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Abstract

Cancer arises from normal cells that acquire a series of molecular changes; however, the founding
events that create the clonogens from which a tumor will arise and progress have been the subject
of speculation. Through the efforts of several generations of cancer biologists it has been
established that the malignant phenotype is an amalgamation of genetic and metabolic alterations.
Numerous theories have suggested their either, or both of these elements might serve as the
impetus for cancer formation. Recently, the epigenetic origins of cancer have been suggested as an
additional mechanism to give rise to the malignant phenotype. When coupled with the discovery
that the enzymes responsible for initiating and perpetuating epigenetic events are linked to
metabolism by their cofactors a new paradigm for the origins of cancer can be created. Here, we
summarize the foundation for such a paradigm on the origins of cancer in which metabolic
alterations create an epigenetic progenitor which clonally expands to become cancer. We suggest
that the metabolic alterations disrupt the production and availability of cofactors like S-
adenosylmethionine, a-ketoglutarate, NAD*, and acetyl-CoA to modify the epigenotype of cells.
We further speculate that redox biology can change epigenetic events through oxidation of
enzymes and alterations of metabolic cofactors that affect epigenetic events like DNA
methylation. Combined, these metabolic and redox changes serve as the foundation for altering the
epigenotype of normal cells and creating the epigenetic progenitor of cancer.
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Introduction

Cancer is a constellation of individual diseases arising from different tissues and cell types
of origin. In addition to their fundamental irreversible genetic bases of origin (initiation),
diverse types of cancer share certain other fundamental underlying similarities including
aberrant gene expression, an atypical redox state, and fundamental defect in metabolism
often called the Warburg effect. Characterizing malignant phenotypes has proven to be a
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relatively straight forward process; however, elucidating factors causal in its manifestation
have proven more difficult. Such as gap in knowledge left us to ponder and speculate about
mechanisms responsible for forming and sculpting malignancies, and about how a single or
finite number of genotypes, through adaptation and selection by the tumor
microenvironment, can give rise to numerous different phenotypes in a relatively short
period of time. The discovery by Bishop and Varmus that human genomic DNA contains
sequences homologous to transforming retroviral oncogenes led to the formation of the
genetic theory of cancer in the 1980’s. Since then, numerous studies have examined genetic
alterations of cancer and genomic instability thus firmly cementing the concepts of how
activating driver mutations in genes that normally stimulate proliferation (oncogenes) and/or
inactivating mutations in genes that inhibit proliferation (tumor suppressor genes). In spite
of these analyses, and while much insight has been gained from these studies, the mutation
frequency of normal cells is paradoxically low, suggesting cancer should rarely develop in
the first place [1]. Consistent with these views are the numerous inheritable disorders that
predispose individuals to developing certain malignancies [2].

Prior to the genetic theory of cancer that has predominated over the last four decades; a
prevailing theory for the development and progression of cancer was the Metabolic theory of
cancer. Over 70 years ago Otto Warburg observed increased glucose metabolism in tumor
cells, suggesting a metabolic defect may be causal in the development of cancer [3]. This
increased need for glucose by cancer cells did not appear to be necessary for them to make
ATP because tumor cells could make sufficient ATP by respiration but still displayed
increased glucose demand. In contrast, glucose-derived carbon is likely used for the
increased biosynthetic demand of rapidly growing cell populations as well for providing
reducing equivalents in the form of NADH generated during glycolysis. The NADH and
pyruvate resulting from glycolysis are both potent protectors against the increased oxidative
stress associated with tumor cells. An extension of these concepts is the Free Radical theory
of cancer rendered by Oberley and Buettner in the late 1970’s [4]. They suggested that free
radicals, produced by aberrant reduction of oxygen, initiate cancer (mutationally as by DNA
oxidation to 8-OHdG) and additionally provide the momentum fro proliferation (promotion)
to drive disease progression to malignancy. More recently the epigenetic origins of cancer
initiation have been suggested as a further mechanism to fashion the malignant phenotype
[5]. In addition, the mounting discoveries of mutations in TCA cycle genes that act in
interesting ways to perturb epigenetics through central metabolism portend a paradigm shift
in the thinking regarding the role of how metabolism drives oncogenic alterations in gene
expression during cancer progression.

Epigenetic processes are involved in many facets of molecular and cell biology including
regulation of transcription, the cell cycle, DNA repair and DNA replication. Involvement in
these processes puts epigenetics in direct control of Hanahan and Weignberg’s phenotypes
of cancer: limitless replicative potential, self-sufficiency in growth signals, insensitivity to
anti-growth signals, ability to evade apoptosis, increased tissue invasion, and sustained
angiogenesis [6]. The dossier of cancer epigenetics includes the detailed information on its
ability to create each of these characteristics by influencing transcription, the cell cycle,
DNA repair and DNA replication (For reviews on these topics see [7-9]. Cancer can be
conceptualized as a disease originating via the clonal expansion of a single transformed cell
(clonogen). As the clonogenic progenitor divides, something intrinsic to the progenitor’s
biology allows it to incur additional epigenetic and genetic alterations. The accumulation of
these genetic and epigenetic flaws over several generations creates the malignant phenotype.
This epigenetic basis for cancer is summed up by the epigenetic progenitor origin of human
cancer suggested by Feinberg, Ohlsson, and Henikoff [5]. Their model aptly suggests that
the stochastic epigenetic inactivation of key genes in clonogens gives rise to many
malignancies; however, it does not suggest what flaw in the progenitor’s biology is
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responsible for creating its founding epigenetic alterations. Extending this model to provide
a means to generate founding epigenetic alterations in a clonogenic progenitor cell would
lend further credence this model. Recently the discovery and characterization of the
enzymes involved in creating, maintaining, and removing epigenetic marks has become an
area of interest. This is led to a wealth of information regarding these enzymes’
biochemistry. We propose that founding epigenetic events in cancer are forged by changes
in redox biology and metabolism. We have previously explored the link between epigenetic
processes, cancer, development, and disease [10-12]. Here, we seek to couple the recent
burst of knowledge regarding the biochemistry of epigenetic enzymes with cancer’s altered
gene expression, atypical redox state, and defective metabolism.

