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Abstract

Adenosine kinase (ADK) is the key regulator of adenosine and catalyzes the metabolism of
adenosine to 5’-adenosine monophosphate. The enzyme exists in two isoforms: a long isoform
(ADK-long, ADK-L) and a short isoform (ADK-short, ADK-S). The two isoforms are
developmentally regulated and are differentially expressed in distinct subcellular compartments
with ADK-L localized in the nucleus and ADK-S localized in the cytoplasm. The nuclear
localization of ADK-L and its biochemical link to the transmethylation pathway suggest a specific
role for gene regulation via epigenetic mechanisms. Recent evidence reveals an adenosine
receptor-independent role of ADK in determining the global methylation status of DNA and
thereby contributing to epigenomic regulation. Here we summarize recent progress in
understanding the biochemical interactions between adenosine metabolism by ADK-L and
epigenetic modifications linked to transmethylation reactions. This review will provide a
comprehensive overview of ADK-associated changes in DNA methylation in developmental, as
well as in pathological conditions including brain injury, epilepsy, cancer, and diabetes.
Challenges in investigating the epigenetic role of ADK for therapeutic gains are briefly discussed.
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1. Introduction

Adenosine kinase (ADK, EC 2.7.1.20) is the key enzyme for the regulation of ambient levels
of adenosine (Boison, 2006; Boison and Yegutkin, 2019) and functions by removing
adenosine through phosphorylation into 5”-adenosine-monophosphate (AMP) (Park and
Gupta, 2008). Adenosine regulates a plethora of biochemical pathways, in addition to the
activation of receptor-mediated signaling pathways (Fredholm et al., 2000). As a regulator of
adenosine, maladaptive changes in ADK expression have been implicated in a number of
pathologies, including epilepsy, brain injury, stroke, diabetes, and cancer (Boison, 2013;
Boison and Yegutkin, 2019). Initially, the role of ADK in those pathologies has been linked
to its role as regulator of the tissue tone of adenosine, which determines the degree of
adenosine receptor activation (Aronica et al., 2011; Giglioni et al., 2008; Li et al., 2008a;
Masino et al., 2011; Pawelczyk et al., 2000; Saitoh et al., 2004; Sakowicz-Burkiewicz et al.,
2006; Tsuchiya et al., 2012). However, ADK is also a well-characterized key regulator of the
transmethylation pathway (Bjursell et al., 2011; Boison et al., 2002; Moffatt et al., 2002;
Williams-Karnesky et al., 2013; Xu et al., 2017a; Xu et al., 2017b), which suggests
additional functions of ADK beyond its role as a regulator of adenosine receptor activation.
Transmethylation is a common biochemical reaction, in which a methyl group derived from
the donor S-adenosylmethionine (SAM) is transferred onto an acceptor. Transmethylation
reactions include the transfer of methyl groups from SAM to a wide range of acceptors, as
varied as lipids, dopamine, and DNA, the latter transmethylation reaction catalyzed by DNA
methyltransferases (DNMTS). The resulting product of all transmethylation reactions, S-
adenosylhomocysteine (SAH), is then cleaved by SAH hydrolase (SAHH) into adenosine
and homocysteine. Importantly, the thermodynamic equilibrium of the SAHH reaction lies
on the side of SAH formation. Thus, this reaction, which is critical for regulating the flux of
methyl groups through the transmethylation pathway can only proceed, if adenosine levels
are kept low (Hoffman et al., 1979), and adenosine is effectively removed through ADK
(Boison et al., 2002). Reduced activity of ADK results in the accumulation of SAH (Boison
et al., 2002), which itself is a potent inhibitor of DNMT enzyme activity (Rowling et al.,
2002) and therefore provides the rationale for the development of SAH analogues as novel
DNMT inhibitors (Saavedra et al., 2009). Both ADK knockout mice (Boison et al., 2002)
and plants (Moffatt et al., 2002) share the same transmethylation defects, developmental
delay and stunted growth; findings also seen in human infants with inborn ADK deficiency
(Bjursell et al., 2011). In line with its role as regulator of transmethylation, it was
subsequently discovered that ADK also assumes a hitherto unknown role as regulator of
DNA methylation, a major epigenetic mechanism (Williams-Karnesky et al., 2013). Those
gene mutations support a functional role of ADK as regulator of transmethylation reactions.
Mechanistically, ADK thereby regulates transmethylation through mass action by regulating
the thermodynamic equilibrium of the SAHH reaction, which in turn determines the
concentration of the DNMT inhibitor SAH (Boison, 2013).
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Aberrant DNA methylation changes in the CNS have attracted increased attention, with
recently identified implications in psychiatric and neurological conditions (Jin and Liu,
2018; Lu et al., 2013). The long-lasting benefits of targeting epigenetic mechanisms such as
DNA methylation is one of the primary reasons for this increased attention (Csoka and Szyf,
2009). For instance, recent work demonstrated that transient exposure to low doses of DNA
demethylating agents resulted in long-term anti-tumor effects, modulated by genome-wide
promoter methylation, which persist well beyond drug withdrawal (Tsai et al., 2012).
Similarly, a transient increase in adenosine (Williams-Karnesky et al., 2013) or
pharmacological blockade of ADK (Sandau et al., 2019) was sufficient to reverse a global
DNA hypermethylation phenotype in epilepsy and to exert long-lasting disease-modifying
effects by preventing the progression of epileptogenesis for at least 3 months in an
experimental model of TLE (Williams-Karnesky et al., 2013). In addition to epilepsy, rodent
studies suggest an association of ADK expression changes with DNA methylation changes
in brain injury (Acharya et al., 2017), vascular inflammation (Xu et al., 2017a), angiogenesis
(Xu et al., 2017b), atherosclerosis (Wang et al., 2021; Zhang et al., 2018), and cancer (El-
Kharrag et al., 2019).

