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Abstract

The development of organisms requires concerted changes in gene activity. The free radical theory
of development proposes that oxygen serves as a morphogen to educe development by influencing
the production of metabolic oxidants such as free radicals and reactive oxygen species. One of the
central tenets of this theory is that these metabolic oxidants influence development by altering the
antioxidant capacity of cells by changing their production of glutathione (GSH). Here we extend
upon these principles by linking GSH production and oxygen sensing in the control of gene
expression to establish the epigenotype of cells during development. We prescribe this novel role to
GSH and oxygen during development because these metabolites influence the activity of enzymes
responsible for initiating and perpetuating epigenetic control of gene expression. Increased GSH
production influences epigenetic processes including DNA and histone methylation by limiting the
availability of S-adenosylmethionine, the cofactor utilized during epigenetic control of gene
expression by DNA and histone methyltransferases. Moreover, the recent discovery of histone
demethylases that require oxygen as a cofactor directly links epigenetic processes to oxygen gradients
during development.

Keywords
Epigenetics; oxygen; S-adenosylmethionine; DNA methylation; histone; glutathione; Jumanji; HIF

Introduction

Development is process that requires the formation of complex tissues and organ systems. The
primary force behind these processes in development is changes in gene activity. Gene activity
during development can be dictated through morphogens. However, at this time the
mechanisms driving differential gene activity remain unknown. Much speculation has been
regarding the role of free radicals during development. The balance between the production
and removal of oxidants are known to change during the development of organisms. Rajindar
Sohal and others first hypothesized a role of oxygen free radicals in differentiation in 1985 and
later in 1986 [1-3]. Three years after this Allen and Balin expanded upon this hypothesis to put
forth the free radical theory of development [4]. The central tenets of this theory are that changes
in oxygen gradients and an alteration in the balance between the formation and removal
metabolically generated oxidants can elicit developmental events. Sohal, and later Allen and
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Balin, suggested that both oxygen gradients and an altered redox state in cells caused by free
radicals can educe development by changing gene expression. When the free radical theory of
development was first put down our understanding of the complex processes regulating gene
expression were first emerging. Because every cell contains the same genetic information,
changes in gene expression are controlled by processes functioning independently of alterations
in DNA sequence. One such manner by which gene expression can be dynamically controlled
independent of changes in DNA sequence is by epigenetic processes.

In the past decade the role of epigenetic processes in governing gene expression during
development and carcinogenesis has received much attention. Epigenetic control of gene
expression is largely facilitated by DNA methylation and the post-translation modification of
histones. Both DNA methylation and histone modifications are known to play a role in
controlling gene expression during development. Global changes in DNA and histone
modifications take place during the development of organisms [5]. However, the basic
mechanisms eliciting changes in epigenetic control of gene expression during development are
largely unknown. We speculate that dynamic changes in epigenetic processes are related to
oxygen gradients and the redox status observed during development. The purpose of this article
is to reexamine the free radical theory of development and its relation to epigenetic control of
gene expression. We will begin by covering the basic principles of the free radical theory of
development. We will then introduce the fundamentals of epigenetic processes and how they
regulate gene expression during development. Our primary focus will be to discuss how redox
status might influence development by affecting the production of S-adenosylmethionine
(SAM), the cofactor for DNA and histone methylation reactions. The emerging influence of
oxygen gradients on epigenetic processes and their potential role in regulating gene expression
will also be discussed.

The Free Radical Theory of Development

The free radical theory of development centers on the role reactive oxygen species play to bring
forth cellular differentiation. Free radicals bring about differentiation by progressively
changing the intracellular environment of cells towards an oxidizing state. This topic has
already been exhaustively reviewed [1-4], therefore we will summarize the main points that
relate to our epigenetic perspective. We will separate our discussion into two main parts. First
we will focus on changes in ROS production and their role in altering antioxidant enzyme
levels during development; and second we will discuss redox alterations during development
by changes in glutathione (GSH) synthesis.

Increasing oxygen concentration greatly influences the production of reactive oxygen species
(ROS) like superoxide (O,"") and hydrogen peroxide (H,O5). Oxygen tension across
developing tissues is proportional to their distance from a source of oxygen (i.e. a vessel). This
change in oxygen concentration alters the metabolic scope of cells by allowing them to utilize
oxidative phosphorylation to produce ATP, rather than relying on glycolysis alone. Allen and
Balin described this as a “metabolic gradient” that influences the development of tissues [4].
Likewise, Sohal et al. postulated that increasing oxygen drives development by increasing the
production of oxidative species like O,"~and H,O, in cells [2]. To counter increased production
of ROS during development cells simultaneously increase their level of antioxidant defenses.
These antioxidant defenses exist in two forms: antioxidant enzymes with catalytic activity, and
small molecular weight antioxidants that eliminate ROS in a stoichiometric manner. The
expression of antioxidant enzymes such as superoxide dismutases (SODs) changes during
development [6,7]. In mammals the most dramatic change in SOD activity is seen following
birth. This is likely due to exposure of fetal tissues to atmospheric oxygen after parturition.
The expression and activity of manganese superoxide dismutase (MnSOD) increases in many
tissues and continues to do so for the first few weeks of life [6,7]. Furthermore, sod2—/—
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knockout mice apparently develop normally in utero [8]. It is only after experiencing life in
oxygen that sod2—/— pups succumb to oxygen toxicity, most likely by leaving O,*~ unchecked.
It is even more interesting to look at the sod2+/— animals. These pups develop to adulthood
normally without any apparent developmental defects even though they only 50% of the
MnSOD activity of wild type littermates [8,9].

