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Covalent modifications of DNA and histones are important epigenetic events and the genomewide reshaping of epigenetic
markers is common in cancer. Epigenetic markers are produced by enzymatic reactions, and some of these reactions require the
presence of metabolites, specifically Epigenetic Enzyme Required Metabolites (EERMs), as cofactors. Recent studies found that
the abundance of these EERMs correlates with epigenetic enzyme activities. Also, the subcellular compartmentation, especially
the nuclear localization of these EERMs, may play a role in regulating the activities of epigenetic enzymes. Moreover, yene-
specific recruitment of enzymes that produce the EERMs in the proximity of the epigenetic modification events accompanyiny
the reyulation of yene expression, were proposed. Therefore, it is important to summarize findings of EERMs in regulatiny
epigenetic modifications at both the DNA and histone levels, and to understand how EERMs contribute to cancer development
by addressing their global versus local distribution.
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INTRODUCTION

Epigenetics refers to modifications
in gene expression caused by heritable,
but potentially reversible, alterations
in chromatin structure and/or DNA
methylation without changes in DNA
sequence (1). Thus epigenetic mod-
ifications have the ability to directly
regulate gene expression and the infor-
mation “coded” by modifications could
be passed to progeny cells and act as
a memory to form a consistent pattern
of gene expression (2). Interruption of
epigenetic modifications frequently
associates with diseases. Epigenetic
modifications only occur in the nucleus
and the targets include both DNA and
histones. Known epigenetic modifications
include DNA methylation, histone mod-
ifications such as acetylation, ubiquitina-
tion, methylation, phosphorylation (3),

sumoylation (4), crotonylation (5),
glycosylation (O-GlcNAc, or O-linked
N-acetylglucosamine) (6) and biotinyla-
tion (7) and others (8,9). Generally, one
step or multiple steps of enzymatic reac-
tions are required to generate each epi-
genetic modification and, in many cases,
the EERMs that form the modifications
have to be present (Figure 1). The occur-
rences of epigenetic modifications are
potentially subjected to two regulatory
mechanisms: recruitment of the enzyme
itself and/or the presence of the EERMs.
To date, the recruitment of the respec-
tive enzyme in generating the epigenetic
modification has been characterized with
much more detail by far, but research
realizing that the presence of EERMs may
also have some regulatory roles based on
their compartmentalized distribution is
still in the beginning stages.
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Among the epigenetic modifications,
ubiquitination and sumoylation re-
quire ubiquitin and sumo rather than
metabolites as cofactors and will not
be discussed here. For histone phos-
phorylation, ATP is the EERM for most
of the histone kinases. Since ATP is
mainly synthesized within mitochon-
dria, diffusion is the dominant way for
ATP to be present in the nucleus, and
as there is no locally enriched ATP in
the nucleus at all, histone phosphoryla-
tion may not be influenced by ATP and
may be regulated solely by the local
recruitment of kinases. Crotonylation
of histones has been discovered very
recently and the importance of this epi-
genetic modification in cancer biology
is still under investigation. Biotinyla-
tion of histones or other proteins also
occurs quite abundantly in mammalian
cells, but the importance of bioti-
nylation in cancer is not known yet.
Therefore, we will focus mainly on the
EERMs required for methylation/de-
methylation as well as on acetylation/
deacetylation.

EERMSs, in generating epigenetic
modifications, create a potential
regulatory mechanism through which the
epigenetic information can be regulated
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Figure 1. Epigenetic markers and EERMs. Schematic representation of epigenetic
markers on histone tails and DNA strand. Various enzymes (E) are responsible for the
generation of epigenetic modification including DNA methylation/demethylation,
histone acetylation/deacetylation, histone methylation/demethylation, histone bi-
otinylation, crotonylation, phosphorylation and glycosylation with the presence of
EERMs (dark green) including SAM, a-KG, FAD, acetyl-CoA, NAD*, crotonyl-CoA and

O-GIcNAc

via metabolic pathways. Abnormal cel-
lular metabolism is considered one of
the hallmarks of cancer (10). Along with
these irregular metabolic pathways are
global changes in abundance of, as well as
compartmentation of, metabolites includ-
ing EERMs (11-14). A well-recognized
hypothesis to explain the correlation
between EERMs and cancer is that epi-
genetic modification enzymes are able
to conceive the metabolic status of each
individual EERM and interpret the cellu-
lar metabolic status as chromatin modifi-
cation pattern that ultimately determines
the gene expression profile (13,15-19).
EERMs are intermediates of metabolic
pathways and, therefore, their produc-
tion is subjected to the presence and
activity of respective enzymatic reaction.
Current knowledge suggests that EERM
production mainly occurs in the cyto-
plasm and diffusion of EERMs into the

nucleus is the dominant way for EERMs
to be involved in epigenetic modifica-
tions. But more and more, metabolic en-
zymes are identified within the nucleus
with important functions in regulating
gene expression by serving as cofactors
of transcriptional regulatory complexes
(18,19,20-22,23-28). Some of these factors
actually have the enzymatic activities to
produce EERMs locally along with other
nuclear events such as gene transcription
and DNA replication (18,19,23-26).
Distinct to the universal change of
EERMSs, the local enrichment of the en-
zymes that generate EERMs may repre-
sent a novel regulatory mechanism that
operates independently of or dependent
on global changes of the respective
EERMs. In this review, we summarize
the recent findings regarding the role of
metabolic pathways in influencing the
abundance of many EERMs in different

350 | ZHAO ET AL. | MOL MED 22:349-360, 2016

compartments within the cell and ana-
lyze how EERMs regulate both global
and local epigenetic events within the
nucleus and how EERMs regulate cel-
lular processes that may be causative to
cancer.