The main purpose of this review is to provide an overview on the contribution of ADK in
epigenetic regulation, particularly its ability to modulate DNA methylation in
neurodevelopmental and pathological conditions. We will first describe the developmental
regulation of ADK isoforms, cellular distribution and function. We then discuss mechanisms
of how adenosine metabolism by ADK influences DNA methylation, and review recent
efforts linking adenosine perturbation to epigenetic dysregulation in pathological conditions
including developmental disorders, brain injury, vascular disorders, cancer, and diabetes.
Further, we discuss the effects of targeting ADK and the consequential changes in DNA
methylation in these disorders.

2. ADK isoforms: subcellular and cellular localization

The enzyme ADK exists predominantly in two isoforms — ADK long (ADK-L) and ADK
short (ADK-S), which are derived through alternative splicing (Singh et al., 1996; Spychala
et al., 1996). The two isoforms share similar biochemical and kinetic properties (Singh et al.,
1996; Spychala et al., 1996). While expressed in all tissues and organs as documented by
Western blot analysis, the expression pattern and levels of the two ADK isoforms vary
markedly among different tissues, with the highest expression noted in the liver (Bjursell et
al., 2011; Boison et al., 2002; Cui et al., 2011) (Figure. 1). In adult rats, the expression of
both isoforms was comparable in liver, kidney, lung and pancreas. In contrast, the expression
of the ADK-L isoform dominates in the heart, thymus and skeletal muscle tissues, whereas,
the short isoform is prominently expressed in the brain (Cui et al., 2011).

In addition to the tissue-specific regulation in ADK expression, the two isoforms undergo
cell-type specific dynamic changes during brain development (Kiese et al., 2016) (Figure 1)
and in response to external stimuli such as brain injury (Gebril et al., 2020). During
development, there is a coordinated shift from a predominantly neuronal to a predominantly
astrocytic expression pattern (Fedele et al., 2005; Studer et al., 2006). Further, the ADK-L
isoform is prominent during development presumably contributing to the increased

Neurochem Int. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Murugan et al.

Page 4

methylation in the immature brain (Yang et al., 2015). In the adult brain, the expression of
ADK-L, although downregulated, is preserved in plastic cells with proliferation potential,
such as astrocytes and granular neurons in the dentate gyrus (Fedele et al., 2004; Gebril et
al., 2020). In contrast, the cytoplasmic isoform ADK-S is more prominent in the adult phase
and is thought to regulate cellular adenosine and thereby control adenosine-receptor
activation (Boison, 2013). The developmental downregulation of nuclear ADK-L transcripts
in neurons and upregulation of cytoplasmic ADK-S transcripts in astrocytes occurs between
P4 and P14 in rodents and is in part facilitated by the binding of transcription factor
specificity protein 1 (SP1) to the ADK-L promoter (Cui et al., 2009; Fedele et al., 2005). It
is important to note that the developmental regulation of ADK isoforms is based on studies
performed in the cortex/cerebrum (Fedele et al., 2005; Studer et al., 2006). Recent
investigations in the cerebellum highlight a spatially distinct pattern of ADK expression
during neurodevelopment, as well (Gebril et al., 2021). Other non-neuronal cells in the CNS
that have reported ADK expression include endothelial cells (Xu et al., 2017a) and
oligodendrocytes (Gonzalez-Fernandez et al., 2014), with no detectable ADK expression
noted in microglia (Aronica et al., 2011). The tight developmental, tissue and cell-specific
regulation of ADK isoforms is indicative of complex transcriptional regulatory mechanisms
governing ADK expression (Kiese et al., 2016). However, the physiological relevance of the
switch in the expression of the different ADK isoforms remains enigmatic and needs to be
investigated.

Inside a cell, the ADK isoforms display distinct subcellular compartmentalization, with
ADK-L localized within the nucleus and ADK-S localized in the cytoplasm (Cui et al.,
2009). The occurrence of ADK-L in the nucleus suggests an essential role in epigenetic
regulation. More specifically, ADK-L facilitates methylation reactions by the removal of
adenosine, the obligatory product of all SAM-dependent transmethylation reactions (Boison
et al., 2002; Kredich and Martin, 1977; Park and Gupta, 2008) (Figure 2). Co-localization of
ADK-L, DNMTs, and SAH in the cell nucleus (Jue et al., 1995; Kloor et al., 2007) suggests
that those enzymes are organized as part of an enzymatic pathway, which maintains the
metabolic flux of methyl groups. In this review, we discuss the epigenetic mechanisms,
mainly DNA methylation influenced by ADK-L in various pathological conditions and how
it can be exploited for therapeutic gain.