Alterations in cellular redox during development can principally be attributed to changes in
GSH production. As a general rule poorly differentiated cells have high levels of GSH, while
well differentiated cells have a lower concentration of GSH [10,11]. This dynamic change in
GSH production can be attributed to alterations in the level of expression of enzymes that are
producing glutathione [12]. Central to the free radical theory of development is that a change
in redox potential from a reducing to an oxidizing intracellular environment must occur as cells
differentiate. Maintaining a reducing environment by forcing organisms to overproduce GSH
blocks this oxidative switch from occurring and impedes their development. Over expression
of the catalytic subunit of y-glutamylcysteine ligase (GCLc), the rate limiting enzyme in
glutathione synthesis, in Drosophila dramatically increases their glutathione production and
delays aging. However, further increasing GSH production by simultaneously over expressing
GCLc and its modifier subunit GCLm inhibits Drosophila metamorphosis [13]. This block in
Drosophila development can be attributed to the increased level of GSH that maintains larvae
in a reducing environment. If maintaining an overly reducing environment inhibits
development, does a prooxidant environment elicit or accelerate differentiation? This type of
prooxidizing environment can be achieved in by interrupting GSH synthesis, or by exposing
organisms a prooxidant such as superoxide. Blocking glutathione synthesis in the slime mold
Physarum polycephalum with the GCLc inhibitor buthionine sulfoximine (BSO) decreases
their production of GSH and accelerates their rate of differentiation [2]. Furthermore
Physarum differentiation can also be also be educed with the superoxide generator paraquat
[2]. Taken together these studies demonstrate a relationship between the redox state and
differentiation in lower organisms. In mammals a burst of GSH synthesis and redox changes
occur during two distinct points in development, gametogenesis, and after fertilization. During
gametogenesis the GSH content of spermatogonia and oogonia increases dramatically as they
mature [14-16]. Increased GSH synthesis occurs again between fertilization and blastogenesis.
During these early stages of development it GSH is most likely required to protect the
developing embryo from oxidative stress. Most studies have focused on comparing GSH in
specific tissues between fetal, neonatal, and adult stages of development. These studies reveal
a general trend between age and GSH content, with fetal tissues being the most reducing and
adult tissues the most oxidizing [11].

The means by which free radicals are exerting an influence on development is by changing
gene activity. A widely held opinion is that increased ROS production and redox changes can
lead to genetic damage and altered gene expression during carcinogenesis [17,18]. While this
might well be the case in cancer, proper development is insistent upon mutations being kept
to a minimum. In the original renderings of the free radical theory of development it was
speculated that ROS generation by oxygen influences the redox state and affects gene
expression by altering chromatin configuration [2,4]. This effect of oxygen and ROS on
chromatin structure would be referred to today as an epigenetic process. We speculate that
oxygen and redox conditions influence the availability of cofactors required by enzymes that
initiate and perpetuate epigenetic events. By influencing the activity of these enzymes
epigenetic events can be dynamically changed during development and thus alter gene activity.
The remainder of our discussion will focus on the influence of free radicals and oxygen on
epigenetic processes in development.
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Epigenetics: The science of development

Conrad Waddington first coined the term epigenetics in 1938 where he defined it as “the science
concerned with the causal analysis of development” [19]. At that time there was no evidence
to support a genetic component of development as we understand it. Waddington depicted the
concept of epigenetics during development as a fertilized egg rolling down a theoretical
“epigenetic landscape” [20]. Each egg in Waddington’s illustration represents a developing
cell. As each egg rolls down the epigenetic landscape it enters a series of canals in a process
Waddington referred to as “canalization”, which decides the developmental fate of cells (Fig.
1). A contemporary understanding of epigenetics as it relates to gene expression during
development has been put forth by Robin Holliday where he broadly describes epigenetics as
the “unfolding of the genetic program for development” [21]. Under this contemporary view,
epigenetics can loosely be defined as changes in gene expression independent of changes in
DNA sequence. While these definitions describe the role of epigenetics during development
they lack a mechanistic component. Recently a unified definition of epigenetics has been
proposed by Adrian Bird where he describes it as “the structural adaptation of chromosomal
regions so as to register, signal or perpetuate altered activity states” [22]. It is by altering
chromosomal regions that epigenetics affects gene activity during development. Chromosomal
changes that modify gene expression are primarily facilitated by two processes, methylation
of CpG di-nucleotides, and the post-translational modification of histone tails. Both of these
processes dynamically control gene expression in higher eukaryotic cells. Establishment of
cell type specific gene expression is a fundamental aspect of cellular differentiation that begins
in embryogenesis and continues throughout fetal development. By working together DNA
methylation and histone modifications regulate cell type specific gene expression, thus giving
rise to the formation of tissues and organs that Waddington noted when he first described
epigenetics.

DNA methylation

Genetic information is commonly composed of four bases: adenine, thymine, guanine and
cytosine. However, epigenetic control of gene expression by DNA methylation gives rise to a
fifth base in DNA, 5-methyl-cytosine (5-MeC). Methylation of cytosine is found almost
exclusively at CpG di-nucleotides in animals [23]. These CpG di-nucleotides occur at an
unusual frequency in the human genome, approximately one-fifth of their expected value.
Moreover, CpG di-nucleotides cluster together to form what epigenesists refer to as “CpG
islands” [24]. These CpG islands play a critical role in controlling gene expression. The
completion of the human genome revealed that approximately half of all human genes contain
CpG islands within their regulatory elements [25]. Thus, it seems likely that DNA methylation
at CpG islands might constitute one means by which cell type specific gene expression is
achieved during development. As a general rule epigenetic silencing of gene expression is
associated with the hypermethylation of CpG islands. The exact influence of CpG
hypermethylation on gene expression will be discussed below.