Il. Epigenetic cofactors

Overview

The basic sources from which cells derive energy include glucose, fatty acids, ketone
bodies, amino acids, and lactate. Tissues do exhibit specificity with respect to the fuel
source(s) they burn and create. Eukaryotes can interchange one energy source to the other in
various anabolic and catabolic pathways. This is dictated by the enzymatic pathways present
within a cell, or via regulatory mechanisms such as substrate availably/inhibition, post-
translational modification, and the ability to transport fuel sources across the plasma
membrane. When a normal cell undergoes oncogenic transformation it exhibits marked
changes in its intermediary metabolism [13, 14]. This phenomenon presents as the Warburg
and Crabtree effects along with an atypical redox state compared to the normal cells of
origin. How can these perturbations in cellular biochemistry and redox alter manifest
epigenetic derangements in the nucleus?

Epigenetic marks are initiated, perpetuated, and removed via the activity of enzymes.
Chromatin is a pliable structure, responding to the biochemistry within a cell created by its
surroundings. Creating the ever-changing epigenetic landscape enables cellular adaptation to
microenvironmental cues and requires the collaboration of numerous enzymes that
continually sculpt chromatin to further refine its function. Because they create chromatin
structure by altering epigenetic marks, these enzymes constitute a connection between gene
expression and biochemistry. Epigenetic enzymes perceive metabolic changes by requiring
cofactors from numerous biochemical pathways to power their effort. A paradigm
illustrating this linkage is functional dyad of HIF1-a and proyl hydroxlases (PHDs). Proyl
hydroxylases require the cofactors molecular oxygen, iron (1), a-ketoglutarate, and
ascorbate to hydroxylate proline residues on HIF1-a [15]. This marks them for
ubititinlyation by VHL, and degradation by the 26S proteosome. When one or more of these
cofactors becomes limiting PHDs’ function is lost, HIF1-a is stabilized, and the
transcription of hypoxia inducible genes is initiated. Histone and DNA modifying enzymes
follow a similar pattern, requiring basic metabolic substrates from numerous biochemical
pathways.

Histone acetylation

DNA is organized into higher ordered structures by the nucleosome and its associated
proteins. Since the first report of histone acetylation has generally been associated with open
chromatin and active transcription [16]. Histone acetyltransferases (HATS) catalyze the
acetylation of lysines using acetyl-CoA as a cofactor to create e-N-acetyl lysine [17]. This
reaction is driven by the energy derived from the cleavage of acety-CoA’s thioester linkage,
making it excellent donor of the acetate moiety. Mammalian cells have several HATs
targeting lysines in histones, and non-histone proteins alike (for review see [18]).
Countering histone acetylation and repressing gene expression are four major classes of

Free Radic Biol Med. Author manuscript; available in PMC 2013 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hitchler and Domann

Page 4

histone deacetylases (HDACSs). Classes I, I, and IV rely on a coordinated metal ion to
remove acetyl groups from histones by hydrolysis [19]. Class 11l HDACS encompass the
Sirtuin family of proteins that use NAD™ to break bond between lysine and acetyl group,
resulting in the production of the unique metabolite O-acetyl-ADP-ribose [20]. The
requirement for NAD* by sirtuins reveals an obvious link between metabolism and gene
expression and vividly exemplifies how metabolism can be a driver of gene expression
patterns. HATs and HDAC:s target specific lysines within histone tails with their respective
activities (Fig. 2). These opposing activities actuate chromatin structure to alter DNA’s
function.

