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Abstract: Epigenetics deals with alterations to the gene expression that occur without change in
the nucleotide sequence in the DNA. Various covalent modifications of the DNA and/or the sur-
rounding histone proteins have been revealed, including DNA methylation, histone acetylation, and
methylation, which can either stimulate or inhibit protein expression at the transcriptional level.
In the past decade, an exponentially increasing amount of data has been published on the association
between epigenetic changes and the pathomechanism of pain, including its most challenging form,
neuropathic pain. Epigenetic regulation of the chromatin by writer, reader, and eraser proteins has
been revealed for diverse protein targets involved in the pathomechanism of neuropathic pain. They
include receptors, ion channels, transporters, enzymes, cytokines, chemokines, growth factors, inflam-
masome proteins, etc. Most work has been invested in clarifying the epigenetic downregulation of
mu opioid receptors and various K* channels, two types of structures mediating neuronal inhibition.
Conversely, epigenetic upregulation has been revealed for glutamate receptors, growth factors, and
lymphokines involved in neuronal excitation. All these data cannot only help better understand
the development of neuropathic pain but outline epigenetic writers, readers, and erasers whose
pharmacological inhibition may represent a novel option in the treatment of pain.

Keywords: animal models; DNA methylation; epigenetics; histone acetylation; histone methylation;
neuropathic pain; nociception

1. Basic Concepts of Epigenetics

It is an old recognition that different cell types of the body that possess the same
nucleotide sequence in the deoxyribonucleic acid (DNA) have distinct structures and
functions, and these features are primarily determined by differences in the expression
profile of the genes, leading to changes in the cellular amount and function of proteins.
Epigenetics deals with modifications to the gene expression that occur without alteration
of the nucleotide sequence in response to external (diet, lifestyle, eventual drug exposure,
etc.) or internal factors (e.g., sex, race, development, aging, pathological states). Epigenetic
processes can be initiated by altering the chromatin substance composed of DNA and
histone proteins. Chromatin is built up from repeating structural units called nucleosomes.
In each nucleosome, about 140 nucleotide-pair-long DNA is wrapped around an octamer
complex of histone proteins, including 2-2 copies of H2A, H2B, H3, and H4. The H1 and
H2 proteins are bound to the DNA as it enters the nucleosomes and keep in place the
DNA that has wrapped around the nucleosome core, and they also bind to the linker DNA
connecting the adjacent nucleosomes. Chromatin can exist in two forms. Heterochromatin
is a condensed configuration with short free segments of DNA (forming a beads-on-a-
string structure) repressing transcription. Euchromatin is a more relaxed configuration
in which longer free DNA segments allow for the binding of transcription factors, thus
promoting transcription.
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Epigenetic processes lead to covalent modifications of the DNA in the form of methyla-
tion or alteration of the histone proteins by methylation, acetylation, phosphorylation, etc.,
which result in an increase or decrease in gene expression, typically at the transcriptional
level [1]. Several enzymes responsible for attaching and removing these epigenetic molecu-
lar marks (so-called writers and erasers, respectively) and protein factors recognizing them
(so-called readers) have been identified and characterized. However, much less is known
about how the various extracellular and intracellular signals can facilitate the activity of
the writers. Similarly, the intracellular events following the interaction between the readers
and their downstream factors have only been partially elucidated.

2. The Role of DNA Methylation/Demethylation in Neuropathic Pain
2.1. General Principles

DNA methyltransferase (DNMT) enzymes attach a methyl group to carbon 5 of
a cytosine base adjacent to a guanine residue, a so-called CpG site, which is typically
concentrated at the promoter region of genes that form CpG islands [2]. There are several
forms of DNMTs; DNMT]1, as a maintenance enzyme, functions during cell division to
copy the methylation pattern of the old DNA strand onto the complementary new one,
whereas DNMT3a and DNMT3b mediate de novo methylation in response to the above-
mentioned external and internal factors. Methylation of CpG islands typically causes
gene repression, partly by preventing the binding of transcription factors and partly by
functioning as docking sites for 70 amino acid-long methyl-CpG-binding domain (MBD)
proteins, inhibiting transcription. These epigenetic readers include methyl-CpG-binding
protein 2 (MeCP2) and a series of MBD 1-6 proteins, and they work by recruiting other
transcriptional repressors such as histone deacetylase or histone methyltransferase enzymes
(see later). DNMT?2 is a homolog that methylates cytosine bases in the transfer RNA.

DNA demethylation can be passive or active. The passive way refers to the ab-
sence of methylation of newly synthesized DNA strands by DNMT1 during repeated
DNA replication cycles. Active demethylation occurs without DNA replication by 10 to
11 translocation (TET) methylcytosine dioxygenase enzymes, which are so-called editors
that are able to modify epigenetic marks. TET enzymes convert 5-methylcytosine (5mC)
to 5-hydroxymethylcytosine (ShmC) in the CpG dinucleotide. Furthermore, TET1 itself,
as well as the formed 5-hydroxymethylcytosine, both prevent the binding of DNMT to
CpG sites. As these activities contribute to DNA demethylation, TET enzymes can also be
regarded as epigenetic erasers [3].

2.2. Expression of Elements of the DNA Methylation Machinery in Primary Sensory Neurons

Proteins involved in DNA methylation/demethylation have been localized to the
dorsal root ganglia (DRG) that contains the cell body of primary sensory neurons, includ-
ing nociceptive ones, and in the spinal dorsal horn, comprising the central terminals of
(nociceptive) primary afferent neurons and the bodies of other cell types. Concerning the
writer proteins, all three forms of DNMTs (DNMT1, DNMT3a, and DNMT3b) are expressed
in the DRGs under normal conditions [4-7]. A predominantly neuronal expression in both
peptidergic and non-peptidergic primary sensory neurons was detected. DNMT3a and
DNMT3b were also revealed in the dorsal horn [8]. Considering the reader proteins, MeCP2
expression in the lumbar spinal cord of rats was revealed—mainly in neurons, much less
in glial cells [4,9]. Similarly, MBD1 expression was detected in both peptidergic and non-
peptidergic sensory neurons, but not in glial cells of the mouse DRG [10]. Regarding the
eraser proteins, TET proteins were also detected in the DRG of mice: TET1 and TET3 only
in neurons, whereas TET2 was also in non-neuronal cells; TET3 was predominantly located
in presumably nociceptive small- and medium-sized neurons [11]. Accordingly, a 5ShmC
signal was detected in nearly all DRG neurons of mice. TET1 expression was also observed
in the dorsal horn neurons of rats [12].
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2.3. Global Changes in DNA Methylation under Neuropathic Conditions

An early study on rats with chronic constriction injury (CCI) of the sciatic nerve
revealed an increased global DNA methylation and upregulation of MeCP2 in the lumbar
spinal cord on day 14 after nerve injury [9]. These changes were inhibited by intrathecally
applied 5-azacytidine, a nonselective inhibitor of DNMT enzymes. The latter agent also
reduced CCl-evoked mechanical allodynia and heat hyperalgesia, suggesting that CCI may
lead to epigenetic silencing of some putative antinociceptive genes via DNA methylation.
In a genome-wide analysis of the spinal cords of rats with CCI, 638 hypermethylated and
567 hypomethylated sites within promoter regions were revealed [13].

One day after spinal nerve ligation (SNL), in DRGs of rats, plastic changes of the DNA
methylation pattern were revealed with predominant (80%) hypermethylation of CpG sites
observed, not only at the promoter regions of genes, but also in exons and introns as well
as outside of genes [14]. There was no clear correlation between the direction of change of
the methylation status and the level of gene expression. In the same model, the genome-
wide analysis revealed both DNA hypermethylation and hypomethylation in the affected
DRGs 3 days after injury [15]. In contrast, three weeks after injury, DNA hypomethylation
prevailed predominantly outside CpG islands and in introns, intergenic regions, and
repeats. Interestingly, DNA hypermethylation was more typical in the spinal cord and
prefrontal cortex. The nerve injury-induced methylation reprogramming correlated with
increased gene expression in the DRGs. These data suggest that DNA hypomethylation in
the DRG prevails in this model of neuropathic pain.

In the spared nerve injury (SNI) model of rats, involving ligation of the tibial and per-
oneal nerves but sparing the sural nerve, messenger ribonucleic acid (mRNA) expressions
of DNMTs and MeCP2 were downregulated in the dorsal horn, the latter also in the ipsilat-
eral, injured DRG [4]. In accordance, the 5ShmC signal, indicating DNA demethylation, was
increased at the ipsilateral DRGs of mice with SNI, and TET3 expression was increased, as
opposed to TET1 or TET2 expression [11]. All these alterations point to nerve injury-evoked
DNA hypomethylation in this model. The genome-wide analysis in mice with SNI revealed
in the DRG a redistribution of MeCP2 binding to transcriptionally relevant regions [16].

The prefrontal cortex is of crucial importance for chronic pain states as an integrator
area. In early studies in this field employing the SNI model in mice or rats six or nine
months after nerve injury, a decreased global DNA methylation level was detected in the
prefrontal cortex and amygdala, but not in other brain areas [17,18]. Accordingly, DNA
hypomethylation in this structure correlated with mechanical allodynia and cold hyperal-
gesia. Chronic post-treatment of SNI mice with the methyl donor S-adenosylmethionine
diminished nerve injury-induced mechanical hypersensitivity, indirectly supporting the
role of DNA methylation [19]. In a long-term follow-up study on SNI mice, the global
DNA methylation pattern in the prefrontal cortex was assessed 1 day, 2 weeks, 6 months,
and 1 year after nerve injury [20]. Over this long period, time point-specific differential
methylation of individual genes at the promoter regions was revealed, affecting numerous
pain-related genes. In rats with SNI, TET1 expression was increased in the prefrontal cortex,
and DNMT1 expression was increased in the hippocampus [21,22]. In the partial sciatic
nerve ligation (PSNL) model of mice, the reduced global DNA methylation in the prefrontal
cortex and in the periaqueductal grey matter, which has been confirmed and correlated
with mechanical allodynia and cold allodynia [23]. Using differentially methylated regions
analysis, 2451 hypermethylated and 1991 hypomethylated gene promoters were identi-
fied. In addition, expressions of DNMT1, DNMT3a, and DNMT3b were decreased as well.
Acupuncture could restore both the DNA hypomethylation in the prefrontal cortex and
the nociceptive hyperresponsiveness. In a mouse model of neuropathic pain based on
unilateral transection of the tibial nerve, global DNA methylation was increased bilaterally
in the primary somatosensory cortex [24].

Paclitaxel-induced neuropathy caused no significant alterations in DNA methylation
levels in the DRG, but, in mice with streptozotocin-induced diabetes, 376 genes were
hypermethylated and 336 were hypomethylated at CpG sites of promoter regions in the
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DRGs [15,25]. In a recent human study, the genome-wide analysis revealed differentially
methylated regions in the DNA obtained from blood cells [26]. The methylation pattern of
patients with neuropathic pain was different, not only compared to healthy controls, but
also to patients suffering from nociceptive pain.

2.4. Proteins Regulated by DNA Methylation in Neuropathic Conditions
2.4.1. Opioid Receptors

G; protein-coupled mu, delta, and kappa opioid (MOP, DOP, and KOP, respectively)
receptors mediate the analgesic effects of both therapeutically applied opioids and endoge-
nous opioid peptides. In particular, the MOP receptor is subject to epigenetic regulation
by DNA methylation. As shown in mice with CCI, morphine’s peripheral and spinal
antinociceptive effects were decreased due to the downregulation of the MOP receptor in
the DRG and the spinal cord [27,28]. Increased methylation at the proximal promoter of
the MOP receptor gene was revealed in DRG neurons, along with MeCP2 upregulation.
DNMT inhibition by 5-aza-deoxycytidine or knockdown of MeCP2 prevented MOP recep-
tor downregulation in DRG and the spinal cord and restored the antinociceptive potency
of morphine reduced by nerve injury. Furthermore, the octamer transcription factor 1
(OCT1) overexpression in DRG neurons was also involved in the CCl-evoked upregulation
of DNMT3a and downregulation of MOP receptors [29]. Similar results were obtained
regarding the spinal cord: CCl-induced heat hyperalgesia was associated with increased
DNMT3a expression, the enhanced methylation level of the proximal promoter of the MOP
receptor gene, and decreased MOP receptor expression [30]. All these alterations were
reduced by intrathecally applied RG 108, a nonselective and irreversible DNMT inhibitor.

