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Abstract

In the past half century, our version on cancer, from tumor initiation, growth, to metastasis, is
dominated by genetic mutation. The importance of metabolism and epigenetics was not
recognized until most recently. Extensive cell proliferation is one of the hallmarks of cancers. To
support the energetic and anabolic demands of enhanced proliferation, tumors reprogram the
pathways of nutrient procurement and metabolism. In this context, a new link between metabolic
alterations and cancer progression has been unraveled over the last decade by the studies
conducted in the area of cancer cell metabolism. Cancer cells are known to alter their metabolic
profile during the course of tumorigenesis and metastasis thereby exhibiting a tightly regulated
program of metabolic plasticity. Noteworthy, certain metabolic alteration are known to occur at the
epigenetic level, thus making epigenetics and metabolism highly interwoven in a reciprocal
manner. Metabolites that are generated during metabolic pathways, such as in glycolytic cycle and
oxidative phosphorylation, serve as cofactors or substrates for the enzymatic reactions that
catalyze the epigenetic modifications and transcriptional regulation. Several studies also indicate
that the epigenome is sensitive to cellular metabolism. Since many of the metabolic alterations and
consequently aberrated epigenetic regulation are common to a wide range of cancer types, they
serve as promising targets for anti-cancer therapies. Here we discuss the latest findings in cancer
cell metabolism, elucidating the major anabolic, catabolic and energetic demands required for
sustaining cancer growth, and the influence of altered metabolism on epigenetics and vice versa.

A comprehensive research pertaining to metabolomic profiling and epigenome interactors/
mediators in malignant neoplasias is imperative in deciphering the potential targets that can be
exploited for the development of robust anti-cancer therapies.
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Introduction

The word metabolism is derived from the Greek word “metabolr) (metabole)” that means
“to change”. It defines a series of complex reactions that basically generate energy for
maintaining life and its processes. It represents a fine balance between anabolism (i.e.
building up) and catabolism (i.e. breakdown), resulting in the generation of energy rich
biomolecule adenosine triphosphate (ATP). Metabolism is broadly classified as either
oxidative or non-oxidative. Oxidative process is carried out in mitochondria whereas non-
oxidative processes are completed in the cytoplasm. Collectively, metabolism serves three
essential functions within the cells. First is ATP generation which is an absolute requirement
for the energy consuming activities, second is the production of glycolytic intermediates,
that are important for the anabolic reactions and lastly is the generation of metabolites that
serves as a cofactor or substrates for several important enzymatic reactions that are
implicated in epigenetic modification and gene regulation.

One of the most common phenotype that all cancer cells exhibit is the uncontrolled cell
proliferation. To meet their rapid growth requirement, cancer cells undergo metabolic
adaptations to sustain their survival under several stress conditions such as hypoxia and
nutrient starvation. These metabolic adaptations renders altered metabolic activities/
pathways in cancers cells relative to the normal cells. Such reprogrammed metabolism is
considered as a hallmark of cancer, as several metabolic alterations are common across
many other cancer cell types [1, 2]. Like normal cells, cancer cells too need to generate ATP,
rely on metabolic intermediates or precursors for biosynthesis and most importantly to cope
up with the oxidizing effects in a way to minimize the influence of reactive oxygen species
(ROS). Accordingly, these altered metabolic and bioenergetic mechanisms, most notably the
elevated biosynthesis and redox balance, are pivotal for the survival of cancer cells [3]. One
can appreciate the fact that in spite of cancers being so genetically and histologically
heterogenous and diverse, there are some common mechanisms that ultimately support the
core functions of metabolism and redox balance in tumors [4]. Cancer cells are in constant
interaction with their microenvironment [5] and metabolism in these cells are affected by
both external and internal stimuli such as nutrient or oxygen supply and oncogenic signal
transmissions, respectively. In recent years, metabolism in cancers have gained wide interest
owing to the fact that they are closely associated with epigenetic regulation as it supplies
metabolic intermediates which serve as cofactors for several important epigenetic enzymes.
For instance, most of the chromatin modifying enzymes employ intermediary metabolites as
cofactors and substrates for their respective reactions and it has been indicated that the
epigenome is quite sensitive to the metabolic state of the cells [6-8]

