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Abstract

Modern definitions of epigenetics incorporate models for transient but biologically important
changes in gene expression that are unrelated to DNA code but responsive to environmental
changes such as injury-induced stress. In this scheme, changes in oxygen levels (hypoxia) and/or
metabolic co-factors (iron deficiency or diminished 2-oxoglutarate levels) are transduced into
broad genetic programs that return the cell and the organism to a homeostatic set point. Over the
past two decades, exciting studies have identified a superfamily of iron-, oxygen-, and 2-
oxoglutarate-dependent dioxygenases that sit in the nucleus as modulators of transcription factor
stability, co-activator function, histone demethylases, and DNA demethylases. These studies have
provided a concrete molecular scheme for how changes in metabolism observed in a host of
neurological conditions, including stroke, traumatic brain injury, and Alzheimer’s disease, could
be transduced into adaptive gene expression to protect the nervous system. We will discuss these
enzymes in this short review, focusing primarily on the ten eleven translocation (TET) DNA
demethylases, the jJumonji (JmJc) histone demethylases, and the oxygen-sensing prolyl
hydroxylase domain enzymes (HIF PHDs).
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1. Introduction

Epigenetics has been classically defined as heritable changes in gene expression that are not
encoded within the genome. More recent definitions account for growing recognition that
transcription is highly dynamic and can mediate short- and long-term changes in gene
expression via epigenetic proteins in response to environmental signals and stresses. Simply,
epigenetic proteins can modify DNA or histone proteins to govern the interaction between
these regulators of chromatin structure. Accordingly, epigenetic proteins can favor a
transcriptionally competent state (euchromatin) or a transcriptionally incompetent state
(heterochromatin). As such, they are uniquely poised to modulate cell phenotypes in
response to stress to create cells and thus organisms that have greater fitness or reserve to
withstand pathologies.

Evidence that epigenetic proteins are modulated to foster adaptation to genetic and
environmental stresses in the nervous system dates back less than 15 years ago. Seminal
studies from Leslie Thompson’s and Larry Marsh’s labs demonstrated that the mutant
huntingtin protein could interact with and suppress the histone acetyltransferase activity of
established co-activators, including CREB-binding protein (CBP) and P300/CBP-associated
factor (PCAF) (Steffan et al., 2001). Accordingly, they found that global histone acetylation
was diminished by mutant huntingtin in fly models and that non-selective histone
deacetylase inhibitors (HDACI) could reverse not only changes in histone acetylation but
also neurodegeneration. The findings precipitated an avalanche of studies, including some
from our own laboratory, that have examined the effects of non-selective inhibitors of zinc-
dependent HDACs on neuronal death in a host of models (Langley et al., 2008; Ryu et al.,
2003; Ryu et al., 2005; Sleiman et al., 2014).

Zinc-dependent HDACs modify the N-terminal tails of histones by deacetylating them, thus
enhancing electrostatic interactions between DNA and histone proteins to favor a
transcriptionally incompetent state. Accordingly, inhibitors of HDACs lead to
hyperacetylation of histones, thus neutralizing electrostatic interactions between DNA and
protein and favoring a transcriptionally competent state. Non-selective inhibitors of HDACs
have been found to protect neurons, enhance behavior, and extend lifespan in almost every
neurological disease model in which they have been tested (Table 1). In some cases, the
evidence that these agents are targeting HDACSs to mediate their salutary effects is
compelling; in other cases, off-target effects should be considered (Olson et al., 2015).
Nevertheless, these studies have provided fuel and momentum to the notion that epigenetic
proteins are ripe therapeutic targets for neuroprotection.

Recent studies from yeast have shown that activity of histone acetyltransferases (HATS),
which put acetyl groups on histones to counteract the effects of HDACS, is dependent on
adequate levels of acetyl-CoA, a metabolic substrate (Fig. 1) (Takahashi et al., 2006; Wellen
etal., 2009). Indeed, in yeast, elevated levels of acetyl-CoA are sufficient to drive the
transcription of pro-growth genes via effects on histone acetylation (Cai et al., 2011). These
and other studies have supported the notion that acetyl-CoA levels can fluctuate almost ten-
fold depending on the state of the cell, and that these fluctuations would be sufficient to
influence HAT activity given the known K, of the enzymes for acetyl-CoA. This
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emphasizes the function of histone acetylation and gene transcription as an integrator of
cellular acetyl-CoA levels. Cytosolic and nuclear acetyl-CoA levels are produced largely
from the metabolism of glucose via glycolysis and the TCA cycle to produce citrate. ATP
citrate lyase then converts citrate into acetyl-CoA. In this scheme, gene transcription is
directly regulated by glucose availability via acetyl-CoA and the activity of HATSs.

