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DNA 5-hydroxylmethylcytosine (5hmC) catalyzed by ten-eleven translocation methylcytosine dioxygenase (TET) occurs abundantly in
neurons of mammals. However, the in vivo causal link between TET dysregulation and nociceptive modulation has not been established.
Here, we found that spinal TET1 and TET3 were significantly increased in the model of formalin-induced acute inflammatory pain, which
was accompanied with the augment of genome-wide 5hmC content in spinal cord. Knockdown of spinal TET1 or TET3 alleviated the
formalin-induced nociceptive behavior and overexpression of spinal TET1 or TET3 in naive mice produced pain-like behavior as evidenced by decreased thermal pain threshold. Furthermore, we found that TET1 or TET3 regulated the nociceptive behavior by targeting
microRNA-365-3p (miR-365-3p). Formalin increased 5hmC in the miR-365-3p promoter, which was inhibited by knockdown of TET1 or
TET3 and mimicked by overexpression of TET1 or TET3 in naive mice. Nociceptive behavior induced by formalin or overexpression of
spinal TET1 or TET3 could be prevented by downregulation of miR-365-3p, and mimicked by overexpression of spinal miR-365-3p.
Finally, we demonstrated that a potassium channel, voltage-gated eag-related subfamily H member 2 (Kcnh2), validated as a target of
miR-365-3p, played a critical role in nociceptive modulation by spinal TET or miR-365-3p. Together, we concluded that TET-mediated
hydroxymethylation of miR-365-3p regulates nociceptive behavior via Kcnh2.
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Significance Statement
Mounting evidence indicates that epigenetic modifications in the nociceptive pathway contribute to pain processes and analgesia
response. Here, we found that the increase of 5hmC content mediated by TET1 or TET3 in miR-365-3p promoter in the spinal cord
is involved in nociceptive modulation through targeting a potassium channel, Kcnh2. Our study reveals a new epigenetic mechanism underlying nociceptive information processing, which may be a novel target for development of antinociceptive drugs.

Introduction
DNA methylation, an epigenetic mechanism by which a relative
stable and long-term gene is silenced, plays an important role in
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the transcription regulation underlying such neurophysiological
and neuropathological processes as neuronal development,
plasticity, and CNS diseases (Barbier et al., 2015). In mammals,
methylations at the fifth position of cyosine (5mC) in CpG
are catalyzed by de novo DNA methyltransferase3a and 3b
(DNMT3a, 3b) and subsequently maintained by DNMT1
(Okano et al., 1999; Goll and Bestor, 2005). Increasing evidence
has shown that 5mC is implicated in the nociceptive processing
via modulating pronociceptive or antinociceptive gene expression in nociceptive pathways, including those in the dorsal root
ganglion (DRG), spinal cord, and several pain matrix brain regions (Tajerian et al., 2011; Viet et al., 2011). However, recent
accumulating data indicate that 5mC in the nociceptive gene is
reversible (Tochiki et al., 2012; Qi et al., 2013; Pan et al., 2014;
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Pollema-Mays et al., 2014), which suggests that DNA demethylation may modulate the nociceptive process.
Although 5mC as well as DNMT enzymes have been well characterized (Tajerian et al., 2011; Viet et al., 2011), the complementary process of DNA demethylation has, until recently, remained
elusive. A major breakthrough came in 2009, when ten-eleven
translocation methylcytosine dioxygenase (TET) 1 was verified to
be able to convert 5mC to 5-hydroxymethylcytosine (5hmC; Kriaucionis and Heintz, 2009; Tahiliani et al., 2009). Soon after, two
other TET family members, TET2 and TET3, were also shown to
have 5mC hydroxylase activity (Ito et al., 2010; Ko et al., 2010).
At present, all three TET proteins have been found to successively oxidize 5mC to 5hmC as well as to 5-formalcytosine and
5-carboxylcytosine (He et al., 2011; Ito et al., 2011), with 5hmC
being distributed in a cell- or tissue-dependent manner (Branco
et al., 2012). Recent genome-wide profiling has further revealed
that 5hmC majorly distributes in individual gene promoters, and
this feature contributes to gene transcription by enrolling DNAbinding proteins or changing the remolding of the chromatin
structure (Desplats et al., 2011). Consequently, 5hmC-mediated
epigenetic modification serves as a critical intermediate step in
active demethylation pathways, and is essential in a range of biological processes, such as embryonic development, stem cell
function, and cancer formation (Abdolmaleky et al., 2006; Wang
et al., 2008). Notably, 5hmC is relatively enriched in CNS tissues
(Kriaucionis and Heintz, 2009; Münzel et al., 2010; Li and Liu,
2011; Szulwach et al., 2011), suggesting that its importance in
functional regulation in the CNS. Consistently, emerging evidence has shown that TET proteins are implicated in CNS-related
diseases or neuronal activity, such as inflammation (Taylor et al.,
2014), drug addiction (Feng et al., 2015), Alzheimer’s disease
(Coppieters et al., 2014), and learning and memory (Kaas et al.,
2013; Rudenko et al., 2013; Zhang et al., 2013). However, the role
of TET-mediated regulation of 5hmC and subsequent active
DNA demethylation in nociceptive modulation has not been
explored.
Recent reports have shown a strong connection between miRNA
modulation and the nociceptive response. microRNA-365-3p
(miR-365-3p) is abundant and highly conserved across species, and
modulates various diseases, such as cancer (Guo et al., 2013), adipose
metabolism (Mori et al., 2014), and atherosclerosis (Kim et al.,
2014). Moreover, miR-365-3p is upregulated not only in the blood
of schizophrenia patients (Liu et al., 2013) but also in the primary
microglia of the brain cortex of an amyotrophic lateral sclerosis
mouse model (Parisi et al., 2013). Furthermore, the overexpression
of miR-365-3p significantly downregulates the IL-6 level in cortex
microglia (Parisi et al., 2013). Although limited evidence suggests a
potential modulatory function of miR-365-3p in CNS diseases, it is
unclear whether and how miR-365-3p participates in the nociceptive response.
Here, we investigated the epigenetic mechanism of TET and
5hmC in the nociceptive response. We found increased expression
of TET1, TET3, and 5hmC, but not TET2, in the spinal cord of mice
in a formalin-induced acute inflammation pain model. Furthermore, spinal TET1 or TET3 modulated the nociception by regulating the 5hmC level of the miR-365-3p promoter, and subsequent
expression of miR-365-3p and Kcnh2, a validated target of miR365-3p. Together, our study reveals a new epigenetic mechanism
underlying nociceptive processing that TET-mediated hydroxymethylation of miR-365-3p regulates nociceptive behaviors via
Kcnh2.