S-ADENOSYL-METHIONINE
AND METHYLATION

Both DNA methylation and histone
methylation need S-adenosyl-methionine
(SAM) as the methyl group donor.
Aberrant DNA methylation and histone
methylation are dominant markers of
cancer and DNA-methylation-associated
tumor suppressor gene inactivation is a
common feature of cancer (29-32). DNA
methylation in particular is a reversible
epigenetic modification dynamically
maintained throughout the cell cycle and
is regulated by the DNA methyltransfer-
ases DNMT1 3a and 3b, which transfer
methyl groups from SAM to cytosine (33).
Distinct to DNA methylation, histone
methylation is much more complicated
and almost all the histone variants have
arginine and/or lysine residues methyl-
ated. But H3 and H4 are the predominant
targets of methylation by histone meth-
yltransferases (HMTs), which transfer
the methyl group from SAM to lysine or
arginine. In most of the cases, hypermeth-
ylation of DNA associates with decreased
gene expression owing to the recognition
of the methylated cytosine by methyl—
CpG-binding proteins (MBPs), which po-
tentially shield the nucleotides from being
bound by transcriptional activators and
from recruitment of other chromatin-si-
lencing factors (29,34). But methylation of
histones may generate different outcomes
depending on the location of the meth-
ylated residue. For instance, methylation
of H3K9, H3K27 and H4K20 usually
results in transcriptional repression,
while methylation of H3K4, H3K36 and
H3K79 usually activates gene transcrip-
tion (35-37). Histone methylation is even
more complicated in that each residue
can acquire a different number of methyl
groups that may result in a distinct chro-
matin status, adding more complexity to
SAM-mediated histone modifications.



There are many methyl group donors
within mammalian cells, and SAM is
the dominant one for epigenetic mod-
ifications (38). SAM is synthesized
mainly in the cytoplasm and is bio-
synthesized through transferring the
adenosyl group of ATP to methionine
by methionine adenosyltransferases
(MATS) (39). Methionine is one of the
essential amino acids for mammalian
cells and has to be supplied through
diet (40), rendering methionine, as well
as SAM, the ability to mediate the sig-
nal from diet to intracellular epigenetic
modifications of chromatin. The methi-
onine is recovered from methyl-transfer
reaction mediated by SAM in the form
of S-adenosylhomocysteine (SAH),
which will be converted to homocys-
teine (Hcy) and further to methionine.
Hcy-to-methionine conversion requires
another methyl donor, 5-methyl-tetra-
hydrofolate (5-methyl-THF), and this re-
action needs vitamin B12 (41). 5-meth-
yl-THF is mainly produced through
the folate cycle, and the folate cycle
serves as the mediator between the one
carbon metabolism and the methionine
cycle (42). Increasing the folate cycle
intermediates THF and can be critical to
boost up the level of SAM and SAM-re-
lated methylation (43).

A higher level of SAM in cancer cells
is possibly determined by at least two
factors. Both factors are based on the fact
that cancer cells have a higher rate of
glycolysis owing to the Warburg effect
(10,11,44). One factor is that there are
surpluses of both ATP production and
5-methyl-THF production owing to the
enhancement of glycolysis in cancer cells.
Therefore the rate-limiting step of SAM
formation is actually determined by the
rate of the methionine cycle. Previous
studies showed that cancer cells might
have a higher amount of acquirement
for methionine (45,46), suggesting that
increasing methionine absorption or
accelerating the methionine cycle can
boost the supply of SAM. The second
factor is that cancer cells have a higher
rate of one carbon metabolism (47) as
well as a higher amount of folate-cycle

intermediates (42). For instance, 5-meth-
yl-THF can be generated during serine—
to—glycine conversion (42) and serine
production can be a major output of
3-PG in some cancer cells (47). A very re-
cent study also pointed out the possibil-
ity that serine production may contribute
mainly to purine synthesis, especially the
de novo synthesis of ATP that is essential
for methionine-to—-SAM conversion (48).
Moreover, glycine decarboxylation also
contributes to the abundance of 5-methyl-
THF in cancer cells (49).

A greater abundance of SAM in cancer
cells, however, is not always correlated
with global hypermethylation of ge-
nome DNA. Instead, the hypometh-
ylated genome of cancer cells is much
more common, which may be causative
to tumorigenesis owing to decreased
genome stability. However, hypermeth-
ylation of some tumor suppressor genes
is a very communal mechanism for
tumorigenesis (50). Such inconsistency
suggests that SAM abundance may not
be the rate-limiting factor dictating global
DNA methylation. The gene-specific
recruitment of methyl-transferases,
however, may be the major reason for
local enrichment of DNA methylation,
along with a global background of hy-
pomethylation (32). Another possibility
can be the gene-specific recruitment of
DNA demethylases (see following section
o-KG AND DNA DEMETHYLATION).
Other studies also suggested the local re-
cruitment of SAM synthase (19,25,26,51).
For instance, a multi-protein complex
SAM-integrating transcription repression
(SAMIT) was proposed that includes
MATS to produce SAM locally to repress
gene expression through DNA methyla-
tion (25,26). Although these studies only
reported the recruitment of SAMIT to
MafK-repressed genes, the potential of
local recruitment of MATSs to other gene
loci by different transcription factors can-
not be excluded. In fact, the interacting
proteins of MATSs are quite diversified
and many of them are known cofactors of
gene-expression regulation.