3. ADK mediated epigenetic mechanisms in disease

3.1 Neurodevelopmental disorders

As previously mentioned, ADK undergoes coordinated expression changes during early
brain development, resulting in a shift from predominant neuronal expression during
prenatal and early postnatal brain development to predominant astrocytic expression beyond
postnatal day 14 in the mouse (Kiese et al., 2016; Studer et al., 2006). New evidence
confirms that ADK-L expressed in the nuclei of neurons and immature precursor cells is
involved in embryonic and early postnatal brain development (Gebril et al., 2020). This tight
developmental regulation of ADK-L expression combined with the existence of a placental
adenosine barrier (von Versen-Hoynck et al., 2009) suggests a critical role for ADK as an
epigenetic regulator in brain development. More importantly, imbalance in adenosine
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homeostasis has been implicated in neuropsychiatric conditions, such as autism and
schizophrenia (Boison et al., 2012; Masino et al., 2013; Shen et al., 2012). Further, human
mutations in the Adk gene manifests with global developmental delay, cognitive impairment
and seizures commencing between the first and third year of life (Bjursell et al., 2011,
Staufner et al., 2016). Biochemical analysis in patients with Adk mutations revealed
increased plasma levels of methionine, SAM and SAH but normal or mildly elevated
homocysteine (Hcy) levels, confirming the link to the transmethylation pathway (Bjursell et
al., 2011). In animal studies, adult mice lacking ADK in the brain from fetal development
onwards showed significant deficits in social memory in males, contextual learning
impairments in both sexes, and a hyper-responsiveness to amphetamine in males. However,
mice with a postnatal deletion of ADK in the brain, showed normal social memory and
contextual learning but hypo-responsiveness to amphetamine in males (Osborne et al.,
2018). The discrepancy in behavioral outcomes in the two transgenic lines, provides an
indication for a specific developmental role of ADK. However, evidence linking ADK-
mediated epigenetic mechanisms in developmental etiology remains to be elucidated.

3.2 Braininjury

Brain injury can occur as a result of a traumatic or ischemic event causing an insult to the
brain and is usually associated with cognitive and behavioral deficits. Dysregulated
expression of ADK has been noted in both ischemic as well as traumatic brain injury
models. More specifically, a biphasic response in ADK expression is observed, with acute
decrease in ADK expression immediately after the onset of injury followed by a progressive
increase in ADK expression at chronic time points (Pignataro et al., 2008; Shen et al., 2011).
Indeed, there is a link between the ADK expression and the degree of brain injury after
ischemic stroke, as demonstrated by three independent experimental models (Shen et al.,
2011). First, transgenic mice which have increased ADK expression in striatum (164%) and
reduced ADK expression in cortical forebrain (65%) demonstrated increased striatal infarct
volume (126%) but almost complete protection of cortex (27%) compared with wild-type
controls when subjected to a middle cerebral artery occlusion model of focal cerebral
ischemia, suggesting that cerebral injury levels correlate to levels of ADK. Second,
transgenic mice with brain-wide ADK overexpression demonstrated increased susceptibility
to ischemic insults in a model of LPS-induced stroke tolerance, indicating that ADK activity
inversely modulates ischemic tolerance. Third, overexpression or knockdown of ADK /n
vivo using viral vectors resulted in increased (126%) or decreased (51%) infarct volume,
respectively. Together, these data highlight ADK as a promising therapeutic target for
modulating the degree of stroke-induced brain injury (Shen et al., 2011).

Until recently, the role of ADK in brain injury was believed to be due to its ability to
regulate adenosine tissue tone and the resultant activation of the inhibitory adenosine A;
receptors (Cunha, 2005). However, emerging evidence confirms an epigenetic role for ADK
in brain injury (Figure 3). A recent study on neuroepigenetic responses to radiation found
that increased levels of 5-methylcytosine and 5-hydroxymethylcytosine in the hippocampus
of gamma-irradiated mice coincided with increased levels of both ADK and the DNA
methylating enzyme DNMT3a, however a direct link between the enzymes was not
investigated (Acharya et al., 2017). Immunofluorescence data showed that ectopic
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expression of ADK-L co-localized in DAPI stained nuclei in the hippocampus only in
irradiated mice (20 cGy exposure) but not in sham exposed mice (0 Gy) (Acharya et al.,
2017). The use of the ADK inhibitor 5-iodotubercidin (5-1TU) restored DNA methylation to
control levels and improved cognitive performance in mice exposed to 20 cGy radiation
injury (Acharya et al., 2017). In a model of controlled cortical impact injury, ectopic
expression of ADK-L was observed in the nucleus of dentate granule cell neurons in
addition to the increased ADK-S and associated astrogliosis in the hippocampus (Gebril et
al., 2020). The use of transgenic mice with reciprocal manipulations to either ablate or
overexpress ADK-L specifically in the dentate gyrus and CA1 neurons revealed a novel role
for ADK-L in injury induced stem cell proliferation (Gebril et al., 2020). Specifically,
inability of mice to express ADK-L in the dentate gyrus and CAL neurons resulted in a
significant increase in neural stem cell proliferation. In contrast, mice, which overexpress
ADK-L in dentate and CA1 granule cell neurons had significantly reduced injury-induced
neural stem cell proliferation. In line with the genetic deletion of ADK-L, the
pharmacological blockade of ADK with 5-1TU also resulted in increased neural stem cell
proliferation at 3 days after brain injury. Since changes in DNA methylation play a role in
neural stem cell proliferation (Wang et al., 2016), and because the nuclear isoform ADK-L
has a specific role in controlling DNA methylation status (Williams-Karnesky et al., 2013),
these results imply that ADK-L regulates injury-induced neurogenesis via epigenetic
mechanisms. However, whether ADK-L associated global changes in DNA methylation
causes gene specific DNA methylation of neurogenic genes remains elusive and warrants
further investigation.