Consonant results were obtained in the SNL model of rats and mice. DNMT3a
upregulation led to increased DNA methylation at the promoter region of the MOP receptor
gene and downregulation of MOP (and KOP) receptors in the injured DRG, along with
the development of tolerance to the antinociceptive effect of morphine [5,10]. In addition,
a role for the reader protein MBD1 was also established, as it was upregulated in the
injured DRG. DNMT3a was recruited by MBD1 to the promoter of the respective genes
and involved in the transcriptional repression of the MOP receptor. In either MBD1
knockout or MBD1 knockdown (by short hairpin RNA (shRNA)) mice, the SNL-evoked
mechanical allodynia, heat hyperalgesia, and cold allodynia were diminished. The SNL-
induced promoter hypermethylation and downregulation of the MOP receptor gene were
counteracted by microinjection of herpes simplex virus, expressing TET1 mRNA into the
injured DRG [31]. This overexpression of TET1 restored the diminished analgesic efficacy
of morphine and counteracted morphine tolerance induced by nerve injury.

All the above data provide evidence that hypermethylation of the MOP receptor gene
promoter leads to transcriptional repression of MOP receptors with two consequences:
induction of hyperalgesia, likely by reducing the antinociceptive effects of endogenous
opioids, along with a diminishment of the antinociceptive effect of the applied opioid.

2.4.2. K" Channels (Ky1.2, Kyp1.1)

K* channel opening typically causes an outward current, leading to membrane hyper-
polarization and consequent neuronal inhibition. Conversely, inhibition or downregulation
of K* channels induces neuronal hyperexcitability via different mechanisms, including
reduction of the total K* current, increasing the resting membrane potential, reducing
the current threshold for action potential, and increasing the number of evoked action
potentials. Extensive evidence exists that decreased expression of various K* channels
contributes to neuropathic pain. For two types of them, the voltage-gated K, 1.2 channels
and the two-pore-domain K* channels (Kp), epigenetic regulation by DNA methylation in
neuropathy has been revealed. In rats with SNL and/or CCI, an increased expression of
DNMT3a but not DNMT3b in the injured DRG was observed [6,29]. Evidence has been
provided that upregulation of OCT1 in the corresponding ipsilateral DRG but not in the
spinal cord was involved in this response. OCT1 was predominantly localized in both
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large and small DRG neurons, including peptidergic and non-peptidergic small ones. In
the DRG, DNMT?3a directly inhibits the expression of the Ky 1.2 channels by methylation at
the promoter region of the K, 1.2 gene. These data suggest that nerve injury upregulates
DNMT3a in DRG neurons involving OCT1 action, which leads to enhanced methylation of
the promoter of the K 1.2 gene, resulting in K,1.2 downregulation. A role for the reader
protein MBD1 was also revealed in mice with SNL [10]. It was shown that DNMT3a was
recruited by the upregulated MBD1 to the promoter of the K, 1.2 channel gene and was
involved in the transcriptional repression of this channel. The SNL-induced promoter
hypermethylation and downregulation of the K, 1.2 gene were rescued by artificial TET1
overexpression in the injured DRG [31].

Similar results were obtained upon implantation of prostate cancer cells into the rat
tibia, which led to mechanical allodynia, heat hyperalgesia, and cold allodynia, along
with increased DNMT3a (but not DNMT3b) expression and a decreased K, 1.2 channel
expression in the ipsilateral dorsal horn (but not DRG) [8]. Pharmacological inhibition
(by decitabine, a nonselective DNMT inhibitor) or genetic knockdown (by shRNA) of
DNMT3a prevented tumor cell-induced K 1.2 channel downregulation and reversed the
behavioral responses.

In a complex study employing SNL, CCI, and axotomy models, evidence for in-
volvement of DNMT1, the primary maintenance DNMT, in neuropathic pain has been
provided [7]. DNMT1 was upregulated in the DRG in response to nerve injury through
the transcription factor cyclic adenosine monophosphate (AMP) response element-binding
(CREB) protein, which was shown to directly bind to the promoter of the DNMT1 gene,
leading to transcriptional activation. DNMT1 was shown to reduce Ky 1.2 channel expres-
sion (but not MOP or KOP receptor levels) in the injured DRG by methylating three sites
of the K;1.2 gene. These data suggest that DNMT1 may be induced under neuropathic
conditions and mediate de novo methylation of the K, 1.2 gene.

Systemic paclitaxel administration in mice induced downregulation in the DRGs of
K2p1.1, a member of the Kyp family involved in the leak currents of neurons [32]. Evidence
has been provided that K3,1.1 downregulation leads to increased neuronal excitability in
DRG neurons and pain hypersensitivity. In DRG, paclitaxel treatment evoked an increased
expression of DNMT3a but not DNMT3b or DNMTT1. Finally, paclitaxel increased DNA
methylation at the promoter region of the Kj;,1.1 gene. These data suggest that paclitaxel
upregulates DNMT3a in DRG neurons, leading to enhanced methylation of the Kj,1.1
promoter, resulting in K,1.1 downregulation and neuronal excitation.

2.4.3. Brain-Derived Neurotrophic Factor

Brain-derived neurotrophic factor (BDNF) is released from central terminals of the
nociceptive primary sensory neurons and contributes to spinal sensitization of the pain
pathway. In rats with SNL, increased expression of TET1, peaking on day 7, was observed
in the ipsilateral dorsal horn neurons [12]. As expected, SNL increased the global level of
5hmC in the ipsilateral dorsal horn, suggesting that SNL-increased spinal TET1 expression
promotes DNA demethylation. SNL increased the conversion of 5mC to 5hmC at the CpG
sites of the promoter of the BDNF gene. SNL increased the levels of BDNF in the dorsal
horn, and this alteration was reduced by spinal TET1 knockdown. SNL-enhanced DNMT1,
DNMT3a, and DNMT3b binding to the promoter of the BDNF gene were reduced on
day 7 compared to day 3. TET1 knockdown increased DNMT1, DNMT3a, and DNMT3b
binding to the promoter of the BDNF gene on day 7. These data indicate that, initially,
methylation of the BDNF gene promoter is enhanced by DNMT enzymes, but later it is
overcompensated by an increased spinal TET1 expression, partly by direct demethylation,
partly by reducing DNMT binding. MeCP2 was shown to be upregulated in the SNI model
of mice, and it was revealed that functional MeCP2 is needed for regular BDNF expression
in DRG [33].
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2.4.4. Other Proteins

The following epigenetic mechanism has been revealed regarding glutamic acid decar-
boxylase 67 (GAD67), an enzyme converting the main neuroexcitatory mediator glutamate
to the main inhibitory neurotransmitter gamma-aminobutyric acid (GABA). In rats with
CClI, expression of DNMT3a, DNMT3b, and MeCP2 increased, whereas MBD2 expression
decreased in the lumbar spinal cord [34]. These changes were associated with enhanced
DNA methylation at the promoter of the GAD67 gene and downregulation of GAD67.

In rats with SNL, an upregulation of TET1 in the dorsal horn, but not the DRG, was
found, which led to hypomethylation of the metabotropic glutamate receptor (mGlu) type 5
(mGlub) gene promoter, causing increased expression of this receptor in the dorsal horn,
with consequent mechanical allodynia and heat hyperalgesia [35]. It is worth mentioning that,
in the same model, TET1 overexpression in the injured DRG (but not the spinal cord) by viral
delivery of TET1 mRNA alleviated heat hyperalgesia and mechanical allodynia in rats [31].

The methylation levels of the genes of the metabotropic glutamate receptor type 4
(mGlu4), serotonin 5-HT4 receptor, (3, adrenergic receptor, and K,5.1 channel were in-
creased in both the CCI and SNL models of neuropathic pain in the rat [13]. Accordingly,
the mRNAs of these receptors/channels were downregulated in the spinal cord. Intraperi-
toneally applied 5-azacytidine, a DNMT inhibitor, reversed the above-mentioned DNA and
mRNA alterations and diminished neuropathic mechanical allodynia and heat hyperalgesia.

Regarding diabetic neuropathy, streptozotocin-induced diabetes attenuated the ex-
pression of DNMT3b, but not 3a, in the DRG, leading to demethylation at the promoter
of the P2X3 purinoceptor gene [36]. This resulted in increased binding of p65, a subunit
of the transcription factor nuclear factor kappa B (NF-«B), to the demethylated promoter
region, which increased P2X3 channel expression in DRG neurons, contributing to me-
chanical allodynia. The nucleotide oligomerization domain (NOD)-like receptor protein 3
(NLRP3), a core inflammasome component, was upregulated in the DRGs of mice with
streptozotocin-induced diabetes, and this latter alteration contributed to neuropathic me-
chanical allodynia [37]. The likely mechanism is the upregulation of TET2, leading to
an increase in thioredoxin-interacting protein (TXNIP) expression in neurons, which can
activate the NLRP3 inflammasome.

In various tumors, including oral squamous cell carcinoma, endothelin levels are in-
creased. Endothelin acting at its type A receptors promotes nociception, whereas activation
of type B receptors results in antinociception. In a human oral squamous cell carcinoma
specimen, an elevated methylation level was detected at the promoter of the endothelin
type B (ETp) receptor gene, along with reduced expression of ETp [38]. Restoring ETp
receptor expression by a viral vector of the ETg gene in the tumor cells led to decreased
endothelin secretion but increased beta-endorphin secretion. In a murine oral squamous
cell carcinoma model, overexpression of the ETp receptor gene attenuated mechanical
allodynia without affecting tumor size.

In oxaliplatin-treated rats, the transcription factor SRY-related HMG-box 10 (SOX10)
was upregulated due to hypomethylation of the SOX10 gene promoter by upregulated
TET1 [39]. Increased expression and binding of SOX10 to the promoter of the gene of
the transcription factor homeobox A6 (HOXA®6) protein led to HOXA6 upregulation in
spinal dorsal horn neurons, which contributed to oxaliplatin-induced mechanical allodynia.
Oxaliplatin-induced mechanical allodynia was shown to involve increased expression of the
transcriptional regulator zinc-finger E-box-binding homeobox 1 (ZEB1) and the DNMT3b in
the dorsal horn neurons of the rat [40]. Their enhanced interaction increased the methylation
level at the promoter of the gene of the tyrosin kinase-linked receptor discoidin domain
receptor type 1 (DDR1). This led to a decrease in DDR1 expression and mechanical allodynia.

In the intervertebral discs of mice, expression of secreted protein acidic and rich in
cysteine (SPARC, also known as basement-membrane protein 40 or osteonectin) was shown
to decrease with age, and this decline was associated with nociceptive responses resembling
both axial and radicular low back pain of humans [41]. This age-dependent downregulation
of SPARC was coupled with increased methylation of six CpG sites at the promoter of the
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SPARC gene. In addition, 5-azacytidine, a DNMT inhibitor, increased SPARC expression. In
patients with chronic neuropathic pain, a correlation between transient receptor potential
(TRP) ankyrin 1 (TRPA1) gene hypermethylation or TRPA1 mRNA downregulation in
blood cells and pain score was established [42].

Epigenetically relevant details of the neuropathy models in which DNA methylation

was investigated are shown in Table 1.

Table 1. Experimental models in which the effects of DNA methylation were examined.