Metabolic cofactors

The metabolic connection to histone acetylation

Numerous studies have demonstrated that histone acetylation is altered in cancer. Changes
in the level of acetylation at numerous histone lysines are altered in cancer and my correlate
with disease progression [21-23]. Indeed, while the expression of many HATS and HDACs
are altered in cancer, their activity is still dependent upon the availability of their cofactors
[24-27]. A stunning association exists between protein acetylation and glycolysis. The
abnormally high levels of aerobic glycolysis (termed the Warburg Effect) in cancer has often
been described as a way tumor cells produce energy. Here, we will conceptualize the
Warburg effect not only as manner in which tumor cells produce energy, but a process by
which glucose can be smelted into raw materials for anabolic processes need to support
cancers rapid proliferation such as lipid and protein biosynthesis (Fig. 3). Histone
acetylation’s epigenetic link to glycolysis is acetyl-CoA. The cytosolic pool of acetyl-CoA
derived from glucose requires numerous steps. First is the conversion of glucose to pyruvate
during glycolysis in the cytosol. Pyruvate is then imported into the mitochondria where it is
decarboxylated to form acetyl-CoA by the holoenzyme pyruvate dehydrogenase [28]. Since
acetyl-CoA is not mobilized through the membranes of the mitochondria, it must be
assimilated into the TCA cycle by condensing with oxaloacetate, forming citrate, which can
be exported from the mitochondria [29]. Tumor cells favor the export of Citrate from the
mitochondria rather than its continued oxidation in the TCA cycle due to enzyme
dysfunction in the conversion of citrate to isocitrate by aconitase [30]. Aconitase activity is
altered in cancer by several mechanisms. The Fe-S cluster within the aconitase active site is
amenable to oxidation, and attack by heavy metals such as Zinc, creates an inactive enzyme
in the mitochondrial matrix [31]. Furthermore, tumor cells also often exhibit lower
expression of aconitase compared to their normal counterparts [32]. These mechanisms
make it favorable for citrate to accumulate and be exported to the cytosol where it is broken
down by ATP Citrate Lyase (ACL) into acetyl-CoA. This process creates a cytosolic acetyl-
CoA pool shared by fatty acid production, and histone acetylation [33]. Given the high
glycolytic activity of the Warburg Effect, it seems assured that high levels of acetyl-CoA are
produced to power fully operate both processes. However, transformation is accompanied by
an elevation in de novo fatty acid synthesis, which is mediated in part by increasing the
increased expression of Fatty Acid Synthase (FAS) [34-36]. FAS, which condenses malony-
CoA and acetyl-CoA in the presence of NADPH to produce palmitate, depletes acetyl-CoA
from other biochemicals processes to support its own activity. Increased de novo fatty acid
synthesis in tumors is also supported through the aberrant expression of enzymes involved
such as Acetyl-CoA carboxylase, monoacylglycerol lipase and cytosolic aconitase [37].
Inhibiting fatty acid synthesis has been shown some promise as a treatment in cancer [38].
Overall, it seems likely that epigenetic processes mediated by HATs would become
disrupted in cancer.

HDAC activity is often altered in cancer and associated with the silencing of tumor
suppressor genes by creating a closed chromatin structure [18]. This has instigated the
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development and usage in clinical trials of several HDAC inhibitors [39]. A majority of
these compounds modulate the activity of class I and 11 HDACs by binding to their metal
ion containing catalytic domains. These inhibitors are effective at inhibiting the activity of
class I, I HDACs since these enzymes require no additional cofactors. The NAD*
dependent mechanisms of sirtuins make them unresponsive to many of these inhibitors.
Current strategies aimed at decreasing sirtutin HDAC activity in cancer is aimed at severing
their link to metabolism by inhibiting NAD* [40]. NAD™ creates a metabolic link between
Sirutins and the Warburg effect of cancer. The activity of these enzymes is sensitive to the
cellular NAD+/NADH ratio as a means to perceive metabolism so an appropriate
transcriptional response can be mounted. In cancer, the increased flux of glucose through
glycolysis decreases the cellular NAD*/NADH ratio. Defects in electron transport further
decrease the ratio by limiting the conversion of NADH back into NAD*. To regenerate
NAD* tumor cells convert pyruvate into lactate, which is secreted into the
microenvironment and has recently been identified as a putative HDAC inhibitor itself [41].
Sirtuin activity could also be altered in the early stages of cancer development.
Immortalization of normal cells increases glycolytic activity, and decreases their NAD/
NADH ratio [42]. Many germ-line mutations may indirectly influence the availability of
NAD? sirutins. Loss of von Hippel-Lindau leads to increased transcriptional activation of
pyruvate dehydrogenase kinase 1 (PDK1) by HIF-1a [43]. PDK1 inactivates Pyruvate
dehydrogenase by phosphorylating it. This effectively stops the entry of carbon derived from
glycolysis into the mitochondria and the TCA cycle. The NAD*/NADH ratio forms an
effective linkage between metabolism and epigenetic regulation of gene expression by
histone acetylation.