These studies confirm that the expression of ADK, and in particular of ADK-L is
dysregulated in various brain injury models suggesting the involvement of ADK-mediated
epigenetic regulation. Hence, the pharmacological inhibition of ADK is a promising strategy
to restore pathogenic epigenetic modifications, enhance neuroregeneration, and thereby
improve injury associated cognitive outcomes. Although triggering neurogenesis is a sought-
after therapeutic approach to alleviate brain injury (Mueller et al., 2009), aberrant
neurogenesis increases the risk for the development of seizures, especially in TBI survivors
(Annegers and Coan, 2000). Notably, the ADK inhibitor 5-1TU has recently been shown to
exert antiepileptogenic disease-modifying properties (Sandau et al., 2019), suggesting that
ADK inhibition is capable of promoting neurogenesis after a brain injury without the risk of
causing seizures. Despite the strong implications for ADK inhibition in alleviating brain
injury, whether inhibition of the ADK-L isoform alone or the epigenetic mechanisms
modulated by ADK are sufficient to improve the neurocognitive outcomes after brain injury
remains to be investigated and would be of significant therapeutic value.

3.3 Epilepsy

Temporal lobe epilepsy (TLE) is the most frequent and most difficult to treat form of
epilepsy in adulthood. It is an acquired form of epilepsy, which is triggered by an insult to
the brain, such as injury, status epilepticus, stroke, or infection and is often
pharmacoresistant. Maladaptive overexpression of both ADK isoforms has been noted in
sclerotic hippocampal tissue in a variety of rodent models of epilepsy (Gouder et al., 2004;
Li et al., 2008b), as well as in human specimens resected from patients with temporal lobe
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epilepsy and hippocampal sclerosis (Aronica et al., 2011). Early work on ADK in epilepsy
predominantly focused on the adenosine receptor mediated mechanisms that are regulated
by the ADK-S isoform (Boison, 2016; Boison and Steinhauser, 2018). However, recent
efforts shed light on the important epigenetic influence ADK has on epileptogenesis and
epilepsy progression (Williams-Karnesky et al., 2013) (Figure 3).

Epigenetic changes, particularly DNA hypermethylation has been observed in the epileptic
brain in both experimental and human epilepsy and may provide novel therapeutic targets to
interfere with the epileptogenic process (Debski et al., 2016; Kobow et al., 2013; Younus
and Reddy, 2017). Based on the clinical observation that seizure severity is a reliable
predictor for the development of pharmacoresistance in epilepsy, it has been hypothesized,
that seizures can mediate epigenetic modifications that result in persistent changes in
genomic methylation, histone density, and posttranslational modifications; changes that may
aggravate the epileptogenic condition (Kobow and Blumcke, 2011) and even confer
pharmacoresistance in patients with epilepsy (Kobow et al., 2013). Hence, understanding the
epigenetic mechanisms regulated by seizures may be the key to enhance the effectiveness of
antiepileptic drugs, development of disease-modifying treatments or even prevent
epileptogenesis altogether. In our prior study we used a kainic acid induced TLE model in
rats, and demonstrated that pathological overexpression of ADK correlated with increased 5-
methylcytidine (5mC) expression and DNA hypermethylation in the epileptic hippocampus,
suggesting a functional interaction between ADK and DNA methylation status (Williams-
Karnesky et al., 2013). The study used two independent experimental approaches, an
ELISA-based assay as well as a rat-specific methylated DNA immunoprecipitation on ChiP
(MeDIP-on-ChlIP) analysis, to confirm that the global hypermethylation state of
hippocampal DNA in epileptic rats is associated with changes in adenosine metabolism. We
used adenosine releasing silk-based brain implants and demonstrated that the transient local
release of adenosine for only 10 days prevented epilepsy progression with long-lasting
benefits through an epigenetic mechanism. The study identified 125 genes with substantially
increased methylation in the epileptic brain and 762 genes that showed reduced methylation
status during adenosine treatment. Among the two groups, we found 46 genes that were
common in the two groups. Interestingly, a large number of the common genes were
associated with DNA structural elements and transcription factors (Po/D1, Polrle, Rps6ki1,
Snrpn, Znf524, Znif541, Znf710), making them likely candidates as mediators for adenosine-
dependent changes in major homeostatic functions in the cell nucleus (Williams-Karnesky et
al., 2013). This study suggests that targeting ADK for epilepsy prevention or progression
will likely act through a network of gene expression changes caused by site-specific DNA
methylation changes of multiple genes.

Apart from adenosine augmentation, inhibition of ADK using 5-iodotubercidin (5-1TU) also
reduced hippocampal DNA methylation by 50% (Williams-Karnesky et al., 2013). An
independent study showed that transient ADK inhibition with 5-1TU for only 5 days
significantly reduced the percent time in seizures by at least 80% in 56% of mice at 6 weeks
post-kainic acid (Sandau et al., 2019). Collectively, these findings indicate that 5-1TU
restored global DNA methylation levels possibly via ADK-L and prevented epileptogenesis.
The prevention of epileptogenesis by ADK inhibition is of significant therapeutic interest,
particularly for patients who are at high risk of developing epilepsy, such as patients with

Neurochem Int. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Murugan et al.