Epigenetic control of gene expression by cytosine methylation is facilitated by the activity of
DNA methyltransferases (DNMTSs). These enzymes recognize CpGs within double stranded
DNA as substrates. DNMTs catalyze the transmethylation of cytosine by transferring methyl
groups from S-adenosylmethionine (SAM) to position 5 of the pyrimidine ring (Fig. 2). This
reaction results in the production of 5-MeC in DNA and the spent cofactor S-
adenosylhomocysteine (SAH). The methylation of cytosine in mammalian genomes is
predominantly carried out by three DNMTs: DNMT1, DNMT3a and DMNT3b. These
enzymes are subdivided into two classes based on their fundamental differences in CpG
substrate specificity in vivo [26]. The first, maintenance DNA methylation, is catalyzed by
DNMT1 and occurs rapidly following DNA replication. This gives DNMT1 the primary role
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of passing on epigenetic control of gene expression to daughter cells [27]. The maintenance
DNA methylation activity of DNMT1 can is prescribed to its high affinity for hemimethylated
DNA [28]. DNA replication results in the formation of hemimethylated DNA, where only the
parent strand contains methylated CpGs. During DNA synthesis DNMT1 rides the DNA
replication fork through protein/protein interactions with PCNA [29]. This interaction puts
DNMT1 in close proximity to newly synthesized hemimethylated CpG di-nucleotides. The
second class is referred to de novo DNA methylation, and is primarily responsible for initiating
new epigenetic events that regulate gene expression (Fig. 3). De novo methylation is catalyzed
by DNMT3a and DNMT3b. The timing of de novo methylation is more puzzling, it can occur
anytime following DNA replication to initiate new epigenetic events that can be passed on
during future cell divisions. These elusive de novo methyltransferases were identified in 1998
with the cloning of DNMT3a and DNMT3b by Masaki Okano in 1998 [30-32]. DNMT3a and
DNMT3b are encoded by different genes [33,34]. Their initial characterization revealed a
crucial difference between their activities and that of DNMT1, they do not exhibit a substrate
preference between hemimethylated and unmethylated DNA [30]. This high affinity for
unmethylated CpG di-nucleotides is critical for assigning the role of de novo methylation to
DNMT3a and DNMT3b [30]. These two classes of enzymes compose an enzymatic toolkit to
generate and perpetuate epigenetic control gene expression during development,
gametogenesis, and imprinting.

DNA methylation in development

The idea that DNA methylation controls gene expression was first proposed by Robin Holliday
and John Pugh in 1975 [35]. They proposed that the methylation of DNA could account for
developmental changes by controlling the activity of genes. There are three major ways in
which DNA methylation can influence development: imprinting, X-inactivation, and cell type
specific gene expression. We will discuss the role of DNA methylation in each briefly below.
The influence of the maternal and paternal genetic information passed on to progeny is not
equivalent. Imprinting events can regulate whether the maternal or paternal allele of a specific
gene is expressed in offspring. These imprinting events can be directly controlled by DNA
methylation [36]. During gametogenesis, and after fertilization, the level of DNA methylation
in genomes becomes decreased [37,38]. This act of global DNA demethylation is not a passive
event, meaning it is not based on loss of DNMT activity [39]. The rate at which the DNA in
gametes becomes demethylated exceeds that which can be accounted for based on cell division
alone in the absence of maintenance methylation. Therefore the global demethylation during
early embryogenesis is an active process. After gametes are formed, their level of DNA
methylation increases [38,40] . At this time potential imprinting events are set in oocytes and
spermatozoa. Imprinting by epigenetics also gives insight into the altered phenotype of animals
produced from somatic cell cloning. These animals are often larger than the original animal
from which they were cloned. This phenotype most likely manifests itself due to the epigenetic
instability caused by aberrant DNA methylation in their genomes [41].

Imprinting events are initiated and perpetuated by DNMTSs. Inhibitors of DNMTSs such as 5-
aza-2'-deocytidine induce DNA hypomethylation and elicit cell differentiation [42,43].
However, these treatments do not distinguish between maintenance and de novo DNMTS.
During gametogenesis and embryogenesis de novo DNA methylation predominates over
maintenance methylation [30]. This is supported by the pattern of expression of the enzymes
responsible for each. The expression of DNMT1 is lowest during gametogenesis, while
DNMT3a and DNMT3b expression is at their highest. Knockout mice models of DNMT3a
and DNMT3b have been generated and single and double knockouts of these enzymes and are
embryonic lethal [30]. The observed lethality can attributed to the loss de novo DNA
methylation which is essential for genetic imprinting. Even though these enzymes are closely
related on a sequence level, the fact that each knockout is lethal suggests they have exclusive
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activities in vivo. The greatest difference between these two enzymes is their apparent substrate
preference. DNMT3a prefers to methylate CpGs that are packed closely together, while
DNMT3b is more efficient at methylating isolated CpGs [44,45]. Loss of DNMT3b activity is
also responsible for immunodeficiency, centromere instability and facial anomalies (ICF)
syndrome (For review see [46]). ICF patients are immunosuppressed and often have facial
abnormalities associated with their disease. Losing both alleles of DNMT3b activity leads to
hypomethylation DNA at the juxtacentromeric heterochromatin regions of chromosomes 1 and
16 in humans [47]. This leads to the acquisition of pericentric chromosomal aberrations as part
of the manifestation of the disease during development.

DNA methylation also influences the expression of specific genes once the fetus has started to
develop. This is accomplished by DNA methylation during its role in X-inactivation, and cell
type specific gene expression. The two X chromosomes in females presents a gene expression
dosage problem. To compensate for this females use the Xist mechanism to silence one of their
X chromosomes. Xist is a large untranslated RNA that coats the X-chromosome from which
it is expressed [48]. Both X chromosomes initially express the Xist gene at a low level.
Eventually, during a random process, one of the Xist genes becomes silenced by DNA
methylation, while expression of the other is increased [49]. The X chromosome with asilenced
Xist houses the genes that will become expressed in future progeny cells, while the other X
chromosome becomes coated with the high levels of Xist RNA it is expressing [50,51]. Cell
type specific gene expression by DNA methylation has been linked to methylation of CpG
islands within the promoter of specific genes. For example, work in our laboratory has revealed
that maspin and 14-3-3¢ can both be silenced in association with DNA methylation in a cell
type specific manner [52]. While these examples are interesting they may be the exception and
not the rule, and the precise mechanisms responsible for establishing epigenetic inactivation
of specific genes at other loci remain unknown.