2. Epigenetic and transcriptional regulators as sensors that transduce

metabolic

changes into adaptive changes in gene expression: the

superfamily of 2-oxoglutarate-dependent dioxygenases

There is growing recognition that a number of epigenetic proteins besides HATS have the
potential to directly transduce changes in metabolism into gene responses via their
properties as metabolic sensors. A sensor detects changes in the environment and transduces
those changes into a cellular response. The superfamily of oxygen-, iron-, and 2-
oxoglutarate-dependent dioxygenases includes several families of proteins, which are known
to be epigenetic modulators or transcriptional regulators. Under some circumstances, these
proteins can sense not only changes in oxygen tension but also changes in iron availability
and 2-oxoglutarate levels. In this review, we will discuss three members of this family: TET
DNA demethylases, jumonji C domain histone demethylases, and HIF PHDs, with specific
attention to their ability to sense metabolic changes in neurons and other cell types in the
CNS.

2.1. Ten eleven translocation (TET) proteins

TET proteins were initially identified in rare cases of acute myeloid and lymphocytic
leukemia (Hill et al., 2014; Ko et al., 2015; Pastor et al., 2013). This translocation fuses the
mixed lineage leukemia gene (MLL1) on chromosome 10 with the TET1 protein on
chromosome 11. Clues to TET function came from domain mapping and evolution studies
of the three mammalian isoforms TET1, TET2, and TET3. These isoforms evolved in jaw-
containing vertebrates from a single gene in phylogenetically older organisms. Specifically,
the TET proteins evolved from J-binding proteins in Trypanosome brucei, the causative
parasite of African sleeping sickness in humans.

J-binding proteins (JBP) belong to the large AlkB family of oxygen-, iron-, and 2-
oxoglutarate-dependent dioxygenases that remove aberrant methylation from damaged DNA
by an oxidative mechanism. They produce “base J” in Trypanosome brucel by oxidizing the
methyl group on thymidine. Computational analysis of the JBP proteins identified similar
putative nucleic acid modifying enzymes, including JBP-TET proteins. This protein then
fused with a CXXC domain (a motif capable of binding methylcytosines) to found the TET
subfamily of DNA modifying dioxygenases. Of note, TET proteins are present in all species
that possess methylcytosines. For example, the worm C. elegans lacks methylcytosines and
also lacks TET proteins. The ability of TET proteins to bind methylcytosines and the
similarity between thymine and methylcytosine oxidation inspired the notion that TET
proteins might catalyze not only oxidation of 5-methylcytosine but also, ultimately,
demethylation. This is supported by data from multiple converging lines of inquiry (Tan and
Shi, 2012).

Brain Res. Author manuscript; available in PMC 2016 December 02.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karuppagounder et al.

Page 4

For many years, it has been thought that DNA methylation is a mechanism for silencing
parasitic elements and unwanted genes in the genome during the developmental
establishment of cell identity. Characterization of DNA methyltransferases without clear
presence of demethylases gave rise to the notion that methylation was an important,
irreversible mechanism in silencing transcription. The ability of some methyl-binding
proteins to bind to methylated DNA (CpG islands) and recruit co-repressors substantiated
this view.

This view was challenged by the discovery that the TET proteins can demethylate DNA,
showing that DNA methylation is highly dynamic during an organism’s lifetime (Guo et al.,
2011). The discovery revealed a series of intermediate DNA modifications, each with the
potential to bind and recruit distinct proteins and thus function as novel epigenetic marks. In
situ hybridization of individual TET isoforms (taken from the Allen mouse brain atlas)
illustrates the heterogeneous expression of the isoforms in the brain (Fig. 2). TET1 is most
highly expressed in the isocortex (IC), olfactory bulb (OLF), hippocampus (HP), striatum
(STR), and pallidum (PAL), moderately expressed in the cerebellum (CB), thalamus (TH),
midbrain (MB), and cortex as well as to a lower extent in the hypothalamus. By contrast, the
basal expression of TET2 and TET3 expression is low in all the brain regions. It is important
to note that these studies reflect expression under steady state conditions.