Page 8

severe brain injury (Verellen and Cavazos, 2010). Another high risk situation for secondary
epileptogenesis is in patients who undergo surgical resection of an epileptogenic focus. In
these patients, seizures recur in about 50% of cases and is a major cause of relapse (de Tisi
et al., 2011). Therefore, targeting ADK is a feasible and promising therapeutic strategy for
preventing epileptogenesis, especially since transient treatment might be able to provide
long-lasting effectiveness. However, the specific role of ADK-L and epigenetic mechanisms
underlying epileptogenesis needs to be investigated and there is an urgent need for
development of ADK-L specific inhibitors.

An alternative therapeutic option for targeting ADK-mediated epigenetic mechanisms for
the treatment of epilepsy is the use of metabolic therapies such as the ketogenic diet. The
diet is known to influence epileptogenesis through a combination of adenosine receptor-
independent and dependent mechanisms (Murugan M, 2020). For instance, rats fed with
ketogenic diet following status epilepticus, demonstrated reduced development of
spontaneous seizures and decreased DNA methylation levels both during diet administration
and after the return to standard diet (Kobow et al., 2013). Though a direct link between the
ketogenic diet, DNA methylation levels and ADK-L must still be demonstrated, taken
collectively, these studies indicate that the lasting effects of the ketogenic diet may be
conferred via adenosine-mediated epigenetic regulation of the DNA methylome, supporting
a key mechanism implicated in epilepsy and epileptogenesis.

3.4 Vascular diseases

Adenosine receptors and extracellular adenosine have been closely associated with several
vascular pathologies including atherosclerosis (Koupenova et al., 2012; Wang et al., 2009),
restenosis (Yang et al., 2008), and platelet activation (Amisten et al., 2008; Yang et al.,
2010). However, the adenosine-mediated epigenetic mechanisms were overlooked. Recent
studies using transgenic animal models with conditional deletion of ADK in specific cellular
populations reveals a novel role for ADK as an epigenetic regulator in vascular conditions
such as hypoxia-induced angiogenesis, atherosclerosis, vascular inflammation and ischemic
injury (Wang et al., 2021; Xu et al., 2017a; Xu et al., 2017b; Zhang et al., 2018) (Figure 4).

3.4.1 Angiogenesis—Angiogenesis refers to the formation of new blood vessels from
pre-existing vessels. It is a common adaptive response to tissue hypoxia and is observed in
pathological conditions such as ischemic injury and cancer (Dor and Keshet, 1997; Nishida
et al., 2006). Previous work shows that hypoxia is associated with functional inhibition of
ADK and prevents the intracellular metabolism of adenosine into AMP (Decking et al.,
1997; Morote-Garcia et al., 2009). In line with this, hypoxia induced ADK downregulation
in endothelial cells led to hypomethylation of the promoters of a series of pro-angiogenic
genes, particularly vascular endothelial growth factor receptor 2 (VEGFR2), promoting
angiogenesis and wound healing (Xu et al., 2017b).

3.4.2 Atherosclerosis—Atherosclerosis is a chronic inflammatory vascular disease,
characterized by accumulation of foam cells in arterial vessel walls forming plaques. In
response to vascular injury, circulating monocytes of myeloid origin are recruited to the
injury site, where they differentiate into macrophages and turn into foam cells, a critical step
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in the initiation of atherosclerosis (Moore et al., 2013). A recent study demonstrated reduced
foam cell formation and development of atherosclerotic plaques in mice lacking ADK in
myeloid cells (under the LysM promoter) (Zhang et al., 2018). The reduction in foam cell
formation was attributed to reduction of methylation of the ABCGI gene in ADK deficient
mice. A reduction of methylation of the ABCGI gene causes its upregulated expression that
results in increased cholesterol efflux and the suppression of pro-inflammatory cytokines
(Zhang et al., 2018). The use of A2AR antagonist ZM241385 and A2BR antagonist
MRS1754 did not alter ABCGI gene expression, further confirming that the mechanism is
independent of adenosine receptor activation.

3.4.3 Vascular inflammation and neointima formation—Another study showed
that ADK deficiency in endothelial cells inhibited inflammation-induced adhesion molecule
expression and attenuated leukocyte-endothelial interactions (Xu et al., 2017a). The
increased intracellular adenosine from ADK deficiency represses flux through SAM-
dependent transmethylation pathways, which leads to reduced histone3 to lysine 4 (H3K4)
methylation and thereby the transcription and expression of inflammatory genes encoding E-
selectin, ICAM-1, and VCAM-1 (Xu et al., 2017a). A similar study used transgenic mice
lacking ADK in vascular smooth muscle cells (VSMCs) to investigate neointima formation,
a scar tissue that forms on the inner lining of blood vessels following vascular injury (Wang
etal., 2021). The VSMCs migrate into the intima layer after injury, proliferate and produce a
large amount of extracellular matrix, resulting in intima formation (Clowes et al., 1983).
Genetic and pharmacological inhibition of ADK was sufficient to inhibit VSMC
proliferation and thereby attenuate neointima formation (Wang et al., 2021). Mechanistic
studies revealed that ADK-deficiency affected the methylation status and increased
expression of Kriippel-Like Factor 4 (KLF4), an anti-proliferative gene, causing a reduction
in VSMC proliferation. Moreover, increased ADK expression, DNA hypermethylation as
well as decreased KLF4 expression were also observed in neointimal VSMCs from stenotic
vessels in human femoral arteries suggesting that the preclinical findings are relevant to the
human disease and of high translational significance (Wang et al., 2021). Taken together,
these studies show that ADK (in myeloid, endothelial or VSMCs) plays an important role as
an epigenetic regulator in the development of atherosclerosis and cerebral ischemia/
reperfusion injury. Hence ADK-L is a novel and promising therapeutic target for the
treatment of vascular diseases.