Materials and Methods
Animals and tissue. Adult male Shanghai populations of Kunming mice
(20 –25 g) were used in this study. The nociceptive model was induced by
intraplantar injection of 5% formalin in PBS buffer (20 l; F8775, SigmaAldrich) into the dorsal surface of the mouse hindpaw as described previously (Kynast et al., 2013). The time spent licking the formalin-injected paw
was recorded at 5 min intervals up to 60 min, starting immediately after
formalin injection. Thermal nociceptive behavior was assessed in a blinded
fashion by measuring each mouse’s paw-withdrawal latency in response to
thermal stimulus (Pan et al., 2014). All animal procedures were approved by
the Animal Care Committee of Xuzhou Medical College. The lumbar (L3–
L5) segments of the spinal cord were removed, and the ipsilateral dorsal
spinal cord was separated rapidly and snap-frozen in liquid nitrogen and
stored at ⫺80°C.
Climbing test. A metal wire-mesh with 0.5 mm diameter and 5-mmwide grid was placed vertically 30 cm above the table. Each mouse started
from the bottom of the mesh with its head facing downward. After the
mouse was released, the time required to climb all the way to the top was
recorded (Zhang et al., 2014).
DNA dot blot assay. Genomic DNA was extracted using QIAamp DNA
Mini Kit (51306; Qiangen). Dot blot analysis was performed as detailed
previously (Wang et al., 2012). Briefly, DNA was denatured in TE buffer
for 10 min at 95°C and immediately chilled on ice for 5 min. Onehundred nanograms of each DNA sample were transferred onto positively charged nylon membrane, baked for 2 h at 80°C crosslinked with
UV254 for 10 min, blocked with 5% nonfat milk for 1.5 h at 25°C, and
incubated with the antibody specific to 5hmC (1:10,000; 39999, Active
Motif) at 4°C overnight, followed by incubation with a peroxidaseconjugated rabbit IgG antibody. The signal was visualized by using ECL
(345818, Millipore). Equal DNA loading was verified by staining the
membranes with 0.2% methylene blue. The intensity of each dot was
normalized to total DNA.
5hmC immunoprecipitation. According to the manufacturer’s instructions (17–295, Millipore) with partial alterations, genomic DNA was
sonicated to an average fragment size of 100 –1000 bp, then precipitated
and pre-cleared at 4°C for 60 min with G agarose beads. As input control,
a small volume (10%) of sonicated DNA was used; the remainder was
immunoprecipitated with monoclonal anti-5mC (C15200081, Diagenode), anti-5hmC antibody (C15200200, Diagenode), or negative control antibody IgG (PP64, Millipore) at 4°C overnight. The complexes
were captured using agarose beads for 2 h at 4°C with rotation, centrifuged, and washed beads several times. Eluted DNA using immunoprecipitation (IP) elution buffer at room temperature, and then centrifuged
and transferred supernatant to clean tubes. DNA was then purified using a
QIAquick PCR purification kit (28106, Qiagen). Input was diluted 1/100 and
used for (semi-) quantitative PCR (qPCR) analyses. 5hmC immunoprecipitation (hMeIP) 365F (5⬘-TTAGTTTTGGCTCTCTGTGAG-3⬘) and hMeIP
365R (5⬘-ATGATAGCGGAATGGAAACA-3⬘) set primers were used to
amplify immunoprecipitated DNA and input DNA in quantitative analysis
for 5hmC or 5mC in the miR-365-3p promoter.
5hmC and 5mC sequencing. Genomic DNA was sonicated to 200 –900
bp using a Covaris instrument, and 800 ng of the fragmented sample was
end-repaired, A-tailed, and ligated to single-end Illumina’s genomic
adapters with Genomic DNA Sample Kit (FC-102-1002, Illumina).
Then, 300 –1000 bp of ligated DNA fragments were selected after agarose
gel purification. Genomic DNA IP was performed by IP with 1 l monoclonal anti-5mC (C15200081, Diagenode), anti-5hmC antibody
(C15200200, Diagenode), or control IgG antibody (PP64, Millipore) in
400 l IP buffer (0.5% BSA in PBS). Next, 25 ng 5mC- or 5hmC-captured
DNA or input DNA was used for preparation of sequencing libraries
following the instructions of Illumina’s seq sample prep kit (111257047,
Rev A). Briefly, 14 cycles of PCR were performed on 5 l immunoprecipitated DNA using the single-end Illumina PCR primers. PCR productions were purified with Qiagen MinElute columns, after which a final
size selection (300 –1000 bp) was performed with electrophoresis in 2%
agarose. PCR-amplified DNA libraries were quality controlled by Agilent
2100 Bioanalyzer and finally diluted in elution buffer to 5 ng/l. Then, 1
l was used in real-time qPCR (RT-qPCR) reactions to confirm the
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enrichment for the hydroxymethylated region. The library was denatured with 0.1 M NaOH to generate single-stranded DNA molecules,