Epigenetically Epigenetically Regulated
Neuropathy Model Species Epigenetic Alteration(s) Regulated Change(s) in p1gs ca’ly teg Reference(s)
A Nociceptive Response(s)
Gene Expression
Global DNA hypermethylation,
Male Sprague-Dawley MeCP2 mRNA, and nuclear _ Mechanical allodynia, 9]
rats MeCP2 protein upregulation in heat hyperalgesia
the spinal cord
. Hypermethylation of the MOP MOP downregulation in .
Male C57BL/6] mice gene proximal promoter DRG and spinal cord Heat hyperalgesia (271
Hypermethylation + increased Lo
Male C57BL/6] mice MeCP2 binding at the MOP MOP downregulation in Heat hyperalgesia [28]
DRG neurons
gene promoter
DNMT3a expression T — Lo
Male C57BL /6] methylation of MOP gene MOP downregulation in Heat hyperalgesia [30]
. e mice the spinal cord
Chronic constriction promoter T
injury (CCI)
Male Sprague-Dawley OCT1 upregulation — MOP and k1.2 Mechanical allodynia, heat
rats DNMT3a upregulation downregulation in hyperalgesia, cold allodynia (2]
preg DRG neurons yperalgesia, y
. CREB upregulation — Ky 1.2 downregulation in Mechanical allodynia, heat
Male C57BL/6] mice DNMT1 upregulation DRG neurons hyperalgesia, cold allodynia 1
Male Sprague-Dawle Dl\lTlMl?;ailglt)i,olrfPZ GAD67mRNA
prag Y preg . downregulation in the Mechanical allodynia [34]
rats hypermethylation at the spinal cord
promoter of the GAD67 gene P
Male Sprague-Dawley Hypermethylation of the mGlud, 5-HTy, B2, K51 Mechanical allodynia,
mRNA decrease in the . [13]
rats mGlu4, 5-HTy, 32, K{5.1 genes X heat hyperalgesia
spinal cord
DNMT3a upregulation —
Male Sprague-Dawley hypermethylation of the MOP MOP and KOP .
rats; C57B/L6 mice gene promoter + increased downregulation in DRG Heat hyperalgesia Bl
MBD1 binding
OCT1 upregulation —
Male Sprague-Dawley DNMT3a upregulation — Ky 1.2 downregulation in Mechanical allodynia, heat, 161
rats hypermethylation at the K, 1.2 DRG neurons and cold hyperalgesia
gene promoter
. CREB upregulation — K, 1.2 downregulation in Mechanical allodynia, heat
Male C57BL/6] mice DNMT1 upregulation DRG neurons hyperalgesia, cold allodynia 7]
MBD1 upregulation — MOP and K, 1.2 . .
Male C57BL/6] mice DNMT3a binding to MOP and downregulation in hMechaln 1cail alloﬁlynllla, dheait [10]
K,1.2 gene promoter 1 DRG neurons yperalgesia, cold alodynia
Male Sprague-Dawley DNA hyperm;}t}ﬁylatlon at ahe (1:\1/101’ and }(‘1 2 Mechanical allodynia, heat
rats promoters of the MOP an ownregulation hyperalgesia [31]
K1.2 genes in DRG
Spinal r;gﬁi)hgatlon TET1 upregulation,
Male Sprague-Dawley TET1-mGlu5 coupling — mGlu5 upregulation in Mechanical allodynia, heat [35]
rats demethylation of the mGlu5 the dorsal horn hyperalgesia g
gene promoter 1
DNMT1, 3a, 3b binding to the
BDNF gene promoter 7,
Male Sprague-Dawley methylation T, BDNF upregulation in . .
rats later TET1 upregulation — the dorsal horn Mechanical allodynia (12l
demethylation at the CpG sites
of the BDNF gene promoter
CpG hypomethylation in DRG 1684 genes are
Male Sprague-Dawley — hypermethylation in the upregulated, 1039 genes Mechanical allodynia [15]

rats

spinal cord and
prefrontal cortex

are downregulated
in DRG

Male Sprague-Dawley
rats

Hypermethylation of the
mGlu4, 5-HTy, 32, Ki5.1 genes

mGlu4, 5-HTy, 32, K5.1
mRNA decrease in the
spinal cord

Mechanical allodynia, heat
hyperalgesia

[13]
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Table 1. Cont.
Epigenetically . .
Neuropathy Model Species Epigenetic Alteration(s) Regulated Change(s) in ];\})lg.e netl.callI}{ Regulated Reference(s)
Gene Expression ociceptive Response(s)
. Global DNA hypomethylation _ Mechanical allodynia,
Male CD1 mice in the prefrontal cortex cold hyperalgesia (7]
Male Sprague-Dawley Glok}oal DNA hypomethylation B Mechanical allodynia [18]
rats in the prefrontal cortex
Male Sprague-Dawley TET1 expression in the
- - [22]
rats prefrontal cortex 1
Spared nerve injury Male Sprague-Dawley DNMT1 expression in the B B [21]
(SNI) rats hippocampus 1
Male Sprague-Dawley =~ mRNAs of DNMT1, 3a, 3b and _ _ 14
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The upward and downward arrows mean increases and decreases of the factor or process, respectively. The

horizontal arrows indicate consequences.

3. Histone Protein Modification by Acetylation/Deacetylation under Neuropathic
Conditions

3.1. General Principles

The most extensively studied epigenetic modification to the histone proteins is acetyla-
tion occurring at lysine residues of the amino-terminal tail of histone molecules protruding
from the nucleosomes [43,44]. This posttranslational alteration loosens the compact struc-
ture of the DNA, leading to the formation of euchromatin, thereby causing transcriptional
activation. In addition, acetylated histone tails can serve as markers that attract various
transcription factors, which is another method of transcriptional regulation. Histone acetyl-
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transferase (HAT) enzymes confer an acetyl group onto the tail of the histone proteins. They
can be classified as A-type HATs having numerous subtypes, including p300/CREB binding
protein (CBP), general control non-derepressible 5 related acetyltransferases (GNAT), MYST,
and other families, each comprising several isoforms and exerting histone acetylation in the
nuclear chromatin. B-type HATs are located in the cytoplasm, and they acetylate de novo
synthesized histone proteins, which are then transported to the nucleus. HAT isoenzymes
exhibit different degrees of selectivity regarding target histones, with p300/CBP having
the broadest substrate spectrum, as it can acetylate all types of histone subunits in the
nucleosome. HAT inhibitors also possess different subtype selectivity, and they include,
among others, curcumin, anacardic acid, and garcinol. Reader elements of this epigenetic
machinery have also been identified. Bromodomain refers to an approximately 110 amino
acid-long part of a protein, which can recognize acetylated lysine residues in histone or
non-histone proteins. Bromodomain-containing proteins (such as bromodomain and ex-
traterminal [BET] domain [BRD] proteins, including BRD2, BRD3, BRD4, and BRDT) are
typical epigenetic readers possessing diverse functions, including HAT activity or direct
transcriptional regulation.

Deacetylation of the histone tail induces compaction of the DNA, i.e., heterochromatin
formation resulting in transcriptional repression. Histone deacetylase (HDAC) enzymes,
being typical epigenetic erasers, remove the acetyl group from the histone tail, leading
to heterochromatin formation. They are classified into four groups: Class I (including
HDAC1, HDAC2, HDACS3, and HDACS), class Ila (including HDAC4, HDAC5, HDAC?,
and HDAC(9), class IIb (including HDAC6 and HDAC10), and class IV (including HDAC11)
enzymes, which hydrolyze the amide bond on the acetylated lysine residues using zinc ions
as a cofactor. In contrast, class IIl HDAC enzymes, including silent information regulators
(SIRT), so-called sirtuins (SIRT1-7), transfer the acetyl group from the acetylated lysine
to nicotinamide adenine dinucleotide (NAD+). Most HDACsSs can be found either in the
nucleus or in the cytoplasm. In contrast, class Ila HDACs shuttle between the nucleus and
cytoplasm, which is regulated by phosphorylation at lysine residues. The phosphorylated
form is extruded from the nucleus and, thus, remains in the cytoplasm. However, upon
cytoplasmic dephosphorylation, it can be transported back to the nucleus. HDAC inhibitors,
including sodium butyrate, trichostatin A, valproic acid, suberoylanilide hydroxamic
acid (SAHA), etc., are also available similarly to SIRT inhibitors (nicotinamide, sirtinol,
splitomicin). Interestingly, activators of SIRT enzymes such as resveratrol have also been
identified. It must be emphasized that some HATs and HDACs can acetylate/deacetylate
non-histone proteins, including NF-«B, making interpretation of the results obtained with
HAT or HDAC inhibitors biased concerning epigenetic relevance.

3.2. Expression of Critical Elements of the Histone Acetylation Machinery in Nociceptive Primary
Sensory Neurons

Expressions of HDAC1, HDAC2, HDAC4, and HDACS were revealed in rat DRG, with
HDAC2, HDAC4, and HDACS5 being predominantly localized in neurons [45]. HDAC?2,
HDAC4, and HDAC5 were upregulated by SNL injury. HDAC2 expression has been
revealed in dorsal horn neurons and, to a lesser extent, in astrocytes, but not in the microglia
of rats [46]. Seven days following SNI, an increase in HDAC2 expression could be detected
in spinal astrocytes but not neurons. In a rat model of bone cancer pain, HDAC1 was
upregulated in neurons and astrocytes in the dorsal horn, while HDAC2 was upregulated
in astrocytes [47]. In DRG, expression of both HDAC1 and HDAC2 was increased mainly in
satellite glial cells. SIRT1 expression was revealed in spinal neurons but not glial cells [48].

3.3. Global Epigenetic Alterations Involving Histone Acetylation/Deacetylation in Animal Models
of Neuropathic Pain

In the PSNL model of mice, the number of HDAC1-positive microglia in the ipsilateral
dorsal horn was increased, and the acetylation of histone H3 at lysine (H3K) 9 residue
(H3KD9) in activated microglia was decreased [49]. These responses were reversed by tread-
mill running, along with a reduction of mechanical allodynia and heat hyperalgesia [49].
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In rats with either PSNL or SNL (similarly to stavudine treatment), two different HDAC
inhibitors (MS-275, MGCDO0103) delivered intrathecally reduced nerve injury-induced me-
chanical and heat hyperalgesia, but only if HDAC inhibitor treatment preceded neuropathy
induction [50]. The drugs increased global H3K9 acetylation in the spinal cord but not the
DRG. In rats with SNL, increased HDAC1 expression and reduced H3 acetylation were
measured in the dorsal horn [51]. Intrathecal treatment by the flavonoid baicalin reversed
both of these changes, along with the diminishment of the tactile allodynia and heat hy-
peralgesia. In rats with CCI, sodium butyrate, an HDAC I and Ila inhibitor given orally
for 14 days, diminished cold and mechanical allodynia, as well as heat and mechanical
hyperalgesia [52]. In mice with SNL, mechanical allodynia was accompanied by cytoplas-
mic retention of HDAC4 in the ipsilateral dorsal horn neurons [53]. Nerve injury activated
serum- and glucocorticoid-inducible kinase 1 (SGK1), which phosphorylates HDAC4 in
the nucleus. Phosphorylated HDAC4 is exported from the nucleus to the cytoplasm, where
it interacts with 14-3-33, a phosphor-binding protein that acts as an anchoring element,
which prevents its transport back to the nucleus. Cytoplasmic retention of HDAC4 pre-
vents its ability to inhibit transcription in the nucleus, leading to possible upregulation of
pronociceptive proteins.

In the SNI model of mice, HDAC1 and HDAC2 were upregulated in the spinal cord,
but the expression level of HDAC3 remained unaltered [46,54-56]. The selective HDAC1 in-
hibitor LG325, applied intrathecally, reversed the upregulation of HDACT1 in the spinal cord
and reduced mechanical allodynia [54]. Another HDAC1-selective inhibitor, zingiberene,
given orally evoked the same effects and reduced heat hyperalgesia [56]. Combined inhi-
bition of HDAC enzymes and BET proteins by intranasally applied inhibitors resulted in
additive or even potentiating interactions in the SNI model, with a decrease in HDACI,
the reader protein BRD4 expression, microglia activation, spinal neuroinflammation, and
mechanical allodynia, as well as heat hyperalgesia [57,58]. In the same model, nerve injury
activated the mitogen-activated protein kinase C-Jun N-terminal kinase (JNK) 1 in the
spinal cord [55]. JNK1 activation led to upregulation of HDAC1, which activates c-Jun.
Direct evidence for the interaction between HDAC1 and c-Jun was also provided. However,
in the SNI model of rats, a downregulation of HDAC1-3 was reported [4]. In mice with
SNI, histone alterations (H3K4me1l, H3K4me4, and H3K27ac) were examined in different
brain areas related to pain [59]. In the periageductal grey matter, H3K4mel levels were
decreased. In the lateral hypothalamus H3K27ac levels were decreased. In the nucleus
accumbens H3K27ac levels were also decreased. These chromatin alterations correlated
with mechanical and thermal hypersensitivity caused by nerve injury.

As mentioned earlier, SIRT1 is a protein from the sirtuin family, a class III, NAD™*-
dependent HDAC. In rats or mice with CCI, heat hyperalgesia and mechanical allodynia
were accompanied by SIRT1 downregulation in the spinal cord [60,61]. As expected, the
H4 and H3 histone proteins exhibited an increased acetylation level. Intrathecally ap-
plied resveratrol, an activator of SIRT1, delayed the onset of hyperalgesia and allodynia,
along with a reversal of histone hyperacetylation. Similar results have been obtained with
SRT1720, a SIRT1 activator 1000 times more potent than resveratrol [62]. Inversely, a SIRT
inhibitor prevented the antinociceptive actions of resveratrol. In rats with CCI, SRT1720
exerted antihyperalgesic/antiallodynic actions and decreased CCl-induced overexpression
of the molecular target of rapamycin (mTOR), NF-«B, interleukin (IL) 6, tumor necrosis
factor o« (TNF-«), and inducible nitric oxide synthase (iNOS) [63]. CCI-induced upregula-
tion of the protein factor erythroblast transformation specific (ETS) proto-oncogene I (ETSI)
in small- and medium-sized DRG neurons was responsible for mechanical allodynia and
heat hyperalgesia in mice [64]. ETSI was shown to induce HDAC1 upregulation through
binding to its promoter, ultimately leading to an increased expression of phosphorylated ex-
tracellular signal-regulated kinase 1/2 (pERK1/2) and glial fibrillary acidic protein (GFAP).
Downregulation of SIRT1 in the spinal cord was also revealed in the paclitaxel-induced neu-
ropathy model in the rat, similar to bortezomib-evoked neuropathy [65]. It was associated
with H4 hyperacetylation and NF-kB (p65) phosphorylation.
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In models of orofacial pain/trigeminal neuralgia in mice or rats, a global decrease
in H3K9 acetylation was observed in injured trigeminal ganglion neurons, along with an
alteration of the expression level of a huge array of genes [66,67]. Preemptive HDAC inhi-
bition by either SAHA, MS-275, or carbamazepine restored H3K9ac levels and prevented
mechanical allodynia. It was shown that the transfer of phosphate groups from activated
extracellular signal-regulated kinase (ERK) and leucine-reach repeat kinase 2 onto HDAC3
causes hyperactivity of the enzyme in this type of neuropathy [67]. In rats with CCI in
the infraorbital nerve, SIRT1 downregulation was revealed in GABAergic neurons of the
central nucleus of the amygdala [68]. In accordance, in this area, a hyperacetylation of the
H3K9 at the promoter of the Ca?*/calmodulin-dependent protein kinase ITacc (CaMKITac)
gene was observed, along with an upregulation of the enzyme.

