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Abstract: How cells sense and respond to environmental
changes is still a key question. It has been identified that
cellular metabolism is an important modifier of various
epigenetic modifications, such as DNA methylation, histone
methylation and acetylation and RNA N6-methyladenosine
(m6A) methylation. This closely links the environmental
nutrient availability to the maintenance of chromatin struc-
ture and gene expression, and is crucial to regulate cellular
homeostasis, cell growth and differentiation. Cancer meta-
bolic reprogramming and epigenetic alterations are widely
observed, and facilitate cancer development and progres-
sion. In cancer cells, oncogenic signaling-driven metabolic
reprogramming modifies the epigenetic landscape via
changes in thekeymetabolite levels. In this review,webriefly
summarized the current evidence that the abundance of key
metabolites, such as S-adenosyl methionine (SAM), acetyl-
CoA, α-ketoglutarate (α-KG), 2-hydroxyglutarate (2-HG), uri-
dine diphospho-N-acetylglucosamine (UDP-GlcNAc) and
lactate, affected by metabolic reprogramming plays an
important role in dynamically regulating epigenetic modifi-
cations in cancer. An improved understanding of the roles of
metabolic reprogramming in epigenetic regulation can
contribute to uncover the underlying mechanisms of meta-
bolic reprogramming in cancer development and identify the
potential targets for cancer therapies.
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Introduction

Cellular metabolism is a process that exists exclusively to
meet energetic and biosynthetic needs. By intricately
connecting to multiple cellular processes, metabolism
plays an important role in cell growth, division and dif-
ferentiation. Abnormal metabolism is connected to a vari-
ety of diseases including cancer [1–3]. A metabolic
alteration that cancer cells show a notably increased con-
sumption of glucose even in the presence of oxygen, was
firstly observed by Otto Warburg. In the past decade,
metabolic reprogramming becomes an emerging hallmark
of cancer. Altered metabolism of lipids, amino acids and
nucleotides in cancer cells has also been described. The
progresses of studies on cancermetabolismhave expanded
our understanding of the functions and mechanisms of
metabolic reprogramming at different stages of cancer
development [3–6]. Mutations in the genes encoding iso-
citrate dehydrogenase 1 and 2 (IDH1/2) are frequently
occurred in gliomas and acute myeloid leukemias (AMLs).
Mutated IDH1/2 lose the ability to catalyze the conversion
of isocitrate to α-ketoglutarate (α-KG). Instead, IDH1/2
mutations lead to a novel ability to catalyze the conversion
of α-KG to 2-hydroxyglutarate (2-HG). Due to its structural
similarity to α-KG, 2-HG can act as a competitive inhibitor
of α-KG-dependent dioxygenases including ten-eleven
translocation (TET) family of 5-methylcytosine (5mC) hy-
droxylases and histone demethylases. Therefore, the
accumulation of oncometabolite 2-HG caused by IDH1/2
mutations contributes to the development of gliomas and
AMLs [7–11]. In addition, glutamine metabolism in cancer
cells, a crucial component of cancer metabolism, has also
been reported to exceed the use of other amino acids. In
cancer cells, tricarboxylic acid (TCA) cycle is characterized
by an efflux of substrates for use in biosynthetic processes.
This synthetic activity depends on anaplerosis to continue
TCA cycle. Interestingly, a high rate of glutamine meta-
bolism can meet these needs in cancer [12, 13]. Acetyl-CoA,
one of central metabolic intermediates, is widely used in
energy production and biosynthesis. In normal cells,
glycolysis, glutaminolysis and β-oxidation of fatty acids
are conventional sources of acetyl-CoA. However, cancer

*Corresponding author: Jingdong J. Han, Peking-Tsinghua Center for
Life Sciences, Academy for Advanced Interdisciplinary Studies, Center
for Quantitative Biology (CQB), Peking University, 5 Yiheyuan Rd,
Haidian District, Beijing 100871, China,
E-mail: jackie.han@pku.edu.cn
GuangchaoWang, Peking-Tsinghua Center for Life Sciences, Academy
for Advanced Interdisciplinary Studies, Center for Quantitative
Biology (CQB), Peking University, Beijing, China. https://orcid.org/
0000-0003-2425-2520

Med. Rev. 2021; 1(2): 199–221

Open Access. © 2021 Guangchao Wang and Jingdong J. Han, published by De Gruyter. This work is licensed under the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License.

https://doi.org/10.1515/mr-2021-0015
mailto:jackie.han@pku.edu.cn
https://orcid.org/0000-0003-2425-2520
https://orcid.org/0000-0003-2425-2520


cells can also use acetate as an alternative source of acetyl-
CoA via acyl-CoA synthetase short chain family member 2
(ACSS2) to support cell survival and proliferation under
stressed conditions, such as hypoxia [14, 15].

Epigenome is defined as the heritable and dynamic
chemical changes to the genome that occurs indepen-
dently of DNA sequence. The patterns of various epigenetic
modifications on chromatins, such as DNA methylation,
and histone acetylation, methylation, phosphorylation,
ubiquitylation and glycation, are crucial to modulate
chromatin structure and regulate chromatin accessibility
and gene expression [16]. Recently, RNA methylation,
mainly the methylation of adenosine residue at N-6 posi-
tion (N6-methyladenosine, m6A), is emerging as a new
hotspot in epigenetics. RNA m6A modification has been
identified as one of post-transcriptional regulatory mech-
anism in different types of RNA. Furthermore, m6A modi-
fication has been documented to involve in regulating RNA
stability, splicing and translation [17]. Given that epige-
netic modifications are crucial to a lot of biological pro-
cesses, dysregulation of epigenetic modifications has been
closely linked to a variety of developmental diseases as
well as the development of cancers [16–18]. DNA methyl-
ation can act as a switch controlling gene expression.
Global DNA hypomethylation and CpG site-specific pro-
moter hypermethylation are commonly observed in cancer
[18, 19]. The mutations of DNA methyltransferase 3 alpha
(DNMT3A), one of DNA methyltransferases, have been re-
ported in hematopoietic malignancies. DNMT3Amutations
can impair the enzymatic activity, resulting in aberrant
DNAmethylation [19, 20]. The co-occurrence of two histone
methylation marks, activating H3K4me3 and repressive
H3K27me3, constitutes the “bivalent domains”, which are
originally thought to be important for the differentiation of
embryonic stem cells [21]. The altered balance of these
histone modifications may contribute to the pathogenesis
of cancer via deregulating stem cell marker genes and
epithelial-mesenchymal transition (EMT) genes [18, 22–24].
Epigenetic modification related genes are not only affected
by mutations but also by abnormal expression. The
expression of histone deacetylases (HDACs) is upregulated
in multiple cancer types. The underlying mechanisms by
which HDACs contribute to tumorigenesis are diverse due
to a range of histone and nonhistone substrates. HDACs
can either repress the expression of tumor suppressor
genes or regulate oncogenic pathways by modifications of
key molecules [19, 25]. Owing to the important role of m6A
modification in gene expression regulation, aberrant m6A
modification has been reported to be associated with
various cancers. Alpha-ketoglutarate dependent dioxyge-
nase FTO (FTO), an m6A demethylase, is overexpressed in

AMLs and promotes leukemogenesis through regulating
target gene expression by reducing m6A levels. In bladder
cancer, the oncogenic role of another m6A modifier
methyltransferase like 3 (METTL3), which is one of m6A
methylases, is to reduce phosphatase and tensin homolog
(PTEN) by accelerating the maturation of pri-miR221/222
[17, 26, 27].

Metabolic reprogramming driven by the oncogenic
alterations can contribute to altered epigenetic modifica-
tions in cancer. The metabolites can serve as substrates,
cofactors or regulators for epigenetic enzymes, thereby
leading to changes in DNA, RNA and histone methylation
and histone acetylation, which then promote the devel-
opment of cancer [28, 29]. For instance, 2-HG produced by
IDH1/2 mutants affects the activities of α-KG-dependent
2-oxoglutarate-dependent dioxygenases (2-OGDDs),
including histone N-methyl-lysine demethylases (KDMs),
TETs and RNA m6A modification erasers, consequently
causing histone, DNA and RNA modification changes
to promote tumorigenesis [30–32]. Moreover, hypoxia
is an important stimulus for various diseases such as
cancer [33]. Hypoxia regulates the activities of levels of
oxygen-dependent 2-OGDDs, leading to altered epigenetic
modifications in cancer [30, 34]. In this review, we will
give a brief summary for the effects of metabolic reprog-
ramming on epigenetic modifications in cancer. We will
discuss how the availability of specific metabolites, such
as S-adenosyl methionine (SAM), acetyl-CoA, α-KG,
uridine diphospho-N-acetylglucosamine (UDP-GlcNAc) and
lactate, contributes to epigenetic modification changes and
consequently promote the development of cancer.

Effect of metabolism on epigenetic
modifications

Metabolism reprogramming, whichmay be both direct and
indirect consequence of oncogenic alterations, contributes
to tumorigenesis. Through metabolism reprogramming,
cancer cells acquire the ability to uptake and utilize the
necessary nutrients from a nutrient-deficient condition to
both maintain viability and build new biomass [3, 5].
Cancer-associated metabolic alterations can affect the
metabolite influx through shaping the way the nutrients
are preferentially assigned to metabolic pathways that
promote oncogenic properties. The emerging hallmarks of
cancer-associated metabolic changes have been summa-
rized: (1) abnormal uptake of glucose and amino acids; (2)
opportunistic modes of nutrient acquisition; (3) biosyn-
thesis and nicotinamide adenine dinucleotide phosphate
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(NADPH) production with glycolysis/TCA cycle in-
termediates; (4) high demand for nitrogen; (5) altered regu-
lation of metabolite-driven gene expression; (6) metabolic
interactions with tumor microenvironment [5, 35]. Since me-
tabolites such as SAM, acetyl-CoA and α-KG are substrates,
cofactors, donors and antagonists for the activities of epige-
netic modifying enzymes, metabolites play crucial roles in
modulating epigenetic modifications [36, 37]. Therefore, the
metabolite changes caused by cancer-associated metabolic
reprogramming have profound effects on gene expression
(Figure 1) [5, 28]. In this section, we will summarize the effect
of oncogenic metabolic reprogramming on epigenetic modi-
fications in cancer.