loaded onto channels of the flow cell at 8 pM concentration, and amplified in situ using the TruSeq Rapid PE Cluster Kit (PE-402-4001, Illumina to generate the sequencing cluster. Then, 100 sequencing cycles was
performed using the TruSeq SBS Kit v5 (FC-104-5001, Illumina) protocol on the Illumina HiSeq 2000. Image analysis and base calling were
performed using Off-Line Basecaller software (OLB v1.8). After passing
through the Solexa CHASTITY quality filter, the clean reads were aligned
to the mouse genome (UCSC MM10) using BOWTIE software (v2.1.0).
A hydroxymethylation score for any region in the genome was defined as
the number of fragments per kilobase (Maunakea et al., 2010). Two
biological replicates were performed for each condition.
RNA, miRNA isolation, and RT-qPCR. Spinal samples were homogenized in Trizol (15596-026, Invitrogen). miRNA was reversely transcribed
using specific primers including: 365RT (5⬘-TTAACTGGATACGAAG
GGTCCGAACACCGGTCGTATCCAGTTAAATAAGGAT-3⬘); 335RT
(5⬘-TTAACTGGATACGAAGGGTCCGAACACCGGTCGTATCCAG
TTAAACATTTTTC-3⬘); and 92RT (5⬘-TTAACTGGATACGAAGGGT
CCGAACACCGGTCGTATCCAGTTAAGGAGGCC-3⬘). The transcription of other genes was performed with oligo (dT)18. The cDNA products
were used as templates to detect miRNA or gene content in RT-qPCR, respectively using forward primer (365f: 5⬘-TGCGGTAATGCCCCT
AAAAA-3⬘; 335f: 5⬘-TGCGGTCAAGAGCAATAACGAAA-3⬘; and 92f: 5⬘TGCGGTATTGCACTCGTCCCGG-3⬘), and universal reverse primer
(Mr: 5⬘-TACGAA GGGTCCGAACAC-3⬘); or using Tet1 primer pairs (T1f:
5⬘-GAGCCTGTTCCT CGATGTGG-3⬘ or T1r: 5⬘-CAAACCCACCTGAG
GCTGTT-3⬘), Tet2 primer pairs (T2f: 5⬘-TGTTGTTGTCAGGGT
GAGAATC-3⬘; T2r: 5⬘-TCTTGCTTCTGGCAAACTTACA-3⬘), Tet3
primer pairs (T3f: 5⬘-CCGGATTGAGAAGGTCATCTAC-3⬘ or T3r: 5⬘CCGGATTGAGAAGGTCATCTAC-3⬘), and Kcnh2 primer pairs (Kf1: 5⬘GTGCTGCCTGAGTATAAGCTG-3⬘ or Kr1: 5⬘-CCGAGTACGGTGT
GAAGA CT-3⬘). SYBR Green method was used to perform RT-qPCR with
the SYBR Premix Ex TaqII kit (RR820A, Takara). Each reaction was run in
triplicate. The ⌬⌬Ct method was used to analyze the expression as previously
described (Pan et al., 2014). U6 RNA (Uf: 5⬘-CTCGCTTCGGCAG
CACATATACT-3⬘ or Ur: 5⬘-ACGCTTCACGAATTTGCGTGTC-3⬘) was
used as an internal control of miRNAs; Gapdh (Gf: 5⬘-GGTGAAGGTCG
GTGTGAACG-3⬘ or Gr: 5⬘-CTCGCTCCTGGAAGATGGTG-3⬘) was used
as an internal control of Tet1, Tet2, Tet3, and Kcnh2.
Plasmid construction. Tet overexpression: three Tet1 or four Tet3 inserts
(100 ng/insert) prepared by PCR using primers for Tet1 (f11: 5⬘-AGGTT
TAAACTACGGATGGAAGCTGCACCCTGTGACTGTGATGG-3⬘, r11:
5⬘-CATCTGCTTGTAAAGTGGAGCTAA-3⬘; f12: 5⬘-AGAATTGGCTA
CAGTATTAGCTC-3⬘, r12: 5⬘-GCTGTGGGAAGAGACTGGTGAGG-3⬘;
and f13: 5⬘-CCGAGGTGGCTGCTCATCCTCAC-3⬘, r13: 5⬘-GTAAGCT
TAGGCCTGTCATTAGAC CCAACGATTGTAGGGTC-3⬘), and Tet3
(f31: 5⬘-AGGTTTAAACTACGGATGGAGTTCCCTACCTGCGATT
GTGT-3⬘, r31: 5⬘-GAGGGGCAGCACGTGCAGTTGCT-3⬘; f32: 5⬘-CAGATCCCTGAGGACGAGCAACT-3⬘, r32: 5⬘-GTGGTTGTCTGTG
GCAACAGCCT-3⬘; f33: 5⬘-CGAGCTGCCAGGTCAGGCTGTT-3⬘, r33:
5⬘-GCTCAAGGGCATGCCAAAGGCTT-3⬘; and f34: 5⬘-TAGACAAAGC
CTGGCAAGCCTTTG-3⬘, r34: 5⬘-GTAAGCTTAGGCCTGTCACTAGA
TCCAGCGGCTGTAGGGGCCA-3⬘), and 50 ng PWPXL vector digested by
BamHI (R0136L, NEB) were, respectively, assembled to a Tet1- or Tet3expressing vector, namely Lenti-T1 and Lenti-T3, using Gibson DNA assembly reactions kit (E5510S, NEB). All constructs were confirmed by DNA
sequencing.
Lentivirus package and infection. The constructed core plasmid (16 g)
and two envelope plasmids, PSPAX2 (12 g) and PMD2G (4.8 g), were
cotransfected into HEK293T cells in a 6-well plate according to manufacturer instructions of Lipofectamine 2000 (11668-027, Invitrogen).
The supernatant was collected at 48 h after transfection, and concentrated by using a Centricon Plus-70 filter unit (UFC910096, Millipore).
Lentivirus with titers ⬎10 8 TU/ml was used in the experiment. The
assays of lentivirus in vitro and in vivo infection were performed according to the previous description (Pan et al., 2014). Briefly, 20 l lentivirus
and 1.5 l polybrene (1.4 g/l; H9268, Sigma-Aldrich) were added in a
24-well plate containing 1 ⫻ 10 5 HEK293T cells and 400 l DMEM
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without FBS; after 24 h, the transfection medium was replaced with 500
l fresh complete medium containing 10% FBS; cells were collected at
48 h after culture. Each time, 1 l lentivirus was injected intrathecally
in vivo.
SiRNA, mimics, inhibitor, and agonist delivery. TET1 siRNA (sense: 5⬘UUGUGUCACGGCCAUCUGCdTdT-3⬘; antisense: 5⬘-GCAGAUGGCC
GUGACACAAdTdT-3⬘) and TET3 siRNA (sense: 5⬘-UUGCUCCGA
GCAUAUUUGCdTdT-3⬘; antisense: 5⬘-GCAAAUAUGCUCGGAGC
AAdTdT-3⬘) were designed and validated in vitro and in vivo. Five microliters of 20 M mimics (365S: 5⬘-UAAUGCCCCUAAAAAUCCUUAU-3⬘;