Even though histone methylation
at several residues were studied as
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correlative factors of cancer, the rela-
tionship between SAM level and histone
methylation has not yet been established.
Only one recent study observed that
H3K4 methylation is subjected to reg-
ulation by increased SAM and all the
other residues, including H3K9, H3K27,
H3K36 and H3K79, were not affected
(17,52). But this study was limited to the
global change of SAM, and if there is
any local enrichment of SAM production
along with histone methylation it is still
not known.

o-KG AND DNA DEMETHYLATION

Both DNA and histone methylation
are dynamically regulated through de-
methylases and all the known demeth-
ylases require the presence of EERMs.
Interestingly, some DNA demethylases
and histone demethylases share the same
EERM, o-ketoglutarate (a-KG). Intracel-
lular 0-KG is derived mainly from the
glycolysis pathway via decarboxylation
of pyruvate and the TCA anaplerosis
pathway via glutaminolysis (53). Simul-
taneously, a-KG is also converted to
citrate, catalyzed by iso-citrate dehydro-
genases (IDHs), and to succinate, cata-
lyzed by o-KG dehydrogenase (53,54).
Thus, intracellular enrichment of o-KG is
very dynamic and subject to the cellular
fluctuation of metabolic activities.

Conversion of a-KG to succinate is
coupled to the demethylation reactions
catalyzed by demethylases which belong
to dioxygenases, including the DNA
demethylases Ten-Eleven Translocation
family proteins (TET) and histone de-
methylases Jumonji domain-containing
proteins (JMJD) (55,56,57,58,59). The
dynamic change of a-KG enrichment
often is correlated with the activities of
these demethylases. However the change
of a-KG enrichment is not consistent in
different studies. The best-characterized
factor that constantly drives down a-KG
is IDH mutation that converts a-KG to
its hydroxyl analog, and leukemia with
IDH mutation has an impairment of
TET function and the global DNA hy-
permethylation (60,61). On other cases
that are irrelevant to IDH mutations,
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increased a-KG was observed, which
leads to a pan-cancer genome reduction
of DNA methylation, especially at the
highly repetitive sequences and low-
density CpG regions (44,54,62,63,64). But
a recent study actually suggested that
hypoxia or lactate acidosis, both condi-
tions commonly associated with almost
all types of solid tumor growth, decrease
o-KG, and at least one gene, ETV4, was
identified as regulated by a-KG epige-
netically (65). The inconsistency in a-KG
among tumors may be caused by the dy-
namic nature of a-KG, which is difficult
to measure.

As we discussed above, the hypometh-
ylated genome in cancer cells still has
hypermethylated local chromatin regions
that frequently contain tumor suppres-
sor genes. Diverting o-KG production
enzymes from those tumor suppressor
genes may be one of the potential mecha-
nisms (50). However, the dynamic fluctu-
ation of intracellular a-KG prevents the
further characterization of its involve-
ment in gene-locus-specific regulation
of expression. Furthermore, none of the
known enzymes that either produce or
exhaust o-KG has been demonstrated to
be involved in nuclear activities so far.

HISTONE DEMETHYLATION
AND COFACTORS

The working mechanism of o-KG-
dependent histone demethylases is
relatively simple compared to DNA
demethylases. The methyl group of his-
tone residuals is hydroxylated and re-
leased from the histone when o-KG is
decarboxylated to succinate (59). Mul-
tiple members of this group of histone
demethylases were identified as be-
longing to the evolutionarily conserved
family of JMJD proteins that share the
highly conserved JmjC domain (59).

A global effect of a—KG on histone
demethylases has already been
demonstrated. For instance, fumarate
and succinate were found to inhibit
0o-KG-mediated demethylation reac-
tions, because fumarate and succinate
share structural similarity with a-KG
except that the keto group is absent

(66). Therefore, mutation of fumarate
hydratase (FH) and succinate dehydro-
genase (SDH), the enzymes catalyzing
the conversion of fumarate to malate
and succinate to fumarate, respectively,
were found to be associated with ac-
cumulation of fumarate and succinate

in the growing tumors. Consequently,
some genes were silenced owing to the
defect in 0-KG-dependent demethyl-
ation (66). Further evidences support-
ing the role of a-KG in global histone
methylation regulation came from the
study on 2-hydroxylglutarate (2-HG), a
byproduct of mutant IDH. Mutation of
IDH1 and IDH2 in cancer, in particular in
brain tumors and leukemia, results in the
accumulation of 2-HG, which also com-
petitively represses the 0-KG-mediated
demethylation (14,60). In some recent
studies, enrichment of 2-HG in tumor
cells can also be mutant-IDH independent
(67), but the effect of 2-HG in inhibiting
0-KG-dependent demethylation is still
the same. In fact, L-enantiomer of 2-HG
(L-2HG) is also identified as an EERM and
regulates histone demethylation in kidney
cancer (68).