SAM level regulates cellular methylation

Regulation of cellular methylation by nutritional factors
mainly involved in two mechanisms: changes of the
available methyl donors and alterations in the enzymatic
activity of corresponding enzymes [38]. SAM, synthesized
bymethionine adenosyltransferase (MAT)withmethionine
and adenosine tri-phosphate (ATP) (Figure 2), is a univer-
sal methyl donor for cellular methylation processes,
including DNA and histone methylation as well as RNA
m6Amethylation. After transferring themethyl group from
SAM to the substrate, S-adenosyl homocysteine (SAH) is
produced along with the methylated substrate, and is then

Figure 1: Connections between metabolic
reprogramming and epigenetic
modifications in cancer development. SAM,
S-adenosyl methionine; α-KG,
α-ketoglutarate; 2-HG, 2-hydroxyglutarate;
UDP-GlcNAc, uridine diphospho-N-acetyl-
glucosamine.

Figure 2: Altered S-adenosyl methionine
(SAM) metabolism in cancer. SAM, a
universal methyl donor for cellular
methylation reactions, is produced from
methionine. Folate cycle can support SAM
production with serine. In addition to
providing methyl group for DNA, RNA and
histone methylation, SAM is also
consumed by NNMT and GNMT to generate
1-methylnicotinamide and sarcosine,
respectively. Red indicates altered meta-
bolic proteins, and purple indicates the key
metabolites that affect methylation modi-
fications in cancer. SLC7A5, solute carrier
family 7 member 5; SLC43A2, solute carrier
family 43 member 2; SLC25A26, solute
carrier family 25 member 26; PHGDH,
phosphoglycerate dehydrogenase; SHMT,
serine hydroxymethyltransferase; MTHFR,
methylene tetrahydrofolate reductase;
MTR, methionine synthase; MATs, methio-
nine adenosyltransferases; NNMT, nicotin-
amide N-methyltransferase; GNMT, glycine
N-methyltransferase.

Wang and Han: Cancer metabolic reprogramming and epigenetic modifications 201



converted to homocysteine. Finally, homocysteine obtains
a methyl group from 5-methyl tetrahydrofolate (mTHF) to
regenerate methionine (Figure 2) [36, 39–41]. Besides, the
methyltransferase domains of RNA m6A core writers
METTL3 and methyltransferase like 14 (METTL14) can bind
both SAM and SAH in the catalytic site [36, 40, 42]. Hence,
the SAM/SAH ratio has an effect on the activities of meth-
yltransferases in vivo. Alterations in SAM/SAH ratio is
closely linked to aberrant histone methylation in cancers
[29, 38, 43, 44]. Two genesmethionine adenosyltransferase
1A (MAT1A) and methionine adenosyltransferase 2A
(MAT2A) that encode the catalytic subunit of MAT, are
dysregulated in several cancer types, including hepato-
cellular and colon cancer [43–45]. Recently, Villa et al. [46]
reported that mechanistic target of rapamycin complex 1
(mTORC1) can stimulate the synthesis of SAM through the
regulation of MAT2A expression. Furthermore, mTORC1
also increases the level of Wilms’ tumor 1-associating
protein (WTAP), the positive regulatory subunit of RNA
m6A methyltransferase complex. Consequently, mTORC1
stimulates RNA m6A modification to promote protein
synthesis and cell proliferation. Moreover, MAT2A inhibi-
tion suppresses RNA m6A modification and tumor cell
growth.

Additionally, alterations in one-carbon metabolism
can affect SAM levels and hyperactivation of one-carbon
metabolism is a driver of tumorigenesis and establishes a
link to epigenetic status [47–49]. One-carbon metabolism,
a network of pathways that donate and regenerate carbon
units, involves methionine and folate cycles and integrates
nutrients such as amino acids and vitamins to generate
diverse outputs for methylation reactions, maintenance of
redox status and biosynthesis of nucleotides, lipids and
proteins. Folate metabolism, which is a universal meta-
bolic process to support one-carbon metabolism, is
important to activate and transfer one-carbon units for
biosynthetic processes including nucleic acid synthesis
and homocysteine methylation. Folate is a B vitamin and
the biologically active form of folate is tetrahydrofolate
(THF). In the body, folate is mainly present in the reduced
form, typically mTHF (Figure 2) [38, 39, 48]. Folate meta-
bolism enzymes are strongly upregulated in cancer [50, 51].
Serine hydroxymethyltransferase (SHMT) catalyzes the
conversion of glycine to serine with 5,10-methylene-THF
(Figure 2) [48]. Loss of the catalytic activity of mitochon-
drial SHMT2 leads to defective oxidative phosphorylation
in cancer cells due to impaired mitochondrial translation.
Mitochondrial SHMT2 has been found to provide methyl
donors to produce the taurinomethyluridine base at the
wobble position of mitochondrial tRNAs. In SHMT2-
knockout cells, the lack of this mitochondrial tRNA

modification causes defective translation, thereby
affecting the expression of respiratory chain enzymes [52].
mTHF is produced by the cytosolic NADPH-dependent
methylene tetrahydrofolate reductase (MTHFR) (Figure 2)
[48]. In AML, the reduced-function polymorphisms of
MTHFR reduce histone H3K27/K9 methylation [53]. mTHF
can be consumed by vitamin B12-dependent methionine
synthase (MTR) [48]. In colorectal cancer, the MTR 2756AG
genotype is correlated with promoter hypermethylation of
Ras association domain family member 1 A (RASSF1A) [54].
Nicotinamide N-methyltransferase (NNMT) can catalyze
the production of 1-methylnicotinamide (1-MNA) from
nicotinamide by using SAM as methyl donor, hence
directly linking one-carbon metabolism to cellular
methylation status and nicotinamide adenine dinucleotide
(NAD+) level (Figure 2). NNMTupregulation is observed in a
variety of cancers, including liver, kidney and colon can-
cers, and is associated with tumor progression. NNMT can
act as a sink for SAM and NNMT upregulation strongly
depletes cellular SAM pool, resulting in reduction in SAM/
SAH ratio and making SAM unavailable for histone
methylation. Accordingly, cells with NNMT overexpression
show a notable decrease in histone methylation marks at
H3K4, H3K9, H3K27 and H4K20 [29, 55, 56].

The carbon units provided by serine and glycine
metabolism satisfy many of diverse biological functions.
As an important one-carbon unit donor to the folate cycle,
serine supports the metabolic processes which are crucial
for nucleotide synthesis, methylation reaction and NADPH
production. Aberrant serine and glycine metabolism links
metabolic pathways to cancer biology, and serine and
glycine can act as the drivers of tumorigenesis. Increasing
evidence suggests that unbalanced availability of nutrients
caused by altered one-carbon metabolism has an effect on
histone and DNAmethylation [39, 47, 48, 57]. Some cancer
cells can utilize glucose-derived carbon through de novo
biosynthesis of serine and glycine via phosphoglycerate
dehydrogenase (PHGDH) (Figure 2). Consistently, PHGDH
has been reported to be frequently amplified and overex-
pressed in various cancers. PHGDH inhibition decreases
DNAand histonemethylation in burkitt lymphoma [58, 59].
Moreover, serine metabolism can contribute to methionine
cycle and DNA and RNA methylation through de novo ATP
synthesis in cancer cells [60]. Since glycine N-methyl-
transferase (GNMT) can catalyze SAM-mediated methyl-
ation of glycine to produce sarcosine (Figure 2), it acts as a
cellular buffer for maintaining the SAM level [48]. GNMT
deletion causes increased hepatic SAM and methionine
and induces abnormal methylation of DNA and histone,
resulting in hepatocellular carcinoma (HCC) inmice [61]. In
addition, amino acid transporters such as solute carrier
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family 7 member 5 (SLC7A5) and solute carrier family 43
member 2 (SLC43A2) are upregulated to increase the up-
take of methionine in cancer cells [29, 62, 63]. Cells sorted
for surface SLC7A5 exhibit activated enhancer of zeste 2
polycomb repressive complex 2 subunit (EZH2) and
enrichment of methionine cycle intermediates in mice. Co-
expression of SLC7A5 and EZH2 has been observed in lung
cancer. SLC7A5 knockdown results in SAM reduction and
decreases EZH2 activity [62]. Interestingly, tumor cells
avidly consume methionine and outcompete T cells for
methionine by the upregulation of SLC43A2. Inhibition of
tumor SLC43A2 restores H3K79me2 in T cells and promotes
spontaneous and checkpoint-induced tumor immunity
[63]. Solute carrier family 25 member 26 (SLC25A26), which
can catalyze the import of SAM into mitochondrial matrix,
is downregulated in cervical cancer cells. Overexpression
of SLC25A26 in cervical cancer cells increases mitochon-
drial SAM availability and promotes mitochondrial DNA
hypermethylation [64].