365R: 5⬘-AUAAGGAUUUUUAGGGGCAUUA-3⬘), siRNA or inhibitor
(miR-365-3p inhibitor: 5⬘-AUAAGGAUUUUUAGGGGCAUUA-3⬘), or
scrambled siRNA (sense: 5⬘-UUCUCCGAACGUGUCACGUdTdT-3⬘, antisense: 5⬘-ACGUGACACGUUCGGAGAAdTdT-3⬘), or KCNH2 agonist
NS1643 (0.02 mg/4 l; ab141825, Abcam) was intrathecally injected at the
L3–L5 level of the mouse spinal cord.
Construction of methylated or hydroxymethylated promoter reporter.
The defined region of miR-365-3p promoter was amplified from mouse genomic DNA using a primer set, including forward primer (5⬘-CG
CTCGAGAGGACGGAGCCCAGGCAG-3⬘) and reverse primer (5⬘CGACGCGTAACCAATCAGCTGGCGGGA-3⬘). The PCR products
and pGL6 (5:1) were mixed, and digested with XhoI (R0146S, NEB) and
HindIII (R3104S, NEB), then ligated with T4 ligase. The ligation product
is named pGL6-365. pGL6-365 or pGL6 was methylated using methyltransferase (M.SssI; M0226S, NEB) at 37°C for 1 h, and then purified
with Wizard Plus SV Minipreps DNA Purification System (A1330, Promega). The methylated pGL6-365 or pGL6 was hydroxymethylated by
the use of recombinant TET1 protein (31363, Active Motif) in 50 mM
HEPES, pH8.0, 50 M Fe(NH4)2(SO4)2, 2 mM ascorbate, and 1 mM
␣-ketoglutarate for 3 h at 37°C. pRL-TK plasmid was used as an internal
control (Promega).
miR-365-3p target construction. The 3⬘-untranslated region (3⬘-UTR) sequence of miR-365-3p targeting Kcnh2 was synthesized [wild-type (wt)-Kf:
5⬘-P-TCGATGTGGTCCCCCCACTGCCCTGGGGGCATTAGCTGGT
CTAACTGCCCGGAGGC-3⬘, and wt-Kr: 5⬘-P-GGCCGCCTCCGG
GCAGTTAGACCAGCTAATGCCCCCAGGGCAGTGGGGGGACCA
CA-3⬘; mutation type (mut)-Kf: 5⬘-P-TCGATGTGGTCCCCCCACTG
CCCTGGGAATACCAGCTGGTCTAACTGCCCGGAGGC-3⬘, mut-Kr:
5⬘-P-GGCCGCCTCCGGGCAGTTAGACCAGCTGGTATTCCCAGGG
CAGTGGGGGGACCACA-3⬘]. The annealed forward and reverse oligos
(wt-Kf/wt-Kr and mut-Kf/mut-Kr) were, respectively, inserted into a dualreporter psiCHECK2 plasmid digested by Xhol and NotI, and named as
wild-type CHK-wt-Kcnh2 and mutant-type CHK-mut-Kcnh2.
Luciferase reporter assay. HEK293T cells were cultured in DMEM
with10% FBS. HEK293T cells were seeded at 1 ⫻ 10 5 cells per 24-well.
Two-hundred nanograms per well of the methylated and hydroxymethylated pGL6-365 or empty vector or control pRL-TK plasmid, were transfected into HEK293T cells using Lipofectamine 2000 (11668-027,
Invitrogen) in a 24-well plate. Identification of miR-365-3p targets was
performed by transfecting CHK-wt-Kcnh2 or CHK-mut-Kcnh2 plasmids (50 ng) and miR-365-3p mimics (80 ng) or inhibitor (50 ng) into
HEK293T cells. Cell lysates were prepared and subjected to luciferase
assays using the Dual-luciferase reporter kit (E1910, Promega) at 48 h
after transfection according to the manufacturer’s instruction.
Immunofluorescence and fluorescence in situ hybridization. The procedure was performed as previous described (Pan et al., 2014). Briefly,
spinal cords were rapidly dissected from perfused mice with 4% PFA,
fixed with 4% PFA, then cryoprotected in 30% sucrose. For doublelabeling immunofluorescence (IF) analyses, the spinal sections were incubated overnight at 4°C with a mixture of NeuN antibody (MAB377,
Millipore) and TET1 (1:50; sc-163443, Santa Cruz Biotechnology) or
TET3 (1:50; sc-139186, Santa Cruz Biotechnology) or 5hmC antibody
(1:2000; 39999, Active Motif). The sections were then incubated
with fluorescent-conjugated secondary antibody (AB10113, AB10081,
AB10053; Shanghai Sangon Biotech) at 37°C for 1 h. For fluorescence in
situ hybridization (FISH) and IF costaining, miR-365-3p probe with
double-digoxin modification was hybridized to spinal slices as instructed
in the FISH kit (Guangzhou Exon), and then incubated with KCNH2
antibody (1:100; sc20130, Santa Cruz Biotechnology), and finally incu-
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Figure 1. Genomic 5hmC analysis in spinal cord or blood in a formalin-induced acute inflammation pain model. A, B, Time course of dot blot assay of spinal 5hmC (A) or blood 5hmC (B) in formalin
(FM)-induced acute inflammatory pain mice. Spinal or blood DNA samples were collected from 10 min to 24 h after FM injection and then dot-blotted using a 5hmC-specific antibody. *p ⬍ 0.05
versus control (Ctrl) group, **p ⬍ 0.01 versus control group, ***p ⬍ 0.001, versus control group; n ⫽ 6. C, Combined 5hmC (red) and NeuN (a neuronal marker; green) immunofluorescence staining
in spinal cord at 2 h after formalin or saline (Sal) injection. Scale bar, 25 m. D, Genomic 5hmC profiles in formalin-induced acute inflammatory pain. The read densities of each chromosome (Chr)
in heatmap have been equally scaled and then normalized through the total number of mapped reads per sample.
Table 1. Summary of sequencing data
Sample

