.

308. Morel D, Almouzni G, Soria JC, Postel-Vinay S. Targeting chro-
matin defects in selected solid tumors based on oncogene
addiction, synthetic lethality and epigenetic antagonism. Ann
Oncol. 2017;28(2):254-69.

309. Stine ZE, Schug ZT, Salvino JM, Dang CV. Targeting cancer
metabolism in the era of precision oncology. Nat Rev Drug
Discov. 2022;21(2):141-62.

310. Tang Z, Xu Z, Zhu X, Zhang J. New insights into molecules and
pathways of cancer metabolism and therapeutic implications.
Cancer Commun (Lond). 2021;41(1):16-36.

311. Martinez-Outschoorn UE, Peiris-PagésM, Pestell RG, Sotgia F,
Lisanti MP. Cancer metabolism: a therapeutic perspective. Nat
Rev Clin Oncol. 2017;14(1):11-31.

312. Vander Heiden MG, DeBerardinis RJ. Understanding the
Intersections between Metabolism and Cancer Biology. Cell.
2017;168(4):657-69.

313. Zhang T, Guo Z, Huo X, Gong Y, Li C, Huang J, et al. Dysreg-
ulated lipid metabolism blunts the sensitivity of cancer cells to
EZH2 inhibitor. EBioMedicine. 2022;77:103872.

314. Pauli C, Hopkins BD, Prandi D, Shaw R, Fedrizzi T, Sboner A,
et al. Personalized InVitro and InVivo CancerModels to Guide
Precision Medicine. Cancer Discov. 2017;7(5):462-77.

315. DiNardo CD, Schuh AC, Stein EM, Montesinos P, Wei AH, de
Botton S, et al. Enasidenib plus azacitidine versus azacitidine
alone in patients with newly diagnosed, mutant-IDH2 acute
myeloid leukaemia (AG221-AML-005): a single-arm, phase 1b
and randomised, phase 2 trial. Lancet Oncol. 2021;22(11):1597-
608.

316. Nacev BA, Jones KB, Intlekofer AM, Yu JSE, Allis CD, Tap
WD, et al. The epigenomics of sarcoma. Nat Rev Cancer.
2020;20(10):608-23.

317. Banales JM, Marin JJG, Lamarca A, Rodrigues PM, Khan SA,
Roberts LR, et al. Cholangiocarcinoma 2020: the next hori-
zon in mechanisms and management. Nat Rev Gastroenterol
Hepatol. 2020;17(9):557-88.

318. Gusyatiner O, Hegi ME. Glioma epigenetics: From subclas-
sification to novel treatment options. Semin Cancer Biol.
2018;51:50-8.

319. Pollyea DA, Stevens BM, Jones CL, Winters A, Pei S,
Minhajuddin M, et al. Venetoclax with azacitidine disrupts
energy metabolism and targets leukemia stem cells in patients
with acute myeloid leukemia. Nat Med. 2018;24(12):1859-66.

320. Jones CL, Stevens BM, D’Alessandro A, Reisz JA, Culp-Hill
R, Nemkov T, et al. Inhibition of Amino Acid Metabolism

Selectively Targets Human Leukemia Stem Cells. Cancer Cell.
2018;34(5):724-40.e4.

321. Wang C, Vegna S, Jin H, Benedict B, Lieftink C, Ramirez C,
et al. Inducing and exploiting vulnerabilities for the treatment
of liver cancer. Nature. 2019;574(7777):268-72.

322. Hendrick E, Peixoto P, Blomme A, Polese C, Matheus
N, Cimino J, et al. Metabolic inhibitors accentuate the
anti-tumoral effect of HDAC5 inhibition. Oncogene.
2017;36(34):4859-74.

323. Egler V, Korur S, Failly M, Boulay JL, Imber R, Lino MM, et al.
Histone deacetylase inhibition and blockade of the glycolytic
pathway synergistically induce glioblastoma cell death. Clin
Cancer Res. 2008;14(10):3132-40.

324. Nguyen TTT, Zhang Y, Shang E, Shu C, Torrini C, Zhao J,
et al. HDAC inhibitors elicit metabolic reprogramming by tar-
geting super-enhancers in glioblastoma models. J Clin Invest.
2020;130(7):3699-716.

325. O’Neil NJ, Bailey ML, Hieter P. Synthetic lethality and cancer.
Nat Rev Genet. 2017;18(10):613-23.

326. Huang A, Garraway LA, Ashworth A, Weber B. Synthetic
lethality as an engine for cancer drug target discovery. Nat Rev
Drug Discov. 2020;19(1):23-38.

327. Chan DA, Giaccia AJ. Harnessing synthetic lethal interac-
tions in anticancer drug discovery. Nat Rev Drug Discov.
2011;10(5):351-64.

328. Pfister SX, Ashworth A. Marked for death: targeting epigenetic
changes in cancer. Nat Rev Drug Discov. 2017;16(4):241-63.

329. Farmer H, McCabe N, Lord CJ, Tutt AN, Johnson DA,
Richardson TB, et al. Targeting the DNA repair defect
in BRCA mutant cells as a therapeutic strategy. Nature.
2005;434(7035):917-21.

330. Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D,
Lopez E, et al. Specific killing of BRCA2-deficient tumours
with inhibitors of poly(ADP-ribose) polymerase. Nature.
2005;434(7035):913-7.

331. González A, Hall MN, Lin SC, Hardie DG. AMPK and TOR:
The Yin and Yang of Cellular Nutrient Sensing and Growth
Control. Cell Metab. 2020;31(3):472-92.