3.4. Proteins Regulated by Histone Acetylation/Deacetylation in Neuropathic Conditions
3.4.1. Neurotransmitters

Glutamate, the main excitatory neurotransmitter in the central nervous system, plays
an important role in neurotransmission in the spinal dorsal horn, including central sen-
sitization of the nociceptive transmission, thereby contributing to pain and hyperalgesia.
GABA, the main inhibitory transmitter in the central nervous system, can counteract
glutamate-mediated excitatory effects. Thus, the actual balance between the opposing
glutamate-mediated and GABA-mediated synaptic activities determines the level of neural
excitation in the spinal cord and brain.

In spinal neurons, but not glial cells, of type 2 diabetic rats, decreased expression and
activity of SIRT1 was revealed [48]. This resulted in H3 hyperacetylation at the promoter
region of the mGlul/5 receptor genes, leading to increased expression of these receptors. In
rats with SNL, expression of glutamic acid decarboxylase 65 (GAD65), an enzyme inactivat-
ing glutamate by converting it to GABA, was decreased in the nucleus raphe magnus of the
brainstem, a critical site for the maintenance of hyperalgesia/allodynia [69]. Evidence has
been provided that 3 weeks (but not 1 day) after injury, GAD65 downregulation was due to
diminished H3 acetylation at the promoter region of the GAD65 gene. HDAC inhibitors
restored the acetylation level and GABAergic neurotransmission in the nucleus raphe
magnus neurons, attenuated by nerve injury and reversed neuropathic allodynia. In mice
with SNI, GAD65 downregulation associated with an elevated glutamate/GABA ratio was
revealed in the spinal cord [70]. HDAC inhibition restored this imbalance and attenuated
mechanical allodynia. SNL induced downregulation of the glutamate transporter type 1
(GLT-1), together with HDAC2 upregulation and histone (H3K9) hypoacetylation in the
dorsal horn of rats [71,72]. HDAC inhibition prevented all these alterations. HDAC2 up-
regulation depended on astrocytic activation (JNK phosphorylation) as an upstream event.
Activated microglia contributed to this by increasing TNF-o secretion and consequent JNK
phosphorylation in astrocytes. All the above data argue for an epigenetic regulation of the
glutamate/GABA balance in the central nervous system by histone deacetylation.

3.4.2. Ion Channels and Transporters

Certain epigenetic mechanisms involve neuron-restrictive silencer factor (NRSF, also
known as repressor element 1-silencing transcription factor, REST), which functions as a
transcriptional repressor of genes that contain neuron-restrictive silencer element (NRSE,
also called response element (RE) 1 [73]. NRSF is a zinc-finger DNA-binding protein,
which, upon binding to NRSE, recruits various co-repressor factors such as mSin3 and
co-repressor for REST. The formed co-repressor complexes modify target gene regions
through HDAC S, histone demethylase, etc., leading to a repressive chromatin conformation
(heterochromatin). This repressive machinery can be stimulated by interaction with other
epigenetic factors, including MeCP2 and Polycomb complexes.

In mice with PSNL, mRNA of Ky4.3 K* channels that repress neuronal excitability
was reduced in DRG neurons [74]. This alteration was associated with a decreased acetyla-
tion of H4, but not H3, protein at K4.3-NRSE and an increase in the binding of NRSF to
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Ky4.3-NRSE. The nerve injury-evoked Ky4.3 downregulation was reduced by antisense-
knockdown of NRSE. These data suggest that nerve injury enhances NRSF binding and
histone hypoacetylation at K4.3-NRSE, leading to K, 4.3 gene silencing. In the same model,
a similar silencing effect, involving increased NRSF expression and binding as well as
hypoacetylation at NRSE within the gene of the voltage-gated Na™ channel Nay1.8 in DRG
neurons, was revealed [75,76]. NRSF knockdown blocked nerve injury-induced downreg-
ulation of not only Nay 1.8, but also TRP melastatin 8 (TRPMS8) and TRPA1 (though not
calcitonin gene-related peptide [CGRP]) in DRG as well, together with C-fiber hypoesthesia,
suggesting a role for epigenetic regulation of the negative signs of nerve injury. Interest-
ingly, heat hyperalgesia and mechanical allodynia, underlying the positive signs of nerve
injury, were not affected by NRSF knockdown. Various HDAC inhibitors (trichostatin A,
valproic acid, and SAHA) restored nerve injury-induced downregulation of Na, 1.8, TRPMS,
and TRPA1 (but not CGRP) in DRG, together with the reversal of decreased C-fiber sen-
sitivity. In addition, trichostatin A reversed the nerve injury-evoked hypoacetylation at
H3-/H4-bound Nay1.8-NRSE. A similar transcriptional regulation has been revealed in
the PSNL model of rats for K7.2/7.3 channels expressed in small-diameter DRG neurons,
contributing to the hyperpolarizing M current: nerve injury-increased NRSF expression
leads to suppression of the transcription of the K,7.2/7.3 genes containing NRSE, which
results in neuronal hyperexcitability [77,78].

In rats with CCI, HDAC2 was upregulated in DRG, along with decreased expression
of Ky1.2 channels, co-localizing with HDAC2 in DRG neurons [79]. An intrathecally
applied HDAC?2 inhibitor or knockdown of HDAC2 by a small interfering RNA (siRNA)
treatment reversed K, 1.2 downregulation and attenuated heat hyperalgesia and mechanical
allodynia. These data indicate an epigenetic regulation by histone acetylation of Ky1.2
channels, contributing to pain hypersensitivity in this model.

In oxaliplatin-treated mice, an NRSF-HDAC3 pathway was revealed that leads to the
downregulation of various K* channels in DRG neurons, including two-pore channels such
as TREK1 and TRAAK and voltage-gated ones such as Kv1.1 and Kv4.3; this mechanism
is involved in the mechanical and cold hypersensitivity [80]. In the neuropathic model
based on L5 ventral root transection, the mechanical allodynia was shown to involve
upregulation of the Nav1.6 channel in DRG neurons [81]. This response was mediated
by the TNF-a-phosphorylated transducer and activator of transcription-3 (pSTAT3)-p300
pathway in the sensory neurons, leading to hyperacetylation of H4, but not H3, histone at
the promoter of the Nav1.6 gene.

In a rat model of bone cancer pain, HDAC2 was upregulated in the neurons and
astroglia but not the microglia of the spinal cord [82]. In parallel, expression of the K*—
Cl~-cotransporter 2 (KCC2), responsible for maintaining low intracellular C1~ levels, was
reduced. Knockdown of HDAC2 restored the reduced expression of KCC2 and reduced
mechanical allodynia, whereas trichostatin A suppressed HDAC2 overexpression and
promoted H3 acetylation in the spinal cord. The mechanism of the reversal of HDAC up-
regulation by trichostatin A or other HDAC inhibitors is unclear. Very similar results were
obtained in the CCI model of rats: HDAC2 was upregulated in neurons of the ipsilateral
spinal cord; HDAC2 knockdown ameliorated mechanical allodynia and heat hyperalgesia,
as well as providing increased expression of GAD65 and KCC2; and trichostatin A inhibited
hypernociception and decreased elevated HDAC2 levels [83].

3.4.3. Opioid Receptors and Peptides

PSNL enhanced, in mice, NRSF binding to MOP-NRSE in DRG neurons, which
reduced MOP receptor gene expression through HDAC recruitment [75]. NRSF knockdown
restored both MOP receptor downregulation and morphine antinociception (inhibition of
heat hyperalgesia and mechanical allodynia) diminished by nerve injury. In accord, HDAC
inhibitors (trichostatin A, valproic acid) restored both the downregulation of MOP receptors
and the diminished morphine analgesia upon systemic or local administration [84]. In a
model of bone cancer pain in rats, mechanical allodynia was associated with reduced MOP
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receptor expression in the spinal cord [85]. The nonselective HDAC inhibitor trichostatin A
partially reversed both phenomena and potentiated the antinociceptive effect of morphine.
In the same model, HDAC1 and 2 proteins were upregulated in DRG, along with the
downregulation of MOP receptors [86]. SAHA reduced HDAC expression and increased
MOP receptor expression, thereby counteracting morphine tolerance. However, in another
study using the same model, the knockdown of HDAC?2 failed to restore reduced MOP
receptor density [82]. In mice with CCI, HDAC1 upregulation was revealed in the injured
DRG, and HDAC1 was shown to bind to the promoter region of the MOP receptor gene [28].
Furthermore, SAHA restored MOP receptor downregulation in DRG and the reduced
antinociceptive efficacy of morphine; as well, it prevented the hypoacetylation of the
H3 protein.

In rats with CCI to the infraorbital nerve, reduced 3-endorphin expression was ob-
served in the hypothalamic arcuate nucleus, along with mechanical allodynia [87]. It
has been shown that nerve injury downregulates HDACY, leading to hyperacetylation
(H3K18ac enrichment) of the micro RNA miR-203a-3p gene promoter. This enhances the
binding of the transcription factor NR4A?2 to the promoter, thereby facilitating miR-203a-3p
expression. Upregulated miR-203a-3p reduces the expression of proprotein convertase 1,
responsible for the generation of 3-endorphin from its precursor proopiomelanocortin.

3.4.4. Cytokines, Chemokines, and Growth Factors

In mice with PSNL, increased acetylation of histone H3 at the promoter region of
the chemokine macrophage inflammatory protein (MIP) 2 (a functional murine analog of
mammalian IL-8) and its receptor chemokine C-C motif receptor (CXCR) 2 was revealed
in the sciatic nerve, and its role in (i) MIP-2 and CXCR2 upregulation, along with IL-1f3,
TNEF-o, MIP-1, MIP-1f3 upregulation; (ii) neutrophil and macrophage accumulation in
the injured nerve; and (iii) development of tactile allodynia and heat hyperalgesia was
demonstrated by using the HAT inhibitor anacardic acid [88]. In the same model, upregula-
tion of C-C motif chemokine ligand (CCL) 2 and CCL3, key players in neuroinflammation
associated with neuropathic pain, was revealed in infiltrating macrophages of the injured
sciatic nerve, along with an enhanced expression of their receptors (C-C motif chemokine
receptor (CCR) 2 and CCR1/CCRS, respectively) [89]. A HAT inhibitor suppressed the
upregulation of all these proteins, suggesting that histone acetylation is involved in these
responses. Accordingly, euchromatin-promoting H3 histone modifications (increased acety-
lation and trimethylation) at the CCL2 and CCL3 promoters were revealed in the infiltrating
macrophages. In the same model, increased expression of vascular endothelial growth
factor (VEGF) A and its vascular endothelial growth factor receptor (VEGFR) 2, but not
the VEGFRI receptor, was detected in the accumulating neutrophils and macrophages
of the injured sciatic nerve [90]. At the VEGFA gene promoter, increased H3 acetylation
and trimethylation were also revealed in the partially ligated sciatic nerve. A contribution
of both VEGFA and its receptor to the nerve injury-induced tactile allodynia and heat
hyperalgesia was also demonstrated. Also, in the same model, a significant contribution
of BDNF upregulation in DRG and spinal dorsal horn to injury-evoked heat hyperalgesia
and mechanical allodynia was revealed at an early stage on day 2 [91]. It was also shown
that histone H3 and H4 acetylation was increased at the BDNF gene promoter, providing
evidence for the epigenetic control of BDNF expression in this model of neuropathic pain.