Methylation as an epigenetic process

S-adenosylmethionine (SAM)—Epigenetic regulation of gene expression by
methylation is initiated and perpetuated by DNA and histone methyltransferases. DNA is
methylated almost exclusively at CpG (cytosine followed by guanine) dinucleotides. This
nucleotide doublet is recognized by DNA methyltransferases that add a methyl group to the
5 position of the pyrimidine ring to create 5-methylcytosine (5-MeC). Mammalian cells
contain three DNMTs (DNMTZ1, 3a, and 3B) each of which exist in multiple isoforms to
catalyze this reaction (For review see [44-47]). We categorize these enzymes based on their
operational activity as either de novo or maintenance DNA methyltransferases. DNMT3a,
and b initiate new epigenetic events by targeting CpGs for methylation that are previously
ummethylated. These events are perpetuated during DNA replication by DNMTZ, which
targets hemimethylated CpGs for methylation. Typically only a fraction of the CpGs within
an organisms’ genome are methylated and coincide with condensed transcriptionally inert
heterochromatin. Histones are also targeted for DNA methylation by several histone
metyltransferasese (HMTs). HMT substrate specificity and activity is centralized in SET
domains and surrounding motifs [48, 49]. Histone lysines can mono, di, or tri methylated.
The same HMT can be responsible for all three reactions, while progressive methylation
from mono to tri can require several enzymes. Progressive methylation endows this epigenic
process with a complexity that allows for dynamic changes in chromatin structure. DNMTs
and HMTs are reliant upon the co-factor S-adenosylmethionine (SAM) as a methyl group
donor while producing S-adenosylhomocysteine (Fig. 4)[50]. As a component of the
methionine cycle, SAM is primarily used as a cofactor in for enzymes that catalyze
numerous transmethylation reactions, or in the synthesis of polyamines [51]. One of the
central purposes of the methionine cycle is to preserve sulfur so it can be recycled and used
by various biochemical pathways including transsulfuration (glutathione), polyamine
biosynthesis, generation of the amino acid methionine and as a methyl group donor
(transmethylation) [52]. Redox can alter the flow of metabolites through the methionine
cycle to convey sulfur to the biochemical pathway requiring it most. We suggest that the
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atypical redox state of cancer modifies the flow of metabolites through the methionine cycle,
and thus limits SAM availability for use in epigenetic transmethylation reactions. Numerous
studies have established SAM’s role in carcinogenesis. During tumor promotion studies in
rodent models, the level of SAM, and the SAM/SAH ratio become decreased in
preneoplastic lesions [53]. Conversely, exogenous SAM decreases the transformation
frequency and inhibits the development of some forms of cancer [54, 55]. SAM’s affect on
carcinogenesis can be directly related to its ability to influence DNA methylation and gene
expression. Studies by Franceso Feo’s group have shown that SAM can inhibit the
expression of proto-oncogenes by maintaining DNA methylation at their promoters [56].
Exogenous SAM also attenuates the malignant phenotype of human prostate cancer cell
lines grown in mouse xenograft by altering the pattern of DNA methylation in tumors [57].
Likewise we speculate that concomitant changes in histone methylation would also be
observed following oxidative stress and the addition of exogenous SAM. In what manner
can redox influence the availability of SAM, and promote the creation of the malignant
phenotype?

Redox influences the production of SAM

The altered redox state of cancer influences SAM levels through aberrant regulation of the
methionine cycle. SAM is generated by the enzyme SAM synthetase (also known
methionine adenosyltransferase) by combining methionine, with ATP [50]. Humans have
three forms of this enzyme: MATI, MATII and MATIII. Both MATI and MATIII are
encoded by the matZa gene, which expressed specifically in the liver [52]. While the
primary amino acid sequence is identical between MATI and MATIII, the two enzymes
exist as tetramers and dimers respectively [50]. Other tissues utilize MATII, which is a
heterodimer of MAT2a and MAT2p subunits [58]. All forms of the enzyme are critical in
controlling the level of SAM, and the progression of metabolites thought the methionine
cycle. Furthermore, all three forms of the enzyme contain a conserved cysteine that might
function as a redox “switch”. Decreasing the redox buffering capacity switches MAT
activity off, while a more reducing environment increases its production of SAM [59-61].
Oxidation of this cysteine has been suggested to be a contributing factor in the development
of liver cirrhosis in some models [62, 63]. Since cancer cells contain a more oxidized
environment, it would suggest that MAT activity, and subsequently SAM levels, would be
decreased in cancer.

A second redox sensitive point in the methionine cycle is the conversion of homocysteine
into methionine. This critical step that converts homocysteine into methionine facilitated by
Methionine Synthase (MS) Methionine synthase reductase (MTRR) couple. Methionine
Synthase is the part of this duo responsible for producing methionine from homocysteine
using a folate/cobalamin (Cbl or Vitamin B12) dependent mechanism [64]. MS essentially
“loads” the sulfur of homocysteine with another methyl group which eventually gets
donated by SAM during subsequent transmethylation reactions in the methionine cycle.
Oxidation of the Cbl in MS renders the enzyme inactive, halting the methionine cycle. MS
can be recycled by MTRR, however it requires SAM and produces SAH [65] [66].
Combined, free radical mediated inactivation of MS influences epigenetics in two ways: by
halting the production of SAM, and requiring SAM during MTRR mediated reactivation of
MS. This suggests that this pathway should significantly influence DNA methylation.
Numerous mutations have been identified in MS, and MTRR that increase homocysteine
levels and the potential risk for developing cancer [67]. Several groups have suggested that
these alterations may have a role in altering DNA methylation in tumor cells [68].