2.2. TET proteins catalyze DNA modification via their iron-, oxygen-, and 2-oxoglutarate

activity

TET proteins catalyze the formation of 5-hydroxymethylcytosine (5hmC) from 5-methyl
cytosine (5mC). 5hmC can serve as a substrate for TET enzymes and generate 5-
formylcytosine (5fC). 5fC can serve as a substrate for TET proteins and generate 5-
carboxylcytosine (5caC) (Fig. 3A). Full demethylation of cytosines occurs when 5fC and
5caC act as substrates for thymine-DNA glycosylase enzymes via base excision repair
(Hahn et al., 2013; Mellen et al., 2012). An important and possibly selective role for TET
proteins in the brain is supported by observations that 5hmC is higher in the brain than in
any other organ. Depletion of TET2 or TET3 reduces the proliferation of neural progenitor
cells (Li et al., 2015), and recently TET3 has been shown to underlie activity-dependent
homeostatic plasticity (Yu et al., 2015).

2.3. TET proteins as stress sensors?

An exciting but underdeveloped area of investigation is whether the TET proteins can serve
as stress sensors, modulating their activity in response to changes in oxygen tension, cellular
iron levels or 2-oxoglutarate levels. While the family of 2-oxoglutarate-dependent
dioxygenases is large and diverse, the catalytic cycle of this family is highly conserved. This
conservation is attributed to a core structural motif composed of 8 -strands arranged like a
“jelly roll” surrounded by a-helices. The jelly roll contains the active site with a non-heme
iron coordinated by a triad of two histidines and one glutamate/aspartate. As iron has six
coordination sites, labile water molecules loosely coordinate the other three sites.
Accordingly, the iron in the active site is relatively exposed and, therefore, may be
susceptible to auto-oxidation as well as coordination by drugs. Whether this exposed iron is
also vulnerable to bulk changes in iron concentrations has not been explored systematically
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but will be discussed later in this review (Loenarz and Schofield, 2011; Ozer and Bruick,
2007).

The catalytic cycle of all the 2-oxoglutarate-dependent dioxygenases is similar and begins
with the binding of 2-oxoglutarate and the entry of the prime substrate (to be hydroxylated)
with the concomitant displacement of a water molecule from iron. The binding of oxygen to
iron leads to the oxidative decarboxylation of 2-oxoglutarate to form succinate. The result is
the formation of a highly reactive ferryl-oxo species that hydroxylates the prime substrate.
In this process, Fe3* is generated in the active site, and it must be reduced back to Fe2* for
additional hydroxylations to occur. It is believed that ascorbate plays the important role of
regenerating reduced iron in the active site (Kuiper and Vissers, 2014). In this catalytic
cycle, one molecule of oxygen goes to succinate, and the other goes to hydroxylate the
prime substrate (Fig. 3B).

2.4. Does oxygen availability modulate the activity of TET enzymes in the nervous system?

As oxygen is an essential cofactor in the hydroxylation of methylcytosines by TET enzymes,
it is reasonable to predict that the activity of the enzyme might be diminished under
conditions of hypoxia. While a number of groups have established that hypoxia can
transcriptionally regulate TET function, no group to date has examined whether hypoxia can
influence the level of DNA methylation via suppression of TET enzyme activity.

A challenge in this analysis is that hypoxia, through its ability to inhibit or suppress
mitochondrial oxidative phosphorylation, can influence the amount of 2-oxoglutarate. 2-
oxoglutarate is generated in the mitochondrial tricarboxylic acid (TCA) cycle by isocitrate
dehydrogenase and thus can theoretically negatively regulate TET enzymes and other 2-
oxogtutarate dehydrogenases. In the absence of hypoxia, acquired or inherited dysfunction
of mitochondrial TCA cycle enzymes, observed in diseases such as Alzheimer’s disease or
brain gliomas, might also affect the level of 2-oxoglutarate and consequently the function of
enzymes that use this cosubstrate for hydroxylation reactions.