Pass filtering*

Concordantly aligned*

Ctrl
FM

40,101,126
36,168,335

20,936,123
19,164,736

*The mean data in a duplicate experiment.

bated with AlexaFluor (Cell Signaling Technology). After the sections
were rinsed in 0.01 M PBS, coverslips were applied.
Western blot analysis. Protein (20 –50 g) was separated with 10%
SDS-PAGE gel, transferred onto a nitrocellulose membrane, and incubated with antibody against TET1 (1:100; 61443, Active Motif), TET2
(1:100; sc-136926, Santa Cruz Biotechnology), TET3 (1:100; sc139186,
Santa Cruz Biotechnology), and KCNH2 antibody (1:1000; BS7461, Bioworld) or control ␤-Actin (1:1000; TA-09, ZSGB-Bio). Blots were
washed and incubated in peroxidase-conjugated goat anti-rabbit IgG
secondary antibody (1:1000; VA001, Vicmed). Protein blots were visualized using chemiluminescence detection (72091, Sigma-Aldrich).
Statistical analysis. Data are presented as mean ⫾ SEM and were analyzed using GraphPad Prism v5.00. The data for DNA dot blot was analyzed with one-way ANOVA. The data for behavioral tests, luciferase
reporter assay, and 5hmC level analysis after Tet knockdown or overexpression were analyzed with two-way ANOVA with two repeated factors
followed by Tukey multiple-comparison tests. Unpaired comparisons
were assessed by two-tailed Student’s t test for 5hmC, protein, image,
luciferase unit, or RT-qPCR analysis as appropriate.