The mechanisms we describe allow normal tissues to counter acute oxidative stress.
However, during the persistent oxidative stress of cancer, these compensatory mechanisms
are exploited to shunt sulfur containing metabolites into the production of glutathione. In
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some tissues homocysteine derived from the methionine cycle accounts for up to fifty
percent of the glutathione produced [52, 69]. Oxidative stress also enhances the exit of
homocysteine from the methionine cycle and into glutathione production by increasing the
activity of cystathione p-synthase [70]. It has been proposed that the source of oxidative
stress in most cancers can is related to a fundamental defect in glucose metabolism, and that
this change is causal in carcinogenesis. We suggest that this defect in metabolism exerts an
influence on epigenetics by drawing metabolites away from SAM production, and into
synthesis of glutathione. The chemical depletion of glutathione decreases SAM levels,
increase glutathione production, and leads to genome wide DNA hypomethylation [71-73].
From these studies we can draw a parallel to what is observed in cancer. Aberrant reduction
of molecular oxygen to superoxide by the defective electron transport chains of cancer cells
creates and maintains an altered redox state. To counter, tumor cells increase their
production of glutathione, and therefore SAM becomes depleted. The metabolic defect of
cancer may also affect the ability of tumor cells to recycle GSSG back into GSH. Tumor
cells have low GSH/GSSG ratios compared to most nhormal tissues, suggesting they are less
efficient at recycling glutathione. Transformed cells would compensate for this by producing
more GSH de novo, further sapping metabolites that contain sulfur from other biochemical
pathways [74] . Because glutathione is so intimately linked with SAM availability, and
therefore epigenetics, we perceive oxidative stress as both an initiator, and promoter of
epigenetic changes in cancer. Chronic oxidative stress would alter the initial epigenotype of
cells (initiate), and then serve as the momentum to create additional epigenetic changes as
the initiated oxidatively stressed clone expands. This presents one mechanisms by which
oxidative stress can facilitate the creation of epigenetic changes in cancer. As we have
discussed above free radical production could decrease the level of SAM in tumor cells.
Therefore it seems likely that decreasing SAM levels is one mechanism by which free
radicals could lead to the activation of oncogenes in cancer.

Demethylation of 5-Methylcytosine and Histones

Until the recent discovery of enzymes that remove methyl groups from DNA and histones,
methylation was believed a static epigenetic mark. Two families of histone demethylases are
known to exist: lysine specific demethylase 1 (LSD1) and the JmjC family of histone
demethylases. LSD1 uses its histone demethylase activity to function both as a
transcriptional repressor and activator, depending on the context in which it is functioning
[75]. The active site of LSD1 has flavin dependent amine oxidase activity, which uses
oxygen to progressively oxidize methyl groups to formaldehyde, and generates hydrogen
peroxide (Fig. 1) [76]. The amine oxidase mechanisms can efficiently demethylate mono,
and di-methylated lysines, however its mechanism prohibits it from having activity on tri-
methylated lysines. In mammalian cells demethylation of trimethylated lysines is catalyzed
by the JmjC superfamily of lysine demethylases [77, 78]. Each member of this superfamily
contains a common histone demethylating jumonji domain [77]. This activity, housed within
each protein’s jumonji domain, requires Fe(ll), a-ketoglutarate, and oxygen to progressively
oxidize methyl groups to formaldehyde. Ascorbate is also important for the function of the
enzyme to keep the iron reduced as the Fe(ll) is loosely coordinated and subject to auto-
oxidation. Demethylation can have significant effects on the epigenetic landscape. Histone
lysines can be mono, di, or tri methylated. Shifting a lysine’s methylation status between
different degrees of methylation can quickly alter chromatin structure and affect the function
of DNA that nucleosome is associated with. Likewise, demethylation of DNA can quickly
remodel the epigenetic landscape and influence gene expression. In the first reported
enzymatic conversion of 5-MeC to 5-hydroxymethylcytosine (5-HmeC) by TET1 was
reported [79]. These 5-MeC oxidases use the same cofactors as jumoniji histone
demethylases. While the conversion of 5-MeC to 5-HmeC is not true demethylation per se,
oxidation may mark methylated cytosine for removal by base excision repair (BER)
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enzymes, or by an as of yet unidentified mechanism [79]. While acetylation appears to be
linked to glycolysis, methylation is related to metabolites within the TCA cycle.

Anaplerotic sources of carbon

From our discussion above it is clear that the channel by which carbon flows through
metabolism is dramatically altered in cancer. These cancer associated metabolic changes
have the potential to influence DNA and histone methylation in a manner similar to
acetylation. Warburg’s initial explanation for the effect bearing his name was the
mitochondrial of tumor cells must be inactive. Today, several fundamental defects in
mitochondria function have been described in cancer that influences the flux of metabolites
through the TCA cycle [80]. In normal cells pyruvate derived from glucose is the primary
source of carbon for the TCA cycle. This allows anaplerotic sources of carbon, such as
glutamine, to be used in other biochemical processes. In normal cells glutamine is readily
converted into glutamate, and then processed into a-ketoglutarate. This generates a pool of
a-ketoglutarate for and enzymes regulating gene expression such as prolyl hydroxylases
(HIF1a), jumonji, and TET1 [30]. Sharing a-ketoglutarate links metabolism and epigenetics
and suggests that limited a-ketoglutarate availability may alter gene expression in cancer.
How this occurs is best illustrated in normal cells during hypoxia.