There is another group of histone de-
methylases known as LSD1 that requires
Flavin adenine dinucleotide (FAD) as the
substrate (69,70). Excessive expression of
LSD1 has been associated with prostate
cancer, undifferentiated malignant neu-
roblastoma, estrogen—receptor—negative
breast cancer, lung and colorectal car-
cinoma and bladder cancer, suggesting
a gain of function can be important for
LSD1 to be oncogenic (71-74). Giving
that FAD is an EERM for LSD1 function,
the importance of this essential metabo-
lite has been studied for its role in medi-
ating LSD1 function. FAD is synthesized
from riboflavin via the riboflavin kinase
that recruits ATP as the substrate. ATP
levels affect FAD availability and con-
sequently influence the activity of LSD1
(75). Riboflavin is also known as vitamin
B2, indicating that FAD enrichment relies
on a dietary supply of riboflavin. Recent
reports found that the level of FAD has
an impact on the activity of LSD1. For
instance, riboflavin deficiency in Jurkat
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cells was found to influence the activity
of lysine (K)-specific demethylase 1A
(LSD1) and to result in a global increase
of H3K4 mono- or demethylation (76).
Similar results were also identified in
human hepatocarcinoma cells by the
same group (77). In adipocytes, the
availability of FAD was also found to be
critical to LSD1 activity in regulating the
genes that contribute to cellular energy
expenditure (78). It is of note that the
target genes affected by loss-of-function
of LSD1 in different tissues are not the
same, suggesting that LSD1 has a spe-
cialized regulatory spectrum in different
types of cells. A recent study demon-
strated that FAD may be synthesized
locally within the nucleus because both
nuclear enrichment of FAD and its syn-
thase were detected (79), but whether
the FAD synthase forms a complex with
gene expression regulation factors such
as LSD1 is still unknown.

ACETYL-CoA AND HISTONE
ACETYLATION

Histone acetylation is dynamically
regulated by acetyl-transferases (HATs)
and deacetylases (HDACs). HATs
can be classified into several different
families based on sequence homology
and functions. The residues that are
targeted by individual HATs are di-
versified and thoroughly reviewed by
Marmorstein ef al. (80). However, a
common feature of most of the HATs
is their dependence on acetyl-CoA as a
major acetyl donor (81).

Acetyl-CoA synthesis is compart-
mented into mitochondria and cytosol
because the mitochondria membrane is
not permeable by acetyl-CoA (24), but
the nuclear membrane is permeable by
acetyl-CoA and there is no evidence to
demonstrate the nuclear enrichment of
acetyl-CoA. In mitochondria, pyruvate
can be catalyzed by pyruvate decar-
boxylase complex (PDC) to produce
acetyl-CoA that is used as a substrate to
generate citrate catalyzed by the citrate
synthase. Most of the mammalian cells
have this critical step to start a cycle of
reactions to release the energy hidden



within the C-C bond of acetyl-CoA.

The acetyl-CoA in mitochondria has no
effect on the histone acetylation. For

the same reason, acetyl-CoA generated
from fatty acid oxidation (reviewed by
Carracedo et al. in 82) is mainly con-
strained within mitochondria, which may
not be available to serve as the substrate
for histone acetylation (24). However, the
conversion from pyruvate to acetyl-CoA
may also occur in cytosol because cy-
toplasmic PDC was recently identified
(83). In this report, the correlation be-
tween the amount of PDC and histone
acetylation was observed, suggesting
the production of acetyl-CoA outside of
mitochondria is important for histone
acetylation. Moreover, this study indeed
demonstrated that acetyl-CoA could

be generated locally within the nucleus
(83). However, no PDC interaction with
nuclear proteins, especially the transcrip-
tion factors, has been identified yet. An-
other independent pathway to generate
acetyl-CoA outside of mitochondria is
through ATP-citrate ligase (ACL) (23,24).
Shuttle of citrate outside of mitochondria
to cytosol enables the ACL-mediated
synthesis of cytoplasmic acetyl-CoA.
The importance of ACL in producing
acetyl-CoA and its subsequent usage

as substrate in histone acetylation were
recently demonstrated in highly prolifer-
ating cells (24), but the evidence to show
the nuclear production of acetyl-CoA
accompanying gene regulation is not
available.

Cancer cells are well known for having
higher rates of both glucose and gluta-
mine consumption, which significantly
boost the acetyl-CoA level and increase
the histone acetylation level globally (84).
A similar situation was also observed in
highly proliferating ES cells, where, upon
differentiation of ES cells, the acetyl-CoA
is consumed through the energetic
pathway and the histone acetylation is
reduced (85). Recent studies in cancer
cells further extended the significance of
acetyl-CoA to cancer growth by address-
ing the acetyl-CoA synthesis through
direct ligation between acetate and CoA
relying on ATP (86-88). According to

the interpretation of Comerford et al,

the dependence of cancer cells on this
type of acetyl-CoA synthesis reflects the
critical need of cancer cells to reuse the
acetate that may be released from histone
deacetylation. If that is the case, this fast
cycle of acetyl group may help to main-
tain a high level of acetylated histone,
which is crucial to the survival of cancer
cells. Moreover, acetate may be a more
easily accessible substrate for some types
of cancers and promote tumor growth as
described (84,86-88).