Genetic information is packaged into higher order structures by nucleosomes. Nucleosomes
package approximately 146 base pairs of DNA wrapped around an octamer of histone proteins.
Each nucleosome is an octamer of two of histone H2A, H2B, H3, and H4 proteins. Besides
effectively organizing genetic material in the nucleus, nucleosomes also play an important role
in regulating gene activity by controlling their accessibility. When the structure of the
nucleosome was first solved by Karolin Luger and colleges in 1997 it was noticed that the N
and C terminuses of histone proteins protrude form the central axis of the nucleosome [53].
These protrusions are referred to as “histone tails”. Because histone tails project from the main
structure of the nucleosome they can modulate the interactions between DNA and
nucleosomes, or between nucleosomes. Changing the interactions between nucleosomes is
carried out by a complex array of post-translational modifications at histone tails.

Histone modifications are a multifaceted epigenetic process that plays a critical role to
dynamically regulate gene expression. The study of histone modifications began with the
discovery of lysine acetylation in histones by Phillips in 1963 [54]. This was quickly followed
by the observation that lysines in histones are also methylated [55]. Early work also noted that
histone modifications occur in a post-translational manner and directly influence the synthesis
of RNA [56,57]. Today we know that histone tails are the beneficiary, or victim, of various
types of post-translation modifications. These modifications are found at various amino acids
within histones. This list has grown to include: acetylation, methylation, phosphorylation,
ubiquitination, poly-ADP-ribosylation, biotinylation, and sumoylation (For review of these
topics see [58-60]). These different modifications interact in a concerted manner to form a
“histone code” to regulate gene expression [61]. For the purposes of this review pertaining to
development, we will confine our discussion to histone methylation and acetylation.
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The addition and removal of histone modifications is an enzymatically driven process.
Acetylation of histones H3 and H4 occur primarily at lysines located within histone tails. This
process is catalyzed by histone acetyltransferases (HATS) that utilize acetyl-CoA as a cofactor
[62,63]. Several histone acetyltransferases exist in mammalian cells. Recruitment of these
HATS to promoters is generally associated with activated transcription. Histone acetylation
occurs at many lysine residues in both histones H3 and H4 (Fig. 4). An example of this is
acetylation of histone H3 lysine 9 (H3-K9). Genes that are transcriptionally active usually have
an abundance of H3-K9 acetylated histones at their regulatory regions. Unlike histone
acetylation, histone methylation can activate or inhibit transcription depending on where the
modification occurs. The methylation of histones is carried out by a large family of histone
methyltransferases (HMTs). Members of HMT family can methylate lysine and arginines in
histone tails (Fig. 4). Just like DNMTs, HMTs utilize SAM as a cofactor to methylate their
target amino acids and produce SAH as a byproduct. The activity and substrate specificity of
HMTs is centralized in their SET domains and other surrounding motifs [64]. Histone
methylation by specific HMTs generates an increased complexity of epigenetic control of gene
expression through the modification of different amino acids in histone tails [65]. An example
of this is the dichotomy existing in the methylation histone H3. Methylation of lysine four (Me-
H3K4) is usually associated with active transcription, while lysine 9 (Me-H3K9) methylation
exhibits and inhibitory affect. Modification of each lysine within histone H3 can block the
modification of the other [66]. The di-methylation of H3K9 by SUV39H1 can lead to the
formation of heterochromatin by generating a substrate for heterochromatin protein 1 (HP-1)
binding [67]. Once HP-1 binding has occurred, it can recruit additional HMTs through its
chromoshadow domain to facilitate the spread of heterochromatin across a gene [68].

Acetylation and methylation of histone tails are not permanent modifications. Histone
deacetylases (HDACs) and histone demethylases remove acetylation and methylation from
histones providing a plasticity to the epigenetic control of gene expression [69,70]. The
presence of HDACs within gene regulatory regions is consistent with epigenetic gene silencing.
By removing acetyl groups form histones an epigenetically silenced state can be maintained.
HDAC:Ss and histone demethylases can also work in conjunction with HATs and HMTs to
silence gene expression. For example, HDACSs can remove acetyl groups from H3-K9 to allow
for its methylation by HMTs to initialize the formation of heterochromatin [71].

Histone modifications in development

Histone modifications are also involved in regulating gene expression during development.
The pattern of histone methylation changes during development and is indicative of its role in
regulating gene expression. Tri-methylation of H3K9, and monomethylation of H4K20 change
dynamically during neural tube development in mice [5]. Histone methylation and chromatin
remodeling machinery also play a vital role during imprinting. As we have discussed above
DNA methylation is one mechanism by which imprinting takes place; however, histone
methylation can also imprint genes independent of DNA methylation. Imprinting center 2 and
Kcnqgl are both imprinted in mouse placenta by increased di-methylated H3K9 and tri-
methylated H3K27 [72,73].

Cooperation between epigenetic processes

DNA methylation and histone modifications work in a cooperative manner to regulate gene
expression. The role of each in initializing epigenetic control of gene activity has received
much attention; however both are commonly found working in concert to control gene
expression in mammals. Early studies demonstrated the common occurrence of
hypermethylated DNA with condensed transcriptionally inactive heterochromatin [74,75]. At
this time it is uncertain which process begets the other, but it is widely accepted that DNA
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methylation and histone modifications can initialize each other. The factor that connects these
two processes is Methyl-CpG binding domain proteins (MeCP). These proteins bind
methylated CpG di-nucleotides and assist in gene silencing by recruiting HDACs and HMTs
to initialize the formation of heterochromatin at genes [75,76]. DNA methylation and histone
modifications can also be linked independent of MeCPs. DNA methyltransferases can recruit
chromatin remodeling machinery to initialize epigenetic repression of gene expression [77,
78]. Through these protein/protein interactions DNA methylation and histone modifications
are able to fashion the building blocks required for the formation heterochromatin and gene
silencing.