3.5 Cancer

Cancer is characterized by the occurrence and spread of malignant tumors.
Hypermethylation of DNA in cancer has been well established and studied at length (Estecio
and Issa, 2011; Huang et al., 2015b; Wolff et al., 2010). In particular, hypermethylation of
otherwise non-methylated CpG sites in promoter regions results in silencing relevant tumor
suppressor genes. On the other hand, global hypomethylation is also observed in many
cancers but is often specific to repetitive elements and influences chromosomal instability as
well as transcriptome changes leading to expression of oncogenes (Ehrlich, 2009; Wolff et
al., 2010). Aberrant DNA methylation as a hallmark of cancer raises the question of how
changes in the transmethylation reaction, and specifically ADK-L-mediated alterations
thereof, may influence the maintenance of this disease. The formation, survival and
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expansion of tumors have strong associations with adenosine metabolism (Boison and
Yegutkin, 2019). Recent studies observed a significant increase in the expression of ADK in
tumors of patients with glioma and colorectal cancer compared to benign tissue (Giglioni et
al., 2008; Huang et al., 2015a). In patients with Grade Il and Grade 111 gliomas, both the
isoforms of ADK were increased in the tumor and peritumoral areas (Huang et al., 2015a).
In contrast, an early study in rat hepatomas and kidney tumors found an inverse correlation
between ADK activity and tumor growth (Jackson et al., 1978). A more recent study noted a
global overall reduction in ADK expression in tumors of patients with hepatocellcarcinoma
(HCC) with a shift in the relative expression levels of different isoforms of ADK (El-
Kharrag et al., 2019). Interestingly, only HCC cases with reduced ADK expression showed
recurrence of cancer development, which was not the case in patients with normal ADK
levels. Taken together, the correlation of dysregulated ADK expression in cancer tissues
suggests a role for adenosine-related mechanisms in carcinogenesis, cancer progression and
prognosis. Experimental models have shed some light on the effect ADK has on
tumorigenesis. In a preclinical model, transgenic mice with liver ADK deficiency (ADK-Tg,
lack endogenous ADK-L and express reduced ADK-S in liver) displayed increased
susceptibility to a carcinogen, diethylnitrosamine, and associated mortality (EI-Kharrag et
al., 2019). On the other hand, augmentation of adenosine inhibited the tumor-initiating
potential of breast cancer cells via a receptor-independent mechanism in an /n vivo xenograft
mouse model (Losenkova et al., 2020). Since angiogenesis is needed for tumorigenesis and
survival, the epigenetic regulation of pro-angiogenic genes by ADK is another mechanism
by which ADK may be implicated in cancer (Xu et al., 2017b). These findings suggest a
potential epigenetic role for ADK in mitogenesis, tumorigenesis, and tumor-associated tissue
remodeling and invasion. Whether these mechanisms are mediated by ADK-L and whether
there is a direct link between ADK-L and epigenetic changes in the context of tumorigenesis
warrants further investigation (Figure 3).

In summary, the association of ADK-L in cell proliferation during development, the
correlation of changes in ADK expression in cancerous tissue, and the known epigenetic
changes in tumorigenic tissue sets ADK-L up as a potential diagnostic marker as well as a
novel therapeutic target for cancer pathologies in which ADK is implicated. The finding that
only glioma patients with epilepsy showed upregulated ADK expression in peritumoral
tissues which was absent in glioma patients without epilepsy (Huang et al., 2015a), indicates
a possible role for ADK in epileptogenesis in these patients. Hence targeting ADK in glioma
patients would be beneficial for its anti-tumorigenic properties, as well as, the anti-
epileptogenic effects. Further studies should determine the effect of ADK inhibition on DNA
methylation in cancer cell lines as well as its effect on cancer cell proliferation and cancer
susceptibility /in vivo.

3.6 Diabetes

Diabetes is a condition with elevated blood glucose levels or hyperglycemia, resulting from
impaired insulin production. It has been proposed that hyperglycemia drives changes in the
epigenome resulting in long-term vascular complications, a major cause of morbidity and
mortality in type 2 diabetes patients (Rosen et al., 2018). Moreover, genome-wide
methylation studies indicate that epigenetic mechanisms can predict nephropathy in type 1
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diabetic patients (Bell et al., 2010). Hence, understanding whether and how hyperglycemia-
induced changes in chromatin structure is regulated by ADK will be useful in the design of
mechanism-based therapeutics, which interfere with long-lasting activating epigenetics and
improve patient outcomes in diabetes.