In the rat CCI model, functional, synaptically located DOP receptors are induced in
the brainstem nucleus raphe magnus by pharmacological inhibition of HDAC [92]. Its
mechanism involves hyperacetylation of the H4 protein at the nerve growth factor (NGF)
gene promoter region, leading to increased NGF formation, with consequent DOP receptor
upregulation responsible for the mechanical antiallodynic effect.

In the case of the paclitaxel-induced mechanical allodynia, the following signaling
pathway has been revealed in rats: systemic paclitaxel treatment upregulates the phos-
phorylated p65 subunit of NF-kB in the neurons of the dorsal horn, which binds to the
promoter region of the chemokine C-X3-C motif ligand (CX3CL) 1 gene and increases
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acetylation of H4, but not H3, at the promoter, leading to enhanced expression of the
CX3CL1 in spinal neurons [93]. Furthermore, paclitaxel administration also upregulates
C-X-C motif ligand (CXCL) 12 expression in the dorsal horn via a mechanism involving
signal transducer and activator (STAT) 3 activation by phosphorylation, pSTAT3 binding to
the promoter region of the CXCL12 gene, and recruitment of the HAT enzyme p300, leading
to increased acetylation of H4, but not H3, in the CXCL12 promoter [94]. In mice with CCI,
SNL, or SNI, expression of a zinc-finger protein (ZNF)-type transcription factor ZNF382
is decreased in injured DRG neurons but not the spinal cord [95]. Normally, ZNF382
forms a trimeric complex in which HDACI1 and the histone methyltransferase (HMT) SET
domain bifurcated histone lysine methyltransferase 1 (SETDB1) are bound to the promoter
of the CXCL13 gene, leading to transcriptional repression via reduced H3 acetylation and
increased H3K9me3 methylation. Nerve injury-evoked ZNF382 downregulation leads
to disinhibition of CXCL13 gene transcription and, thus, CXCL13 upregulation, which
contributes to mechanical allodynia and heat hyperalgesia.

In spontaneously diabetic (type 2, Zucker) mice and rats, expression of the proinflam-
matory cytokine high-mobility group box (HMGB) 1 was increased in microglia cells in the
spinal cord [96]. This was due to enhanced histone acetylation (H3K9) at the promoter of
the HMGB1 gene. HMGB1 upregulation was associated with JNK activation and increased
expression of toll-like receptor 4 (TLR4), CXCR4 receptor, and NLRP3, as well as mechanical
and heat hyperalgesia.

In a rat model of bone cancer pain, HDAC1 was upregulated mainly in neurons and
microglia of the spinal dorsal horn, while HDAC2 was upregulated in spinal astrocytes;
both enzymes were upregulated in satellite glial cells of the DRG [47]. Tumor cell-induced
HDAC upregulation increased secretion of TNF-«, IL-1f3, and IL-6, in both the dorsal
horn and DRG. Expression of glycogen synthase kinase-3 regulator of neuroinflammation
decreased in the dorsal horn and DRG. SAHA administration reversed all the above
changes, as well as mechanical allodynia.

In rats with brachial plexus avulsion, an intricate signaling pathway of mechanical
allodynia with an epigenetic control has been identified [97]. In this neuropathic model,
decreased histone acetylation (at H3K9 and histone H4 at lysine (H4K) 12) as a result of
HDAC activation could be verified in the DRG. This led to the activation of phosphatidyli-
nositol 3-kinase, which can phosphorylate and thereby activate Akt (also known as protein
kinase B). Downstream elements of Akt in this model include activation of mTOR in-
volved in IL-2 signal transduction, formation of proinflammatory cytokines such as TNF-«,
IL-1B3, and IL-6, as well as increased expression of TR vanilloid 1 (TRPV1) and TRPMS8
ion channels.

In mice with spinal cord injury, inhibition by JQ1 of BET proteins, recognizing acety-
lated lysine residues in histone proteins, reduced the formation of proinflammatory cy-
tokines (e.g., TNF-«, IL-1f3, IL-6), along with an increase in anti-inflammatory cytokine
(e.g., IL-4, IL-10, IL-13) production in the spinal cord [98]. BET inhibition also reduced
mechanical allodynia, suggesting that, in this model, BET proteins might contribute to
injury-evoked hypernociception via altered cytokine production in the spinal cord.

3.4.5. Inflammasome Proteins

Repeated systemic administration of the proteasome inhibitor bortezomib evoked
an increase in the level of pSTAT3 [99]. Bortezomib also induced STAT3 recruitment to
the promoter of the gene of NLRP3, a core inflammasome component, in DRG, along
with increased acetylation of H3 and H4 in the NLRP3 promoter, suggesting that STAT3
upregulated NLRP3 expression through increased histone acetylation. NLRP3 knockdown
by siRNA attenuated bortezomib-evoked mechanical allodynia, whereas overexpression of
NLRP3 in DRG reduced the mechanonociceptive threshold in naive rats, showing the role
of NLRP3 upregulation in mechanical allodynia. In the same model, bortezomib adminis-
tration decreased the expression of SIRT1, whereas it enhanced the expression of NACHT
leucine-rich-repeat protein (NALP) 1, an inflammasome-forming protein, in the dorsal



Int. . Mol. Sci. 2023, 24, 17143

15 of 32

horn [62]. Both SIRT1 deficiency and NALP1 upregulation were involved in the mechanical
allodynia. It was also shown that SIRT1 reduction increased the phosphorylation of STAT3,
which led to NALP1 upregulation by pSTAT3-mediated histone H3 and H4 acetylation at
the promoter region of the NALP1 gene. In the latter effect, enhanced interaction between
pSTAT3 and the HAT enzyme p300 was implicated.

3.4.6. Other Proteins

In rats with CCI, overexpression of the cyclooxygenase 2 (COX-2) enzyme, along
with upregulation of the HAT p300 in the dorsal horn, was found [100]. Intrathecal
siRNA treatment against p300 decreased COX-2 expression as well as nerve injury-evoked
mechanical allodynia and heat hyperalgesia. In neuropathic animals, an enhanced p300
binding to the promoter region of the COX-2 gene was also demonstrated, showing that
nerve injury leads to COX-2 upregulation through histone acetylation by p300. In the same
model, the upregulation of cyclin-dependent kinase 5 (Cdk5) in the dorsal horn contributed
to nerve injury-induced tactile allodynia [101]. Nerve injury increased the expression and
binding of phosphorylated CREB to the Cdk5 gene promoter and enhanced histone H4
acetylation there. As CREB has HAT activity, it was most likel involved in the increased
H4 acetylation.

In mice with PSNL, HDACS5 upregulation in neurons and glial cells of the spinal
cord led to mechanical allodynia and heat hyperalgesia [102]. HDAC5 was shown to
bind to the promoter region of the transcription factor SOX10 gene and, thereby, increase
SOX10 expression. In mice with SNL, the transcription factor-specific protein 1 (Sp1)
was upregulated in the spinal dorsal horn, which enhanced the expression of HDAC1
by binding to its promoter [103]. HDAC1, in turn, increased the expression of SOX10 by
binding to its promoter, leading to mechanical allodynia and heat hyperalgesia. CCI injury
in rats also induced upregulation of Sp1 in the spinal cord [104]. In this model, Sp1 was
shown to bind to HDAC2, which then promoted histone deacetylation at the promoter of
the peroxisome proliferator-activated receptor-y coactivator-1o (PGC-1x) gene, resulting
in PGC-1 downregulation and consequent aggravation of mitochondrial dysfunction and
oxidative stress, leading to mechanical allodynia and heat hyperalgesia.

In DRGs of rats with SNL, a diminished HDAC2 occupancy at the promoter of the
Ca?* channel subunit «25-1 gene led to histone hyperacetylation of the a25-1 gene [105].
This increased the expression of x26-1, which maintains neuropathic pain by recruiting
N-methyl-D-aspartate (NMDA) receptors from the cytoplasm to the presynaptic and postsy-
naptic membrane (independently of voltage-gated Ca®* channels), thus facilitating central
sensitization in the dorsal horn. In naive rats, the knockdown of HDAC2, but not HDACS3,
reduced the baseline mechanonociceptive but not the noxious heat threshold, in agreement
with the proposed tonic inhibitory effect of HDAC2 on «25-1 expression and consequent
mechanical allodynia. Bortezomib treatment upregulated the transcription factor GATA3,
which inhibited transcription of the gene for the AMP-activated kinase (AMPK) a2 by
enhanced H3 methylation and reduced H3 acetylation at the promoter [106]. AMPKa2
downregulation led to diminished expression of Beclin-I, which is a key autophagy marker.
All these changes were reversed by metformin, an AMPK activator. Beclin-I downregu-
lation in the dorsal horn also contributes to oxaliplatin-induced neuropathic mechanical
allodynia, which involves upregulation of the transcription factor nuclear factor of acti-
vated T cells type 2 (NFATIc2) in the rat spinal dorsal horn [107]. NFATc2 reduced the
expression of the autophagy-related factor tuberous sclerosis complex protein 2 (TSC2) by
enhanced H4 methylation at the promoter of the TSC2 gene, with consequent reduction of
H4 acetylation. TSC2 downregulation reduces autophagy by decreasing Beclin-I expression,
which contributes to neuropathic pain.

Epigenetically relevant details of the neuropathy models in which histone acetylation
was investigated are found in Table 2.
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Table 2. Experimental models in which the effects of histone acetylation were examined.

Epigenetically Regulated Epigenetically Regulated

Neuropathy Model Species Epigenetic Alteration(s) G Change(s) in Nociceptive Response(s) Reference(s)
ene Expression
Histone acetylation in H3K9 . .
Male Wistar rats promoters | - Mﬁchar}lllcal alllodynla, [50]
in spinal cord eat hyperalgesia
Male C57BL /6] mice H2 acetylation ft K,4.3 mRNA in DRG | - [74]
v4.
. NRSF upregulation in DRG
H3/H4 hypoacetylation at . .
Male C57BL/6] mice NRSEs within MOP and —» MOP, Nay1.8, TRPMS, Tactile allodynia, heat [75,84]
Nay1.8 genes | TRPA1 expression in the hyperalgesia
vie8 DRG |,
. Upregulation of MIP-2,
HB3 hyperacetylation at the ) 3 . .
Male ICR mice MIP-2 and CXCR2 promoter CXCR2, IL-1B, TNF-o, Tactile allodym_a, [88]
. o MIP-1, MIP-1(3 heat hyperalgesia
in the sciatic nerve . .
in neutrophils, macrophages
H3 hyperacetylation at the
mRNA of CCL2, CCL3,
o Male ICR mice CCL2and CCL3 gene CCR2, CCR1/5 1 - [89]
Partial sciatic nerve promoters in the in macrophages
ligation (PSNL) sciatic nerve phag
H3 hyperacetylation at the L
Male IRC mice VEGF gene promoter in the VEGFA upregulation n - [90]
sciatic nerve macrophages, neutrophils
: H3 and H4 hyperacetylation BDNF upregulation B
Male C57BL/6] mice at BDNF gene promoter in the dorsal horn (91]
HDAC1 upregulation, H3K9
. hypoacetylation ,
Male C57BL/6] mice in microglia of the - - [49]
dorsal horn
) - K,7.2, K, 7.3 mRNA Mechanical allodynia,
Male Wistar rats REST upregulation in DRG downregulation in DRG heat hyperalgesia [77,78]
. HDACS upregulation at the SOX10 upregulation in Mechanical allodynia,
Male C57BL/6] mice promoter of the SOX10 gene dorsal horn neurons heat hyperalgesia (102]
. Na, 1.8 mRNA | TRPA1
Male C57BL/6] mice 112 a“ft E‘; fiyg_"lg%estgam“ mRNA | TRPM8 mRNA | C-fiber hypoesthesia [76]
v in DRG
Mal 1 p300 upregulation and lation in th hanical all .
ale Sprague-Dawley recruitment to the COX-2 COX-2 upregulation in the Mechanical a odypla, [100]
rats gene promoter dorsal horn heat hyperalgesia
SIRT1 downregulation — H3 . .
Male Sprague-Dawley hyperacetylation in the _ Mechanical allody_ma, [60]
rats spinal cord heat hyperalgesia
SIRT1 downregulation — H4 . .
Male Kunming mice hyperacetylation - Mechanical allodyn1a, [61]
in the spinal cord heat hyperalgesia
Male Sprague-Dawley . Upregulation of mTOR, Mechanical allodynia,
rats HDAC overactivity NEF-kB, IL-6, TNF-«, iNOS heat hyperalgesia [63]
2 phosphorylated CREB — H4 ; . .
Male Sprague-Dawley hyperacetylation at the Cdk5 Cdk5 mRNA 1 in the Mechanical allody_ma, [101]
rats gene promoter dorsal horn heat hyperalgesia
. - Downregulation of . .
Chr(;g_llcl rcoz’t(s:tcrllgtlon Male Spragt:e—Dawley HDAC?2 upregulation GADG5 and Mﬁch?rﬁlcal alllodyma, 83]
jury rats KCC2 in the spinal cord catyperalgesia
Male Sprague-Dawley . K, 1.2 downregulation in Mechanical allodynia,
rats HDAC2 upregulation DRG neurons heat hyperalgesia (791
HDACT upregulation,
. reduced H3 acetylation at Decreased MOP expression .
Male C57BL/6 mice the MOP gene promoter in the DRG Heat hyperalgesia [28]
in DRG
. H3 hyperacetylation at the CXCL13 upregulation in Mechanical allodynia,
Male C57BL/6] mice CXCL13 promoter DRG neurons heat hyperalgesia 93]
2 Spl 1 — HDAC2 binding to PGC-1 downregulation in Mechanical allodynia, )
Sprague-Dawley rats PGC-1x gene promoter the spinal cord heat hyperalgesia (104]
ETSI T — HDAC1 . .
Male KM mice upregulation in - Mechanical allodynia, [64]

DRG neurons

heat hyperalgesia
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Table 2. Cont.