Metabolic control of epigenetic mechanisms

In the past five years a push towards understanding the influence of diet on epigenetic processes
has revealed that metabolism can influence gene expression. These studies have centered
around two metabolites involved in one carbon metabolism, folate and SAM. Both cofactors
are essential to maintaining epigenetic control of gene expression by influencing the
methylation of DNA and histones. Folate and SAM are also biochemically linked by the
interconnection between the folate and methionine cycles (Fig. 5). In mammalian cells dietary
folate is the primary dietary donor to one carbon metabolism. Folate is not directly used in cells
for methylation reactions. Prior to its use it is converted to tetrahydrofolate. Inhibiting
dihydrofolate reductase with methotrexate blocks the conversion of deoxyuridylic acid to
thymidylic acid [79,80]. However, methotrexate also influences the production of SAM [81].
From this a direct link can be made between one carbon metabolism and epigenetic control by
DNA and histone methylation. The overlying concept is that if folate status is interrupted cells
will no longer be able to maintain epigenetic control of gene expression. This is supported by
an increasing body of work outlining the impact of folate on development and the relationship
it has with DNA methylation [82-84]. Recently work from Lorraine Young’s laboratory has
shown that influencing the folate cycle of embryonic stem cells affects the function of
epigenetic mechanisms in pre-implanted embryos [85]. Other studies from Randy Jirtle’s group
have shown that supplementing diet of pregnant mice with metabolites that influence one-
carbon metabolism impact phenotype of their unborn offspring. In these pioneering studies
genetically identical offspring have different coat colors by changing the level of DNA
methylation at the agouti locus [86-88]. Mutations in genes that metabolize folate to prior to
the synthesis of SAM also globally disrupt genomic DNA methylation [82]. These studies
illustrate the importance of maintaining the levels of these metabolites to generate differential
epigenotypes during development. By what means could free radicals change the level of these
metabolites to affect epigenetics processes during development?

The production of glutathione (GSH) is biochemically linked to cofactors influencing
epigenetic processes. We have discussed above the relationship between GSH synthesis and
development. How can GSH synthesis be linked to epigenetic changes during development?
Altering the production of glutathione directly impacts cellular sulfur pools. One such inlet for
sulfur into glutathione biosynthesis is via the flux of homocysteine through the transsulfuration
pathway (Fig. 5) [89]. Homocysteine is derived from the hydrolysis of SAH, the byproduct of
DNA and histone methyltransferases utilizing SAM, and stands at the critical crossroads
between the methionine cycle and transsulfuration pathway. The most common route for
homocysteine is to remain in the methionine cycle where it is converted back into methionine
by methionine synthase or betaine homocysteine methyltransferase. Methionine can then be
used to resynthesize SAM for future transmethylation reactions. Under these conditions the
amount of homocysteine entering the transsulfuration pathway is limited. However, when
increased glutathione production is required during times of oxidative stress, or in the case of
development, homocysteine’s entry into the transsulfuration pathway would be favored. This
can mostly be attributed to increased activity of cystathione B-synthase, the enzyme located at
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entry point of homocysteine into the transsulfuration pathway [90]. In some tissues upwards
of 50% of their GSH is produced via the transsulfuration pathway [91]. During development
the activity and expression of GSH synthesizing enzymes dynamically changes [12]. When
these changes in gene expression are coupled to increased demands on sulfur pools the
methionine cycle would be affected. Such a case would lead to a migration of metabolites away
from the methionine cycle into the transsulfuration pathway for the eventual production of
GSH. By favoring homocysteine’s entry into the transsulfuration pathway the levels of
methionine and SAM would become decreased. A more direct relationship between increased
glutathione production and epigenetic processes is seen when increased GSH production is
required after GSH depletion. Depleting GSH decreases the level of SAM in cells and leads to
genome wide DNA hypomethylation [89,92,93]. Taken together these studies demonstrate that
altering the level or synthesis of GSH in cells can directly impact DNA methylation by altering
SAM pools. While these studies have focused on DNA methylation, we reason that a similar
effect would be seen for histone methylation. Therefore, we can speculate that changing GSH
production can influence the forming epigenotype of developing tissues by impacting both
DNA and histone methylation. A linkage between GSH production and DNA methylation is
best illustrated in gametogenesis and embryogenesis. Glutathione synthesis changes during
these stages of development to prevent reactive oxygen species (ROS) induced damage [94].
Is it possible that increasing GSH synthesis might also be influencing epigenetic processes?
The global decrease in genomic methylation in gametes and embryos is inversely correlated
with their increased production of GSH [37,94]. Once a blastocyst has formed, GSH synthesis
tapers off and occurs in conjunction with increased genomic DNA methylation [14-16].
Therefore, it is tantalizing to speculate that GSH synthesis during gametogenesis and
embryogenesis is mechanistically linked to epigenetic control of gender and cell type specific
gene expression.

As we have discussed above, supplementing the diet of pregnant mice with metabolites that
influence one-carbon metabolism impacts the phenotype of their unborn offspring. Thus far
almost all of the metabolites tested in this system enhance the flux of metabolites through the
methionine cycle to increase the production of SAM. Conversely, as we propose here, oxidative
stress would decrease this flux by shunting metabolites towards GSH synthesis. Thus, the
migration of metabolites away from the methionine cycle and into the transsulfuration pathway
would influence the epigenotype of gametes and developing embryos by creating a deficit of
SAM. This deficit of SAM might be accompanied by decreased de novo DNA methylation by
DNMT3a and DNMT3b. This would in turn influence the epigenetic imprinting of genes and
cell type specific gene expression. It would be of great interest to analyze how SAM content
is affected by the over expression of GCLc and GCLm. Such a system already exists for these
studies. The aforementioned Drosophila lines that over express GCLc and GCLm would be
an excellent model to study an association among GSH synthesis, SAM levels, and epigenetic
processes during development. Drosophila doesn’t utilize DNA methylation as a process to
control gene expression, but their use of histone methylation and acetylation during
morphogenesis is well characterized. Establishing such a link would open new avenues to
explore the role of redox status in controlling the development of higher organisms.