The downregulated expression of ADK has been noted in several experimental models of
diabetes (Navarro et al., 2017; Sakowicz-Burkiewicz et al., 2006; Sakowicz and Pawelczyk,
2002). Exogenous insulin administration was able to restore ADK mRNA, protein and
enzymatic activity in streptozotocin-induced diabetes mellitus rat, indicating insulin
influenced the rate of Adk gene transcription (Sakowicz and Pawelczyk, 2002). Since insulin
deficiency and the loss of insulin secreting p-islet cells is the main underlying cause of
diabetes (Maedler and Donath, 2004), whether ADK can be targeted to influence insulin
production is of therapeutic interest. A small-molecule screening platform identified that
ADK inhibitors (5-ITU and ABT-702) were capable of promoting replication of primary p-
cells in three species (mouse, rat, and pig) (Annes et al., 2012). However, the ADK
inhibitors were only able to induce the proliferation of B-cells but not that of a.-cells or
fibroblasts. In alignment with this, ADK immunostaining of islet cultures revealed nuclear
expression of ADK-L in p-cells, whereas ADK-S was localized to the cytoplasm of
fibroblasts and a.-cells (Annes et al., 2012). These data suggest that ADK-L regulates p-cell
replication following the application of an ADK inhibitor, however whether this process is
regulated by epigenetic mechanisms remains to be investigated. Interestingly, a recent study
using transgenic mice deficient in ADK specifically in p-cells (under Ins2 promoter) also
showed increased pancreatic p-cell proliferation and thereby insulin secretion (Ahmed
Abdalhamid Osman et al., 2019). In addition to affecting p-cell proliferation, mice with
conditional disruption of ADK expression in p-cells also showed improved glucose
tolerance and increased glucose-stimulated insulin secretion /77 vivo in response to high fat
diet, indicating the ability of ADK in regulating insulin tolerance (Navarro et al., 2017).
Therefore, modulation of ADK activity is a potential strategy that can not only improve p-
cell proliferation and increase insulin secretion, but can also enhance adaptive p-cell
response. In summary, the identification of ADK-L as a regulator of p-cell replication and
function is an unexpected finding that highlights the therapeutic potential of targeting ADK
for the treatment of diabetes.

4. Technical challenges in investigating the epigenetic roles of ADK-L

One of the major challenges in the field is the lack of attention to the roles for specific ADK-
isoforms. The isoform specific expression of ADK in tissues can be easily identified using
Western blots (Cui et al., 2011; Gebril et al., 2020). With the knowledge on subcellular
compartmentalization of the two isoforms, simple immunohistological labeling can be
employed to separate the expression of the ADK-L isoform in the nucleus from ADK-S in
the cytoplasm (Cui et al., 2009). Currently available ADK inhibitors such as 5-
iodotubercidin (5-ITU) and ABT 702 lack isoform-specificity, hence the development of
inhibitors with higher selectivity for the nuclear isoform of ADK (ADK-L) is needed. A
recent study using a structure-based design approach and molecular dynamics simulation
analysis of human ADK, synthesized novel ADK inhibitors (MRS4202, MRS4380 and
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MRS4203) with higher potency for ADK inhibition (Toti et al., 2016), however their
selectivity to specific ADK isoforms remains to be investigated.

The lack of pharmacological tools to dissect the roles of the specific isoforms have led to the
reliance on genetic tools to elucidate the functions of the lesser-investigated ADK-L
isoform. Most of the experimental studies mentioned in this review use cell-type specific
deletion of ADK by crossbreeding ADK flox mice with a cell-type specific Cre, which
results in the deletion of both ADK-L and ADK-S isoforms in these cells (Ahmed
Abdalhamid Osman et al., 2019; Gebril et al., 2020; Xu et al., 2017a; Xu et al., 2017b).
Hence, there is rationale that the observed effects may be due to the indirect effect of ADK-
S deficiency. To overcome this drawback, certain studies have taken advantage of the
endogenous selectivity in ADK-L expression and combined the use of the ADK flox-cre
lines to generate isoform and cell-specific knockout in selective neurogenic neurons (Gebril
et al., 2020) and B islet cells(Ahmed Abdalhamid Osman et al., 2019), cells that only
express the ADK-L isoform. On the other hand, mice with ADK-L transgene insertion shed
light on the gain of function from ADK-L overexpression in addition to the basal
endogenous ADK (Gebril et al., 2020). In light of these technical challenges, the use of
transgenic tools for investigating ADK-L needs to be carefully considered and the data needs
to be cautiously interpreted.

Another important factor to take into consideration when investigating the epigenetic
mechanisms regulated by ADK is whether the ADK-S isoform can modulate global DNA
methylation. To this end, a study showed that Adk-deficient BHK-AK2 cells expressing
ADK-L only showed a robust 400% increase in global DNA methylation, whereas cells with
ADK-S showed only a modest 50% increase in global DNA methylation (Williams-
Karnesky et al., 2013). These data demonstrate that both isoforms of ADK are involved in
the regulation of global DNA methylation. Although the nuclear isoform appears to be more
effective in altering the DNA methylation status, the existence of cell-autonomous (nuclear
ADK) and non—cell-autonomous (cytoplasmic ADK) effects of ADK is apparent.