HISTONE DEACETYLATION

The reverse reaction of histone acetyl-
ation is histone deacetylation, which is
mainly catalyzed by at least three fam-
ilies of histone deacetylases (HDACs)
including HDAC type I and HDAC
type II. Both HDAC I and II require no
extra substrate for their deacetylation
activities. In addition to HDAC I and
II, a third family of HDACs was also
identified, better known as the Sirtuin
(SIRT) family of proteins, requiring
NAD" as the cofactor. There are two
types of enzyme activities associate
with Sirtuin family members. One is
the HDAC activity and the other is the
ADP-ribosylase activity. Only SIRT1, 2, 6
and 7 are applicable in histone deacetyl-
ation because the rest of the Sirtuins
either have no deacetylase activity or
are restricted in mitochondria (89). As
we described, acetylation of histones
loosens the chromatin structure and
generally associates with gene activation.
So deacetylation of histones by Sirtu-
ins in general will shut down the gene
expression, no matter which residue is
modified by Sirtuins.

Biosynthesis of NAD" starts with
the essential amino acid tryptophan,
which is taken up from the diet.
Tryptophan goes through a series
of enzymatic conversions to form
quinolinic acid. Then quinolinate
phosphoribosyltransferase catalyzes the
formation of nicotinic acid mononucle-
otide (NAMN) by condensing quino-
linic acid with 5-phospho-o-D-ribose
1-diphosphate. NAMN is converted to
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NA adenine dinucleotide (NAAD) by the
enzyme nicotinamide mononucleotide
(NMN) adenylyltransferase (NMNAT),
then NAD" can be finally produced by
NAD" synthase. However, the major
synthesis pathway of NAD" in mam-
malian cells is the salvage pathway that
starts from precursors such as nicotinic
acid (NA) or nicotinamide (NAM).

NA can be converted to NAMN just as
quinolinic acid can, and the subsequent
enzymatic reactions are also the same

as the de novo NAD" synthetic pathway.
NAM, however, is converted to NMN,
and NMN can be converted to NAD" by
NMNAT consuming one ATP.

NAM and NA are known as vitamin
B3, and the supply of vitamin B3 in
mammalian cells is mainly through food
intake. So far, there is no obvious evi-
dence connecting the surplus NAM and/
or NA to cancer risk. Therefore, if NAM
and/or NA have any role in cancer, the
cancer may be caused by abnormal NAM
and/or NA subcellular distribution.

For instance, at least several enzymes in
NAD" synthesis pathways are known to
have multiple family members locating
to different cell compartments (90). In
the nucleus, NAD" is synthesized mainly
through the salvage pathway, and the
enzyme NMNAT-1, which catalyzes the
NMN to NADY, has an NLS domain,
suggesting the local synthesis of NAD"
(91). Moreover, NMNAT-1 was found to
form a complex with nuclear transcrip-
tional factors such as MSX1 in large-scale
protein—protein interaction studies, al-
though the interaction still needs further
validation and the functional significance
is also not yet known (92). Another ex-
ample is nuclear lactate dehydrogenase
(nLDH), which was recently identified

to catalyze the nuclear production of
pyruvate and NAD" and which influ-
ences SirT1 should be SIRT1 activity

and histone acetylation (93). NAD" also
influences PARP family proteins. Both
Sirtuin and PARP were shown to be
specific gene transcription regulators by
enzymatically modifying other factors
using NAD" as the substrate within the
nucleus (94,95).
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The reduced NAD" is NADH that is
not required by Sirtuin family proteins.
However, NADH is able to mediate
the dimerization of CtBP corepressors.
NADH is unevenly distributed between
the cytoplasm and nucleus based on ob-
servations using two-photon microscopy,
fluorescence-lifetime image microscopy
and genetically encoded fluorescent
biosensors (96-99). The estimated en-
richment of NADH in the nucleus is
around 130 nmol/L, which is well within
the range required by CtBP (97). CtBP
represses transcription through recruit-
ing various histone-modifying enzymes
such as HDACs, histone H3 lysine 9
methyltransferases (G9a/HMTasel)

and LSD1 (69,100). The targets of CtBP
repression include many of the tumor
suppressor genes, and the ability to
sense the intracellular NADH level
makes CtBP a potential mediator of
cell metabolic signaling and cancer—
cell-specific transcriptional program
(101-106). The interactions of CtBP
with DNA-binding transcription fac-
tors are also regulated by the ratio of
NAD*/NADH (97,104,107). Global
increase of NADH was shown to im-
prove the repression ability of CtBP
via recruiting the repressive epigenetic
modification enzymes. In other words,
global increase of NAD" and NADH
generates the same consequence in

chromatin repression via distinct
factors such as SIRTs and CtBP,
respectively.