Results
Formalin-induced acute inflammation pain increases spinal
5hmC levels
The abundance of 5hmC in the CNS suggests its potential roles
in the regulation and dysregulation of neural functions. To explore the relationship between 5hmC-mediated epigenetic modulation and the regulation of spinal nociceptive processing, we
first examined the alteration of 5hmC content in mouse spinal
cord in a formalin-induced acute inflammatory pain model. Dot
blot assay revealed a marked increase in spinal 5hmC from 30
min to 2 h after formalin injection, which then gradually returned
to basal levels at 24 h after formalin injection (Fig. 1A). High
correlation of epigenetic marks between spinal cord and blood

may be useful for diagnostic and therapeutic application in pain.
Therefore, we want to know whether modification of 5hmC
would be altered in whole blood similarly to spinal cord underlying the formalin-induced acute inflammatory pain status. We
found that the blood 5hmC significantly increased from 10 to 30
min, then gradually decreased to a basal level from 1 to 24 h after
formalin injection (Fig. 1B), suggesting that the gain of 5hmC in
both mouse spinal cord and blood is a novel epigenetic feature in
nociceptive processing.
To further explore the regulatory mechanism underlying the
role of 5hmC in the nociceptive process, we investigated the
genomic characteristics of spinal 5hmC change at 2 h after formalin injection. First, we used immunofluorescence staining experiments to further confirm a significant increase in global
5hmC in the spinal cord of acute pain mice (Fig. 1C) compared
with that of the control group. Additionally, immunofluorescence costaining showed ⬃94.6% overlap between the 5hmC signal and NeuN (a neuron marker) in the control group, and 82%
overlap in the formalin group (Fig. 1C), suggesting that 5hmC
may occur in mouse spinal neurons. Then, we performed a
genome-wide evaluation of spinal 5hmC distribution at 2 h after
saline and formalin injection by a genome DNA IP sequencing
method using anti-5hmC antibody, which was used for the analysis of the differential 5hmC (hMeDIP). Before sequencing, the
specificity of anti-5hmC and anti-5mC antibody was tested by the
use of negative control IgG antibody. The results showed that
DNAs were not pulled down by IgG, but by the anti-5hmC and
anti-5mC antibody in DNA detection using gel staining and
NanoDrop 2000 spectrophotometer (data not shown), respectively, indicating that the anti-5hmC and anti-5mC antibodies
are specific for DNA immunoprecipitation. In the following sequencing, ⬃40.1 or 36.2 million reads were obtained from the
spinal cord of the saline-treated group and the formalin-injected
group, respectively (Table 1). When raw reads were aligned to the
mouse reference genome (mm10), multiple reads without mapping were filtered out, leaving 20.9 and 19.2 million uniquely
mapped reads, respectively, for subsequent analysis (Table 1).
The genome-scaled 5hmC read density of formalin-injected mice
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Figure 2. Spinal TET1 and TET3 regulate acute nociceptive behavior. A–C, Quantitative analysis of spinal Tet1, Tet2, and Tet3 expression in mRNA using RT-qPCR (A) and protein using Western
blotting (B) at 10 min, 30 min, 1 h, and 2 h, or immunofluorescent staining (C) at 2 h after formalin injection. Scale bar, 25 m. *p ⬍ 0.05 versus control group, **p ⬍ 0.01 versus control group;
n ⫽ 6. D, The strategy of formalin injection, motor and pain test. Scrambled (Scr) indicates a negative control. E, Time to climb a vertical wire mesh at 72 h after intrathecal injection of Tet1- and
Tet3-siRNA for 3 consecutive days in naive mice. No significance versus Ctrl or Scr group; n ⫽ 8. F, Intrathecal injection of Tet1- and Tet3-siRNA for 3 consecutive days reversed formalin-induced acute
pain in phase 2. *p ⬍ 0.05 versus FM⫹Scr group, **p ⬍ 0.01 versus FM⫹Scr group; n ⫽ 8. G, Time of climbing test at 96 h after intrathecal injection of Lenti-T1 and Lenti-T3 for 2 consecutive days
in naive mice. No significance versus Ctrl or vector group; n ⫽ 8. H, Intrathecal injection of Lenti-T1 and Lenti-T3 for 2 consecutive days produced thermal hyperalgesia (paw withdrawal latency;
PWL) in naive mice. Black arrow indicates Lenti-T1 and Lenti-T3 or Lenti-vector injection. *p ⬍ 0.05 versus Lenti-vector group; n ⫽ 8.