5. Conclusion

Based on the body of evidence discussed in this review, the role of ADK-L isoform, as an
epigenetic modulator in developmental and pathological conditions is apparent.
Dysregulated ADK-L expression and pathogenic DNA methylation seems to be a common
feature in many disorders, emphasizing the advantage of targeting ADK for treatment for not
just the condition, but also the associated co-morbidities. The link between ADK-L
suppression and improved cell proliferation, is another remarkable shared mechanism
among conditions such as cancer, TBI, and diabetes. In light of the above, it is possible that
epigenetic regulation by ADK forms the very basis of pathologies affecting multiple genes,
hence targeting ADK is akin to a globally-acting multi-modal approach that is able to restore
complex network function. ADK inhibition although proven beneficial in preclinical studies,
has not been translated into clinical success due to concerns associated with liver toxicity
(Boison et al., 2002). These toxicity concerns are mainly attributed to the inhibition of
ADK-S isoform, which is essential for critical physiological functions (Boison et al., 2002).
Hence the development of ADK-L specific inhibitors is not only exciting for its effect on
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associated with global ADK inhibition. Further investigations overcoming the technical
challenges of investigating the epigenetic functions of ADK-L are needed to confirm the

direct link between ADK-L and DNA methylation changes. In conclusion, this review
highlights the unprecedented therapeutic potential of targeting ADK and its putative
epigenetic functions in various pathological conditions ranging from developmental

disorders and epilepsy to vascular diseases and cancer.
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Highlights
. ADK is developmentally regulated in a cell-type and isoform specific manner.
. The nuclear localization of the ADK-L isoform supports its role as an
epigenetic regulator that drives DNA and histone methylation by clearing
adenosine.
. Epigenetic regulation by ADK is essential for normal neurodevelopment and

. ADK-regulated epigenetic mechanisms are implicated in neurodevelopmental

angiogenesis.

disorders, brain injury, epilepsy, vascular diseases, cancer, and diabetes.

Neurochem Int. Author manuscript; available in PMC 2022 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Murugan et al.

Page 20

Adenosine kinase expression
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Figure 1. Regulation of ADK expression.

a. Tissue-specific regulation of ADK isoforms in adrenal gland, brain, heart, kidney, liver,
pancreas, spleen, muscle and thymus is depicted. The signs ++++, +++, ++, + and — denote,
very high, high, moderate, low and no expression, respectively. b. Developmental regulation
of ADK isoforms in the brain of mice from embryonic (E5 —E20), postnatal (P4-8), and
adult stages. c. Localization of ADK-S in the cytoplasm of astrocytes and localization of
ADK-L in the nucleus of both astrocytes and neurons in the adult brain. The ADK
expression profiles depicted here are schematic representations based on Western blot
analyses from previously reported publications (Bjursell et al., 2011; Boison et al., 2002;

Cui et al., 2011).
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Adenosine
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Figure 2. Molecular, biochemical and epigenetic mechanisms regulated by ADK isoforms.
Schematic shows intracellular adenosine metabolism via ADK-S, equilibration to the

extracellular space via equilibrative (ENT) or concentrative (CNT) nucleoside transporters,
and associated adenosine receptor-mediated mechanisms. On the other hand, nuclear ADK-
L acts as an epigenetic regulator of DNA methylation. ADK-L promotes transmethylation
reactions by adenosine conversion to 5’ AMP causing a forward shift in S-
adenosylmethionine (SAM) to S-adenosylhomocysteine (SAH) transformation, thereby
promoting DNA methylation through DNA methyltransferases (DNMT).
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Figure 3: ADK and associated epigenetic mechanisms in pathological conditions.

The epigenetic mechanisms mediated by ADK in various pathological conditions are shown.
(i) In brain injury, chronic increase in ADK was associated with increased transmethylation
leading to DNA hypermethylation and neurogenesis. The links between methylation changes
and cognitive decline need to be investigated. (ii) In experimental epilepsy models, a trigger
such as kainic acid induces ectopic overexpression of ADK-L and DNA hypermethylation of
a network of genes including PolD1, Polrle, Rps6ki1, Snrpn, Znf524, Znf541, Znf710.
ADK inhibition by 5-1TU and ketogenic diet (KD) was able to restore DNA methylation and
prevent onset of seizures. (iii) In preclinical cancer models, studies using transgenic mice
with ADK deficiency reveals ADK expression changes in tumors may be associated with
methylation of mitogenesis and tumorigenesis genes resulting in increased susceptibility to

carcinogen responses and associated mortality. (iv) In B-islet cells in the pancreas, ADK
inhibition via genetic or pharmacological tools promoted p-cell proliferation and insulin
secretion via MTOR activation.
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Figure 4. ADK mediated epigenetic mechanisms in vascular diseases.
Schematic shows ADK plays an important role as an epigenetic regulator in various vascular

pathologies. (i) Hypoxia induces ADK downregulation in endothelial cells, leading to
hypomethylation of vascular endothelial growth factor receptor 2 (VEGFR?2) and thereby
promotes angiogenesis. (ii) In myeloid cells, increase in ADK expression and associated
DNA methylation represses the ABCGI gene, a key regulator of cholesterol trafficking,
resulting in the formation of foam cells and atherosclerotic lesions. (iii) In endothelial cells,
inflammation (TNF-a))-induced upregulation of ADK promotes histone methylation H3K4
resulting in increased expression of adhesion molecules ICAM-1 and VCAM-1. (iv) In
vascular smooth muscle cells (VSMC), ADK expression was associated with DNA
hypermethylation and therefore suppression of the KLF4 gene expression, an anti-
proliferation gene, resulting in increased VSMC proliferation and neointima formation.
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