The emergence of metabolomics along with DNA methylation analysis with greater
coverage should improve our understanding of how changes in cellular cofactors for TET
enzymes influence both their function in a single cell type and across various organs and
tissues. The model predicts that under conditions of hypoxia, ischemia, or mitochondrial
dysfunction, TET function is inhibited, leading to transient hypermethylation of DNA in
coding regions of genes involved in ATP consumption, reactive oxygen species (ROS)
generation, and cell death. All aspects of this model have yet to undergo experimental
testing. The hypermethylated DNA would recruit methyl-binding proteins with their
associated co-repressors to create a chromatin state unfavorable for transcription.

3. Jumonji domain demethylases: 2-oxoglutarate-dependent dioxygenases

that demethylate lysines on histones

Another group of enzymes that require oxygen, 2-oxoglutarate, and iron is the jumonji
(JmJc) family of histone demethylases (Hancock et al., 2015). The jumonji domain was so
named because of the abnormal shape of the neural grooves in the developing neural plate of
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the jumonji mutant mice. (Jumonji is the word for cruciform or cross in Japanese, which was
used to describe the cross-shaped morphology.) The JmJc domain is found in all proteins in
the family. By homology to the AlkB protein, the JmJc was predicted and then demonstrated
to demethylate lysine residues via hydroxylation (Fig. 4). Distinct isoforms of the family
have been found to demethylate specific residues of histones H3 or H4 (Shmakova et al.,
2014).

Jumonji-containing histone demethylases are differentially expressed in adult microglia,
neurons, and astrocytes. PHF8, JmJD1c, and JmJD2d are expressed in all three cell types,
although the expression is highest in neurons. JIMJD3 and JMJD5 are highly expressed in
microglia (Smith et al., 2014). In situ hybridization of individual JnJD isoforms illustrates
the heterogeneous expression of the isoforms in the brain. At basal levels, expression of
JmJD1c in the brain is high, that of PHF8 and JmJD3 is moderate, and expression of
JmJD2d and JmJD5 is low. As JmJDs are hypoxia-regulated, the distribution of expression
is likely to change after stress. However, this has not been formally evaluated (Fig. 5).

Covalent modifications of histones on lysines and arginines are well established to involve
monomethylation, dimethylation, and trimethylation. These modifications occur on lysines
4,9, 27, 36, and 79 on histone 3, and at lysines 8, 12, 16, 20, 31, 44, 59, and 79 on histone 4.
While certain marks are commonly associated with activation or repression, there is growing
recognition that specific marks can be repressive or activating, depending on the context,
such as cell type or expression of reader proteins (Fig. 5) (Isles, 2015). This has important
implications for how we think metabolism might influence histone methylation.

With the number of jumonji-containing histone demethylases expressed in neurons,
astrocytes, and microglia (Smith et al., 2014), it is difficult to imagine a coherent
coordinated response if they were all equally sensitive to changes in oxygen, 2-oxoglutarate,
and metal concentrations. More likely, there are certain jumonji family members whose
activity is more sensitive to changes in these cofactors. Those family members, whether
expressed under steady state or induced by stress, could mediate important activation or
silencing as part of the adaptive response to stress. Indeed, recently published studies
confirm data from our own laboratory that hypoxia can induce expression of histone
demethylase JMJD3 in neurons in a HIF-dependent manner (Lee et al., 2014).

To address the relevance of this induction to the hypoxia response and to see whether stress
alone influences jumonji function, individual methylation marks will need to be examined at
specific gene loci using ChlP-Seq and RNA-Seq under conditions in which oxygen tension,
iron levels, and 2-oxoglutarate levels are manipulated carefully.

4. HIF prolyl hydroxylases: canonical sensors of hypoxia, iron deficiency
and 2-oxoglutarate dysmetabolism and novel epigenetic modulators?