Epigenetically Regulated

Epigenetically Regulated

Neuropathy Model Species Epigenetic Alteration(s) G S\l;agf;iz)sé?on Nociceptive Response(s) Reference(s)
Histone acetylation in H3K9 . .
Male Wistar rats promoters | - Mﬁchar}lllcal alllodynla, [50]
in spinal cord eat hyperalgesia
HDACT1 upregulation, H3 . .
Male Wistar rats hypoacetylation - MﬁChaﬁlcal aliody_ma, [51]
in the dorsal horn eat hyperalgesia
. H3 hypoacetylation at the GADG65 downregulation in . .
Male Wistar rats promoter of GAD65 gene the nucleus raphe magnus Mechanical allodynia [69]
Male Sprague-Dawley . GLT-1 downregulation in the Mechanical allodynia,
rats Hypoacetylation of H3K9 dorsal horn heat hyperalgesia (711
Spinal nerve 2 TNF-o + phosphorylated . Lo
ligation (SNL) Male Spmri‘tlse Dawley JNK = HDAC?2 GLT-1 d"g(v)‘r‘;;gﬁ})ﬁ"“ in the Mechanical allodynia [72]
upregulation
. H3 hyperacetylation at the CXCL13 upregulation in Mechanical allodynia,
Male C57BL/6] mice CXCL13 promoter DRG neurons heat hyperalgesia 93]
Spl 1 — HDACI o ) )
Male C57BL/6] mice upregulation and binding to SOX10 upregulation in the Mechanical allody'ma, [103]
the SOX10 gene promoter dorsal horn heat hyperalgesia
HDAC?2 occupancy at the Lo
Male Sprargltle—Dawley «28-1 gene promoter | — 28-1 ‘;1}119 r%gf;g tion in Mechanical allodynia [105]
as hyperacetylation N
Male Sprague-Dawley HDACH4 retention in
- - [53]
rats the cytoplasm
Male CD1 mice HDAC1, BRD4 upregulation B Mechanical allodynia, [54,57,58]
in the spinal cord heat hyperalgesia s
Male CD1 mice HDAC1 upregulation in the _ Mechanical allodynia, 56]
spinal microglia heat hyperalgesia g
Male CD1 mice HDACI ;g;;iglléf:éon in the Mechanical allodynia [55]
. Male Sprague-Dawley HDAC1-3 downregulation B _ 4]
Spared nerve injury rats in the spinal cord
(SNI) -
Male and female H3K27ac | in the lateral Mechanical allodynia,
: hypothalamus and - . [59]
C57BL/6] mice nicleus accumbens thermal hyperalgesia
; H3 hyperacetylation at the CXCL13 upregulation in Mechanical allodynia,
Male C57BL/6] mice CXCL13 promoter DRG neurons heat hyperalgesia 951
Male C57BL/6 mice HDAC overactivity GADﬁS;’;ﬁ;‘ﬁ‘éﬁ“’“ in Mechanical allodynia [70]
Female Wistar HDAC?2 upregulation in Downregulation of KCC2 in
rats, female . preg . guiat Mechanical allodynia [82]
S . Dawl " spinal neurons and astroglia the spinal cord
prague-Dawley rats
Bone cancer pain Female Wistar or HDAC1 and HDAC2 MOP downregulation in the Mechanical allodynia, [85,86]
Sprague-Dawley rats upregulation in the DRG spinal cord heat hyperalgesia o0
prag Y preg P yperalg
Glycogen synthase
S ng alel " HDAlCi.anc'l }{EA]géG kinase 33, Mechanical allodynia [47]
prague-Dawley rats upregulation in the TNF-«, IL-1B, IL-6 in DRG 1
Paclitaxel-induced,
NF-kB-dependent H4 Lo
Male Spragl:e—Dawley hyperacetylation at the CX3CL.1 uf)regulatlon mn Mechanical allodynia [93]
rats promoter of the spinal neurons
CX3CL1 gene
pSTAT3- and
Cancer Male Sprague-Dawley p300-dependent H4 Lo
chemotherapy-induced rats, male hyperacetylation at the CﬁCLHI Epregulatlon mn Mechanical allodynia [94]
neuropathic pain C57BL./6 mice promoter of the orsal horn neurons
CXCL12 gene
Oxaliplatin-induced Downregulation of TREK1, Mechanical and
Male C57BL/6] mice upregulation of the NRSF- TRAAK, K,1.1, and K\4.3 1d allodyni [80]
NRSE-HDACS3 pathway in DRG coid atiodyma
Oxaliplatin-induced H4 . .
Male Sprague-Dawley hypoacetylation at the Downregulation of TSC2 in Mechanical allodynia [107]

rats

promoter of the TSC2 gene

the dorsal horn




Int. . Mol. Sci. 2023, 24, 17143

18 of 32

Table 2. Cont.

Epigenetically Regulated

Epigenetically Regulated

Neuropathy Model Species Epigenetic Alteration(s) G Change(s) in Nociceptive Response(s) Reference(s)
ene Expression
STAT3 1 — global
Male Sprague-Dawley acetylation of H3 and H4 1, NLRP3 upregulation in . .
rats, C57BL/6 mice hyperacetylation at the the DRG Mechanical allodynia (991
NLRP3 gene promoter
SIRT1 downregulation —
~ PSTAT3 — p-STAT3-p300 o
Bortezomib-induced Male Sprague Dawley interaction — NALP1 upregulation in the Mechanical allodynia [62]
rats, C57BL/6 mice . dorsal horn
neuropathy H3 and H4 hyperacetylation
at the NALP1 gene promoter
SIRT1 downregulation H4
Male Sprague-Dawley hyperacetylation in the TNFer, IL-16, IL6 1, Mechanical allodynia [65]
rats - NF-«B phosphorylation
spinal cord
Male Sprague-Dawley HB3 hypoacetylation at the AMPKa2 downregulation in _ [106]
rats AMPKa2 gene promoter the dorsal horn >
A Histone acetylation in H3K9 . .
Stavudine-induced Male Wistar rats promoters | B Mechanical allodyma, [50]
neuropathy L heat hyperalgesia
in spinal cord
Male Sprague-Dawley SIR}T ! dowr\regu.latlon — H3 mGlul/5 upregulation in Mechanical allodynia, ,
yperacetylation at the . . [48]
rats Glul/5 " spinal neurons heat hyperalgesia
Diabetic neuropathy mblul/> gene promoters
Zucker diabetic Hperacetylation (H3K9) at HMGBI upregulation in the Mechanical allodynia, [96]
(Type 2) fatty rats the HMGBI gene promoter spinal cord and DRG heat hyperalgesia
TNF-x—pSTAT3-p300 — H4 L
L5 ventral root Male Sprague-Dawley . Na, 1.6 upregulation in . .
transection rats, C57BL/6 mice hyperacetylation at the the DRG Mechanical allodynia [81]
Nay 1.6 gene promoter
Brachial plexus Male Sprague-Dawley HDAC activation, Akt-H3K9, TNF-«, IL-13, IL-6, TRPV1, . .
avulsion rats Ac-H4K12 in DRG | TRPMS in DRG 1 Mechanical allodynia (971
TNEF-«, IL-13, IL-6
Spinal cord injur: C57BL/6 mice Histone hyperacetylation upregulation; IL-4, 1L-10, Mechanical allodynia [98]
P jury yp IL-13 downregulation in the Y
spinal cord
. . . Female H3K9 acetylation in the . .
Trigeminal neuralgia Sprague-Dawley rats trigeminal ganglion | - Mechanical allodynia [67]
Trigeminal Lo . .
inflammatory Male BALB/C mice H3'K9 a.cetylatlon in the B Whisker pad mgchamcal [66]
R trigeminal ganglion | hypersensitivity
compression
SIRTI1 dow_)nregulatlon CaMKIlacx downregulation
Male Wistar rats H3K9ac 1 at the promoter of in the central nucleus of - [68]
the amygdala
. - the CaMKIlax gene
Chronic constriction
injury (CCI) to the miR-203a-3p —
infraorbital nerve HDAC9 downregulation proprotein convertase 1
Male and female — expression | . .
Sprague-Dawley rats H3K18ac 1 at the promoter — B-endorphin Mechanical allodynia (871
of the miR-203a-3p gene downregulation in the

hypothalamic arcuate nucleus

The upward and downward arrows mean increases and decreases of the mentioned factor or process, respectively.

The horizontal arrows indicate consequences.

4. Histone Protein Modification by Methylation/Demethylation in Neuropathic
Conditions

4.1. General Principles

A less extensively studied form of posttranslational histone modification is methy-
lation, which occurs on the tail of histone proteins at lysine or arginine residues [44,108].
Lysine can be mono-, di-, or trimethylated, whereas arginine can be mono- or dimethylated.
The enzymes responsible for these modifications are HMTs. Dimethylation of histone H3
at lysine 9 residue (yielding H3K9me2) requires lysine dimethyltransferase G9a and G9a-
like protein (GLP), which form a heterodimer (G9a/GLP). The H3K9me3-specific histone
methyltransferase is the suppressor of variegation 3-9 homolog 1 (SUV39H1). The trimethy-
lation of H3 at lysine 27 (resulting in H3K27me3) depends on the enhancer of the HMT
zeste homolog-2 (EZH2). Histone methylation can lead to either transcriptional activation
(e.g., H3K4me2, H3K4me3, H3K79me3) or repression (e.g., H3K9me2, H3K27me3). Methy-
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lation of an arginine residue can be performed by nine protein arginine methyltransferase
(PRMT) enzymes (PRMT1-3, PRMT4/ coactivator-associated arginine methyltransferase
(CARM) 1, PRMT5-8, PRMT9/10). Of these, CARM1/PRMT4 catalyzes dimethylation on
Argl7 and 26 of the H3 protein (yielding H3R17me2 and H3R26me?2, respectively), leading
to transcriptional activation. Methyl groups are removed by histone lysine demethylase
(KDM) enzymes (KDM1-6) and arginine demethylases, including, among others, jumonyji
domain-containing protein (JMJD) 6 and peptidyl arginine deiminase (PADI) 4. All nine
PRMT and the two arginine demethylase JMJD6 and PADI4 enzymes were shown to be
expressed in the DRG [109].