Acetyl-CoA influences histone acetylation

Histone acetylation, referring to add an acetyl group from
acetyl-CoA to lysine residues in histones, is one of the
widely studied histone modifications. Histone acetylation
is dynamic and reversible process regulated by histone
acetyltransferases (HATs) andHDACs,which involve in the
addition and removal of the acetyl group from lysine resi-
dues, respectively [65]. Acetyl-CoA is both a central meta-
bolic intermediate and the acetyl donor for acetylation
modifications, and plays important roles in energy pro-
duction, lipid metabolism and epigenetic modifications,
consequently positioning it at the crossroads of meta-
bolism and epigenetic regulation [28, 66]. Acetyl-CoA can
be produced frompyruvate, citrate and acetate by pyruvate
dehydrogenase complex (PDC), ATP-citrate lyase (ACLY)
andACSS2, respectively. It can also be generated from fatty
acid β-oxidation, amino acid metabolism and ketone
bodies (Figure 3) [65, 67]. Acetyl-CoA is used for biosyn-
thesis in the cytosol, including de novo fatty acid and
cholesterol synthesis, and is also needed for post-
translational lysine acetylation throughout the cell [28].
Acetyl-CoA level changes with nutrient abundance, and
thus it may serve as a signal to the cell of nutrient status
[28, 67]. Intracellular acetyl-CoA concentrations are
approximately 3–20 mM under normal physiological con-
ditions, which may potentially limit the activity of some
lysine acetyltransferases (KATs) such as p300. Moreover,
many KATs are inhibited by CoA. Thus, the acetyl-CoA/CoA
ratio is crucial to regulate acetylation in response to

metabolic changes [28, 29, 68]. Nutrient limitation or
glycolytic inhibition results in decreased acetyl-CoA levels
and then reduces histone acetylation [28]. Both acetyl-CoA
and acetyl-CoA/CoA ratio have been shown to regulate
histone acetylation in cancer [29, 69, 70]. Cancer cells uti-
lize glucose to produce lactate even in oxygenated condi-
tions (Figure 3) [71]. Subsequent studies show that changes
in glucose metabolism can affect histone acetylation [72,
73]. Cellular glucose availability is linked to acetyl-CoA
abundance and histone acetylation. To facilitate the
glucose uptake, glucose transporters such as glucose
transporter type 1 and 4 (GLUT1/4) are dysregulated in
cancer cells (Figure 3) [67, 74]. In colon cancer cells, the
rate of glycolysis with corresponding changes in glycolytic
intermediates is linked to abnormal histone acetylation.
Dynamic histone acetylation has been found to be posi-
tively correlated with acetyl-CoA levels and be inversely
associated with the acetyl-CoA/CoA ratio [73]. PDC de-
carboxylates pyruvate to produce acetyl-CoA, thereby
linking glycolysis to TCA cycle and contributing to cellular
biosynthesis and energy metabolism (Figure 3). Inhibition
of PDC activity by pyruvate dehydrogenase kinase (PDK)
via mediating the phosphorylation of PDC, has been re-
ported to be associated with cancer. Perturbations of PDC/
PDK axis can induce a “glycolytic shift,” resulting in ATP
production via glycolysis over oxidative phosphorylation
(OXPHOS) in cancer cells [75]. In prostate cancer, com-
partmentalized activities of PDC support lipid synthesis.
Pyruvate dehydrogenase A1 (PDHA1), a subunit of PDC,
and PDC activator pyruvate dehydrogenase phosphatase 1
(PDP1) are frequently amplified and overexpressed in pros-
tate cancer. PDC localizes in both mitochondria and nucleus.
Nuclear PDC regulates the expression of sterol regulatory
element-binding transcription factor (SREBF)-target genes by
affecting histone acetylation, and mitochondrial PDC con-
tributes to the production of cytosolic citrate for lipogenesis
[76]. The biosynthesis of citrate, which is one of the acetyl-
CoA donors, is decreased due to aerobic glycolysis in cancer
[77]. Availability of acetyl-CoA for HATs is also modulated by
ACLY expression and activity, which probably contributes to
nuclear acetyl-CoA pool [29]. ACLY is overexpressed in lung
adenocarcinoma, and active phosphatidylinositol 3-kinase
(PI3K)-protein kinase B (AKT) pathway enhances the phos-
phorylation of ACLY [78]. Activating Kirsten rat sarcoma viral
oncogene homolog (KRAS) mutations have been observed in
>90% cases of pancreatic ductal adenocarcinoma (PDAC).
Acetyl-CoA abundance and histone H4 acetylation are
increased in pancreatic acinar cells with KRAS mutations
prior to the appearance of premalignant lesions. In PDAC
cells, growth factors enhance AKT-ACLY signaling and his-
tone acetylation. Thus, KRAS mutation-driven metabolic
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alterationspromote thedevelopmentofPDAC throughacetyl-
CoA-dependent processes [79]. These results suggest that
oncogenic signaling can contribute to increased histone
acetylation. Solid cancer cells frequently experience reduced
oxygen availability [80]. Glucose is themain carbon source of
acetyl-CoA in oxygenated cells. However, cancer cells shunt
glucose-derived carbon to lactate during hypoxia [81, 82].
Subsequent studies reveal that cancer cells can utilize acetate
as alternative acetyl-CoA source to support cell survival and
proliferation under hypoxia [14, 15, 83, 84]. In hypoxic cancer
cells, acetate promotes lipogenic genes acetyl-CoA carbox-
ylase alpha (ACACA) and fatty acid synthase (FASN) expres-
sion by increasing histone H3 acetylation at their promoter
regions, thereby enhancing lipogenesis. Acetyl-CoA synthe-
tases ACSS1/2, which can catalyze the production of acetyl-
CoA from acetate, contribute to the above acetate-mediated
epigenetic regulation [15]. Besides, ACSS2 can fulfill different
functions depending on the cellular location, and oxygen
limitation increases the nuclear ACSS2 levels [84]. Moreover,
the newly identified ACSS member ACSS3 is upregulated in
bladder cancer, and involves in acetate utilization and

histone acetylation in bladder cancer cells under metabolic
stress [85]. Acyl-CoA thioesterase 12 (ACOT12), which is
significantly downregulated in HCC, is vital to support tumor
growth and EMT by regulating cellular acetyl-CoA levels and
histone acetylation [86].

Additionally, other dysregulated metabolites that
involve in the regulation of acetyl-CoA abundance also
play important roles in cancer. Arginine and its metabolic
products are crucial to cellular physiology, and their dys-
regulation is associatedwith cancer [87]. In prostate cancer
cells, arginine also activates the expression of KATs and
increases the acetyl-CoA level and histone acetylation,
facilitating TEA domain transcription factor 4 (TEAD4)
recruitment, which leads to upregulation of OXPHOS genes
[88]. In normal colonocytes, butyrate is the important en-
ergy source, and is used to produce acetyl-CoA. However,
glucose becomes the primary energy source in colon cancer
cells due to Warburg effect. Therefore, butyrate accumu-
lates and acts as anHDAC inhibitor. Although both glucose
and butyrate can increase histone acetylation, different
target genes are upregulated. Consequently, butyrate

Figure 3: Core cellular metabolic
reprogramming that contributes to altered
epigenetic modifications in cancer.
Changes in metabolic proteins, which play
important roles in glycolysis, TCA cycle and
hexosamine biosynthetic pathway, affect
the abundance of key metabolites,
including acetyl-CoA, α-KG, succinate,
fumarate, 2-hydroxyglutarate, UDP-GlcNAc,
lactate and NAD+/NADH. These alterations
have significant influences on DNA, RNA
and histone methylation as well as histone
acetylation, O-GlcNAcylation, phosphory-
lation and lactylation in cancer cells. Red
indicates altered metabolic proteins, and
purple indicates the key metabolites that
affect epigenetic modifications in cancer.
GLUTs, glucose transporters; GFAT1, gluta-
mine fructose-6-phosphate amidotransfer-
ase 1; UDP-GlcNAc, uridine diphospho-N-
acetylglucosamine; PHGDH, phosphoglyc-
erate dehydrogenase; PKM2, pyruvate ki-
nase 2; LDHA, lactate dehydrogenase A;
PDC, pyruvate dehydrogenase complex;
ACSS2, acyl-CoA synthetase short chain
family member 2; ACLY, ATP-citrate lyase;
IDHs, isocitrate dehydrogenases; SDHs,
succinate dehydrogenases; FHs, fumarate
hydratases; GLS1/2, glutaminase 1 and 2.
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facilitates colon cancer cell proliferation when Warburg
effect is prevented, whereas it inhibits the proliferation of
colon cancer cells undergoing Warburg effect [89]. More-
over, primary mammary gland-derived adipocytes secret
β-hydroxybutyrate that is required to contribute to the
malignancy of breast cancer cells with monocarboxylate
transporter 2 (MCT2) expression via upregulating global
histone H3K9 acetylation [90].

Acidosis is considered as a hallmark of cancer. Some
tumormetabolic peculiarities, including the release of lactate
that is a byproduct from elevated aerobic glycolysis, account
for low pH in tumor microenvironment [12, 91]. Fatty acid
oxidation becomes the main source of acetyl-CoA in acidic
pH-adapted cancer cells. Fatty acid-derived acetyl-CoA not
only supports TCA cycle and cell respiration, but also con-
tributes to mitochondrial protein hyperacetylation in tumor
cells. Fatty acid oxidation and synthesis are regulated
through the downregulation of acetyl-CoA carboxylase 2
(ACC2) via sirtuin-mediated histone deacetylation [92].