The most well studied subfamily of the 2-oxoglutarate-dependent dioxygenases are the HIF-
prolyl hydroxylases (HIF PHDs) (Bruick and McKnight, 2001). These enzymes are best
known for their ability to regulate the stability of the stress-responsive transcription factor,
hypoxia-inducible factor-1 (HIF-1). HIF-1, a heterodimer consisting of a regulated HIF-1a
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subunit and a constitutively expressed HIF-1f subunit, was purified by Greg Semenza and
colleagues at Johns Hopkins following the identification of a hypoxia response element in
the 3’ untranslated region of the erythropoietin gene (Semenza and Wang, 1992). HIF
response elements are found in non-coding regions of all the genes, including Erythropoietin
(Epo), vascular endothelial growth factor (VEGF), and glycolytic enzymes induced by
hypoxia. This coordinated gene cassette has improved our understanding of how all cells,
including neurons, adapt to changes in oxygen tension.

Epo is one of more than 100 genes that are known to be transcriptionally induced by
decreased cellular oxygen tension in order to increase red blood cell mass and to enhance
oxygen delivery to tissues. Hypoxia-induced changes in Epo are known to underlie the
erythrocytosis associated with low-to-high altitude transit in humans. Other well-known
transcriptional responses include VEGF, an angiogenic growth factor that increases blood
supply to hypoxic tissues, and glycolytic enzymes (including lactate dehydrogenase), which
facilitate the enhancement of ATP generation in the absence of oxygen. Of note, although
Epo is induced by hypoxia in the kidney, liver and astrocytes, HIF-1 is ubiquitously
expressed in all tissues of the body (Semenza, 2014).

In 2001, Bill Kaelin’s group and Peter Ratcliffe’s group independently identified the HIF
PHDs as oxygen-, iron-, and 2-oxoglutarate-dependent enzymes that can regulate HIF
stability in normoxia (Kaelin and Ratcliffe, 2008). Since then, based on the work of many
laboratories, HIF regulation by hypoxia has been elucidated. The HIF PHDs began as single
genes in flies and worms and diverged to three isoforms in mammalian cells, HIF PHD1,
HIF PHD2, and HIF PHD3 (Eltzschig et al., 2014). Each of these isoforms has distinct
subcellular localization and distinct tissue distribution.

Under conditions of normoxia where iron and 2-oxoglutarate are at steady state,
physiological levels, HIF PHDs hydroxylate prolines 402 and 564 in HIF1a. This post-
translational modification leads to the recruitment of the E3 ubiquitin ligase (the Von
Hippel-Lindau protein), the polyubiquitination of HIF-1a, and its degradation by the
proteasome. Accordingly, in each cell of the human body, HIF is being constitutively
synthesized and degraded.

If oxygen, iron or 2-oxoglutarate levels fall below a critical threshold, the HIF PHDs cease
to function, and HIF-1a is not hydroxylated and thus not degraded. Stabilized HIF-1a can
dimerize with HIF-1p to transduce an adaptive response to hypoxia. Prior studies from our
laboratory have shown that this adaptive response can include pro-survival genes and pro-
death genes, such as the BH3-only family member, BNIP3, a gene also noted to induce
mitophagy. Pro-survival and pro-death responses mediated by HIF-1a can happen in the
same cell type depending on the type of stimulus, thus highlighting the importance of
context in determining whether a cell dies or survives once HIF-1a is activated (Aminova et
al., 2005). It is now clear that astrocytic versus neuronal HIF-1 can also mediate divergent
responses (Ruscher et al., 2002; VVangeison et al., 2008).

Despite this complexity in HIF biology, inhibition of the HIF PHDs molecularly or
pharmacologically in diverse cell types has been almost universally associated with
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neuroprotection and observed in more than a half dozen laboratories. Indeed, initial studies
from our laboratory over 15 years ago suggested that the broad, salutary effects of the iron
chelator, desferoxamine, could be attributed to inhibition of the HIF PHDs and suppression
of proline hydroxylation of specific proteins rather than inhibiting iron catalyzed generation
of free radicals. Since then, we have used selective chemical tools, peptide inhibitors, and
short interfering RNAs to demonstrate that HIF PHD1 is a critical target for neuroprotection
in neurons (Aleyasin et al., 2015; Aminova et al., 2008; Karuppagounder and Ratan, 2012;
Karuppagounder et al., 2013; Siddiq et al., 2005; Siddiq et al., 2009; Speer et al., 2013;
Zaman et al., 1999).