exhibited significant differences from those of control animals, as
determined by an IGV Browser (IGV 1.4.2; Fig. 1D). These data
indicate that 5hmC modification may be involved in the nociceptive response.
Spinal TET1 and TET3 contribute to formalin-induced
nociceptive response
As TET proteins convert 5mC to 5hmC, spinal Tet expression and
its role in pain behavioral regulation were investigated in the
formalin-induced pain model. We found that Tet1 and Tet3, but
not Tet2, in mRNA and protein expression were gradually increased from 10 min to 2 h after formalin injection. Compared
with the control group, Tet1 and Tet3 mRNAs were increased by
450% and 193%, respectively, at 2 h after formalin injection;
correspondingly, TET1 and TET3 proteins were increased by
152% and 160%, respectively (Fig. 2 A, B). These results suggest
that increased TET1 and TET3, but not TET2, may be involved
in the nociceptive response induced by formalin. Doubleimmunofluorescence staining revealed that the increased TET1
and TET3 after formalin injection were expressed in spinal neurons (Fig. 2C). Then, we explored the potential effects of manipulation of spinal TET1 or TET3 expression on the nociceptive
behavior of mice in formalin test. The two modulation tools of
siRNA (Tet1-siRNA or Tet3-siRNA) for TET1 or TET3 downregulation and lentivirus (Lenti-T1 or Lenti-T3) for TET1 or
TET3 overexpression were used in the experiments. The transfection efficiency of siRNA or lentivirus was validated in the spinal

cord of naive mice. Before the measure of nociceptive behavior, a
vertical climbing test was performed to determine whether the
modulation tools could affect the motor behavior. The results
showed that the knockdown of TET1 or TET3 (Fig. 2 D, E) or the
overexpression of TET1 or TET3 (Fig. 2G) could not influence
the motor function of the mice. However, knockdown of TET1 or
TET3 via intrathecal injection of Tet1-siRNA or Tet3-siRNA for 3
consecutive days before formalin injection alleviated the
formalin-induced second phase of the nociceptive response compared with negative control-treated mice (Fig. 2D, F ). In contrast, overexpression of TET1 or TET3 via intrathecal injection of
Lenti-T1 or Lenti-T3, but not empty vector, for 2 consecutive
days significantly produced pain-like behavior as evidenced by a
decrease of thermal pain threshold (Fig. 2H ). These findings suggest that spinal TET1 and TET3 contribute to acute nociceptive
modulation.
TET1 and TET3 regulate the nociceptive behavior by
targeting miR-365-3p
Recent emerging evidence has shown a strong connection between miRNA and nociceptive modulation, but the functional
regulatory mechanism in miRNA expression itself remains elusive. In the present study, we further investigated whether 5hmC
was involved in the regulation of miRNA expression under nociceptive status. As the enrichment of CpG dinucleotide in the gene
promoter plays an important role in transcription efficiency (Pan
et al., 2014), we analyzed the spinal 5hmC level in the CpG dinu-
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Figure 3. Acute inflammatory pain leads to the alteration of spinal 5hmC and 5mC level in miR-365-3p promoter and its expression. A, Overlap of 5hmC gain and 5mC loss in genome-wide
promoters in the spinal cord of mice with formalin-induced acute pain. The hMeDIP score (fragment-counts/kb) ⬎20. B, The expression of three miRNAs [miR-335 (miR335), miR-92b (miR92b), and
miR-365-3p (miR365–3p)] was analyzed using RT-qPCR. *p ⬍ 0.05 versus control group, **p ⬍ 0.01 versus control group, ***p ⬍ 0.001 versus control group; n ⫽ 6. C, The hMeDIP CpG island
region using Genome browser shot of USUC in spinal pre-miR-365-3p promoter in FM group versus control group. TSS represents the transcript start site. D, Validation for hMeDIP-Seq results in the
miR-365-3p promoter using qPCR. E, miR-365-3p FISH (green) and cell nuclear immunofluorescence staining (DAPI; blue) in spinal cord at 2 h after formalin or saline injection. Scale bar, 25 m.

cleotide of global miRNA promoters (⫺500 bp ⬃ ⫹2000 bp)
after formalin injection. In total, we identified 735 miRNAs with
differential 5hmC promoters (data not shown). The crossanalysis of 126 miRNAs with ⬎1.5-fold 5hmC gain (hMeDIPSeq score ⬎20) and 277 with ⬎1.5-fold 5mC loss showed 34
crossed miRNAs (Fig. 3A; Table 2). Among them, the 5hmC level
in the promoters of 3 miRNAs—miR-335, miR-92b, and miR365-3p—were increased by 281.6, 291.6, and 287.9%, respectively, exhibiting relatively marked change compared with the
control group (Table 2). RT-qPCR analysis revealed that the expressions of three miRNAs were upregulated in the spinal cord of
formalin mice (Fig. 3B). However, compared with miR-335 and
miR-92b, miR-365-3p exhibited significant alteration not only in
5hmC and 5mC levels (Table 2), but also in transcription expression (Fig. 3B) after formalin treatment. Furthermore, the visual
5hmC profile also showed an increase, ranging from ⫺110 to
⫹60 bp in the promoter of pre-miR-365-3p (Chr16:1345384013453926) in the formalin group versus the control group (Fig.
3C). These results were further verified with hMeDIP-qPCR (Fig.
3D). Additionally, FISH confirmed an increase in spinal miR365-3p expression at 2 h after formalin injection (Fig. 3E). Therefore, we chose to further investigate the functional regulatory role
of miR-365-3p in the nociceptive process mediated by TET1 and
TET3.
To determine whether TET proteins catalyzed 5hmC in the
miR-365-3p promoter, we performed two strategies in vivo and
in vitro to verify the hypothesis. First, in vitro, we evaluated
whether the hydroxymethylated promoter of miR-365-3p could
increase the efficiency of transcription. We cloned a 1817 bp
segment of pre-miR-365-3p promoter (TTS: ⫺1817 to 0 bp) into
the pGL6 firefly luciferase reporter (pGL6-365) and examined its
ability to drive luciferase expression in HEK293T cells according