Undoubtedly therefore, an altered metabolism in cancer cells is essential for distinct
epigenetic programs that are likely to contribute to tumorigenesis, malignancy and the
generation of cancer stem cells. In the current review, we provide a concise discussion of the
major metabolic alterations that are exhibited in cancer cells to sustain their growth and the
epigenetic control of cancer metabolism. Meanwhile, we discuss the effect of altered
metabolism on the epigenetic landscape of cancer cells. Lastly, we briefly describe the
potential therapeutic strategies that can exploit the metabolism and epigenetics in neoplasias.
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Altered metabolism in cancers

Aerobic Glycolysis: the Warburg effect

Glycolysis is a metabolic pathway that involves the conversion of glucose into pyruvate.
Adenosine triphosphate (ATP) and reduced nicotinamide adenine dinucleotide (NADH) are
generated from the free energy released by this process. In 1920, Otto Heinrich Warburg
observed that glycolysis was enhanced in cancer cells even in the presence of abundant
oxygen. It was known that glycolysis normally increases under anaerobic conditions,
however its increase in cancer cells in spite of surplus oxygen was quite a new phenomenon
and was termed as aerobic glycolysis or the “Warburg effect” [9-11]. Thus, high rate of
glucose catabolism into lactate represents the most ubiquitous metabolic phenotype
observed across cancer cells, simultaneously resulting in the accumulation of lactate by-
products in the tumor microenvironment [12]. In cancer cells, the Warburg effect is not much
of an energy generating pathway, rather it serves as a mode for generating glycolytic &
biosynthetic intermediates that acts as precursors to many other anabolic processes for the de
novo synthesis of carbohydrates, nucleic acids, protein and fats thereby facilitating the
survival and growth of cancer cells. These anabolic pathways majorly constitute the pentose
phosphate pathway in cancer cells, hexamine biosynthesis pathway and serine-glycine
pathway [13, 14]. Interestingly, cancer cells behave as metabolic parasites, owing to the fact
that they procure nutrients from the host cells via activating several catabolic processes,
among which aerobic glycolysis is most common [15, 16]. Sustained aerobic glycolysis has
also been associated with the activation of oncogenes and loss of tumor suppressor genes,
respectively, in certain cancers [17, 18].

Given the fact that cancer cells use the catabolism of glucose by glycolysis as its major
energy generating mechanism, glycolysis serves as an early attractive target for cancer
therapy. Perhaps, many tumors display a significant increase in glucose uptake when
compared to their normal adjacent tissue counterparts [19]. In this context, monocarboxylate
transporters (MCTs) facilitate the transport of lactate out of the cells and are essential for
sustaining the elevated rates of glucose catabolism in cancer cells. Hence MCTs are also
considered as candidate targets for cancer therapy [20].

The Pentose Phosphate Pathway

A metabolic pathway parallel to glycolysis is the pentose phosphate pathway, also referred
as the phosphogluconate pathway and the hexose monophosphate shunt. It’s an anabolic
pathway that generates NADPH, 5-carbon sugars i.e. the pentoses and ribose 5-phosphate.
While ribose sugars serve as the precursor for nucleotide biosynthesis, NADPH serves as a
reducing agent for the macromolecules synthesis. This pathway is essential in assisting the
cancer cells to meet their anabolic demands and survive the oxidative and nutritional stress.

The PI3K Pathway

Constitutive activation of PI3K pathway has been frequently displayed in cancer cells.
Activation of PI3K further results in the activation of AKT, which is a pro-survival kinase.
AKT has been known as the major regulator of glucose uptake and enhances glucose
metabolism via glycolysis and PPP [3, 21]. More-over, it drives the Warburg effect in cancer
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cells by stimulating the expression of glucose transporters and direct phosphorylation of
Hexokinase 2 (HK2) and Phosphofructokinase (PFK) enzymes, hence subjecting glucose to
the glycolic pathway [22].