332. Gu X, Orozco JM, Saxton RA, Condon KJ, Liu GY, Krawczyk
PA, et al. SAMTOR is an S-adenosylmethionine sensor for the
mTORC1 pathway. Science. 2017;358(6364):813-8.

333. Zhao S, Lin Y, Xu W, Jiang W, Zha Z, Wang P, et al. Glioma-
derived mutations in IDH1 dominantly inhibit IDH1 catalytic
activity and induce HIF-1alpha. Science. 2009;324(5924):261-5.

334. Narita T, Weinert BT, Choudhary C. Functions and mecha-
nisms of non-histone protein acetylation. Nat Rev Mol Cell
Biol. 2019;20(3):156-74.

335. Phan AT, Goldrath AW, Glass CK. Metabolic and Epigenetic
Coordination of T Cell andMacrophage Immunity. Immunity.
2017;46(5):714-29.

336. Britt EC, John SV, Locasale JW, Fan J. Metabolic regulation of
epigenetic remodeling in immune cells. Curr Opin Biotechnol.
2020;63:111-7.

337. Liu Q, Zhu F, Liu X, Lu Y, Yao K, Tian N, et al. Non-oxidative
pentose phosphate pathway controls regulatory T cell func-
tion by integrating metabolism and epigenetics. Nat Metab.
2022;4(5):559-74.

338. Shih AH,Meydan C, Shank K, Garrett-Bakelman FE,Ward PS,
Intlekofer AM, et al. Combination Targeted Therapy to Disrupt



1082 GE et al.

Aberrant Oncogenic Signaling and Reverse Epigenetic Dys-
function in IDH2- and TET2-Mutant AcuteMyeloid Leukemia.
Cancer Discov. 2017;7(5):494-505.

339. de la Fuente MI, Colman H, Rosenthal M, Van Tine BA,
Levacic D, Walbert T, et al. Olutasidenib (FT-2102) in patients
with relapsed or refractory IDH1-mutant glioma: amulticenter,
open-label, phase 1b/2 trial. Neuro Oncol. 2022. [online ahead
of print]

340. DiNardo CD, Maiti A, Rausch CR, Pemmaraju N, Naqvi K,
Daver NG, et al. 10-day decitabine with venetoclax for newly
diagnosed intensive chemotherapy ineligible, and relapsed or
refractory acute myeloid leukaemia: a single-centre, phase 2
trial. Lancet Haematol. 2020;7(10):e724-e36.

341. Venugopal S, Maiti A, DiNardo CD, Loghavi S, Daver NG,
Kadia TM, et al. Decitabine and venetoclax for IDH1/2-mutated
acute myeloid leukemia. Am J Hematol. 2021;96(5):E154-e7.

342. Ivanov V, Yeh SP, Mayer J, Saini L, Unal A, Boyiadzis M, et al.
Design of the VIALE-M phase III trial of venetoclax and oral

azacitidine maintenance therapy in acute myeloid leukemia.
Future Oncol. 2022;18(26):2879-89.

343. Bazinet A, Darbaniyan F, Jabbour E, Montalban-Bravo G,
Ohanian M, Chien K, et al. Azacitidine plus venetoclax in
patients with high-risk myelodysplastic syndromes or chronic
myelomonocytic leukaemia: phase 1 results of a single-centre,
dose-escalation, dose-expansion, phase 1-2 study. Lancet
Haematol. 2022. [online ahead of print]

How to cite this article: Ge T, Gu X, Jia R, Ge S,
Chai P, Zhuang A, et al. Crosstalk between
metabolic reprogramming and epigenetics in
cancer: updates on mechanisms and therapeutic
opportunities. Cancer Communications.
2022;42:1049–1082.
https://doi.org/10.1002/cac2.12374

https://doi.org/10.1002/cac2.12374

	Crosstalk between metabolic reprogramming and epigenetics in cancer: updates on mechanisms and therapeutic opportunities
	Abstract
	1 | BACKGROUND
	2 | REPROGRAMMED CELLULAR METABOLISM IN CANCER
	3 | EPIGENETIC MECHANISMS IN CANCER
	3.1 | DNA methylation
	3.2 | Histone modifications
	3.3 | Chromatin remodeling
	3.4 | Non-coding RNAs

	4 | METABOLIC REWIRING AFFECTS EPIGENETICS THROUGH REGULATING SUBSTRATES AND COFACTORS AVAILABILITY OF CHROMATIN REGULATORS
	4.1 | Substrates of chromatin modifiers
	4.2 | Cofactors of chromatin modifiers
	4.3 | Oncometabolites: competitive inhibitors of chromatin modifiers

	5 | ABERRANT EPIGENETIC PATTERNS CONTRIBUTE TO METABOLIC REPROGRAMMING
	5.1 | DNA modifiers and modification
	5.2 | Histone modifiers and modifications
	5.3 | Chromatin remodeling complexes
	5.4 | Non-coding RNAs

	6 | EMERGING ROLES OF RNA EPIGENETICS IN CANCER METABOLISM
	7 | THERAPEUTIC PROSPECTS AND CLINICAL TRANSFORMATION
	7.1 | Challenges of epigenetic and metabolic monotherapy
	7.2 | Metabolic agents support antitumor effects of epigenetic therapy
	7.3 | Synthetic lethality principle in epigenetic-metabolic circuit

	8 | CONCLUSIONS AND PERSPECTIVES
	DECLARATIONS
	ETHICS APPROVAL AND CONSENT TO PARTICIPATE
	CONSENT FOR PUBLICATION
	CONFLICT OF INTEREST
	FUNDING
	AUTHOR CONTRIBUTIONS

	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