4.1. Regulation of HIF PHD activity by changes in neuronal metabolism

Unlike TET or jumonji containing proteins, HIF PHDs are well established to be modulated
by changes in oxygen tension. An elegant study by the group of Joachim Fandrey
systematically manipulated oxygen tension in non-neural cells, and they found that nuclear
PHD activity is higher than cytoplasmic activity with oxygen concentrations above 100 uM
(Berchner-Pfannschmidt et al., 2008). Below 100 uM, the steepest decline in PHD activity
happens between 30 uM and 80 pM, in the dynamic range of oxygen concentrations for
most tissues. Monolayer cultures can vary between 0 and 170 pM, thus creating a significant
amount of variability of PHD activity between laboratories even in the same cell type. Brain
oxygen concentrations are in the range of 40-100 pM in cortex from a host of species, but
are substantially lower in white matter, suggesting that HIF PHD activity may vary widely
depending on the region of the brain and the subcellular locale examined.

The ability of HIF PHD inhibition to lead to the HIF-dependent transcriptional induction of
the HIF PHDs themselves suggests a mechanism for system reset once oxygen
concentrations have been restored. In many publications regarding HIF stabilization in the
brain, ischemia and hypoxia have been used interchangeably as stresses that could lead to
loss of HIF PHD function and stabilization of HIF in the central nervous system. Our data
suggest that they are not congruent when it comes to HIF stabilization in human neuronal
cells in vitro. Concentration-dependent reductions in glucose lead to translational repression
of HIF-1a, which offsets any enhanced stability of the protein (Karuppagounder et al.,
2013).

4.2. Regulation of HIF PHDs by 2-oxoglutarate dynamics in living cells

2-oxoglutarate is produced by oxidative decarboxylation of isocitrate via isocitrate
dehydrogenase (IDH) (Reitman and Yan, 2010). IDH exists as five isoforms that can be
divided into two separate classes. The first class uses NADP+ as the electron acceptor, the
second class uses NAD+ as an electron acceptor. All of the NAD+-dependent IDH isoforms
are present in the mitochondrial matrix, while the NADP+ isoforms are divided between the
cytoplasm (peroxisome) and the mitochondria (Ronnebaum et al., 2006). The cytosolic
form, IDH1 appears to be an important source of NADPH and may be involved in glucose
sensing and antioxidant defense. IDH2 is a mitochondrial protein and may be an important
regulator of the TCA cycle via its ability to substitute for IDH3 functionally or drive the
reaction in the reverse direction.
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Recent studies have looked at endogenous levels of 2-oxoglutarate in distinct areas of the
brain and in neuronal cell lines. Of note, the levels are significantly higher in the substantia
nigra (2.7 mM) than in the striatum (1.85 mM), which were both higher than the cortex
(0.64 mM) (Thirstrup et al., 2011), but it is unclear to what extent that measurement reflects
distinct numbers or distribution of neurons versus glia. Indeed, transformed “neuron like cell
lines”, including PC12 (rat pheochromocytoma) and SH-SY5Y (human neuroblastoma),
have levels of 2-oxoglutarate above 2 mM (Thirstrup et al., 2011). These findings suggest
that mean levels of 2-oxoglutarate are significantly higher than the Ky, for most of the HIF
PHDs, which is approximately 1 mM. This makes it unlikely that large changes in 2-
oxoglutarate levels are able to directly influence HIF PHD activity unless there are similarly
large changes in fumarate or succinate, which have been shown to act as competitive
inhibitors of the HIF PHDs (lsaacs et al., 2005). Prior studies from our lab have not shown
that fumarate or succinate can modulate HIF PHD activity or HIF stability in neurons
(Niatsetskaya et al., 2010).

Of course, it is formally possible that 2-oxoglutarate levels vary depending on the neural
compartment, but no group has as yet examined 2-oxoglutarate levels in the nucleus versus
the cytoplasm versus the axon or dendrite. In this scheme, it is possible that nuclear 2-
oxoglutarate levels fluctuate to a greater degree than in other compartments particularly
given the number of 2-oxoglutarate dependent dioxygenases in the nucleus.