GLOBAL VERSUS NUCLEAR
DISTRIBUTION OF EERMs

The nuclear membrane, unlike the
mitochondria membrane, is most likely
permeable by many small molecules
including EERMs. Previous research
rarely identified the known EERMs,
which show uneven distribution in
the cytoplasm and nucleus (108-111),
suggesting the metabolic activities in
the cytoplasm have a determinative in-
fluence on the enrichment of EERMs in
the nucleus (Figure 2). That is why the
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Folate cycle metabolism

3PG — Pyruvate—— Acetvl-C?A \
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NAD+ —— NADH

>
De novo

synthesis FAD de'?ende'?t Glutamate
epigenetic
. T modifiers /
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Figure 2. Global impact of EERMs on nuclear epigenetic events. The EERMs (dark green) including NAD*, NADH, SAM, Acetyl-CoA and
o-KG are mainly synthesized within cytoplasm and their cytoplasmic concentration is regulated through multiple metabolic pathways. These
EERMs are freely permeabilized into the nucleus and act as cofactors for epigenetic modification enzymes. The metabolism precursors and
co-enzymes (light green) that are necessary for synthesizing EERMs are absorbed mainly from extracellular supplies and their abundance

may modulate the nuclear epigenetic activities via EERMs indirectly.
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cancer cell epigenome can be reshaped
by consuming certain food components
including vitamins and minerals
(112,113).

However, the number of metabolic
enzymes presenting in the nucleus is
still growing, making the nucleus a pos-
sible organelle with active metabolic ac-
tivities (114). Thus it is likely that these
nuclear-localized metabolic enzymes
may produce EERMs in a much smaller
scale within the nucleus and merely
influence the nearby EERM-dependent
epigenetic enzymes. Another possi-
bility is that the localization of these
metabolic enzymes in the nucleus is
very brief and barely alters the EERM
abundance in the nucleus temporar-
ily. It is possible that these enzymes
formed complexes with gene-specific
transcription factors and directly par-
ticipated in regulating gene expression.
Several studies have provided com-
pelling evidence that specific genes
are regulated by EERMs, which are
probably guided by transcription factors
(Figure 3). For example, SAM synthases
MAT2a and MAT2b were found to be
nucleus-localized and were recruited to
MafK-binding gene regulatory regions
by forming a complex with MafK. The
repression of MafK-targeted genes re-
quires the interaction of MAT2 and MafK
and the synthesis of SAM (26). MafK is not
the only factor that binds to MAT2 in
nucleus, many other chromatin-bound
factors are found as interacting partners
of MAT?2, highly suggesting that a
local supply of SAM is critical to gene-
specific chromatin modifications (25). In
fact, the presence of metabolic en-
zymes in the nucleus is very common
in many large scale screenings of
chromatin-bound factors (115-117),
suggesting local recruitment of these
enzymes form important regulatory
knots in regulating nuclear activities.
For the nucleus-localized metabolic
enzymes including ACL, nLDH, PDH,
MAT2a, NMNAT-1 and others, most of
these enzymes have not been proved
to form complexes with gene-specific
transcriptional factors to regulate

EERMs
producing
enzymes
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Figure 3. Local enrichment of EERMs and epigenetic modification. EERMs (green balls)
can be produced in both the cytoplasm and nucleus, depending on the distribution of
the EERM-producing enzymes. The EERM-producing enzymes localized in the nucleus may
increase the enrichment of EERMs locally, facilitating the global regulation of epigen-
etfic modifications by the EERM-dependent epigenetic modifiers. The EERM-producing
enzymes may also form complexes with EERM-dependent epigyenetic modifiers and/or
yene-specific franscription factors and provide a local supply of EERMs to gene-specific

reyulation of epigenetic modifications.

epigenetic modifications except MAT2a.
However, it is likely that these enzymes
share a similar mechanism with
MAT?2a. In yeast, nuclear acetyl-CoA
synthase 1 and 2 (Acs1 and Acs2) are
required to supply acetyl-CoA locally
to increase the acetylation of histones
(23,118), probably through gene-specific
transcription factors. These preliminary
observations ensure further studies

on the sub-nucleus role of these related
metabolites and respective enzymes.

EERMs AS THERAPEUTIC TARGETS
IN CANCER TREATMENT

Acetyl-CoA

Nevertheless, EERMs are abundant
metabolites and their status directly
echoes intracellular metabolic activities.

Either directly or indirectly, some of
the EERMs are known targets in many
therapeutic applications in cancer
treatment. For instance, acetyl-CoA is
regulated through at least three mech-
anisms (Figure 2), and the dominant
acetyl-CoA supply comes from gly-
colysis, as the majority of acetyl-CoA
made from pyruvate stays inside of
mitochondria. Therapeutic targeting of
glycolysis may ablate the level of ace-
tyl-CoA and have a significant impact
on the acetylation of histones. More
importantly, the shutdown of gene
expression globally is associated with
the reduction of acetyl-CoA (119-121).
However, the benefit to cancer patients
of glycolysis inhibition is still contro-
versial, probably because the normal
non-cancer cells are also under attack.

MOL MED 22:349-360, 2016 | ZHAO ET AL. | 355



METABOLITES AND CANCER EPIGENOME

In breast, liver, colon, lung and
prostate cancers, cytoplasmic acetyl-CoA
may be produced mainly through
ACL-mediated citrate-to-acetyl-CoA
conversion. Actually, ACL is abnormally
presented in these cancer subtypes and
correlated with the aggressiveness of
tumors. The cancer cell specificity of this
acetyl-CoA production pathway makes
it an easier target in cancer therapy. In-
hibition of ACL was found to alleviate
some oncogenic gene expression through
histone acetylation suppression (24).