Increased anaerobic glycolysis during hypoxia diverts glycolytic products into lactate as a
means to regenerate NAD™, instead of entering the mitochondria for assimilation into the
TCA cycle. Under hypoxic conditions the carbon source of choice to produce raw materials
for the biosynthesis of macromolecules becomes a-ketoglutarate derived from glutamine
[30, 81]. This occurs because the molecular mechanisms of hypoxia limit pyruvate’s entry
into the TCA cycle. With limited citrate being created in the mitochondria, cells draw upon
anaplerotic sources of carbon to fill the gap. Glutamine is a classical example of this, as it
can be readily converted into a-ketoglutarate, then into acetyl-CoA utilizing a pathway
running in reverse from the canonical TCA cycle (Fig. 5) [81]. The pathway for generating
acetyl-CoA from a-ketoglutarate begins with isocitrate dehydrogenase (IDH) [82]. Isocitrate
dehydrogenase exists as three isoforms in mammalian cells, IDH1, IDH2, and IDH3. It is
generally depicted as catalyzing the third step of the TCA cycle by converting isocitrate into
a-ketoglutarate while generating reducing equivalents in the process. IDH3 is the canonical
NAD™ dependent form of the enzyme responsible for moving the TCA cycle in the forward
direction by producing a-ketoglutarate from isocitrate in the mitochondria. The other
isoforms (IDH1 and IDH2) use NADP* as a cofactor, and is expressed in mitochondrial and
cytosolic forms [83]. Like IDH3, these enzymes generate reducing equivalents while
converting isocitrate into a-ketoglutarate. However, both IDH1 and IDH2 can also catalyze
the NADPH dependent reductive carboxylation of a-ketoglutarate into isocitrate [84]. The
production of acetyl-CoA from anaplerotic sources hinges upon the reductive carboxylation
activity of both IDH1 and IDH2 isoforms. Reductive carboxylation occurs in both the
cytosol and mitochondria (Fig. 5). Once complete, isocitrate can be converted into citrate by
aconitase, and then processed into acetyl-CoA by ACL as described above. Disrupting the
electron transport chain by ETC blockers or hypoxia momentary increases the reductive
carboxylation activity of IDH in order to keep acetyl-CoA production going. Thus, reductive
carboxylation might serve as a means to activate HIF-1a during times of hypoxia. During
oxidative stress in cancer the production of acetyl-CoA most likely occurs in the cytosol
because c-aconitase is much less amenable to oxidative inactivation than m-aconitase [31].
This suggests that reductive carboxylation is likely occurring at a high rate which conveys
a-ketoglutarate produced from anaplerotic glutamine into citrate to fatty acid synthesis. Can
perturbations created by reductive carboxylation truly alter a-ketoglutarate levels and
modify a cell’s epigenome? If the activity of these enzymes parallels HIF modifying prolyl
hydroxylases the answer is likely yes. Hypoxia is a state in which both oxygen and a-
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ketoglutarate availably is altered. Changes in one or both have the same net effect on cells,
the stabilization of HIF and the activation of hypoxia related genes. Hypoxia suggests that
a-ketoglutarate levels are a fulcrum by which metabolism can alter gene activity. We
surmise that oxidative stress leverages epigenetic changes via alterations in a-ketoglutarate
levels. Oxidative stress inhibits the activity of many TCA cycle enzymes, thus altering the
flow of metabolites like a-ketoglutarate through the mitochondria. Furthermore, many
cancers contain dysfunctional mitochondria which harbor defects in the electron transport
chain. This occurs by inheriting germline mutations in critical electron transport chain
components like Fumarase, and Succinate Dehydrogenase [80]. Tumors with these germline
mutations must manufacture sufficient amounts of acetyl-CoA to support lipogenesis and
other biochemical processes. Unlike normal cells, the abnormal amounts of pyruvate they
produce from glucose via the Warburg effect is utilized in lactic acid fermentation as a
means to regenerate NAD™[85]. The confluence of these events requires that these tumors
derive a bulk of their carbon units of anaplerotic sources. This manifests itself as the
glutamine dependency exhibited by many tumors, and tumor derived cell lines. Likewise,
anaplerotic glutamine becomes the source of carbons entering the TCA cycle. In tumors
without inherited defects in electron transport the dependence upon anaplerotic glutamine is
likely driven by a combination of lactate fermentation and the inactivation of mitochondrial
aconitase by free radical attack. Dubbed the “Truncated TCA cycle” by Loris Baggeto, it
involves the almost exclusive utilization of a-ketoglutarate derived from glutamine as a
carbon source to keep metabolites flowing through the TCA cycle[86]. Collectively, these
metabolic alterations unbalance the use and availability of a-ketoglutarate in cells.

We suggest that using glutamine as an anaplerotic carbon source for the TCA cycle, or to
produce acetyl-CoA, limit a-ketoglutarate availability to histone and DNA demethylases.
Expression a catalytically dead, dominant negative version, of cytosolic IDH1 decreases the
availability of a-ketoglutarate in the cytosol, decreases PHD activity, and HIF-1a becomes
stabilized [87]. At this time it is unknown if expression of these mutant IDH1 forms can
have a concomitant effect is exhibited by histone and DNA demethylases, but similar
experiments would directly answer this question. Mutations in cytosolic IDH1 and IDH2
have also been identified and characterized. Theses mutations (IDH1 R132, IDH2 R172 and
IDH2 R140) alter the active site of the enzyme and results in the production of the
oncometabolite 2-hydroxyglutarate [88—95]. The oncogenic function of 2-hydroxyglutarate
can be attributed to its substrate inhibition of enzymes that require a-ketoglutarate.
Conferring 2-hydroxyglutarate production upon cells decreases their production of a-
ketoglutarate, and activates HIF mediated transcription. Recently, it has been reported that
2-hydroxyglutarate has a similar affect on histone demethylases and histone methylation
[96, 97]. Increased utilization of glutamine by tumor cells as a means to produce a-
ketoglutarate for fatty acid synthesis could have another unintended consequence, creating
oxidative stress. Since reductive carboxylation via IDH1 and IDH2 requires NADPH as an
electron donor, it is no longer available in sufficient quantities to reduce glutathione
disulfide back into glutathione.