Reactive Oxygen Species: The Redox Balance

Cellular metabolism generates several toxic by-products as well. Among them, reactive
oxygen species (ROS) are the major ones that comprise H202, superoxide O2 and hydroxyl
radical OH [23]. The main metabolic source of ROS is from mitochondrial oxidative
phosphorylation. ROS have a pronounced damaging effect on proteins, lipids and
nucleotides at elevated levels [24]. Cancer cells have adopted a unique mechanism for the
detoxification of ROS, the glutathione (GSH) oxidation—reduction coupled to NADPH
reduction—oxidation. GSH and TRX, the two proteins that act in neutralizing the ROS-
mediated cellular damage and toxicity, are in fact synthesized through mechanism where
NADPH serves as the main precursors [25]. Noteworthy, elevated levels of NADPH have
been a common feature in cancer cells that helps them to combat excessive ROS as well as
to assist in their survival by supporting anabolic pathways. Interestingly an emerging
concept of redox balance in cancer cells has been recently proposed, which explains the loop
between tumor initiation, metabolic activity and cancer maintenance. With the onset of
tumorigenesis which is accompanied by rapid cell proliferation, the metabolic activity of
cancer cells is dramatically increased. With an elevated metabolic rate, an excessive
production of ROS happens, which further activates signal transduction pathways thereby
supporting the growth, survival and metabolism of cancer cells [26].

Glutamine, c-Myc and p53

Glutamine is the most rapidly utilized amino acid in cancer cells [27, 28] and in vitro assays
show that glutamine is required in high levels for the survival of cancer cells in culture
medium [29]. Glutamine is able to provide acetyl-CoA as a precursor of the biosynthesis of
macromolecules that support the growth of tumor cells, especially under those conditions
where the oxidation of pyruvate to acetyl-CoA is undermined either by the deterioration of
electron transport chain or due to hypoxic environment [30, 31]. Cells harboring activating
RAS mutations have been found to have elevated glutamine uptake thereby leading to GSH
production to cope up with the oxidative stress [32]. Myc also regulates glutamine utilization
by cancer cells. In this context, it facilitates the transportation of glutamine as well as down-
regulates the expression of microRNAs such as miR23a/b that are involved in the
downregulation of the expression of glutaminase [33, 34]. Hence c-Myc being itself an
oncogene, upregulates the expression of glucose and glutamine transporters [33, 35]. In fact,
MY C was the first gene associated with glycolysis regulation in aerobic cells via the direct
stimulation of LDHA [36, 37]. Other potent genes such as tumor suppressor p53 is known to
inhibit glycolysis and shunts the glucose into the pentose phosphate pathway. This is
mediated by TIGAR, a transcriptional target gene of p53 [38]. Therefore, glycolysis is
favored by the loss of p53; whereas p53 facilitates efficient mitochondrial oxidative
phosphorylation [39, 40].

While tumor cells are in constant interaction with their micro-environment, the conditions
within the tumor micro-environment significantly influence the cancer cell metabolism. Due
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to extensive cell proliferation and rapid anabolic demands to sustain their growth and
survival, cancer cells often encounter stress conditions such as nutrient starvation and poor
oxygen supply. To overcome these limitations, cancer cells have adopted several nutrient
scavenging tactics. Restricted supply of nutrients occurs primarily due to the poor perfusion
stemming from poor vascularization and elevated interstitial pressure. Pancreatic ductal
adenocarcinoma (PDAC), is one such example [41, 42]. In order to maintain their viability
in limited nutrient and oxygen supply conditions, cancer cells have evolved mechanisms that
sustain their ATP/ADP ratio. One such robust mechanism that prevails under the conditions
of nutrient starvation is “self-eating” or “autophagy” [43]. Autophagy process generates
several breakdown products that serve as critical raw materials for the building blocks of
cellular macromolecules. This biosynthesis helps sustain energy production under the
conditions of stress and nutrient deprivation [44] [45]. In NSCLC cells with oncogenic Kras
or B Raf fueling the tumors, autophagy has been found to sustain mitochondrial function by
providing intracellular supply of glutamine [44, 46]. Signaling cascades that regulates cancer
metabolism has been summarized in figure 1.

Crosstalk between metabolism and epigenetics in cancer

Epigenetics

and Cancer metabolism

Cancer metabolism is known to affect the epigenetic landscape of the cells by at least three
different cellular mechanism. First and foremost is the reprogramming of the metabolic
pathways. Such a reprogramming results in the alteration of the metabolite levels. Some of
the metabolites are important co-factors or substrates of the critical enzymes for epigenetic
modifications. Second mechanism pertains to the nuclear production of metabolites by the
metabolic enzymes that are translocated to the nucleus. Lastly, is the production of
oncometabolites that regulate the activities of several potent epigenetic enzymes. An
accumulation of oncometabolites in cancer cells is a very important factor that drives tumor
progression.