Redox regulation of SAM synthetase

The redox state of a cell can also afflict the level of SAM by changing the activity of SAM
synthetase, the enzyme producing SAM. SAM synthetase, also known as methionine
adenosyltransferase (MAT), catalyzes the enzymatic addition of methionine to adenosine to
produce SAM. In mammals three forms of MAT are known to exist: MATI, MATII and
MATIII. Both MATI and MATIII are encoded by the gene matla and are predominantly
expressed in the liver [95]. The only apparent difference between these two isoforms of MAT
is the multimeric complexes they form. MATI functions as a homotetramer, while MATIII a
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homodimer [96]. MATII is the predominant form of SAM synthetase found in all other tissues
and is encoded by the gene mat2a. MATII exists in a multimeric complex containing one
enzymatic o subunit and two regulatory 3 subunits encoded by the mat2R gene [97]. Redox
influences MAT activity by influencing its tertiary structure and activity [98]. Altering the
redox status by inhibiting the synthesis of GSH with BSO reduces MAT activity and the level
of SAM in hepatocytes. However, if animals are pretreated with exogenous SAM, the inhibition
of MAT activity is lifted [99]. This influence of SAM on MAT activity is most likely not a
direct effect but attributable to downstream metabolites formed after its use in transmethylation
reactions [100]. These observations reveal an interesting link between SAM levels, MAT
activity, and redox biology. The redox buffering capacity in cells also influences MAT activity.
Increasing the level of GSH enhances the activity of purified MATI and MATIII [101]. The
ratio of GSH/GSSG also influences MAT activity. High GSH/GSSG ratios maintain the
enzyme in areduced state and allow it to achieve its maximum activity, however at ratios below
10:1 MAT activity becomes markedly decreased [101]. This fundamental change in MAT
activity can be attributed to the oxidation state of particular cysteine within MATI and MATIII.
Pajares and others have identified cysteine 150 (C150) in MAT I and Il1 as a critical cysteine
redox switch controlling their MAT activity. Oxidation of C150 in MATI and 111 decreases
enzyme activity and is believed to be a contributing factor in the development of liver cirrhosis
[102,103]. Nitric oxide (NO?) also affects the activity of MAT through S-nitrosylation of C150
[104]. These studies have focused primary on MATI and I1l, however, C150 is conserved in
MATII and therefore we speculate that redox modifications should influence its activity as
well. Taken together these findings suggest that MAT activity would be altered by changes in
glutathione production in tissues as they develop. The GSH/GSSG ratio changes seen in
developing organisms would directly influence MAT activity, and in turn influence the
epigenotype of these tissues by altering the level of SAM as we have described above. Nitric
oxide can also elicit developmental changes in cells [105,106]. Changes in SAM content by
the S-nitrosylation of MAT could be one mechanism by which NO* could exert its influence
on development. From the points above it would be of great interest to study how the activities
of the SAM synthetases influence gametogenesis and development. For example, diminishing
MAT activity by either pharmacological or molecular means would be expected to alter the
epigenetic program of developing cells by decreasing the global levels of DNA and histone
methylation. These changes would alter gene imprinting and cell type specific gene expression,
both of which are controlled by DNA methylation, and would most likely result in
developmental failure.

The influence of oxygen on development

Oxygen gradients in developing tissues act as a morphogen to determine the differentiation
pattern of cells. Several studies have dealt with how oxygen concentration influences
development. Developing Drosophila larvae are sensitive to high oxygen concentrations, and
have an altered eye shape and color [107]. Others have noted that oxygen concentration can
influence the differentiation of cells forming human tissues [108-110]. We can generally
attribute differentiation to alterations in gene activity. The concentration of oxygen in cells can
influence the production of ROS such as O,*~ and H,0,. The level of SOD, CAT and GPx
activity in cells changes dynamically during development [7]. According to the free radical
theory of development it is the balance in production and removal of ROS that influences
development. Through this theoretical construct we can connect oxygen concentration to
development by an altered redox state. This classical influence of oxygen level on development
would be directly related to our discussion above regarding how an oxidative state influences
the link between epigenetic cofactors and GSH production. However, since the initial rendering
of the free radical theory of development we know that cells have mechanisms capable of
directly perceiving oxygen that influence gene expression. By what means do cells directly
perceive the level of oxygen they are receiving and transmit this into altered gene activity
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during development? Two mechanisms exist that could potentially facilitate the transmission
of oxygen levels in gene expression: the hypoxia inducible factor (HIF) family of transcription
factors, and the histone modifying enzymes. We will discuss each below and how they
potentially influence gene expression during development.

Many hypoxic genes are targets for regulation by the HIF family of transcription factors. This
family of transcription factors contains three members, HIF-1a, HIF-2a, and HIF-3a, all of
which form hetorodimers with ARNT to bind hypoxia response elements within gene
promoters (For review see [111]). HIF stability and transactivation is negatively regulated by
the hydroxylation of specific proline and asparagine residues within its sequence. The first
regulatory mechanism is based on the hydroxylation of prolines within HIF by prolyl
hydroxylates (PHDs). The transcription of HIF is generally constant within cells.
Hydroxylation of prolines within HIFs controls their stability to regulate them in a post-
translational manner. Once HIF is hydroxylated it becomes a target for the E3 ubiquitin ligase
Von Hippel-Lindau (VHL), which marks HIF for degradation by the 26S proteasome. HIF
mediated transcription is further negatively regulated by the asparaginyl hydroxylase FIH
(factor inhibiting HIF). This hydroxylation event prevents the interaction of HIF with
transcriptional coactivator p300, leaving HIF unable to activate gene expression. The enzyme
activities of PHDs and FIH both require oxygen, a-ketoglutarate, Fe2* and ascorbate as
cofactors (Fig. 6). Under low oxygen concentrations HIF is released from the negative
regulation of PHDs and FIH. Since HIFs are not hydroxylated in low oxygen by PHDs and
FIH they are no longer degraded by the 26S proteasome and can interact with their
transcriptional co-activators. The oxygen concentration gradient that exists across developing
tissues would directly influence the activity of both PHDs and FIH (Fig. 7). This means the
transcriptional activity of HIFs would be inversely related to the concentration of oxygen
received in developing tissue. Moreover low oxygen concentration would allow for the
increased transcription of HIF responsive genes. Several target genes contain hypoxic
responsive elements (HRES) within their promoters. Some of the classical examples we will
discuss in this review are vasculature endothelial growth factor (VEGF), and the VEGF
receptors Flt1 and FIk1 [112]. Some hypoxia responsive genes are preferentially targeted by
one HIF family member over another. Therefore, the three HIF family members do not
demonstrate redundancy in function [112,113].