TCA cycle intermediates: α-KG, succinate
and fumarate are crucial to cellular
methylation

2-OGDDs are a superfamily of enzymes which require ox-
ygen, reduced iron and 2-oxoglutarate (also known as α-KG)
to function. 2-OGDDs play crucial roles in multiple biological
processes, including regulation of hypoxia-inducible factor
(HIF)-mediated adaptation to hypoxia and epigenetic modi-
fications [30]. Several 2-OGDD members are important to
reverse the methylation modifications in DNA, RNA and
histone. Three isozymesof TEThydroxylase reverseDNA5mC
methylation. Similarly, alkB homolog 5 (ALKBH5) and FTO
mediate the commonm6A demethylation in RNA. KDMs, the
2-OGDDs that contains a Jumonji C (JmjC) catalytic domain,
can target mono-, di- and tri-methylated lysine residues in
histone to contribute to histone demethylation [30, 93]. Since
these demethylation-related enzymes are α-KG-dependent,
the cellular α-KG levels are crucial for the regulation of
methylation. Moreover, two other TCA cycle intermediates
succinate and fumarate are analogs of α-KG (Figure 3), and
thereby they can act as the competitive inhibitors of multiple
α-KG-dependent dioxygenases, including above-mentioned
DNA and histone demethylation-related enzymes, such as
TET1, TET2, KDM2B, KDM4A and KDM4B [30, 94].

The IDH family enzymes IDH1, IDH2 and IDH3 are three
isozymes that catalyze the conversion of isocitrate to α-KG
(Figure 3). IDH1 locates in cytosol, whereas IDH2 and IDH3
aredistributed inmitochondria [95]. InTCAcycle, succinate is

converted to fumarate catalyzed by succinate de-
hydrogenases (SDHs). Subsequently, fumarate hydratases
(FHs) catalyze the hydration of fumarate into malate
(Figure 3) [96]. The relative concentrations of α-KG, succinate
and fumarate are crucial to cellular methylation. However,
genes encoding IDHs, SDHs and FHs are frequently mutated
in a variety of cancer types [7–10, 97, 98]. Loss-of-function
mutations lead to SDHs and FHs deficiency, thereby resulting
in the intracellular accumulation of succinate and fumarate.
Excess succinate and fumarate contribute to the inhibition of
multiple α-KG-dependent dioxygenases, including TETs and
KDMs, and consequent changes in genome-wide DNA and
histone methylation in cancer [30, 94, 98, 99]. Interestingly,
cancer-associated IDH1/2 mutations are heterozygous, with
tumors retaining one wild type copy of IDH1 or IDH2 allele,
suggesting that these mutations lead to an enzymatic gain of
function. Therefore, IDH1/2 mutations alter the original cat-
alytic activity of IDHs, and mutant enzymes can catalyze an
irreversible reaction in which α-KG is reduced rather than
carboxylated, resulting in the production of another onco-
metabolite 2-HG (Figure 3) [7, 8, 10, 30]. 2-HG is necessary and
sufficient to mediate the oncogenic effects of mutant IDHs
[30, 95]. Similar to succinate and fumarate, 2-HG is also an
analog of α-KG, and thereby the accumulation of 2-HG can
competitively inhibit the activities of α-KG-dependent diox-
ygenases. The catalytic activities of TET2 and KDM enzymes,
such as KDM2A and KDM4C, are inhibited by 2-HG in
IDH-mutant cancer cells, resulting in global DNAandhistone
methylation alterations [10, 11, 30, 100–102]. In addition to
being an oncometabolite, 2-HG has been reported to exhibit a
broad anti-tumor activity in AML cells by inhibiting cell
proliferation and survival and by promoting cell cycle arrest
and apoptosis. Mechanistically, 2-HG inhibits the activity of
FTO, thereby increasingglobalRNAm6Amodification,which
consequently decreases the stability of MYC proto-oncogene,
basic helix–loop–helix (bHLH) transcription factor/CCAAT
enhancer binding protein alpha (MYC/CEBPA) transcripts [31].
Moreover, 2-HG also abrogates FTO/YTH N6-methyladenosine
RNA binding protein 2 (YTHDF2)-mediated the RNA m6A
modification of two critical glycolytic genes: phosphofructo-
kinase platelet (PFKP) and lactate dehydrogenase B (LDHB) in
AML cells, in turn leading to the upregulation of these two
genes and thereby suppressing aerobic glycolysis [32].

Hexosamine biosynthetic pathway (HBP)
contributes to histone O-GlcNAcylation

The addition of O-linked β-N-Acetylglucosamine (O-GlcNAc),
amonosaccharide, onto serine and threonine residues, is one
of the key post-translational modifications (PTMs) of
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nuclear and cytosolic proteins, termed O-GlcNAcylation.
O-GlcNAcylation is involved in the nutrient flux through
HBP, which integrates glucose, glutamine, fatty acid and
nucleotide metabolism to produce UDP-GlcNAc, the donor
substrate for O-GlcNAcylation [103, 104]. In this pathway, a
portion of fructose-6-phosphate (fructose-6-P), the isomer
of glucose-6-phosphate (glucose-6-P) generated from
glucose, is utilized by glutamine: fructose-6-phosphate
amidotransferase 1 (GFAT1), which is the first and key rate
limiting enzyme of HBP. GFAT1 catalyzes the production of
glucosamine-6-phosphate from fructose-6-Pwith an amine
group from glutamine. In subsequent reactions, an acetyl
group from acetyl-CoA and an UDP from UTP are added to
generate UDP-GlcNAc (Figure 3). Hence, supply of glucose
and glutamine is crucial to UDP-GlcNAc synthesis [29]. The
addition and removal of O-GlcNAc in the substrate proteins
are dynamic processes mediated by two enzymes which
make the O-GlcNAc modification reversible and are crucial
to maintain cellular O-GlcNAc balance. O-GlcNAc trans-
ferase (OGT) catalyzes the incorporation of O-GlcNAc from
UDP-GlcNAc to target proteins, whereas O-GlcNAcase
(OGA) involves in the removal of O-GlcNAc from the gly-
cosylated substrate [105].

In addition to being dependent on nutrient availabil-
ity, O-GlcNAcylation is also sensitive to various cellular
stress such as heat shock and hypoxia. Therefore,
O-GlcNAcylation has been proposed to function as a
nutrient and stress sensor that regulates fundamental
biological processes involved in transcription, translation,
signal transduction and metabolism [103, 106]. From an
epigenetic perspective, all four histones (H2A, H2B, H3,
and H4) can be modified by O-GlcNAcylation to constitute
part of the so-called “histone code” [29, 106, 107]. H2A
O-GlcNAcylation at threonine 101 (T101) site can modulate
chromatin structure through direct destabilization of H2A/
H2B dimer in the nucleosome [108]. Fujiki et al. [109] re-
ported that histone H2B O-GlcNAcylation at serine 112
(S112) residue by OGT promotes K120 monoubiquitination,
in which the O-GlcNAc moiety serves as an anchor for
histone H2B ubiquitin ligase. OGT can affect other histone
modifications by interactingwith chromatin remodelers, as
exemplified by the study that overexpression of OGT alters
histone H3 modifications at K9, K27, S10, and R17 residues
[110]. Furthermore, despite OGT has no effects on
5-hydroxymethylcytosine activity, TET2 and TET3 promote
OGT activity. The complex of TET2/3-OGT co-localizes at
active promoters enriched for H3K4me3 and facilitates
gene transcription. Mechanistically, host cell factor 1
(HCF1), a shared subunit of the H3K4 methyltransferase
SET1/COMPASS, can be O-GlcNAcylated by TET2/3-OGT,
and consequently impacts the integrity of SET1/COMPASS

and the H3K4me3 level [107, 111]. In embryonic stem cells,
TET1 is required for the binding of OGT to chromatin, which
in turn affects TET1 activity to regulate CpG island
methylation [112].

The dysregulation of O-GlcNAcylation caused by
metabolic disorders contributes to multiple diseases
including cancer. Upregulation of HBP including the
GFAT1 level, which is associated with increased protein
O-GlcNAcylation, is generally observed in cancer cells and
is primarily driven by elevated glucose uptake and meta-
bolism [29, 113–119]. In KRASG12D-driven PDAC model,
KRAS mutant promotes glucose utilization through upre-
gulating the expression of GLUT1, hexokinase 1 and 2 (HK1/
2), which then stimulates glycolytic flux into HBP and ac-
tivates protein O-GlcNAcylation [29, 115]. In another study,
Guillaumond et al. [116] reported that hypoxia increases
the glycolysis and glutamine metabolism which is pivotal
for PDAC cell survival. The authors further found that the
transcription of HBP genes as well as the protein
O-GlcNAcylation are upregulated under hypoxic condition.
These results indicate that hypoxia-driven metabolic
rewiring including high glycolytic rate and HBP activation,
favors PDAC progression. Upregulated O-GlcNAcylation
and OGT expression are essential for tumor growth and
metastasis in papillary thyroid cancer (PTC). In details,
Yes1 associated transcriptional regulator (YAP) serine 109
(S109) O-GlcNAcylation promotes the malignant pheno-
types of PTC cells via promoting YAP serine 127 (S127)
dephosphorylation and activation [119]. In breast cancer
and prostate cancer, elevated OGT and O-GlcNAcylation
contribute to tumor progression through indirect regula-
tion of the oncogenic transcription factor forkhead box M1
(FOXM1) [117, 118]. In addition, O-GlcNAcylation has also
been reported to be a key regulator of glucose metabolism
in cancer cells. O-GlcNAcylation at serine 529 (S529) of
phosphofructokinase 1 (PFK1) is induced in response to
hypoxia, and inhibits PFK1 activity to redirect glycose flux
through pentose phosphate pathway, thereby leading to a
selective growth advantage on cancer cells [120]. Under
glucose deprivation condition, Adenosine 5′-mono-
phosphate (AMP)-activated protein kinase (AMPK) phos-
phorylates FH at serine 75 (S75), which in turn forms a
complex with activating transcription factor 2 (ATF2) to
stimulate promoter activation. FH-catalyzed fumarate in
promoter regions inhibits KDM2A activity, thereby main-
taining the H3K36me2 profile to facilitate gene expression
for cell growth arrest. On the other hand, FH is observed to
be O-GlcNAcylated at S75 residue, which impedes
FH-ATF2-mediated downstream events in cancer cells that
show high OGT activity [121]. The crosslink between
O-GlcNAcylation and epigeneticmodifications also play an
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important role in cancer. The O-GlcNAcylation of HDAC1 is
upregulated in HCC, which in turn increases the activated
phosphorylation of HDAC1 and simultaneously enhances
its enzyme activity. The O-GlcNAc modified HDAC1 affects
gene transcription such as p21 transcription via regulating
histone acetylation level, and consequently facilitates the
proliferation, invasion, and migration of HepG2 cells [122].
In breast cancer MCF7 cells, OGT mediates EZH2
O-GlcNAcylation at S75 site, which is required for the pro-
tein stability of EZH2, and in turn contributes to the for-
mation of H3K27me3, by which several potential tumor
suppressor genes are repressed [123].