The third pathway to produce
acetyl-CoA has been identified recently
and is through the direct ligation be-
tween acetate and CoA. So far, this
pathway has only been identified in
limited types of cancer including hepa-
tocarcinoma and glioblastoma. However
the enzyme ACSS2, which catalyzes the
conversion of acetate to acetyl-CoA, was
found to have increased expression in
many human tumors (88). Thus, ACSS2
may be an alternate choice in reducing
acetyl-CoA and histone acetylation, as
well as gene expression.

SAM

The targeting of DNA methylation
has received considerable attention,
and several DNA methylation inhibi-
tors have achieved significant success
in killing cancer cells and reducing the
tumor burden (122-124). Since SAM is
a cofactor of DNMT, it is conceivable
that targeting SAM can be another ther-
apeutic opportunity. In fact, methionine
dependence is a frequent phenomenon
associated with breast, bladder, colon,
glioma and kidney cancers owing to the
deficiency of enzymes in the salvage
methionine production pathway. Since
the methionine cycle is important to
produce SAM, this information further
suggests SAM is a potential therapeutic
target. Some studies, by knocking down
or inhibiting MAT2s, actually show an
apoptosis-induction effect in cancer
cells (125,126). However, most of the
inhibitors of MAT2s lack specificity,
which prevents their further application
clinically.

a-KG

As we discussed earlier, competitive
inhibition of a-KG is frequently asso-
ciated with tumor growth. The com-
petitors of a-KG can be its structural
analogs, such as succinate and fumarate,
or its hydroxylated product 2-HG gen-
erated by mutant IDH. Some cancers
accumulate succinate or fumarate owing
to the deficiency in mitochondria and
result in a pseudohypoxia status because
succinate and fumarate compete with
0-KG and result in the inhibition of
PHD and the activation of HIFs. Extra
fumarate and succinate also inhibit
a-KG-dependent demethylases and in-
crease tumor cell growth. Succinate and
fumarate accumulation can actually have
a much more profound effect on the
fate of cells (127). A proposed strategy
is to apply cell-permeable o-KG deriva-
tives to increase the intracellular a-KG
abundance and to turn on the PHD and
inactivate HIF (128). It is likely that the
recovery of intracellular a-KG may de-
crease tumor cell growth. For instance,
recent studies suggest IDH1 and IDH2
mutants can be targeted by compounds
to reduce the production of 2-HG
(129,130). Since 2-HG mainly competes
with a-KG, targeting IDH mutants favors
0-KG-mediated demethylation, which
is proved to be the reason of cancer cell
differentiation after treatment by these
inhibitors. But another potential mecha-
nism is the recovery of a-KG levels when
IDH mutants are inhibited. In fact, even
when there is no IDH mutation, some
cancer cells also count on increased IDH
activity to convert a-KG to citrate and
lipid synthesis (54,131), which are associ-
ated with decreased o-KG abundance.

FAD

FAD is known mainly as a cofactor of
amine oxidase such as the histone de-
methylase LSD1. LSD1 overexpression
is associated with several cancer cell
lines and some types of tumors. It has
become an attractive target for cancer
therapy (74,132). So a possible role of
riboflavin, the precursor of FAD, in
cancer was also tested in few studies,
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but the results are equivocal and the
direct biochemical measurements of
riboflavin in tumor tissue are actually
quite rare. For example, increasing
riboflavin reduces cancer risk signifi-
cantly in colorectal cancer and cervical
cancer models (133). The reason, as
explained, may be the increased activ-
ity of MTHEFR, another amine oxidase,
and the rate-limiting enzyme to convert
5,10-methylene-THF to 5-methyl-THEF.
As we described, 5-methyl-THF is

an important methyl group donor to
form SAM, and DNA methylation and
hypermethylation are preventive to
cancer occurrence. However, whether
this effect is solely through MTHEFR is
still in doubt, and the consequence of
increased riboflavin is controversial.
For example, weaker MTHEFR activity
owing to the allele polymorphism actu-
ally associates with a lower risk of can-
cer (43). Also, increasing riboflavin may
promote LSD1 activity, which increases
cancer risk. Therefore, further studies
are required to clarify if riboflavin in-
fluences cancer risk or the therapeutic
outcome.

NAD*/NADH

In addition to its role as the carrier of
protons in mitochondria, NAD"/NADH
are also important substrates in some
enzymatic activities catalyzed by PARPs,
Sirtuins and CtBP, and all of these pro-
teins are important regulators of the epi-
genetic status of chromatin. Cancer cells,
when actively proliferating, have higher
demands for NAD*/NADH biosynthe-
sis. In fact, cancer cells have a higher
amount of NADH and a greater turnover
of NAD, making the cancer cells highly
reduced in the intracellular environment.
Therefore, the deficiency of vitamin B3,
a precursor of NAD" synthesis, is known
to be associated with an increased risk of
cancer (134). Vitamin B3 deficiency has
also been shown to increase the vulner-
ability of cancer cells to increased ROS,
probably caused by the breakdown of
the reduced intracellular status (135).

NAD" synthesis can be targeted by
inhibiting NAMPT, the rate-limiting



enzyme in the NAD"-synthesis pathway.
NAMPT overexpression is known to be
associated with multiple types of cancer
(136). The NAMPT-specific inhibitory
compound FK866 is shown to inhibit
SIRT1 deacetylase activity and to result
in the reprogramming of genomewide
acetylation (137,138). More importantly,
FK866 is able to mimic the deficiency

of vitamin B3 and to induce cancer-cell
death via ROS-dependent apoptosis
(139-141). Thus, NAD"-synthesis block-
ing may produce much more disastrous
effects rather than influencing epigenetic
modifications only (141).