4.3. HIF PHDs as iron sensors and mediators of neuroprotective responses

Our laboratory’s interest in the HIF PHDs evolved nearly a decade before they were
molecularly identified via an unexpected result in a somewhat mundane experiment (Zaman
et al., 1999). Iron chelators had been known to protect neurons from a host of insults, but the
precise mechanism by which these agents acted to mediate their salutary effects was
unknown. In fact, the protective effects of iron chelators had been tacitly linked to the direct
reduction in free radical production that could be catalyzed by metals (Winterbourn and
Kettle, 2013).

Through a serendipitous series of observations, we correlated the protective effects of iron
chelators in vitro and in vivo with the stabilization of HIF1 and activation of HIF1 dependent
genes (Zaman et al., 1999). In this study, we found that the addition of cobalt chloride, a
transition metal without intrinsic antioxidant activity could like iron chelation, stabilize
HIF-1 and protect neurons. Our findings suggested but did not prove that the mechanism of
protection of iron chelators could be linked to oxygen sensing.

Frank Sharp and colleagues extended these in vitro findings to in vivo studies in a model of
neonatal ischemia. They showed that cobalt chloride (60 mg/kg) or desferoxamine (200
mg/kg) could induce HIF-1 expression in the brain and precondition the brain against
neurotoxic insults (Bergeron et al., 2000). Subsequent observations demonstrated that forced
expression of HIF-1 in vitro potentiated some mediators of cell death (oxidative stress),
while protecting other forms of cell death (ER stress) (Aminova et al., 2005; Aminova et al.,
2008).
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This led many groups, including our own, to focus on the mechanism of oxygen sensing as
the target for protection by iron chelators. The discovery of the HIF PHDs by Bill Kaelin’s
group and Peter Ratcliffe’s group as iron-dependent dioxygenase provided a bona fide target
for iron chelation in the protection of neurons from a host of insults (Kaelin and Ratcliffe,
2008).

4.4. Iron metabolism and HIF PHD activity in brain

The requirement of HIF PHDs for iron and the ability of iron chelators to inhibit the HIF
PHDs to stabilize HIF and possibly other proteins in neurons led to a straightforward model.
Agents that deplete iron should lead to inhibition of HIF PHDs, stabilization of HIF-1, and
shift cellular metabolism away from oxidative phosphorylation.

As many proteins in the mitochondrial TCA cycle and electron transport chain are iron
sulfur cluster proteins, these proteins would be inhibited by low levels of cellular iron (Maio
and Rouault, 2015). Depletion of iron should lead to loss of function of the mitochondria
and provide the driving force for enhancement of aerobic glycolysis by HIF. In fact, direct
inhibition of the iron sulfur cluster machinery in mitochondria leads to an adaptive response
that includes the reduction of genes involved in mitochondrial respiration and an increase in
genes involved in glycolysis.

Accordingly, HIF PHDs may have evolved as iron-dependent dioxygenases because of the
importance of iron to mitochondrial function (Hausmann et al., 2008). The mechanism by
which global iron depletion leads to HIF PHD inhibition is still not fully resolved, as the
affinity of iron in the active site is very high and would not be expected to be lost by
changes in cellular iron. Rather, the effect may be a slow one, which requires turnover of
existing proteins and depletion of iron in chaperones that normally deliver iron to the HIF
PHDs (Nandal et al., 2011). Currently our understanding of how iron overload conditions
affect HIF PHD function is limited. Future studies should systemically modulate cellular
iron homeostasis to provide a clearer picture of how iron-dependent dioxygenases are
influenced by changes in this important cofactor.

5. Conclusion

Pharmacological and molecular data from a host of laboratories have shown that inhibition
of PHDs can confer protection to the neurons in a dish and in the brain in response to a host
of insults. Discussion of the mechanisms of protection by these agents is beyond the scope
of this review but suffice it to say that the protective effects are well established in multiple
laboratories and multiple models. Future studies will explore the role of other 2-
oxoglutarate-dependent dioxygenases such as Tet DNA demethylases and jumaniji histone
demethylases in cellular fitness.