Epigenetic regulation of gene expression is known to occur at the DNA, histone and RNA
level. In this context, DNA methylation, histone methylation, acetylation, ubiquitination,
phosphorylation, and microRNA-dependent gene silencing have been well-characterized
[47]. Aberrant DNA methylation has been associated with pathological gene expressions in a
variety of human cancers [48]. Global DNA hypomethylation and site-specific CpG
promoter hypermethylation are the most commaon epigenetic alterations observed in cancers.

Metabolites and cofactors play an essential role in mediating the activities of several
epigenetic associated enzymes. Examples of such metabolites generated via metabolic
process includes, S-adenosyl methionine (SAM) produced from one carbon cycle, a-
ketoglutarate and flavin adenine dinucleotide (FAD) from the TCA cycle, acetyl-CoA
generated from glycolysis and NAD+ generated from the conjunction of glycolysis and
oxidative phosphorylation.
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Metabolic control of DNA/histone methylation

S-adenosylmethionine (SAM), which is synthesized from methionine and ATP serves as the
universal methyl donor in mammals. Methylation of DNA is mediated by DNA
methyltransferases (DNMT) that use SAM as methyl donor. Methylation of histones too
require SAM where the methylation occurs at the lysine or arginine residue and the reaction
is catalyzed by histone methyltransferases (HMT) [49]. Therefore, the abundance or
availability of SAM can directly affect the methylation status of DNA and histone proteins.
Methylation reactions involves the transfer of a methyl group from SAM that results in the
generation of Sadenosylhomocysteine (SAH) which is recycled back in the methionine
cycle. Interestingly, SAH is inhibitory to methyltransferases. Thus, the cellular SAM/SAH
ratio is an important indicator of the “methylation potential” of a cell and serves as a potent
determinant in the regulation of chromatin methylation [50].

On the contrary, reversal of DNA and histone methylation events are brought by the
demethylase activities of DNA and histone demethylases. There are two groups of histone
demethylases: lysine specific demethylase family, LSD 1 and LSD2, and JmjC-containing
family proteins, both of which are flavin adenine dinucleotide (FAD)-dependent oxidase
enzymes. The JmjC family demethylases are ferrous ion-dependnet oxygenases using a-
ketoglutarate (aKG) as a co-factor for the enzymatic activation [51, 52]. Notably, the
catalytic co-factors FAD and aKG are generated as TCA cycle-intermediary metabolites.
Similarly, the activity of DNA demethylase TET family proteins also requires FAD and
aKG. In contrast, other TCA cycle metabolites, including succinate and fumarate, are
serving as antagonists for the JmjC family demethylases [53]. Hence the TCA metabolic
pathway in mitochondria can directly contribute to the overall epigenetic regulation of the
genome.

Acetylation of histones is yet another important epigenetic mechanism that contributes to
several chromatin dependent process such as DNA replication, damage & repair,
transcriptional activation, cell cycle and gene regulation. Two class of enzymes are involved
in the dynamic regulation of histone acetylation. These are the histone acetyltransferases
(HAT) and histone deacetylases (HDAC) [54]. One of the key metabolites essential for
energy production through oxidative phosphorylation and aids anabolic process is acetyl-
CoA [55, 56]. Interestingly, acetyl-CoA acts as a substrate for HATS, where HATS transfer
the acetyl moiety of acetyl-CoA to the lysine residues of histones. This reaction is majorly
associated with transcriptional activation [57, 58] and is critical for rapidly proliferating
cells, such as cancer cells. Therefore, variations in the level of cellular acetyl-CoA tightly
influences the HATs-mediated histone acetylation. Studies in yeast [58, 59] and mammalian
cells [60] indicated that glycolytic activities dynamically regulate the cellular acetyl-CoA
levels which correspondingly modulates the HATs mediated acetylation of histone proteins.