Oxygen might also play a critical role in setting up and maintaining the epigenotype of cells.
Recently two new classes of histone demethylating enzymes that utilize oxygen have been
discovered. Two members of this emerging class of enzymes include lysine specific
demethylase 1 (LSD1) and the jumonji C (JmjC) family of histone demethylases [114,115].
LSD1 was initially identified as a member of several transcriptional repression complexes
including CtBP, CoREST, and NRD [116-118]; Further characterization of LSD1 by Yang
Shi’s group has demonstrated that it represses transcription by demethylating lysine 4 of histone
H3 (H3-K4), a post-translational modification associated with active transcription [114]. The
ability of LSD1 to perceive oxygen during development can be related to its flavin dependent
amine oxidase activity. Histone demethylation by LSD1 is believed to utilize oxygen as an
electron acceptor to reduce methylated lysine to form lysine, formaldehyde and hydrogen
peroxide (Fig. 6) [114]. The second class of histone demethylases is jumonji C (JmjC), a large
family of proteins that continues to grow [115]. Each has a preferred lysine it targets for
demethylation. The JmjC histone demethylases function similar to PHDs and FIH; they utilize
oxygen, a-ketoglutarate, Fe2* and ascorbate to directly hydroxylate mono, di or tri methyl
lysines in histones [115,119]. After hydroxylation formaldehyde is liberated, resulting in
unmethylated lysine (Fig. 6). Since LSD1 and JmjC histone demethlyases both require oxygen,
the concentration of oxygen would directly influence their activities and the epigenotype of
developing tissues. Connecting oxygen levels to the epigenotype of developing tissues is
potentially astounding. The oxygen gradient induced change in epigenotype could drive
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development by directing cell type specific gene expression. Furthermore, selectively
demethylating specific histones allows for the dynamic control of gene expression that is
essential during development. Altering histone methylation is also a means by which the level
of oxygen in cells can influence DNA methylation. As we have discussed above histone
methylation and DNA methylation are closely linked. Because of this DNA methylation in
developing organisms would be indirectly influenced by oxygen.

The role of oxygen gradients in modulating HIF and chromatin remodeling machinery is
perhaps best explained in the context of the development of highly vascularized organs.
Proteins like VEGF and its receptors Flt1 and FIk1 are essential to signaling the formation of
new blood vessels [112]. The decreased level of oxygen drives vasculogenesis in embryos by
increasing HIF mediated transcription of VEGF and VEGF receptors [120]. Because of this,
vascular organs such as the kidney, lung, and brain develop in low oxygen environments
[112]. At the same time the activity of jumonji proteins would also be affected. Jumonji family
members seem to have an emerging role in development (for review see [121]). Truncation of
the jumonji family member PHF8 leads to diminished mental capacity and the formation of
cleft lip and palate in humans [122]. Another member of the jumonji family is RBP2 and was
recently characterized to specifically demethylate di and tri-methyl K4 of histone H3. This
same study also outlined the role of RBP2 in controlling the expression of the HOX gene cluster
during mouse development by changing the level of tri-methylated histones located at the HOX
cluster [123]. These studies outline the importance of maintaining the activity of these enzymes
during development. At this time it is believed that different members of the JmjC family have
specific genes on which they remove histone methylation. Therefore changing the
concentration of oxygen in systems would have dramatic effects on their activity, and alter the
expression of their target genes. Furthermore, these mechanisms could work in concerted
process to activate or repress gene expression as the concentration of oxygen changes. For
example, under times of high oxygen genes with HREs would be silenced by jumonji family
members actively demethyalting di-methylated K4H3 nucleosomes at their promoters. When
the level of oxygen becomes decreased, the activity of jumoniji proteins, PHDs and FIH would
become decreased, resulting in the stabilization of HIF and the effective transcriptional
activation of such hypoxia responsive genes. This dynamic control of gene expression and its
influence on cell phenotype is outlined in Figure 7. This model suggests that oxygen
concentration would dynamically regulate gene expression by HIF and histone demethylases.
If oxygen concentration is playing a role to dynamically regulate gene expression during
development, then blocking the activity of these enzymes would alter the differentiation
program of cells. Genes that are negatively regulated by jumonji demethylases would be
actively transcribed and have increased methylation of histones at their promoters. This would
leave these cells either unable to differentiate, or favor becoming one cell type specific lineage
differentiation.