Influence of oxidation on Epigenetics

The prooxidant state of cancer can directly influence epigenetic processes. This can be
accomplished through the oxidation of DNA, oxidizing histones. The formation of 8-
oxoguanine (8-OG) is a paradigm of oxidative damage to DNA in free radical biology. 8-
OG is highly mutagenic because it can be perceived as adenine or guanine by DNA repair
machinery. However its presence is equally likely to induced epigenetic changes if the
oxidation event occurs at a CpG dinucleotide. The present of 8-OG within a CpG inhibits
DNMT binding, and can likely induced passive demethylathion of that CpG [98, 99]. Given
the high frequency at which the enzymes that remove 8-OG from DNA are mutated in
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cancer it seems likely that increasing the steady state level of 8-OG in DNA can contribute
to the hypomethylation of DNA observed in many cancers [100, 101]. The direct oxidation
of 5-MeC can also lead to epigenetic changes. Oxidizing the methyl groups of 5-MeC can
change how the CpG is recognized by proteins that bind 5-MeC, and possibly lead to its
demethylation. Free radicals can directly attack the methyl group of 5-MeC, to create 5-
HmMC in a manner similar to the TET1 demethylases [79, 102, 103]. The production of free
radicals has been shown to induce DNA demethylation in several model systems [104].
More recently 5-formyl cytosine and 5-carboxy cytosine have been identified in genomic
DNA. These bases are likely produced by the progressive oxidation of 5-HmC, and
constitute a means to demethylate cytosine (Fig. 6) [105-109]. 5-HmC is possibly removed
from DNA before it can be completely oxidized by HMC glycosylase in a similar manner
that occurs following TET1 oxidation [79]. If 5-HMC is allowed to persist in DNA it can
affect epigenetic regulation of gene expression by other means. Methylated CpGs are
recognized and bound by several methyl binding proteins. These proteins “read” the
methylated CpG and interpret its function into the condensed chromatin often associated
with hypermethylated DNA. An oxidation event at a methylated CpG, occurring at either a
guanine or 5-MeC, inhibits the binding of these MBPs, and alters chromatin structure [107].
Oxidation of a methylated CpG can also create a novel epigenetic signature. Oxidizing a
methylated cytosine in a CpG doublet can dramatically increase, or decrease the affinity by
which different MBPs bind it [110].

Characterization of the malignant phenotype has yielded an abundance of information about
cancer. However, even with this wealth of information we are still left speculating as to what
mechanisms manifest its existence. Cancer has extreme defects in cellular metabolism
required to produce its energy and support its increased rate of replication. Could these
universal defects in metabolism be the impetus for cancer’s development? Phenotype can be
defined as the expression of a cell’s genotype in response to environment. A cell’s
intracellular environment is a product of its metabolism interacting with gene expression.
Warburg hypothesized over 70 years ago that a tumor cell’s increased glycolytic activity
may play an important role in carcinogenesis. Likewise, Oberley and Buettner suggested in
the 1970’s that unchecked superoxide production in mitochondria, forged from a metabolic
defect, is the basis for cancer to development. The genetics of cancer is often interpreted as
what is seen after the malignant phenotype as developed. This differs markedly to the
genotype of the normal cell from which the disease arose. Others have aptly suggested that
the metabolic defects of cancer such as increased glycolysis, dysfunctional mitochondrial
electron transport, aberrant production of oxidants, and the formation of an atypical redox
state are causal in the initiation, promotion, and progression of the malignant phenotype [4,
111-113]. These hypothesizes have centered on the ability of these metabolic changes to
create genetic alterations to create cancer. While the discussion here focuses on the
connection between epigenetic alterations and redox, our model by no means precludes the
possibility that the metabolic defects of cancer can create oxidative modifications to DNA
that lead to mutations. In multi-cellular organisms, epigenetic regulation of gene expression
allows for different radically different interpretations of an organism’s genome. This is a
central tenet of the epigenetic progenitor model, in which the genome of an organism can be
interpreted differently to create a novel phenotype (/.e. cancer). Epigenetics is also the
means by which a cell’s phenotype can be extracted from its genome during a response to its
environment. We suggest that the founding epigenetic events in cancer’s clonogenic
progenitor are fashioned via the aberrant cues within a cell.

A biological triad of environment, metabolism and genome intersect at epigenetics to create
phenotype. We surmise that abiotic and biotic cues disrupt the triad, resulting in aberrant
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epigenetic changes that are bequeathed by a progenitor to its decendents. Exogenous stimuli
can create oxidative stress and initiate carcinogenesis in numerous model systems. This is
exemplified by the numerous carcinogens that create oxidative stress as part of their
biological activity. From our discussions above it is likely that during these scenarios of
oxidative stress a cell’s metabolism is affected, altering the flow of metabolites through a
multitude of biochemical pathways. These biochemical changes would cue epigenetic
alterations that manipulate the genome and altered gene expression. Because we are not yet
fully aware of the scope in which epigenetics dictates usage of the genome, we can only
speculate on primary targets for epigenetic manipulation. If a cell’s response to these cues is
interpreted incorrectly, persists, or targets the wrong genes; aberrant epigenetic events could
be created. Thus, our triad of environment, metabolism, and genome conspire via
epigenetics to create the progenitor of cancer. Overall it seems likely that redox changes
might serve as the impetus for the creating of the founding epigenetic events in the
progenitor. Redox could also be the momentum that drives malignant progression. Once a
progenitor of cancer has been created, redox can create new epigenetic alterations that
manifest the malignant phenotype.