Similarly, reversal of histone acetylation is carried by a group of enzymes known as HDACs.
They remove the acetyl group from the lysine residues on histone. This results in the tight
wrapping of DNA by histones, hence functioning opposite to that of HATSs. Acetylation
levels within the cell is attributed towards the fine balance between the activities of HAT and
HDAC. Different cellular metabolites antagonize the activities of HDACs. Among them
butyrate is a potent antagonist that inhibits the activities of HDACs I, Il and IV [61].
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Butyrate is produced by colonial bacteria that basically ferments the dietary fibers. Cancer
metabolism such as increased production of lactic acid by glycolysis contributes to the
generation of local acidic pH within the tumor microenvironment. This condition has been
known to promote histone deacetylation [62] and interestingly favor an aggressive, pro-
metastatic phenotype of the cancer cells [63]. Also, low histone acetylation levels are
correlated with poorer prognosis of cancer patients [64]. Another metabolite NAD+ serves
as a catalytic cofactor for HDAC Il (Sirtuins)-mediated histone deacetylation reactions. The
summarized concept has been illustrated in figure 2.

epigenetic alteration of metabolic enzymes in cancer

Several studies indicated that mutations in the metabolic enzymes subjects the cells to
tumorigenesis [7, 65]. Such mutations facilitate the generation of oncometabolites that
ultimately influence the epigenetic regulation of DNA and histone. Mutations were
frequently observed on the NADP+-dependent isocitrate dehydrogenase (cytosolic IDH1 and
mitochondrial IDH2), succinate dehydrogenase (SDH) and fumarate hydratase (FH).
Inactivating mutations in these metabolic enzymes results in the stacking up of 2-
hydroxyglutarate, succinate, and fumarate, respectively [66]. These mutations are of
oncogenic nature where both succinate and fumarate inhibit the enzymatic activities of the
TET and Jmj-C family of proteins [53]. Cancer cells carrying IDH1/IDH2 mutations display
hypermethylation of DNA and histones. Gliomas and blood cancers frequently exhibit
oncogenic mutations in IDH1 and IDH2 [67, 68]. Nicotinamide N-methyltransferase
(NNMT) is yet another metabolic enzyme catalyzing the transfer of methyl moiety from
SAM to nicotinamide thereby catabolizing SAM to 1-Methyl Nicotinamide (LMNA), is
aberrantly expressed in several cancers and is linked with enhanced migratory and invasive
behaviors. Cancer cells overexpressing NNMT have been shown to exhibit alterations in
their SAM and histone methylation levels, along with the procurement of more aggressive
phenotype [50]. The reaction catalyzed by NNMT hampers the SAM-mediated DNA and
histone methylation process. The entire process has been summarized in figure 3.

Apart from genetic mutations, epigenetic events also contribute to the alteration of metabolic
enzymes in cancer. Examples of such metabolic enzymes include Hexokinase isoform 2
(HK?2) and Fructose-1,6-bisphosphatase (FBP1). Epigenetic events such as hypomethylation
of the promoter is responsible for the upregulation of HK2 in glioblastoma and hepatic
carcinoma [69, 70]. Promoter methylation results in the silencing of FBP1 in the cancers of
stomach, liver and colon tissues [71]. While increased HK2 levels facilitates enhanced
glycolytic flux, gluconeogenesis is regulated by FBP1 in cancer cells.