NADH is more vulnerable to influence
by intracellular metabolic activities as
compared to the relative stable NAD*
level. For example, any fluctuation in
energetic pathways, including glycolysis
and the TCA cycle, will influence the
abundance of NADH profoundly, which
is consistent with the role of NADH as
a proton carrier. Thus, any therapy tar-
geting the glycolysis pathway reduces
NADH abundance and influences the
activity of co-repressor CtBP, which may
have a similar effect as HDAC inhibitors
(104, 107).

CONCLUSION

Cell metabolism is a complicated
network and is essential to providing
cells the ability to synthesize thousands
of intracellular, as well as extracellular,
chemicals from the limited amount of
substrate known to be essential nutrients
for cell survival. Any fluctuation in these
essential ingredients can have a pro-
found impact on intracellular metabolic
pathways (121). Sometimes, cells may
develop novel routes, although perhaps
less efficient, to overcome the challenges
brought up by missing one or more
essential substances, and they may syn-
thesize the compounds that are needed
to maintain cell life. The appearance of
cancer cells can be the outcome of such
adaptive changes of metabolic activities
inside the cells. At least at the moment of
emerging benign tumor cells, the adop-
tion of abnormal metabolic activities
may be the fundamental reason for cells

gaining a growth advantage (142). With-
out DNA alteration, metabolic activities
can influence gene expression through
epigenetics, and such non-genetic vari-
ability can contribute to the somatic evo-
lution of cancer cells.

However, current knowledge about
cell metabolism is still far from complete
(10). In addition to filling in the missing
details of the pathways we have already
identified, more challenges still exist
which greatly limit our understanding
of the correlation between cell metabo-
lism and diseases, including cancer. The
precise concentration of intracellular me-
tabolites, including the EERMs described
above, is hardly measurable without
mentioning their compartmentation
within cells. Some of the fluorescence
probes have been developed to label im-
portant metabolites such as NADH, ATP
and others (99), which are able to prove
their uneven distribution within cells.
But there is still a long way to go before
we can accurately measure their change
in distribution in the disease context. The
transient and dynamic nature of metabo-
lites further prohibits the investigation of
their functions in each individual intra-
cellular compartment. Conquering these
challenges ensures further studies on the
functions of these metabolites as cofac-
tors of epigenetic enzymes beyond their
role as metabolic products.

Moreover, the list of pairs of enzymes
and metabolites that regulate the chro-
matin status is growing continuously
and more novel interaction mechanisms
between cell metabolism and nuclear
activity are still under investigation. For
instance, the lysine residuals of histone
H3 were found to be crotonylated by
a classical HAT p300 and this type of
modification shows more potent activa-
tor function as compared to acetylation
(143). Another example is the glycosyla-
tion of histones (144). In particular, the
O-GIcNAc modification of histones was
demonstrated recently to modulate gene
transcription directly (145). Glycosylation
is an extremely diversified process influ-
enced by the glycosidic bond, the glycan
structure and composition, as well as the
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glycan length, so the O-GlcNAc modi-
fication of histones may represent only
one subtype of glycosylation and more
diversified glycosylation of histones may
also exist.

In addition, for complex diseases such
as cancer, it is impossible to attribute
one or two epigenetic events as major
cause of any cancer. So the real challenge
is how to systematically integrate both
the variable metabolic activities and the
global change of chromatin status by
taking all the knowledge of interactions
between EERMs and the corresponding
epigenetic modifications into consid-
eration. For example, a global increase
of SAM does not increase genomewide
DNA methylation, suggesting there are
probably unknown mechanisms domi-
nating the control of DNA methylation
and reversing the SAM effect. Only with
the full understanding of the mecha-
nisms involved can the chromatin status
be predicted based on the intracellular
metabolism status.

Lastly, some studies illustrate that
global changes of epigenetic modifica-
tions may correlate with the change of
overall interphase chromatin compaction
(146,147). Moreover, decreased chroma-
tin compaction increases the sensitivity
of cells to chemotherapeutic reagents
(148,149). A direct application of such
a correlation in clinics is to increase the
sensitivity of cancer cells by subjecting
the cells to chemotherapies composed
of both chromatin-releasing agents and
DNA-damage agents. Actually, meta-
bolic manipulation can be a much easier
way to decrease the compaction of chro-
matin if the impact of nutrient supply on
chromatin compaction is predictable. For
this reason, achieving a full understand-
ing of the correlation between EERMs
and chromatin status is very important
in cancer therapies.

In conclusion, the coupling of cell me-
tabolites with epigenetic modification
enzymes ascertains the importance of
epigenetic markers in verbalizing the cel-
lular metabolic status. Cancer occurrence
or cancer cell growth may take advantage
of the metabolic alteration and label this
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information through epigenetics. With
more emerging epidemiological evidence
on the correlations between cancer oc-
currence and metabolic alterations in hu-
mans, EERMs may well bridge the gap in
the understanding of the molecular mech-
anisms of such correlations. Further stud-
ies on EERMs and corresponding enzyme
activities may also provide an opportu-
nity to develop novel cancer treatment.
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