We believe the breadth of insults that can be abrogated by inhibition of HDACs or HIF
PHDs reflects the broad adaptive transcriptional response triggered by manipulating these
targets. The ability to activate and/or repress broad programs of transcription means that
inhibition of these enzymes provides the coordinated potential benefit of many drugs acting
at cellular, local, and systemic levels to restore homeostasis. Current studies are elucidating
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alternate pathways by which these important stress sensors are working to effect both
transcriptional and epigenetic pathways to induce fitness in the brain.
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Highlights

e Homeostatic epigenetics

e HATS sense acetyl-CoA

«  Chromatin modifiers sense Fe2*, 2-OG and O,
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Glycolysis B-oxidation
Glucose Fatty Acids Transcriptionally Active
Pyruvate
Pyruvate
Acetyl-CoA
HATs HDACs
Mitochondrion / \
TCA Cycle Cilrate » Citrate ACLy, AcetylCoA

Transcriptionally Inactive

Nucleus

Fig. 1. Acetyl-CoA can be produced through either glycolysis or beta-oxidation and is
subsequently used by mitochondria in the TCA cycle

Citrate, one of the intermediates of the TCA cycle, can be imported in to the nucleus and
metabolized to Acetyl-CoA by ATP citrate lyase (ACL). The HATSs then utilize Acetyl-CoA
to add acety! groups on to the histone tails to increase transcriptional activity. This process
can be undone by the HDACs, which repress transcription.
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Fig. 2. Ten Eleven Translocation (TET) family message expression in mouse brain

Gene expression levels of TET1 (A), TET2 (B), TET3 (C), and quantitation of region
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specific expression of TET1 (D), TET2 (E), TET3 (F) in the mouse brain. Reproduced from
Allen Mouse Brain Atlas, Seattle (WA): Allen Institute for Brain Science. Available from:

http://mouse.brain-map.org.
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Fig. 3. TETs could act as stress sensors and catalyze DNA modification via their iron-, oxygen-
and 2-oxoglutarate-dependent dioxygenase activity

(A) Catalysis of DNA modification by TET proteins. DNA methyltransferase (Dnmt) in
presence of methyl donor S-adenosyl methionine (SAM) moadifies cytosine (C) into 5-
methylcytosine (5mC), which is oxidized sequentially into 5-hydroxymethylcytosine
(5hmC), 5-formyl cytosine (5fC), and 5-carboxyl cytosine (5caC), respectively by TETs in
presence of 2-oxoglutarate, Fe2* and O,. Demthylation can also involve deamination of
5hmC to 5-hydroxymethyl uridine (5hmU) by an AID/APOBEC enzyme. 5hmU, in turn,
generates an abasic site through base excision repair (BER) mediated by DNA glycosylase
SMUGL1 or Thymine DNA glycosylase (TDG). 5fc or 5caC is excised by thymine DNA
glycosylase (TDG) producing an abasic site as part of BER that, in turn, regenerates
unmodified cytosine. (B) Catalytic mechanism of 2-oxoglutarate, Fe2* and O,-dependent
dioxygenases.
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Fig. 4. Epigenetic regulation of histone methylation by Jumonji
Under normoxia, Jumonjis (JmjCs) in the presence of oxygen (O,), Iron (Fe2*), and 2-

oxogluterate (20G) selectively hydroxylates methylated lysines in N-terminal histone tails.
Hydroxylated methyl groups are demethylated leading to either heterochromatin or
euchromatin formation. During hypoxia, iron insufficiency or 20G depletion, JmjCs may be
inhibited, but experimental support for this type of regulation does not exist.
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Fig. 5. Jumonji domain demethylases expression in mouse brain
Gene expression levels of PHF8 (A), JnJD1c (B), JmJD2d (C), and quantitation of region

specific expression of PHF8 (D), JnJD1c (E), JImJD2d (F) in the mouse brain. Gene
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expression levels of JImJD3 (G), JmJD5 (H), and quantitation of region specific expression
of ImJD3 (1), ImID5 (J) in the mouse brain. Reproduced from Allen Mouse Brain Atlas,
Seattle (WA): Allen Institute for Brain Science. Available from: http://mouse.brain-map.org.
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