Metabolism also affects the genetic process that are essential in the regulation of cell growth,
survival, differentiation and overall homeostasis. Metabolic enzymes have roles in DNA
based processes that includes gene expression, DNA replication and DNA damage response.
Enzymes involved in acetyl-CoA synthesis, such as ACSS2, PDC, ACLY; other enzymes
like pyruvate kinase, 6-Phosphofructo-2-kinase/fructose-2,6-bisphosphatase 4 (PFKFB4), a-
ketoglutarate dehydrogenase complex and fumarase etc. are few examples [72]. Metabolic
status of cancer cells too have an influence on the genetic events related to DNA folding and
DNA-damage-repair pathways, eventually affecting the genomic stability of the cells. In
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view of this, several metabolic factors are known to affect the DNA damage and repair
mechanisms. For example, methyl- and acetyl-group donors generated via different
metabolic pathways have an impact on DNA folding and double strand break repair.
Perhaps, limitations in the amount of acetyl-group donors has been known to distort the
usual DNA organization, further affecting the DNA folding that is critical for the DNA
double stand break repair process [73]. Other process linked to DNA repair and DNA
replication are also affected by the availability of the metabolic products such as glutamine,
aspartate and nucleotide intermediates in the cell’s microenvironment. Increased glycolysis
exhibited by cancer cells has been found to confer radio-resistance, where such increase in
the glycolytic pathway has augmented the repair of the radiation induced DNA damage
pathways particularly the non-homologous end joining (NHEJ) and homologous
recombination (HR) pathways of DNA double strand break repair [74]. One of the key side
pathways of glycolysis, the pentose phosphate pathway (PPP) generates metabolic
intermediates which are essential component for the nucleotide and protein synthesis,
thereby affecting the replication of DNA in the proliferating cells. Metabolic enzyme such as
phosphoinositide 3-kinase, is an important one where its activity is essentially required for
the synthesis of nucleotides [75]. Noteworthy, apart from metabolism affecting the genetic
landscape of cancer cells, defects in the metabolic pathways also results in a plethora of
pathological conditions collectively called as single gene disorders or inborn errors of
metabolism. This can be attributed to many faulty events falling within the realms of
metabolism such as enzyme deficiency, accumulation of toxic metabolic intermediates,
deregulated metabolic signaling pathways etc. Metabolic ataxias such as Hartnup disease,
hyperammonemia, maple syrup urine disease, mitochondrial disorders, pediatric neuropathy,
metabolic encephalopathy, Alpers disease etc are few examples depicting the crosstalk
between metabolism and genetics. Metabolic enzyme deficiency disorders itself accounts for
a number of diseases affecting the genes and its regulation and expression [76]. Deficiencies
of important metabolic enzymes and components includes but not limited to glucose-6-
phosphatase (G6Pase), fructose-1,6-bisphosphatase (FBPase), phosphoenolpyruvate
carboxykinase (PEPCK), pyruvate dehydrogenase complex (PDHC), succinate
dehydrogenase (SDH), fumarate hydratase (FH), glucose-6-phosphate dehydrogenase,
ribose-5-phosphate isomerase (RPI), and transaldolase (TALDO).

Targeting metabolism for cancer therapy

Several investigations and studies over the past decade in the field of cancer metabolism has
undoubtedly reflected the dire need of metabolic supply for cancer cells in order to sustain
their growth and progression. This becomes the rationale for new drug discovery and cancer
therapeutic approach where selectively starving cancer cells of their unquenchable metabolic
demands can potentially inhibit the proliferation and growth of cancer cells. However, the
choice of drugs targeting the cancer cells must be carefully determined such that they should
be relatively nontoxic to the normal cells. Perhaps a better and comprehensive understanding
of the metabolic pathways implicated in cancer cell metabolism is imperative towards the
designing of effective drugs that are detrimental to cancer cells while rendering the normal
cells relatively safe.
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Recent advancements in the area of cancer drug discovery have spotlighted on the inhibitors
of several potent metabolic pathways that are harnessed by cancer cells [77, 78]. Inhibiting
the activity of some key metabolic enzymes holds great potential. However, because of their
physiological role in the normal cells, targeting such enzymes can be conventionally toxic
[79]. Genetic ablation of the metabolic enzyme LDH-A, that catalyzes the conversion of
pyruvate to lactate; has been shown to delay the progression of myeloid leukemia [80].
Interestingly, LDH-A is the first metabolic target of MY C oncogene and pharmacological
inhibition of LDH-A demonstrated a dwindling effect of MYC driven tumors in the
xenograft models [81]. Another important mechanism of eliciting nutrient deprivation in
cancers, is the blocking of those transport channels that aids the transportation of nutrients
within the cells. Since the rate limiting step in the glycolysis process is the uptake of glucose
by cancer cells; therefore, targeting glucose transporters (GLUT) is a well-justified approach
towards cancer drug discovery of small molecules or inhibitors performing the task.
Cytochalasin B and distinct tyrosine kinase inhibitors are one such examples of GLUT
inhibiters, where they hold great promise in the treatment of neoplasias [82]. Hence
targeting metabolic pathways implicated in cancer cell survival and progression, such as
glycolysis, mitochondrial metabolism, glutamate metabolism, and autophagy, offers
effective strategies for novel drug discovery scheme targeting the respective entities. For
instance, BPTES [bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl) ethyl sulfide], an
inhibitor of glutaminase activity is being tested for anticancer effects [83]. Mitochondrial
metabolism is crucial for the survival of healthy as well as cancer cells. Interestingly, with
the unraveling of anticancer effects of metformin, an anti-diabetic drug has further focused
on mitochondria-mediated metabolic pathways to be exploited as key target pathways for
cancer therapy [84]. In this context, inhibiting mitochondrial complex | by the drug
biguanide phenformin has displayed anticancer characteristics also [85].