Metabolism related enzymes are involved in
regulating histone phosphorylation

In addition to O-GlcNAcylation, histones can also be
modified by phosphorylation at serine and threonine res-
idues, which are dynamically phosphorylated by a number
of protein kinases and dephosphorylated by phosphatases
[105, 124]. Histone H2AX phosphorylation at serine 139
(S139), which is generally referred to as γH2AX, is an
important histone modification that is involved in DNA
damage response. H2AX has also been reported to be
phosphorylated at tyrosine 142 (Y142), which is regulated
in a DNA damage-dependent manner and is critical to
γH2AX maintenance. Phosphorylation of H2B at serine 14
(S14) site has also been detected upon DNA damage
induced by ionizing radiation and shown to co-localize
with γH2AX foci [124–126]. Moreover, a great number of
phosphorylated histone residues are closely linked to the
regulation of proliferative gene expression. For instance,
H3 phosphorylation at serine 10 (S10) and serine 28 (S28)
and H2B phosphorylation at serine 32 (S32) are associated
with the regulation of epidermal growth factor (EGF)-
responsive gene expression, while phosphorylation of S10
of H3 and S32 of H2B are linked to the expression of on-
cogenes [124]. Phosphorylation of threonine residues in H3
such as threonine 11 (T11) have also been reported to be
implicated in transcription regulation [127]. Phosphoryla-
tion of H3 at S10, T11 and S28 can play a role in transcrip-
tion activation via influencing H3 acetylation [124]. In
addition, phosphorylation of histone H3T6 is a key event
that prevents lysine specific demethylase 1 (LSD1, also
known as KDM1A) from demethylating H3K4 during
androgen receptor (AR)-dependent gene activation [128].
H3 phosphorylation exemplifies a histone phosphorylation
event that is associated with chromosome compaction
during mitosis, meiosis and apoptosis [124].

Upon appropriate signaling, chromatin remodelers
facilitate chromatin relaxation, thereby allowing an access
for the coregulatory complexes to the target genes. Signaling
serine/threonine and tyrosine kinases in cancer cells, such
as mitogen and stress activated kinases, p21-activated ki-
nase 1, EGF receptor kinases and janus kinase 2, contribute
to signaling-mediated phosphorylation of histones, which
serves as a regulatory switch for histone modifications and
connects to chromatin remodeling complexes into gene
transcription, indicating the pivotal role of histone phos-
phorylation in the development of cancer [129]. Histone
H2A threonine 120 (T120) phosphorylation stimulates
abnormal geneexpression, includingupregulated cyclinD1,
which promotes oncogenic transformation [130]. H3S28
phosphorylation regulated by p300-CBP-associated factor
(PCAF), promotes autophagy by targeting autophagy
related 5 and7 (ATG5/7) inosteosarcomacancer cells [131]. A
role of tryptophan-aspartic (WD) repeat domain 5 (WDR5) in
prostate cancer exemplifies that the interplay between his-
tone phosphorylation and othermodifications plays amajor
role in cancer cell proliferation. WDR5 facilitates the
recruitment of themixed lineage leukemia 1 (MLL1) complex
and subsequent H3K4me3 via interacting with H3T11 phos-
phorylation upon androgen stimulation, indicating the
critical role of WDR5 as an epigenomic integrator of histone
phosphorylation and methylation [132].

AMPK, a serine/threonine kinase which serves as a
sensor of cellular energy status consistent with the ratios of
adenosine monophosphate (AMP)/ATP and adenosine
diphosphate (ADP)/ATP, is activated by an increase inAMP
or ADP but inactivated by ATP [105, 133]. As a nutrient
sensor, AMPK plays an important role in regulating energy
homeostasis and mediating cell adaptation and survival
under a variety of stress conditions that produce energy
deprivation such as hypoxia, exercise, nutrient starvation,
and infection [134]. AMPK has been reported to activate
transcription through phosphorylation of histone H2B at
serine 36 (S36) residue to facilitate cellular adaptation to
stress [135]. In addition, several metabolic enzymes can
moonlight as protein kinases responsible for the phos-
phorylation of multiple protein substrates, which are
crucial for key cellular functions, including the Warburg
effect in cancer cells [136]. One of the key rate-limiting
glycolytic enzymes pyruvate kinase 2 (PKM2) (Figure 3),
which can act as a protein kinase mediating histone
phosphorylation, is commonly upregulated in multiple
cancers [137–139]. Upon activation of EGF receptor and
platelet-derived growth factor receptor (PDGFR) in cancer
cells, PKM2 is phosphorylated at serine 37 (S37) residue via
activated extracellular signal-regulated kinase (ERK),
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resulting in conversion of PKM2 from a tetramer to a
monomer and exposure of its nuclear localization signal
[137, 138, 140]. Nuclear PKM2 binds to phosphorylated
β-catenin, which guides PKM2 to the promoter regions of
downstream genes, such as cyclin D1 (CCND1) and MYC,
where PKM2 utilizes phosphoenolpyruvate (PEP) as a
phosphate group donor and serves as a protein kinase
phosphorylating histone H3 at T11 residue [137, 139, 141].
This phosphorylation is required for the removal of HDAC3
from theCCND1 andMYCpromoter regions and subsequent
histone H3K9 acetylation. Moreover, the PKM2-dependent
H3 phosphorylation promotes EGF-induced expression of
CCND1 andMYC, cell proliferation and tumorigenesis [139].
Furthermore, EGF treatment enhances PKM2-dependent
H3T11 phosphorylation at the programmed death-ligand 1
(PD-L1) promoter region, consequently leading to the
elevated expression of PD-L1 mRNA and protein in HCC
cells [142]. In breast cancer cells, nuclear PKM2 interacts
with and directly phosphorylates histone H2AX at serine
139 (S139) under DNA damage conditions, and conse-
quently promoting genomic instability [136, 143].

Lactate is responsible for histone lactylation

Evidence indicates lactate, a main by-product of aerobic
glycolysis in cancer cells (Figure 3) [71], plays an important
role in tumor progression, as exemplified by the study
conducted by Brand et al. [144] that lactate accumulation
caused by elevated lactate dehydrogenase A (LDHA)
expression in melanomasmodulates immune cell function
and promotes tumor invasion and metastasis. Moreover,
lactate has also been reported to be a primary carbon
source for TCA cycle in cancer [145, 146]. In HCT116 cells,
lactate can inhibit the activity of HDACs and promote the
expression of corresponding genes [147]. In addition to
these oncogenic roles of lactate, Zhang et al. [148] reported
a novel lactate-derived histone lysine modification that
directly stimulates gene transcription from chromatin in
T cells. Subsequent studies have shown that histone lac-
tylation is widely observed in macrophages [149, 150].
Macrophages can use lactate to promote the lactylation of
high mobility group box 1 (HMGB1), while lactate also
stimulates HMGB1 acetylation through β-arrestin2-mediated
recruitment of p300/CBP and Hippo/YAP-mediated sup-
pression of sirtuin 1 (SIRT1). Then, the modified HMGB1 is
released from macrophages through exosome secretion,
and subsequently results in increased endothelium perme-
ability [150]. During early stages of senescent cell reprog-
ramming, the transcription factor GLIS family zinc finger 1
(GLIS1) directly binds to and opens chromatin at glycolytic

genes to upregulate glycolysis, which subsequently in-
creases acetyl-CoA and lactate levels, thereby enhancing
H3K27 acetylation and H3K18 lactylation at pluripotency
gene loci to promote cellular reprogramming [151]. In addi-
tion, Chai and colleagues [152] recently identified an onco-
genic role of histone lactylation in ocular melanoma. The
authors showed that the histone lactylation level is elevated
in ocular melanoma and high histone lactylation is associ-
ated with shorter recurrence free survival of ocular mela-
noma patients. Mechanistically, histone lactylation
contributes to the development of ocular melanoma by
facilitating the expression of YTHDF2, which then recog-
nizes the m6A modified mRNAs of period circadian regu-
lator 1 (PER1) and tumor protein p53 (TP53) and promotes
their degradation.