4.2. Proteins Regulated by Histone Methylation/Demethylation
4.2.1. K* Channels

In a seminal study on rats with SNL, the epigenetic regulation of four K* channel types
involved in neuropathic pain was investigated: three voltage-gated K* channels, including
Ky14, K42, and K,7.2, as well as large-conductance Ca?*-activated K* channels [45]. SNL
diminished mRNA levels in all these channels but upregulated the HMT enzymes G9a and
EZH2 in DRG neurons. In accordance, nerve injury increased H3K9me2 and H3K27me3
levels in the DRG but failed to alter G9a and H3K9me2 expression in the spinal cord. SNL
increased H3K9me2 occupancy at the promoters of all four K* channel genes but failed to
affect H3K27me3 enrichment in any of these genes. No change in the DNA methylation
status at the promoter of the four K* channel genes was observed. Using a specific inhibitor
or knockdown of G9a, it was shown that G9a plays a dominant role in enhancing the
H3K9me?2 protein level and decreasing the mRNA levels in the four K* channel types. In
addition, G9a was shown to attenuate K currents in DRG neurons and the development
of mechanical hyperalgesia and tactile allodynia. Furthermore, the genome-wide analysis
revealed that the expression of 42 K* channel genes was downregulated by SNL; of them,
40 were partially normalized by a G9a inhibitor. Similarly, 2035 genes were identified whose
expression levels were altered by nerve injury at least 2-fold. Of these, the expressions
of 396 were partially normalized, and 242 were completely restored by a G9a inhibitor.
These data indicate the fundamental role of histone methylation by G9a in the epigenetic
control of K* channel expression in the SNL model. In a subsequent study on mice with
SNL, consonant results were obtained, in that the expression of G9a was increased in
both peptidergic and non-peptidergic neurons but not glial cells of DRG, along with an
increase in the level of H3K9me?2 [110]. G9a upregulation was also evident in the CCI
model, but not after complete Freund’s adjuvant treatment. G9a upregulation was shown
to contribute to SNL-induced mechanical allodynia and heat or cold hyperalgesia via
reduced expression of the K,1.2 protein, which leads to the diminishment of total Ky
current and an increase in excitability of DRG neurons (by enhancing the resting potential,
reducing the current threshold, and increasing the number of action potentials). Some K*
channels are under epigenetic regulation by histone arginine methyltransferase enzymes.
CARM1 was upregulated in the nuclei of injured DRG neurons following nerve injury
(SNL or CCI) in mice, whereas the arginine demethylase (JMJD6 and PADI4) expression
remained unaltered [109]. CARM1 upregulation was required for neuropathic mechanical
allodynia and heat hyperalgesia. Contrasting results were obtained in rats with SNL, as
downregulation of CARM1 in the dorsal horn neurons was responsible for the mechanical
allodynia. This was associated with a decreased H3R17me?2 level at the promoter of the
genes of the K,1.4 and K4.2 channels, leading to the downregulation of these channels,
explaining neuropathic hypernociception [111].

4.2.2. Opioid Receptors

GYa is also involved in the epigenetic control of opioid receptor expression under
neuropathic conditions. In rats or mice with SNL, a downregulation of MOP, DOP, and KOP
receptors in the affected DRG (but not the dorsal horn) was observed, along with reduced
antinociceptive actions of applied opioids [112,113]. Nerve injury upregulated G9a at the
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injured DRG, increased the H3K9me2 level at the promoter region of the MOP receptor gene,
and reduced CREB binding to its motif. Inhibition of G9a by a specific inhibitor or siRNA
or conditional genetic ablation prevented opioid receptor downregulation and preserved
opioid analgesia, providing evidence for the role of G9a-mediated histone methylation,
leading to reduced CREB binding in this model.

4.2.3. Other Proteins

Expression of EZH2 and its product H3K27me3 has been revealed in rat neurons
and microglia of the dorsal horn, with strong upregulation by PSNL in neurons and even
more in microglia [114]. EZH2 overexpression led to enhanced formation of IL-13 and
TNF-« in the dorsal horn, along with mechanical allodynia and heat hyperalgesia. In
rats, CCI enhanced the CGRP expression in the dorsal horn, which led to EZH2 upregula-
tion and H3K27me3 enrichment in microglia through a protein kinase A (PKA)-/protein
kinase C (PKC)-mediated pathway [115]. In addition, in a glial cell line, applied CGRP
altered H3K27me3 enrichments at the promoters of 248 genes (173 increased, 75 decreased),
several among them associated with microglial activation. Novel histone methylation
modifications were revealed in microglia isolated from the brains of cisplatin-treated mice:
H3.1K27me was enriched and H3K56me3 was decreased compared to untreated mice [116].
Reversal of these downregulations by a selective KDM7A inhibitor attenuated mechanical
allodynia in the neuropathic animals. Bortezomib-induced mechanical allodynia was asso-
ciated with an increased expression of KDM6 in the spinal cord, along with upregulation
of peroxisome proliferator-activated receptor (PPAR), IL-6, prokineticin 2, and IL-1(3 [117].
As a prokineticin receptor antagonist prevented KDM6 upregulation, prokineticins can
control the expression of histone demethylase (HDM) enzymes in this model. In mice
with SNI or CCI, macrophage migration-inhibiting factor (MIF) was overexpressed in the
ventral tegmental area and evoked both G9a/GLP and SUV39H1 upregulation, along
with enhanced DNA (CpG island) methylation in the tyrosine hydroxylase gene [118,119].
This led to the downregulation of tyrosine hydroxylase and dopamine levels, resulting
in mechanical allodynia and heat hyperalgesia by inhibiting the descending antinocicep-
tive dopaminergic pathway(s). Increased DNA methylation of the tyrosine hydroxylase
gene could be due to DNMT3a and DNMT1 recruitment directly by G9a or via previous
H3K9me2 formation [108,120].

SNL-evoked mechanical allodynia and heat hyperalgesia in the rat involved an in-
creased IL-6 expression in the affected DRG and dorsal horn [121]. IL-6 upregulation was
due to enhanced histone demethylation by KDM6B, an HDAC enzyme specific for remov-
ing H3K27me3 marks at gene promoters. This demethylation induced binding of p-STAT3
to the promoter of the IL-6 gene. KDM6B expression was revealed in both peptidergic
and non-peptidergic neurons of the DRG and the dorsal horn and was upregulated by
nerve injury. In the same model, cannabinoid 2 (CB;) receptors were upregulated in DRG
neurons [122]. This alteration was associated with increased enrichment of two activating
histone marks (H3K4me3 and H3K9ac) and reduced enrichment of two repressing histone
marks (H3K9me2 and H3K27me3) at the promoter of the CB, receptor gene. In contrast,
the DNA methylation status of the CB; cannabinoid receptor gene promoter remained
unchanged. As shown in a recent study, paclitaxel-induced mechanical allodynia and
heat hyperalgesia involved the upregulation, in DRG neurons, of phosphorylated p90
ribosomal S6 kinase 2 (pRSK2), which activated (by phosphorylation) a NIMA-related
kinase (NEK) 2, regulating microtubule dynamics [123]. pNEK2 activated KDM6B, which
removed H3K27me3 marks at the promoter of the TRPV1 receptor gene, resulting in
enhanced TRPV1 expression in DRG neurons. In the same neuropathy model, a com-
plementary mechanism has been revealed [124]. Paclitaxel upregulated PRMT5 in DRG
neurons, which increased H3R2me?2 enrichment at the promoter of the TRPV1 gene. WD
repeat-containing protein (WDR) 5, as an epigenetic reader protein, interacts with H3R2me2
and enhances H3K4me3 enrichment, leading to transcriptional activation of TRPV1. In the
SNL and SNI models of rats, the upregulation of the H3K4me3-specific HMT, called mixed
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lineage leukemia type 1 (MLL1), in dorsal horn neurons and its interaction with WDR5
leads to H3K4me3 enrichment at the promoter of the mGlu5 receptor gene, resulting in

transcriptional activation [125].

In mice with PSNL, expression of monocyte chemotactic protein (MCP) 3 (also known
as CCL7) was drastically increased in the astrocytes of the ipsilateral spinal cord, along
with a decreased trimethylation of H3 at Lys27 at the MCP-3 gene promoter [126]. Both
alterations were almost abolished in IL-6 gene-deficient mice with nerve injury. Evidence
has been provided for an IL-6-pSTAT3/PU.1-H3K27me3 pathway for the nerve injury-
induced MCP-3 upregulation. The latter alteration could contribute to nerve injury-evoked
heat hyperalgesia and mechanical allodynia via activation of CCR2 receptors on microglia.

Epigenetically relevant details of the neuropathy models in which DNA methylation
was investigated are shown in Table 3.

Table 3. Experimental models in which the effects of histone methylation were examined.

Epigenetically Regulated

Epigenetically Regulated

Neuropathy Model Species Epigenetic Alteration(s) Change(s) in Nociceptive Response(s) Reference(s)
Gene Expression
MIF upregulation — G9a,
SUV39HI upregulation — Downregulation of tyrosine
Male C57BL/6] mice H3K9me2/3 enrlchment - hydroxylase and dopamine Mechanical allody.ma, [119]
increased CpG island . heat hyperalgesia
X in the ventral tegmental area
methylation at the promoter of
Chronic constriction the tyrosine hydroxylase gene
injury (CCI) . CARMI1 upregulation in Mechanical allodynia, .
Male C57BL/6] mice DRG neurons - heat hyperalgesia [109]
CGRP upregulation — EZH2
. up-regulation, and Upregulation of several Mechanical allodynia, -
Male Wistar rats H3K27me3 enrichment microglial activation markers heat hyperalgesia [115]
in microglia
G9a upregulation —
increased H3K9me2 K,1.4,K,4.2,K,7.2, and
Male Sprague-Dawley  occupancy at the promoters of CaZ*-activated K* channel Tactile allodynia, [45]
rats Ky1.4,K4.2,K,7.2, and mRNA levels decrease in mechanical hyperalgesia -
Ca?*-activated K* DRG neurons
channel genes
. L Mechanical allodynia,
. GYa upregulation — Ky 1.2 downregulation in ! :
Male C57BL/6] mice increased H3K9me?2 level DRG neurons Ifat’ and cqld (110]
yperalgesia
Increased H3K9me?2 level at Lo
Male Sprague-Dawley the promoter of the MOP downregulation in Mechanical allodynia [113]
rats the DRG
MOP gene
C54BL/6] mice, Increase in G92 and FH3K9me2 MOE, DOP, KOP Mechanical allodynia,
Sprague-Dawley rats in the MOP, DOP, and downregulation in the DRG heat hyperalgesia (112]
prag y KOP genes g yperalg
Spinal nerve ligation . CARMI upregulation in _ Mechanical allodynia, 5
(SNL) Male C57BL/6] mice DRG neurons heat hyperalgesia (1091
CARM1 downregulation,
Male and female H3R17me2 decrease at the d K\,1.41an‘d K."4'§ 1 Mechanical allodyni 11
S Dawl " ter of the K. 1.4 and ownregulation in dorsa echanical allodynia [111]
prague-Dawley rats promoter of the K, 1.4 an h
orn neurons
K 4.2 genes
R KDMB6B upregulation — . Lo . .
NleSprague Davleyyiirmes Gomayiton st Toureioninthe - Meialalodnin s
the promoter of the IL-6 gene yperals
MLL1 upregulation and
Male Sprague-Dawley interaction with WDR5 — mGlu5 upregulation in . . -
rats H3K4me3 enrichment at the dorsal horn neurons Mechanical allodynia (125]
promoter of the mGlu5 gene
Enrichment of H3K4me3,
H3K9ac, reduction in Lo
Male Sprague-Dawley H3K9me2, H3K27me3 at the CB; receptor upregulation in _ [122]

rats

promoter of the CB,
receptor gene

the DRG
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Table 3. Cont.

Neuropathy Model

Species

Epigenetic Alteration(s)

Epigenetically Regulated
Change(s) in
Gene Expression

Epigenetically Regulated
Nociceptive Response(s)

Reference(s)

Spared nerve injury
(SNI)

Male and female
C57BL/6] mice

H3K4mel | in the
periaqueductal grey matter

Mechanical allodynia,
thermal hyperalgesia

[59]

Male C57BL/6] mice

G9a/GLP upregulation,
increased DNA methylation
in the tyrosine
hydroxylase gene

Downregulation of tyrosine
hydroxylase and dopamine
in the ventral tegmental area

Mechanical allodynia

[118]

Male Sprague-Dawley
rats

MLL1 upregulation and
interaction with WDR5 —
H3K4me3 enrichment at the
promoter of the mGlu5 gene

mGlu5 upregulation in
dorsal horn neurons

Mechanical allodynia

[125]

Partial sciatic nerve
ligation (PSNL)

Male Sprague-Dawley
rats

EZH2 and H3K27me3
upregulation in dorsal horn
neurons and microglia

Mechanical allodynia,
heat hyperalgesia

[114]

Male C57BL/6] mice

IL-6 — pSTAT3 and PU.1
upregulation —
decreased enrichment of
H3K27me3 at the promoter of

MCP-3/CCL7 upregulation
in spinal astrocytes

Mechanical allodynia,
heat hyperalgesia

[126]

the MCP-3/CCL7 gene

Cancer
chemotherapy-induced
neuropathic pain

Male C57BL/6] mice

Cisplatin-induced decrease in
H3.1K27me and H3K56me3 -
enrichment in microglia

Mechanical allodynia [116]

Male and female
Sprague-Dawley rats

Paclitaxel-induced pNEK2
upregulation — KDM6
upregulation —
demethylation of H3K27me3
at the promoter of the
TRPV1 gene

TRPV1 upregulation in
DRG neurons

Mechanical allodynia,

heat hyperalgesia [123]

Male and female
Sprague-Dawley rats

Paclitaxel-induced NAD*
phosphate oxidase 4 —
PRMTS5 upregulation —

H3R2me2 enrichment then
WDR5-mediated H3K4me3
enrichment at the TRPV1
gene promoter

TRPV1 upregulation in
DRG neurons

Mechanical allodynia,

heat hyperalgesia [124]

Bortezomib-induced
neuropathy

Male C57BL/6] mice

Prokineticins —
KDMB6A upregulation in the -
spinal cord

Mechanical allodynia [117]

The upward and downward arrows mean increases and decreases of the factor or process, respectively. The
horizontal arrows indicate consequences.