Translating metabolic alterations into therapeutic opportunities has potential outcomes
dealing with cancer therapy related research and development processes. Though it offers
great platform where oncogenic metabolic alterations can be selectively targeted; however
one cannot fully ignore the challenges accompanying such research paradigms [86]. Tumor
heterogeneity and existence of a dynamic range of metabolic profile of cancer cells within
the same cancer type are major roadblocks that allows a cancer cell to escape the deleterious
effect of metabolic inhibitors. Safety of metabolic inhibitors in patients is also of great
concern, e.g. drugs targeting glycolytic pathways can counter affect the otherwise healthy
brain cells that are high in glycolytic activity [87]. Perhaps, while selecting metabolic
inhibitors, having information regarding patient’s metabolic data is also indispensable.
Regarding therapeutics targeting epigenetic processes, success has been so far achieved in
hematological malignancies. However challenges are still prevalent in targeting solid tumors.
Also replication status of the cells remain one of the important prerequisite for the DNMT
inhibitors, that essentially require tumor cells to be in replicating mode for successful
incorporation into DNA. Hence non-replicating populations tend to be resistant to such
agents. Stem cells within the cancer, are one such example of cell population that are
difficult to target. Complexity and heterogeneity of the cancer cell epigenome, dynamics
repertoire of the chemotherapy resistance cancer cells, pharmacokinetic half-life of the
drugs, and biological differences in gene regulation between solid and hematological tumors
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are few of the challenges that needs to be addressed when dealing with epigenetic modifiers
as cancer therapies. Comprehensive analysis of the relationship between epigenetic marks in
germline DNA and tumor DNA can offer many modalities that can be exploited for
developing better therapies targeting the aberrant epigenetic events [88].

Perspectives

It is now evident, supported by a large body of research over the past decade that metabolic
reprogramming does contributes to the epigenetic alteration in cancers. Oncogenic insults
accompanied with tumor microenvironment exerts selective pressure that renders the cancer
cells to adopt altered metabolism, which in turn supports the energy and metabolic demands
of these cells thereby facilitating tumor growth and maintenance. Such a metabolic switch
not only supplies the cancer cells with enhanced nutrient synthesis precursors, but also
maintains an adequately balanced redox potential that is the core of cancer cell survival and
sustainability.

Therefore, exploiting cancer metabolism has been the focus of cancer therapy where
antifolates served as the first among such targeted anti-cancer therapies. Though the field has
advanced with new developments, some of the aspects pertaining to metabolic
reprogramming in cancers remains poorly understood. For example, it is still elusive to fully
decipher the critical downstream factors that mediate the neoplastic functions of some
oncometabolites in cancer cells. Heterogeneity of tumors is yet another challenge, where
inconsistent metabolic phenotypes are observed, that too when evaluated across single solid
tumors in human subjects [89]. Experimental conditions, composition of growth media
utilized for culturing the cancer cells etc. plays a critical role in modulating the dynamics of
metabolic alterations. Therefore, one has to be extremely cautious in interpreting the
metabolic influx data generated via cell culture systems and juxtaposing it to clinical data.
Perhaps, differences exist between the artificially in vitro cultured cell models and in vivo
observations made regarding tumor cell metabolic susceptibilities [90].

Individual cellular compartments within a cell needs to be fully profiled when studying
metabolism in cancer and its related epigenetic effects in tumorigenesis. A plethora of
metabolic enzymes have been discovered in cell’s nucleus, however their individual
contribution in regulating the epigenetic landscape still needs to be well defined. Since
multiple cellular compartments such as nucleus, cytoplasm and mitochondria are involved in
harboring several metabolic events in cancer, it is essential to learn how the metabolites
transport/oscillate from one compartment to another. Additionally, more robust experimental
approach needs to be adopted in overcoming the technical challenges faced while measuring
the metabolites in distinct cellular domain. This will facilitate in determining which
epigenetic regulatory metabolic enzymes were catalytically active in which of the cellular
compartments and what are the signals that trigger their nuclear localization. Establishment
of better computational or analytical strategies and comprehensive metabolomic profiling of
not only cancer cells, but also other cells of the tumor microenvironment such as
lymphocytes, cancer associated fibroblasts, endothelial cells, would further facilitate a better
understanding of the metabolic reprogramming in cancers. Better assessment of metabolism
in human tumors and mice models, along with connecting the missing links between obesity,
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diabetes and cancer is surely warranted. Knowledge gained in these areas along with
connecting the loop between oncogenic signaling, metabolism and chromatin organization,
would assist in effective designing of the targeted therapies in cancer that utilize metabolism
and epigenetic regulation as the key players.
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Figure 1. Signaling pathways regulating metabolism in cancer cells.
Network of several major anabolic and catabolic pathways results in energy production as