Reduction/oxidation (redox) status
regulates epigenetic modifications

Cellular redox state plays important roles in regulating
diverse physiological processes, including homeostasis,
proliferation and apoptosis [153]. In cancer cells, dysre-
gulated metabolism frequently involves in the reducing
equivalent, generally including the reduced forms of co-
enzymes such as NADH, NADPH, and flavin adenine
dinucleotide (FADH2) [99]. NAD

+, an abundant metabolite
that is vital for maintenance of cellular homeostasis, acts
as a cofactor in multiple redox reactions related to glycol-
ysis, TCA cycle, OXPHOS, fatty acid oxidation, and amino
acid biosynthesis (Figure 3). Moreover, NAD+ is a substrate
for multiple important enzymes such as sirtuins and poly
ADP-ribose polymerases (PARPs) [154, 155]. The NAD+/
NADH ratio can form a linkage between metabolism and
epigenetic regulation of gene expression by histone acet-
ylation [156]. Sirtuins, the class III HDACs, use NAD+ as a
cofactor to catalyze the removal acetyl modifications of
lysine residues in histones and other proteins. Thus, the
activity of sirtuins depends on the availability of NAD+ or
the NAD+/NADH ratio [154, 157]. Higher NAD+/NADH ratio
is found in cancer cells compared to normal cells. Instead
of transferring electrons from NADH to mitochondrial
OXPHOS, a large proportion of NAD+ is regenerated by
reducing pyruvate to lactate due to highly increased
glycolysis in cancer cells [154, 157, 158]. In addition, a
critical enzyme of the NAD+ salvage pathway, nicotin-
amide phosphoribosyltransferase (NAMPT) catalyzes the
biosynthesis of NAD. NAMPT has been reported to be
overexpressed in several cancer types and be able to
function as an oncogene to promote tumor progression by
increasing the NAD+ levels [154, 159].
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NADPH, another essential electron donor, is a
dispensable cofactor used to reserve and transfer the
reduction potential for anabolic reactions, such as the
NADPH-dependent reductive carboxylation of α-KG into
isocitrate [156, 160]. An increasing body of evidence has
shown that regeneration and maintenance of the cellular
NADPH is strongly implicated in the development of can-
cer. Compared with non-tumor cells, tumor cells usually
maintain elevated levels of NADPH, not only to power
redox defense but also to use for biosynthetic reactions,
such as the synthesis of nucleotide and fatty acids, to
support rapid cell growth and survival [160–162]. NAD+

kinase (NADK), the rate limiting enzyme in NADPH pro-
duction, catalyzes the conversion of NAD+ to NADP+ by
using ATP as the phosphate donor. Subsequently, NADP+

is reduced to NADPH by glucose-6-phosphate dehydroge-
nase (G6PD) and the malic enzymes. Decrease in NADPH
level leads to repression of HDAC1 activity in human he-
patic adenocarcinoma SK-Hep1 cells [163]. NADK mutant,
whose expression leads to gain-of-function enzymatic ac-
tivity resulting in low cellular reactive oxygen species
(ROS) and elevated NADPH levels, is found in PDAC [160,
162, 164]. As mentioned in previously, IDH1/2 mutations
are commonly observed in multiple cancers, and mutant
IDH1/2 enzymes catalyze the production of 2-HG from α-KG.
NADPH is an essential cofactor for this reaction, and
lowering of NADPH levels inhibits the growth of cancer
cells with IDH1/2 mutations [160, 161].

FAD is derived from the vitamin riboflavin and acts as a
cofactor for histone lysine-specific demethylases KDM1A
and KDM1B (also known as LSD1 and LSD2), which are
members of amine oxidase superfamily [165–168]. The
histone demethylation reaction involves the reduction of
FAD to FADH2. FADH2 can be re-oxidized by oxygen with
hydrogen peroxide as a byproduct. Cellular redox status
might affect the availability of FAD and thereby the activity
of KDM1A. FAD also functions as a coenzyme for other
oxidative reactions such as fatty acid β-oxidation and
electron transport chain. Therefore, KDM1A activity might
be influenced by the above-mentioned FAD oxidation
processes [165, 166, 168, 169].

Oxygen availability has an effect on
epigenetic modifications

In addition to the metabolites mentioned above, oxygen
availability also plays a critical role in epigenetic modifi-
cations. Oxygen is essential to support cellular activities by
serving as a key substrate for numerous biochemical re-
actions. Examples of oxygen consuming reactions include

mitochondrial ATP production. Moreover, the above-
mentioned 2-OGDDs also need oxygen as a cofactor to
function, which are involved in various metabolic re-
actions, including RNA, DNA and histone demethylation
reactions. Therefore, the maintenance of oxygen homeo-
stasis is crucial to most species. Decreased oxygen con-
centration (hypoxia) triggers complex adaptive responses
at cellular, tissue and organismal levels to match oxygen
availability with metabolic demand. A critical question is
how cells sense changes in oxygen levels to coordinate
diverse biological responses during hypoxia. One of the
important and best-studied mechanisms for cell response
to hypoxia involves HIFs, which are stabilized by low ox-
ygen availability and regulate the expression of a number
of genes involved in cell viability, glycolysis, angiogenesis
and metastasis [33, 170].

Hypoxic regions arise in tumors due to the rapid cell
proliferation and the exhaustion of available nutrients and
oxygen supplies. Accordingly, hypoxia induces multiple
pathways, genomic and epigenetic changes which make
tumor cells to adapt to poor nutrition and stressed condi-
tions for the development of tumors [33, 170–172]. Hypoxia-
associated histone hypermethylation is a common phe-
nomenon. Hypoxia can contribute to histone hyper-
methylation through both a direct inhibition of the
activities of oxygen-sensitive histone KDMs and an indirect
effect on the expression of KDMs [30, 34, 173, 174]. The
histone H3K27 demethylase KDM6A is oxygen sensitive.
KDM6A loss, like hypoxia, inhibits H3K27 demethylation
and blocks cellular differentiation in a HIF- and 2-HG-in-
dependent manner. Inhibition of KDM5A induces histone
H3K4methylation that is similar with the effects of hypoxia
[175, 176]. KDM5A has been reported to be downregulated
in metastatic glioma and inhibited the invasive ability of
glioma cells. Thus, hypoxia-associated inhibition of
KDM5A activity might be an alternative mechanism for
suppressing KDM5A in cancer. Similarly, KDM6A is
mutated and downregulated in multiple cancers and has
been shown a tumor suppressive role. Therefore, in tumors
with wild-type KDM6A, hypoxia might inhibit the activity
of KDM6A and thereby promotes tumor progression [30,
177–180]. Accordingly, theoretically, tumor hypoxia
should promote the inhibition of KDMs. Interestingly, the
roles of KDMs in cancer are divergent and multiple KDMs
act as oncogenes to contribute to the development of
cancer [181]. Tumor cells employ specific mechanisms to
maintain the activity of tumor-promoting KDMs under
hypoxia, such as by increasing α-KG availability or by
upregulating the expression of KDMs [30]. Posterior fossa A
ependymomas are maintained under hypoxia, and are
associated with increased histone H3K27 demethylation
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catalyzed by KDM6A and KDM6B. No differences in the
mRNA expression levels of KDM6A and KDM6B were
detected under hypoxia vs. normal O2 concentration.
However, the α-KG/succinate ratio is highly elevated under
hypoxia, leading to enhance the activities of KDM6A and
KDM6B [172]. Various KDMs, such as KDM1A, KDM2B and
KDM5B, are overexpressed in cancer and show oncogenic
effects [181–184]. In addition, numerous KDMs are tran-
scriptional targets of HIFs. KDM3A, KDM4B, KDM4C,
KDM5B are direct HIF-1 target genes with HIF-1 binding to
their promoters and thereby are upregulated under hyp-
oxic conditions in cancer cells. In contrast, KDM6B is a
hypoxia response gene regulated by HIF-2α [185–189].

TET1 and TET2 have been reported to have the low
O2 Km values, indicating that these two enzymes might not
act as oxygen sensors. However, the activity of TET en-
zymes is reduced by tumor hypoxia in human and mouse
cells, and thereby leads to DNA hypermethylation. This
reduction in TET activity is independent of hypoxia-
associated alterations in TET expression or HIF activity,
and depends directly on O2 shortage. In patients with non-
small cell lung cancer (NSCLC), tumor suppressor gene
promoters are notably hypermethylated in hypoxic tumor
tissue [30, 190]. Conversely, hypoxia contributes to the
upregulation of TET enzymes in other cancer types.
Hypoxia-mediated induction of TET1 and TET3 is observed
in glioma cells, leading to the overexpression of octamer-
binding protein 4 (OCT4, also known as POU5F1) and
nanog homeobox (NANOG), thereby contributing to the
formation of cancer stem cells. Moreover, hypoxia involves
in HIF-1-dependent transcriptional activation of TET1, and
thereby results in the induction of hypoxia-responsive
genes and global DNA demethylation in neuroblastoma
[191–193].

RNA m6A modifications also play an important role in
hypoxic response in cancer [194]. The reduction in total
m6A level of mRNAs has been observed in cancer cells
during hypoxia, whichmight bemediated by the induction
of ALKBH5. Hypoxia affects the level/activity of m6A
modification writers, erasers and readers, such as upre-
gulates METTL14 and ALKBH5 and downregulates YTH
N6-methyladenosine RNA binding protein 3 (YTHDF3),
thereby leading to the reducedm6A level and consequently
upregulation of target transcripts in cancer cells [195, 196].
In hypoxic breast cancer cells, HIFs activate ALKBH5
expression that then induces m6A demethylation and
stabilization of NANOG mRNA, resulting in promoting the
cancer stem cell phenotype [197]. Similarly, HIF-dependent
ALKBH5 level is significantly increased under hypoxia in
endometrial cancer stem cells, and contributes to the
upregulation of SRY-box transcription factor 2 (SOX2) via

mRNA demethylation, resulting in restoring the stem-like
state of differentiated endometrial cancer stem cells [198].
Moreover, hypoxia induced overexpression of m6A modi-
fication readers is common in cancer and plays an impor-
tant role in cancer progression. HIF-1α-dependent
overexpression of m6A modification reader YTH N6-
-methyladenosine RNA binding protein 1 (YTHDF1) facili-
tates hypoxia-induced autophagy and malignancy of HCC.
Mechanistically, YTHDF1 promotes the translation of
autophagy-related genes autophagy related 2A (ATG2A)
and autophagy related 14 (ATG14) via binding to m6A
modifiedATG2A andATG14mRNA [199]. HIF1α binds to the
hypoxia-response elements of YTHDF2 gene and contrib-
utes to the transactivity of the YTHDF2 promoter, and then
upregulates YTHDF2 in t(8;21) AML cells, thereby promot-
ing cell proliferation [200].