5. Epigenetic Regulation of the Baseline Noxious Mechanical or Heat Threshold

Relatively little data are available regarding the epigenetic regulation of nociceptive re-
sponsiveness under normal conditions, i.e., without inflammation or nerve injury. Relevant
to DNA methylation, a genome-wide human study that enrolled 50 monozygotic twins
revealed an association between decreased heat pain sensitivity and TRPA1 gene-promoter
hypermethylation and decreased TRPA1 mRINA levels in blood cells [127]. Repeated
intrathecal injection of a DNMT inhibitor caused mechanical hypersensitivity in naive
rats [15]. Overexpression of DNMT3a in DRG evoked mechanical allodynia and heat and
cold hyperalgesia in uninjured rats and mice [6]. Microinjection of recombinant OCT1 to
the lumbar DRGs evoked mechanical allodynia, heat hyperalgesia, and cold allodynia in
naive rats [29]. MBD1 knockout mice exhibited reduced responses to noxious mechanical,
heat, cold, and chemical (capsaicin) stimuli in uninjured animals [10]. It was shown that
MBD1 inhibits the basal expression of MOP and KOP (but not DOP) receptors and K 1.2
channels in the DRG of naive mice. Similar changes were observed in mice with siRNA-
induced knockdown of MBD1 in DRG. Overexpression of MBD1 in DRG in naive mice
led to increased responsiveness to noxious heat, cold, and mechanical stimuli. Intrathecal
TET1 gene transfer by a viral vector resulted in mechanical allodynia and heat hyperalgesia
in naive rats [35]. This treatment enhanced TET1 expression as well as TET1-mediated
hypomethylation of the mGlu5 receptor gene promoter, causing increased expression of this
receptor. Knockdown of TET1 expression by siRNA-targeting TET1 delivered intrathecally
prevented all the above changes. Contradictory results were obtained in another study [31],
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showing that viral delivery of TET1 mRNA to the L5 DRG of naive rats failed to evoke
alteration of basal heat or mechanical pain sensitivity. In naive rats, overexpression of
DNMT3a in the dorsal horn reduced K, 1.2 channel expression and induced mechanical
allodynia, heat hyperalgesia, and cold allodynia [8]. Mice with a loss of function mutation
of MeCP2 have decreased mechanical pain sensitivity [33].

Regarding histone acetylation, in mice expressing a modified form of HDAC4 that
lacks the putative C-terminal catalytic domain, an impaired thermonociception was re-
vealed by hot plate assay [128]. In these animals, the formalin-evoked nociception was not
altered in either phase. Knockdown of SIRT1 induced heat hyperalgesia, mechanical allody-
nia, and c-fos activation in the spinal cord of naive rats [48]. A non-selective HDA inhibitor
(quisinostat) evoked mechanical hyperalgesia in naive mice [129]. In naive rats, genetic
downregulation of HDAC?2, but not HDACS3, reduced the baseline mechanonociceptive but
not the noxious heat threshold [95].

Relevant for histone methylation, overexpression of G9a evoked mechanical allodynia
and heat or cold hyperalgesia in intact mice and reduced expression of K,1.2 channel
protein, whereas knockdown of G9a increased the levels of K, 1.2 channels [110]. In naive
rats, knockdown or pharmacological inhibition of CARM1 induced mechanical allodynia
through decreased H3R17me?2 level at the promoter of the genes of the K, 1.4 and K1.2
channels in the dorsal horn [111].

6. Conclusions

Ample experimental evidence supports the view that several molecular targets playing
prominent roles in the generation of neuropathic pain are under epigenetic control. DNA
methylation, histone acetylation, and methylation are the most frequent covalent chemical
alterations of the chromatin that can modify gene expression at a transcriptional level.
Downregulation of opioid receptors and several types of voltage-gated K* channels and
upregulation of certain glutamate receptors, growth factors, and lymphokines have been
shown to be evoked by the above epigenetic modifications. Studies have also identified
several epigenetic writer, reader, and eraser proteins that are responsible for the formation,
function, and removal of the covalently bound epigenetic marks. A better understanding of
the functional significance of the epigenetic alterations may help identify target structures
for the development of novel drugs against neuropathic pain. As a prerequisite for this,
various inhibitors of the key enzymes of the epigenetic machinery (DNMT, TET, HAT,
HDAC, HMT, KDM, JMD)J), called epigenetic drugs, are available [130,131]. Many of them
are already in clinical development or even used for human diseases—first of all, cancer.
Repurposing of these agents for the treatment of neuropathic pain is faster and more
cost-effective than the development of novel compounds screened so far only in preclinical
studies. Investigation of these epigenetic drugs has revealed additive interactions between
drugs altering DNA methylation and histone modifications. However, epigenetic drug
development is not an easy task, as the target enzymes have multiple isoforms, making
the development of subtype-specific inhibitors difficult. Table 4 summarizes the epigenetic
enzyme inhibitors tested so far in various animal models of neuropathic pain. This table
provides an overview of the pharmacological modulation possibilities of the epigenetic
machinery; thus, it can pave the way for the development of novel epigenetic drugs that
target neuropathic pain.

Table 4. Summary of epigenetic enzyme inhibitors tested in models of neuropathic pain.

Enzyme Inhibitor Model(s) Reference(s)
5-Azacytidine CCI/SNL/Chronic low back pain [9,13,41]
5-Aza-deoxycytidine CCI [27,28]
DNA methyltransferase (DNMT)
Decitabine Bone cancer [8]

RG108 CCI/SNL [15,30]
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Table 4. Cont.

Enzyme Inhibitor Model(s) Reference(s)
SNL/PSNL/Stavudine-induced
MS275 neuropathy/Trigeminal inflammatory [50,66,70]
compression/SNI
MGCDO0103 SNL, PSNL, Stavudine-induced neuropathy [50]
Baicalin SNL [51]
Sodium butyrate CCI [52]
LG325 SNI [54]
Histone deacetylase (HDAC) Zingiberene SNI 1561
SNI/Trigeminal inflammatory e
SAHA compression/SNL/PSNL/CCI/Bone cancer [28,45,47,57,66,70,71,76,79,86]
Carbamazepine Trigeminal neuralgia [67]
CAY10683 SNL [72]
Trichostatin A PSNL/Bone cancer/CCI [76,82-85]

Valproic acid PSNL [76,84]
JNJ26481585 (quinostat) Chemotrerapy-induced neuropathy [129]
i-BET762 SNI [57]

Bromodomain and extraterminal (BET)
JQ1 Spinal cord injury [98]
Histone deacetylase-bromodomain-containing SUMS52 SNI [58]
proteins (HDAC/BRD) SUM35 SNI 58]
Resveratrol o
(activator) Bortezomib-induced neuropathy [62]
Silent information regulator (SIRT)

(gcri};};%ﬁ) Bortezomib-induced neuropathy/CCI [62,64]

Histone acetyltransferase (HAT) Anacardic acid PSNL [88,89]

UNC0638 SNL [45,113]

Histone methyltranserase G9a
BIX01294 SNL [112]
Enhancer of the histone methyltransferase zeste )

homolog-2 (EZH2) GSK503 SNL [45]
Lysine demethylase 7A (KDM7A) NCDM-64 Chemotherapy-induced neuropathy [116]
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Abbreviations

5mC 5-methylcytosine

5hmC 5-hydroxymethylcytosine

AMP adenosine monophosphate

AMPK AMP-activated kinase

BDNF brain-derived neurotrophic factor

BET bromodomain and extraterminal

BRD bromodomain-containing proteins

CaMKllax Ca?*/ calmodulin-dependent protein kinase ITac
CARM coactivator-associated arginine methyltransferase
CBP CREB binding protein

CCI chronic constriction injury

CCL C-C motif chemokine ligand
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CCR
Cdk5
CXCR
CGRP
COX-2
CREB
CX3CL
CXCL
DDR1
DNA
DNMT
DOP
DRG
ERK
ETg
ETS
ETSI
EZH2
GABA
GAD65
GAD67
GFAP
GLP
GLT-1
GNAT
H3K
H3K9
H3K9me2
H3K27me3
H4K
HAT
HDAC
HDM
HMGB
HMT
HOXA6
IL
iNOS
JMJD
JNK1
Kop
KCC2
KDM
KOP
MBD
MCP
MeCP2
mGlu
MIF
MIP
MLL1
MOP
mTOR
NAD*
NALP
NFATc2
NF-«B

C-C motif chemokine receptor
cyclin-dependent kinase 5

chemokine CC motif receptor
calcitonin gene-related peptide
cyclooxygenase 2

cyclic AMP-response element binding protein
chemokine C-X3-C motif ligand

C-X-C motif ligand

discoidin domain receptor type 1
deoxyribonucleic acid

DNA methyltransferase

delta opioid receptor

dorsal root ganglia

extracellular signal-regulated kinase
endothelin type B

erythroblast transformation specific
erythroblast transformation specific proto-oncogene I
enhancer of the histone methyltransferase zeste homolog-2
gamma-aminobutyric acid

glutamic acid decarboxylase 65
glutamic acid decarboxylase 67

glial fibrillary acidic protein

G9a-like protein

glutamate transporter type 1

general control non-derepressible 5-related acetyltransferases
histone H3 at lysine

histone H3 at lysine 9

dimethylation of histone H3 at lysine 9
trimethylation of histone H3 at lysine 27
histone H4 at lysine

histone acetyltransferase

histone deacetylase

histone demethylase

high-mobility group box

histone methyltransferase

homeobox A6

interleukin

inducible nitric oxide synthase

jumonji domain-containing protein
C-Jun N-terminal kinase 1
two-pore-domain K* channel
K*—Cl~-cotransporter 2

lysine demethylase enzyme

kappa opioid receptor
methyl-CpG-binding domain
monocyte chemotactic protein
methyl-CpG-binding protein 2
metabotropic glutamate receptor
macrophage migration inhibiting factor
macrophage inflammatory protein
mixed lineage leukemia type 1

mu opioid receptor

molecular target of rapamycin
nicotinamide adenine dinucleotide
NACHT leucine-rich-repeat protein
nuclear factor of activated T cells type 2
nuclear factor kappa B
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NGF nerve growth factor

NEK NIMA-related kinase

NLRP3 nucleotide oligomerization domain-like receptor protein 3
NMDA N-methyl-D-aspartate

NOD nucleotide oligomerization domain

NRSF neuron-restrictive silencer factor

NRSE neuron-restrictive silencer element

OCT1 octamer transcription factor 1

PADI peptidyl arginine deiminase

pERK1/2  phosphorylated extracellular signal-regulated kinase 1 and 2
PGC-1a peroxisome proliferator-activated receptor-y coactivator-1x
PKA protein kinase A

PKC protein kinase C

PPAR peroxisome proliferator-activated receptor

PRSK2 phosphorylated p90 ribosomal S6 kinase 2

PRMT protein arginine methyltransferase

PSNL partial sciatic nerve ligation

pSTAT3 phosphorylated transducer and activator of transcription-3
RE response element

REST repressor element 1-silencing transcription factor

RNA ribonucleic acid

mRNA messenger ribonucleic acid

SAHA suberoylanilide hydroxamic acid
SETDB1 SET domain bifurcated histone lysine methyltransferase 1

SGK1 serum- and glucocorticoid-inducible kinase 1
shRNA short hairpin ribonucleic acid

siRNA small interfering ribonucleic acid

SIRT silent information regulator

SNI spared nerve injury

SNL spinal nerve ligation

Spl specificity protein 1

SPARC secreted protein acidic rich in cysteine
SOX10 SRY-related HMG-box 10

STAT signal transducer and activator
SUV39H1 suppressor of variegation 3-9 homolog 1
TET ten-eleven translocation

TLR4 toll-like receptor 4

TNF-« tumor necrosis factor «

TRP transient receptor potential

TRPA1 transient receptor potential ankyrin 1
TRPMS transient receptor potential melastatin 8
TRPV1 transient receptor potential vanilloid 1
TSC2 tuberous sclerosis complex protein 2
TXNIP thioredoxin-interacting protein

VEGF vascular endothelial growth factor

VEGFR vascular endothelial growth factor receptor
WDR5 WD repeat-containing protein 5

ZEB1 zinc-finger E-box-binding homeobox 1
ZNF zinc-finger protein
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