well as generates protein, lipids and nucleotide biosynthesis through glycolysis, oxidative
phosphorylation and pentose phosphate pathway. These metabolic pathways exert control
over signaling via regulating reactive oxygen species (ROS), acetylation, and methylation.
[PPP, pentose phosphate pathway; G6P, glucose-6-phosphate; 3-PG, 3-phosphoglycerate;
ATP, adenosine 5 -triphosphate; mTORC1, mTOR complex 1; a-KG, a-ketoglutarate; RTK,
receptor tyrosine kinase.]

Image is adapted from [91].
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Figure 2. Metabolites serves as cellular rheostats and regulate the epigenetic processes.
Variations in the concentration of several metabolites that act as either substrate or cofactors

for key epigenetic enzymes, influence chromatin modification; also, by a feedback
mechanism that dynamically regulates the entire process. (A) The tricarboxylic acid (TCA)
generates metabolites that link energy pathways with epigenetic chromatin modifications,
highlighted in orange. Glycolysis generates acetyl-CoA that feeds itself into the TCA cycle
further and serves as a substrate for histone acetyltransferases (HATS). Pyruvate to acetyl-
CoA conversion generates nicotinamide adenine dinucleotide (NAD+), which is needed by
the sirtuin histone deacetylases (HDACs; histone deacetylation) and ADP-
ribosyltransferases (ARTS). a-Ketoglutarate and Flavin adenine dinucleotide (FAD) serve as
cofactors for DNA ten-eleven translocations (TETSs) and histone demethylases (Jumonji C
domain containing JmjC), LSD1. (B) Product metabolite SAdenosyl methionine (SAM)
generated via one carbon cycle acts as a methyl donor to the histonemodifying enzymes,
histone methyltransferases (HMT) & DNA methyltransferases (DNMT) thereby facilitating
histone and DNA methylation. On the contrary, S-adenosylhomocysteine (SAH) negatively
regulates this process, indicating that SAM/SAH ratio is essential in regulating DNA and
histone methylation. (C) Cellular ATP/ADP ratio has a physiological role where conversion
of adenosine triphosphate (ATP) to adenosine diphosphate (ADP) aids in anabolic process.
Catabolism, however, relies on ADP to ATP conversion where activation of AMPactivated
protein kinase (AMPK) is critical in regulating this balance. Therefore, within the cellular
environment, NAD+ /NADH, Acetyl-CoA/Co-A, SAM/SAH, ATP/ADP ratio act as sensory
signals (highlighted in green) governing the various epigenetic process.
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Figure 3. Cellular metabolites contribute to gene regulation and their fluctuating levels affect the
epigenetic process.

Addition or removal of epigenetic marks by several key epigenetic enzymes is dependent on
metabolites that act as substrates or cofactors of these enzymes. [HAT, histone
acetyltransferase enzymes; Ac, an acetyl mark; SAM, S-adenosylmethionine; SAH, S-
adenosylhomocysteine; DNMT, DNA methyltransferase enzymes; HMT, histone
methyltransferase enzymes; Me, a methyl mark; LSD1, lysine-specific histone demethylase
1; JHDM, Jumoniji domain-containing histone demethylase enzymes; Cyt, cytosine; °™eCyt,
5-methylcytosine; >"™Cyt, 5-hydroxymethylcytosine; TET1/2, ten-eleven translocation
methylcytosine dioxygenase 1/2; a-KG, a-ketoglutarate; SDH, succinate dehydrogenase;
FH, fumarate hydratase; IDH1/2, isocitrate dehydrogenase 1/2]. Image is adapted from[92]
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