HDACs have also been observed to be altered under
hypoxic conditions. Hypoxia involves in regulating the
activity and expression of several HDACs [186]. HIF-1-
α-induced HDAC3 is crucial to hypoxia-induced EMT and
metastatic phenotypes in cancer cells. Under hypoxic
condition, HDAC3 interacts with hypoxia-induced WDR5,
recruits the histone methyltransferases (HMTs) complex to
upregulate H3K4-specific HMT activity, and thereby acti-
vates mesenchymal gene expression. Moreover, HDAC3
also acts as an corepressor to repress epithelial gene
expression [201].

Interestingly, the accumulation of two above-
mentioned oncometabolites succinate and fumarate,
caused by loss-of-functionmutations of SDHs and FHs, has
an effect on HIFs. Aberrantly activated HIF-1α is one
mechanism contributing to tumorigenesis due to succinate
or fumarate accumulation. Excess succinate or fumarate
inhibits HIF prolylhydroxylases, and consequently pro-
motes the stabilization of HIF-1α in normoxic conditions,
thereby activating the expression of HIF target genes that
can involve in glucose metabolism and angiogenesis [28,
202, 203]. These results suggest that except for affecting the
activities of 2-OGDDs, succinate and fumarate also conduct
their oncogenic effects via regulating HIFs.

Target altered cellular metabolism
for anticancer therapy

Given that cancer cells meet increased bioenergetic and
biosynthetic needs, maintain redox balance and enhance
epigenetic modification-dependent regulation of gene
expression, through cellular metabolism rewiring, to
facilitate cancer progression, targeting altered cancer
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metabolism represents an emerging therapeutic strategy
[204]. One therapeutic opportunity that has been explored
is the small molecule inhibition of key enzymes involved in
aberrant metabolic processes. Several bioenergetic meta-
bolic pathways altered in cancer, including glycolysis, TCA
cycle, glutaminolysis and fatty acid oxidation, have been
investigated as potential drug targets [205].

Glucose is one of the most abundant and essential
nutrients commonly utilized by cancer cells [5]. Thus, a
number of drugs that interfere with glucose metabolism
such as glycolysis are being investigated as anticancer
agents [206]. A large body of preclinical studies indicate
that glucose transporters and glycolytic enzymes, such as
GLUT1, PKM2 and LDHA, may be the targets for anticancer
therapy. Moreover, some of these drugs are under clinical
investigation [206]. Liu et al. [207] reported a novel repre-
sentative compound WZB117 that decreases the level of
GLUT1 protein in cancer cells. Treatment with WZB117 in-
hibits cancer growth in both cell lines and a mouse model.
Furthermore, daily intraperitoneal injection of WZB117 at
10 mg/kg leads to an obvious reduction in the size of hu-
man lung cancer of A549 cell origin. Mechanistically,
WZB117 inhibits glucose transport in human red blood cells
in which GLUT1 acts as the sole glucose transporter.
Therefore, WZB117 is a prototype for the development of
anticancer strategy via targeting GLUT1-mediated glucose
transport and metabolism [207]. HA344, which covalently
binds to PKM2 and inhibits the final and rate-limiting step
of glycolysis, efficiently targets vemurafenib-resistant
cutaneous metastatic melanoma (CMM) cells and impairs
CMM xenograft tumor growth in mice. Further, HA344
functions synergistically with B-Raf proto-oncogene,
serine/threonine kinase (BRAF) inhibitors on CMM cells
in vitro. Hence, HA344 provides attractive therapeutic av-
enues for CMM patients [208]. In triple-negative breast
cancer (TNBC), phosphorylation of PKM2 at S37 is con-
nected to a cyclin-dependent kinase (CDK) pathway. In
parallel, pyruvate kinase activator TEPP-46 binds phos-
phorylated PKM2 and reduces its nuclear localization. In a
TNBC mouse xenograft model, treatment with either
TEPP-46 or the potent CDK inhibitor dinaciclib reduces
tumor growth and diminishes PKM2 phosphorylation.
Combination of dinaciclib with TEPP-46 inhibits cell in-
vasion, impairs redox balance, and induces cancer cell
death. Consequently, targeting the PKM2 regulatory axis is
a potential treatment for TNBC with PKM2 S37 phosphor-
ylation [209]. LDHA is remarkably upregulated in NSCLC,
and associated with radioresistance in NSCLC patients.
LDHA inhibition with oxamate significantly increases the
radiosensitivity of cancer cells, and enhances ionizing
radiation-induced apoptosis [210]. Moreover, oxamate can

also promote the efficacy of anti-PD-1 treatment in NSCLC
mouse model [211]. Interestingly, dual treatment of the
PKM2 activator TEPP-46 and the LDHA inhibitor FX-11
synergistically inhibits pancreatic cancer cell proliferation
and remarkably suppresses tumor growth in vivo without
apparent toxicity [212]. Woodford et al. [213] have recently
identified that the human tumor suppressor folliculin
(FLCN), a dedicated intracellular protein, can act as a
binding partner and uncompetitive inhibitor of LDHA,
which regulates LDHA activity and metabolic homeostasis
in normal cells. However, in cancer cells that experience
the Warburg effect, FLCN dissociates from LDHA. Treat-
ment of cancer cells with a decapeptide derive from FLCN
loop region induces cell death. In addition, Targeting
GFAT1, the key rate-limiting enzyme of HBP, with a small
molecule glutamine analog DON decreases the self-
renewal potential and metastatic ability of cancer cells.
Further, treatment with DON sensitizes PDAC to anti-PD1
therapy, resulting in tumor regression and prolonged sur-
vival [214].

Glutamine metabolism has been confirmed as an
attractive anticancer therapeutic target due to the depen-
dence of cancer cells on this process. Many classes of
compounds that target glutamine transport and conversion
have been examined [215]. Amongmechanisms underlying
the elevated glutamine metabolism in cancer is enhanced
glutamine uptake mediated by the glutamine transporters,
with solute carrier family 1 member 5 (SLC1A5) shown to
play a pivotal role. Consistently, high SLC1A5 expression is
associated with poorer survival of melanoma patients.
IMD-0354, which prevents the localization of SLC1A5, has
been selected by an image-based screen. Further study
showed that IMD-0354 can act as a potent inhibitor of
glutamine uptake that sustains low intracellular glutamine
level. Combination of IMD-0354 with glutaminase 1 (GLS1)
or LDHA inhibitors enhances melanoma cell death, and
IMD-0354 inhibits melanoma growth in a xenograft model
[216]. GLS1, a key enzyme involved in glutaminolysis, is
commonly overexpressed in cancer cells to fulfill high
glutamine demand. Allosteric inhibitors of GLS1 such as
CB-839 have shown promise in preclinical cancer models.
CB-839 has shown an effective antiproliferative activity in
TNBC and AML cells, and is currently the subject of several
clinical trials [215, 217–219].

Additionally, drugs that target cancer IDH mutants
also provide an effective approach for anticancer strategy.
AG-120 (ivosidenib), an inhibitor of IDH1 mutant enzyme,
exhibits a profound effect on lowering 2-HG in tumor
models and influences differentiation of primary patient
AML samples. Preliminary data from phase 1 clinical trials
suggests that AG-120 has an acceptable safety profile and
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clinical activity [220]. Chaturvedi and colleagues have re-
ported a novel pan-mutant IDH1 inhibitor BAY1436032,
which specifically inhibits 2-HG production and colony
growth, and induces myeloid differentiation of AML cells
carrying a variety of IDH1mutations. Oral administration of
BAY1436032 leads to prolonged survival in two indepen-
dent patient-derived xenograft IDH1 mutant AML mouse
models. Together, BAY1436032 is highly effective against
AML with major types of IDH1 mutant [221]. AG-221 is an
orally available, selective, potent inhibitor of the mutant
IDH2 enzyme. Treatment with AG-221 inhibits 2-HG pro-
duction and induces differentiation in primary human
IDH2 mutation-positive AML cells ex vivo and in xenograft
mouse models. AG-221 also provides a significant survival
benefit in an aggressive IDH2-mutant AML xenograft
mouse model [222]. Another drug vorasidenib (AG-881),
which is currently in clinical development for treatment of
low-grade glioma with mutant IDHs, is a potent oral and
brain-penetrant dual inhibitor of both mutant IDH1 and
IDH2 and can significantly inhibit 2-HG production in gli-
oma tissue in an orthotopic glioma mouse model [223].