Our current model for the how each of these metabolic defects influences the epigenotype
control of gene expression is shown in Fig. 7. In our model, founding epigenetic events are
created in a stochastic manner when aberrant metabolism limits cofactor availability.
Additional epigenetic alterations are incurred when this progenitor starts to divide and
exhibits persistent changes in metabolism such as the use of anaplerotic glutamine as a
carbon source. Epigenetics can be conceptualized as how the genome is interpreted in
response to metabolism, which makes sense given that chromatin evolved in the foreground
of the existing roots of glycolysis and the TCA cycle. Indeed, central metabolism and redox
biology, the deliberate and controlled movement of electrons to oxygen, preceded the
evolution of chromatin and thus it seems clear that chromatin would have mechanisms to
respond to cues from central metabolism. When the sensors and regulators of these
pathways are mutated or perturbed as in cancer, they contribute to epigenomic instability
and phenotypic diversity during cancer progression.
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Figure 1. The mechanisms of various epigenetic enzymes arereliant upon metabolic cofactors
The activities of epigenetic enzymes draw upon cofactors from various biochemical
pathways to form distinct linkages between metabolism and gene expression. Because
metabolic reprogramming alters these pathways in cancer, the activities of these enzymes
during would be expected to change during carcinogenesis. The result is epigenetic
reprogramming including widespread disruption of chromatin structure and aberrant gene

expression.
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Figure 2. Sites of post-trandation acetylation and methylation in mammalian histonetails
Histone tails consist of basic amino acids that are amendable to several types of post-
translational modifications. Several of these basic amino acids (Lysine, Arginine) are
targeted for acetylation and methylation by numerous histone modifying enzymes (* denotes
lysine can be mono, di, or tri methylated).
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Figure 3. Glucose metabolism isintimately linked to histone acetylation and deacetylation
through cofactors

The oxidation of glucose to pyruvate influences NAD*/NADH ratio in cells. Pyruvate from
glycolysis is converted into acetyl-CoA via the mitochondria and TCA cycle. The Warburg
effect, and the increased proliferation of cancer, are anticipated to change decrease the
activities of sirtuins, and histone acetyltransferases. (* denotes that two molecules of each
metabolite are being processed from this point on)
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Figure 4. The flow of metabolites through one-carbon metabolism isinfluenced by redox

The oxidation of key enzymes (shown in grey bubbles) limits their activity, and stops the
flow of metabolites through the methionine cycle. SAM synthetase (MAT) can become
inactivated through reversible oxidation. Oxidation of the Cbl core of Methionine synthase
(MS) leads to its inactivation, however Methionine synthase reductase (MTRR) can use
SAM as a cofactor to restart the enzyme. At the same time, an oxidizing environment can
increase the activity of enzymes such Cystathionine p-synthase (CBS) to siphon sulfur into
the production of glutathione.
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Figure 5. Cancer cellsutilize glutamine as an anaplerotic carbon sour ceto fuel the TCA cycle
and fatty acid biosynthesis

In normal cells glucose is used as the principle source of carbon for the TCA cycle and fatty
acid biosynthesis, allowing glutamine to be used to create a pool of a-ketoglutarate to fully
support the activities of epigenetic enzymes. Cancer cells have an altered flow of carbon into
the TCA cycle the flow of carbon into the TCA cycle

Free Radic Biol Med. Author manuscript; available in PMC 2013 December 01.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hitchler and Domann

NH

2

oy
5-methyl
Cytosine

Page 24

NH, QH NH ? NH, ? NH,
2 | C
CH, = CH, CH N7 SOH NZ
Rxn1 o2 \N Rxn 2 OA\N Rxn3 O l}l o) l}l
| | .
5-hydroxymethyl _formv S-carboxy Cytosine
Cytosine gy,[%;r?g e Cytosine

Figure 6. Demethylation of 5-methylcytosine to cytosine by progressive oxidation

The addition of one electron by free radical attack, or TET1 demethylases to the methyl
group generates the stable modified base 5-hydroxymethylcytosine (5-Hm-C) in genomic
DNA (Rxn 1). Additional oxidation events create 5-formyl cytosine and 5-carboxy cytosine
(Rxns 2 and 3). Each derivative of 5-Me-C is unique, and can potentially alter the function
of the CpG dinucleotide at which it occurs.
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Figure 7. Integrating metabolic defectsinto the epigenetic progenitor model of the origins of
cancer

We can operationally divide the origins of cancer into three discrete steps: creation of
metabolic changes, formation of founding epigenetic events, and cancer progression.
Metabolic changes are created through alterations in the cellular microenvironment. These
in turn limit the availability of cofactors to epigenetic enzymes. Aberrant epigenetic events
can be created that silence tumor suppressor genes (TSG) and activate oncogenes (ONC)
and thus creating founding epigenetic events in an epigenetic progenitor. As the epigenetic
progenitor clonally expands at an accelerated rate additional changes occur in cellular
metabolism to form epigenetic plasticity. The clonogen can expand further and acquire
additional mutations to cause cancer progression and manifest the malignant phenotype.
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