An oxygen gradient also influences the manner in which cells produce energy. In low oxygen
environments cells would rely more on glycolysis rather than oxidative respiration to generate
ATP. How can the manner in which cells produce energy be related to epigenetic control of
gene expression? Such a link to metabolism and development can be made through the sirtuins
family of protein deacetylases. Sirtuins are a class of NAD* dependent protein deacetylases
that are commonly known for their role in increasing lifespan of yeast, and C. elegans during
caloric restriction (CR) [124]. Thus far seven members of this family have been identified in
humans: SIRT1, SIRT2, SIRT3, SIRT4, SIRT5, SIRT6 and SIRT7. Each family member has
the same NAD™ dependent activity, but differ in their placements and functions in cells during
CR (for review see [125]). It is believed that one manner by which CR activates sirtuin activity
is by increasing the NAD*/NADH ratio. With increased NAD™ sirtuins can more readily
deacetylate transcription factors to increase the activity of some genes, and repress the
expression of other genes by deacetylating histones [126,127]. In the context of this review we
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will focus on the HDAC activity of sirtuins as it relates to development. SIRT1 is the human
homologue of the yeast histone deacetylase SIR2 [128]. The role of SIRT1 in mouse
development has been characterized. SIRT1 knockout mice survive until birth, but have
decreased body mass and most die soon after. The SIRT1 null animals that do survive to
adulthood are sterile [129]. Enhancing SIRT1 activity by resveratrol causes mesenchymal stem
cells to preferentially differentiate into osteoblasts [130]. By contrast, abrogating SIRT1
function in conditional knockout mice disrupts the formation of mammary glands and renders
them unable to lactate [131]. The authors attributed this phenotypic change to estrogen and
insulin-like growth factor 1 signaling in mammary tissue. However, they did not determine
what role histone deacetylation by SIRT1 might be playing during mammary development.
The linkage between metabolism and sirtuin activity is best illustrated in muscle development.
Work from Vittorio Sartorelli’s group has shown that the NAD*/NADH ratio decreases as
muscle cell differentiate. This decreased NAD*/NADH ratio is accompanied by increased
expression of muscle genes. However, when the NAD*/NADH ratio is maintained at a high
level muscle differentiation does not occur and can be attributed to differential histone
acetylation [132]. The increased expression of muscle specific genes is attributable to histone
hyperacetylation after sirtuin deacetylation activity is lost because NAD* levels are too low.
These studies illustrate the role of sirtuins during development. We speculate that as oxygen
content changes in developing tissues, so will the activity of sirtuins. As organisms develop,
the manner in which they produce energy is dependent upon the level of oxygen their
developing tissues receive. For example, poorly oxygenated tissues would rely more heavily
on glycolysis. High glycolytic activity is associated with a low NAD*/NADH ratio, and
therefore the histone deacetylase activity of some sirtuins would be minimal during these
conditions. However, once these same tissues become well oxygenated, a switch to oxidative
phosphorylation would occur and increase the NAD*/NADH ratio. This condition would favor
the deacetylase activity of sirtuins in these developing tissues and thus silence the expression
of sirtuin target genes.

Epigenetic processes are a major force controlling gene expression during development. We
have outlined here a potential role for glutathione production and O, concentration in
controlling gene expression by shaping the epigenotype of developing cells. This role relies
upon the altered availability of cofactors such as SAM and O, which power the enzymes
responsible for initiating and perpetuating epigenetic control of gene expression. The dynamic
changes in oxygen concentration and redox state can be directly related to Waddington’s
epigenetic canalization of developing cells by creating what he called “a bias corresponding
to the particular initial conditions in some part of the newly fertilised egg” [20] (Fig. 1). When
it was first postulated that oxygen, ROS, and GSH production influence gene expression during
development it was aptly hypothesized that they alter chromatin structure [2,4]. Epigenetic
control of gene expression through DNA methylation and histone modifications directly
influences chromatin structure [74,76]. Thus, free radicals and oxygen influencing cofactor
availability to DNA and histone methyltransferases during development provides a more direct
link to gene expression changes during development. Such a linkage between these epigenetic
cofactors and the redox state of cells further substantiates the free radical theory of development
by prescribing novel morphogenic properties to free radicals and oxygen [1-4]. This epigenetic
perspective on the free radical theory of development opens new avenues of research to
understand the role of epigenetics in development.
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Fig. 1.

Conrad Waddington’s depiction of an epigenetic landscape during development. “A symbolic
representation of the developmental potentialities of a genotype in terms of a surface, sloping
towards the observer, down which there run balls each of which has a bias corresponding to
the particular initial conditions in some part of the newly fertilised egg. The sloping surface is
grooved, and the balls will run into one or other of these channels, finishing at a point
corresponding to some typical organ”. Figure and legend from Waddington, 1956 [20].
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The transmethylation reaction catalyzed DNA methyltransferases (DNMTs). DNMTs catalyze
the transfer of the methyl donor group from S-adenosylmethionine (dashed box) to the 5
position of the pyrimidine ring of cytosines within CpG di-nucleotides in genomic DNA. The

reaction results in the production of 5-Me-Cytosine and S-adenosylhomocysteine.
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Fig. 3.

De novo and maintenance methylation of genomic DNA. De novo methylation of CG doublets
by DNA methyltransferases 3a and 3b (DNMT3a,b). DNMT3a and b initiate new epigenetic
marks by methylating previously unmethylated CG doublets in genomic DNA after the
replication of new DNA daughter strands (dashed lines). DNA methyltransferase 1 (DNMT1)
recognizes hemimethylated CpG doublets after DNA replication and methylates the newly
synthesized daughter strands to perpetuate epigenetic events to daughter cells.
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Fig. 4.

Location of acetylated (Ac) and methylated (Me) lysines (K) and methylated arginines (R)
within the N-terminal histone tails of histones H3 and H4. (*) denotes locations of mono, di,
or tri acetylation and methylation.
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Schematic representation of the intermediary biochemistry of one-carbon metabolism.
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Depicted are the connections between the folate cycle, methionine cycle, transsulfuration
pathway, and glutathione synthesis. and the enzymes (shown in italics) that connect them.
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The reactions catalyzed by proline hydroxylases (PHD), factor inhibiting HIF (FIH), lysine
specific demethylase 1 (LSD1), and Jumonji C domain containing proteins (JmjC). All these
reactions require oxygen as a cofactor, therefore their activities during development are
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expected to be regulated by oxygen gradients
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Fig 7.

Oxygen concentration gradient ([O5]) influences the phenotype of differentiating cells
(represented by different shaped polygons) by changing the activity of oxygen sensing
mechanisms that control gene expression. In developing tissues oxygen concentration in
differentiation cells decreases as the distance from a vessel increases. This leads to decreases
in the activities of proline hydroxylases (PHD), factor inhibiting HIF (FIH), and jumonji
demethylases (JmjC), leading to activation of transcription of hypoxic response genes through
hypoxia inducible factors (HIF) and chromatin remodeling. Shading of triangles represents the
gradient of O, concentration or enzyme activity.
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