Serine synthesis pathway, which contributes to mul-
tiple key cellular processes, is commonly dysregulated in
cancer andplays an important role in changes inDNA, RNA
and histone methylation of cancer cells. Enzymes involved
in serine synthesis have become potential therapeutic
targets of great interest for cancer treatment [224, 225]. In-
hibition of PHGDH, the enzyme involved in the first step of
serine synthesis pathway, cooperates with serine and
glycine depletion to suppresses cancer growth. In vivo,
combination of PHGDH inhibition with serine starvation
shows therapeutic efficacy against tumors that are resis-
tant to diet or drug alone, indicating that inhibition of
PHGDH will enhance the therapeutic effect of a serine
depleted diet [224]. SHIN2, an inhibitor of SHMT which is
another important enzyme involved in serine synthesis,
increases survival in notch receptor 1 (NOTCH1)-driven
mouse primary T-cell ALL in vivo. As methotrexate is
standard treatment for T-cell ALL, the utility of combina-
tion of SHIN2 and methotrexate in this disease was
explored. Low dose methotrexate sensitizes human T-cell
ALL cells to SHIN2, and cells rendering methotrexate
resistant in vitro show increased sensitivity to SHIN2.
Further, SHIN2 and methotrexate synergistically increase
survival in mouse primary T-cell ALL and in a human
patient-derived xenograft. Collectively, SHMT inhibition
provides a complementary strategy in the treatment of
T-cell ALL [225]. Besides, since modulation of amino acid
availability plays an important role in cancer treatment,
amino acid transporters are attractive potential targets for
anticancer therapy [35]. The SLC7A5 (also known as LAT1)

is widely overexpressed in numerous human neoplasms.
SLC7A5 block by JPH203 suppresses cell proliferation and
mTORC1 signaling in human thyroid cancer cells. In vivo,
JPH203 treatment induces tumor growth arrest in mouse
model of thyroid cancer [226].

Additionally, Miller et al. [227] have synthesized a
small molecule inhibitor that can act as an analog to block
ACSS2 activity in vitro and in vivo. Pharmacologic inhibi-
tion of ACSS2 impairs TNBC growth, suggesting that ACSS2
may be an effective therapeutic target for the treatment of
patients with TNBC.

A large number of studies have shown that the dietary
components demonstrate anti-proliferative effect against
cancer, which have been proposed as an adjuvant for cancer
[105]. In melanoma, tumor cells often experience glutamine
starvation, which promote cell dedifferentiation, whereas
dietary glutamine supplementation significantly suppresses
tumor growth, prolongs survival inmelanomamousemodel,
and increases the sensitivity to a BRAF inhibitor. Thus, these
results offer evidence that glutamine supplementation can
serve as a potential dietary intervention to block melanoma
tumor growth and sensitize tumor to targeted therapy [228].
Jeon et al. [229] reported that methionine deprivation shows
remarkable effects on the invasion and migration of cancer
cells. Moreover, Bian and colleagues [63] showed that tumor
cells disrupt methioninemetabolism in CD8+ T cells, thereby
leading to lower intracellular levels of methionine and SAM
and, consequently, loss of histone H3K79me2. Loss of
H3K79me2 results in low expression of signal transducer and
activator of transcription 5 (STAT5) and impairs T cell im-
munity. Methionine supplementation improves the expres-
sion of H3K79me2 and STAT5 in T cells, which is
accompanied by increased T cell immunity in tumor-bearing
mice and patients with colon cancer. Taken together, cancer
methionine consumption is an immune evasion mechanism,
and dietary methionine supplementation may provide a po-
tential immunotherapeutic approach [63]. However, dietary
restriction of serine and glycine suppresses the growth of
cancer cells, due to their dependence on exogenous serine
[105, 224, 230, 231]. In addition, dietary isothiocyanates, such
as sulforaphane, phenethyl isothiocyanate, benzyl isothio-
cyanate and allyl isothiocyanate, can inhibit cancer pro-
gression via modulating epigenome [232].

Conclusions and future
perspectives

Connections between metabolism and epigenetic regula-
tion are crucial to cellular adaptation to nutritional and
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physiological status. Cancer metabolic reprogramming
responds to cellular metabolic needs by direct regulations
of metabolic reactions and pathways. Moreover, metabolic
reprogramming contributes to cancer cell growth, prolif-
eration and other activities by regulating gene expression
[3, 5, 29, 65]. A growing body of evidence demonstrates the
crucial roles of cell metabolism in regulating epigenetic
modifications, such as DNA, RNA and histone methylation
as well as histone acetylation and O-GlcNAcylation, which
then affect target gene expression. Here, we discussed the
effects of several altered metabolites caused by cancer
metabolic reprogramming on the changes of epigenetic
modifications in cancer and their ties to cancer develop-
ment and progression. In addition, the links between other
common histone modifications and various metabolites
can be seen in other reviews [36, 65]. However, metabolism
and epigenetic modifications are dynamic and complex
processes that involves in multiple pathways and metab-
olites. Furthermore, the effects of metabolites on epige-
netic modifications may be complex and cell-specific, as
exemplified by the study that α-KG affect the level of 5mC
by regulating the expression DNMT3A and DNMT3B rather
than TETs via the transcription factor orthodenticle ho-
meobox 2 (OTX2) in embryonic stem cells [233]. Collec-
tively, more studies should be conducted to clearly
uncover the exact roles of variousmetabolites in epigenetic
regulation.

The research strategies in systems biology will play
important roles in completely uncovering the complexity of
the connections between metabolic variability and flexi-
bility and epigenetic modifications in cancer. Advances in
the next-generation sequencing and computational
biology have facilitated the development of novel experi-
mental and computational methods, such as Perturb-seq
[234], which can be utilized in the exploration of the con-
nections between metabolism and epigenetic modifica-
tions. In addition, whether a metabolic change leads to a
biological outcome due to a specific effect on epigenetic
modifications, is still largely unknown due to the fact that
metabolites involved in epigenetic regulation are also
connected to larger metabolic networks that affect nearly
all aspects of biological processes. Combining defined
metabolic perturbations with CRISPR-Cas9-based tech-
nologies may be a good way to uncover underlying
mechanisms [235].

Recently, acetylation of cytidine in mRNA has been
identified and involves in promoting gastric cancer
metastasis [236, 237]. Ye et al. [238] showed that the
methylation of phosphatidylethanolamine (PE) is a major
consumer of SAM. The induction of phospholipid biosyn-
thetic genes is accompanied by induction of the enzyme

that hydrolyzes SAH. Besides, the methylation of PE pro-
motes the usage of SAM for the synthesis of cysteine and
glutathione. Conversely, cells that lack of PE methylation
accumulate SAM,which leads to histone hypermethylation
[238]. In addition, NADP has been reported to directly bind
to FTO, and then independently increase FTO activity,
consequently leading to RNA m6A demethylation and
adipogenesis [239]. However, whether these regulations
can contribute to cancer needs further exploration.

Mechanistically understanding how changes in the
availability of metabolites regulate specific target genes, is
crucial to further elucidate the underlying mechanisms by
which metabolite-driven epigenetic regulations response
to altered metabolism and contribute to the phenotypes
and activities of cancer cells. Cancer driver events, such as
KRAS mutation, active mTORC and PI3K-AKT pathways,
drive metabolic alterations and induce relevant oncogene
expression via various metabolism-driven epigenetic
modifications, consequently promoting cancer develop-
ment [46, 78, 79]. In addition to the metabolic roles,
metabolic enzymes can perform nonmetabolic functions
and drive the pathologic progression of cancer. For
instance, nuclear PKM2 acts as a protein kinase to phos-
phorylate histone H3 at T11 with PEP as a phosphate group
donor, resulting in promoting histone H3K9 acetylation
and the expression of CCND1 and MYC [139]. Besides,
metabolic enzymes can form complexes with histone
modification enzymes and transcription factors. Nucleus-
localizedMAT2A functions as a transcriptionalmodulator by
interacting with chromatin regulators and supplying SAM to
methyltransferases for histone methylation, subsequently
regulating gene expression [65, 137]. Thus, identifying the
compartment-specific interaction molecules, the mecha-
nisms of nuclear entry and location, and the dynamic post-
translational modifications, is also vital to better reveal the
roles of metabolic enzymes in gene regulation [28].

Additionally, deeper identifying the landscape of the
connections between metabolism and epigenetic regula-
tions will shed light on our understanding of the underly-
ing biological mechanisms for the development of
numerous diseases including cancer. Moreover, metabolic
processes become the promising targets for novel anti-
cancer strategy. Targeting altered metabolism in cancer
cells might affect the effect of epigenetic therapies. Given
that epigenetic modifications, such as methylation and
acetylation, are closely linked to nutrient availability, daily
nutrition intake might influence cancer progression and
therapies [28, 105, 181]. In addition, disrupting the nuclear
transport of metabolic enzymes is also expected to be
effective approaches to counteract cancer development.
Structurally elucidating the nuclear target protein andDNA
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of nuclear metabolic enzymes will facilitate the identifi-
cation of precise interventions that interfere with their
nuclear activities [65]. Drugs that target a variety of meta-
bolic processes have been tested in preclinical cancer
models. Several drugs can directly target metabolic en-
zymes, and others may have a role in inhibiting pathways
that are crucial to supply nutrients to cancer cells [206]. An
emerging issue is that cancer cells show metabolic plas-
ticity to alter their metabolic profile during cancer pro-
gression, by which cancer cells could develop resistance to
inhibition of a particular metabolic enzyme or pathway by
activating compensatory pathways. Consequently, an
efficient therapeutic strategy should involve simulta-
neously targeting multiple metabolic pathways or target-
ing a particular metabolic pathway in combination with
therapies against other oncogenic pathways [240].

In summary, it is now clear that metabolic reprog-
ramming plays an important role in epigenetic modifica-
tions, thereby significantly contributing to cancer
development. In order to comprehensively understand the
underlying mechanisms of tumorigenesis, more studies
should continue to elucidate the complex connections
between metabolic reprogramming and epigenetic regu-
lations in cancer. Additionally, understanding these con-
nections will greatly promote the development of novel
effective cancer therapies and prevention strategies.
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