to a previous method (Sunahori et al., 2009). We found that this
promoter region produced high luciferase activities compared
with the negative control (Fig. 4A), indicating that the cloned
region contains the regulatory element, and can control miR365-3p expression. However, the pGL6-365 in vitro methylated
by methyltransferase M.SssI before being introduced into cells
abolished the enhanced luciferase activity (Fig. 4A). Further, the
hydroxymethylated pGL6-365, which was converted in vitro
from the methylated pGL6-365 via TET1 protein catalysis, reversed the activities of the methylated pGL6-365 group (Fig. 4A).
These results suggest a direct positive role of DNA hydroxymethylation of the pGL6-365–3p promoter in transcriptional efficiency. Then, we analyzed the 5hmC change in the miR-365-3p
promoter after TET1 or TET3 knockdown in formalin mice or
overexpression in naive mice. We found that the 5hmC level was
decreased by 18.4 and 16.5%, respectively, after the injection of
Tet1- or Tet3-siRNA in the spinal cord of formalin mice (Fig. 4B),
accompanied by a decrease in miR-365-3p expression (Fig. 4D).
Overexpression of TET1 or TET3 increased the level of 5hmC by
31.3% and 21.2%, respectively (Fig. 4C), subsequently resulting
in augmentation of the miR-365-3p expression in naive mice
(Fig. 4E). Together, these results suggested that TET1 and TET3
regulate miR-365-3p expression by converting 5mC to 5hmC in
the miR-365-3p promoter in the spinal cord of nociceptive pain
mice.
To further investigate whether miR-365-3p contributed to the
modulation of nociceptive behavior, we assessed the changes of
motor and nociceptive behavior after manipulating spinal miR365-3p. The results showed that the motor function could not be
affected by the knockdown or overexpression of miR-365-3p in
spinal cord, or overexpression of miR-365-3p in plantar surface
of hindpaw in naive mice (Fig. 4F ). However, downregulation of
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Table 2. The cross analysis of 5hmC and 5mC in miRNA promoter
miRNA information

5hmC

miRNA

Chr

TSS

TTS

Fold

FM

Ctrl

Fold

FM

Ctrl

miR1983
miR365-3p
miR92b
miR1895
miR499
miR615
miR335
miR1942
miR149
miR3962
miR3110
miR26a-1
miR1247
miR130b
let7b
miR3572
miR5126
miR487b
miR491
miR421
miR137
miR100
miR208b
miR3473c
miR1298
miR34c
miR669k
miR762
miR127
miR1951
miR463
miR150
miR490
miR5101

chr13
chr16
chr3
chr3
chr2
chr15
chr6
chr15
chr1
chr7
chr8
chr9
chr12
chr16
chr15
chr7
chr1
chr12
chr4
chr15
chr3
chr9
chr14
chr1
chrX
chr9
chr2
chr7
chr12
chr2
chrX
chr7
chr6
chr12

21897049
13453839
89227198
134240583
155622879
103014909
30741298
76215673
92850377
144932135
126721800
119031795
110278129
17124142
85707318
3655961
84695838
109727332
88122039
103195810
118433856
41531424
54975776
191998634
147064904
51103110
10475299
127708486
109592845
115638724
66799297
45121756
36421741
75909102

21896917
13453926
89227115
134240504
155622958
103015001
30741396
76215610
92850443
144932115
126721780
119031885
110278047
17124060
85707403
3656047
84695915
109727414
88122125
103195830
118433929
41531504
54975699
191998553
147065002
51103033
10475426
127708562
109592915
115638813
66799222
45121821
36421825
75909185

3.3466
3.8788
3.9162
2.0823
3.6747
1.5311
3.8156
2.3384
1.8373
1.908
1.9905
1.8373
2.8708
2.2967
2.2967
1.8373
3.8584
2.756
2.0415
1.9394
3.3072
2.3623
2.2311
2.2311
3.2154
2.5723
1.8373
1.8373
1.6077
1.6077
1.9905
1.7061
1.7061
1.7061

81
60
57
54
51
48
44
44
44
43
41
41
40
40
40
35
33
33
32
30
29
29
27
27
22
22
22
22
22
22
21
21
21
21

24
16
15
26
14
31
11
19
24
22
21
22
14
17
17
19
9
12
16
16
9
12
12
12
7
9
12
12
14
14
10
12
12
12

⫺1.6772
⫺4.8028
⫺2.846
⫺2.5348
⫺1.9821
⫺1.8678
⫺1.8562
⫺1.8296
⫺1.8677
⫺3.7355
⫺2.1345
⫺1.7343
⫺1.7788
⫺4.696
⫺2.1346
⫺2.846
⫺2.7749
⫺1.8296
⫺1.5247
⫺1.6009
⫺2.1345
⫺2.1346
⫺2.7749
⫺1.7788
⫺100
⫺1.5247
⫺2.1346
⫺2.846
⫺1.7076
⫺3.9133
⫺1.6009
⫺3.2019
⫺2.0011
⫺8.5377

19
31
28
33
23
12
37
21
24
12
17
23
9
38
14
14
23
21
35
5
17
31
45
9
7
17
14
28
28
19
21
21
26
14

11
7
10
13
11
7
20
11
13
3
8
13
5
8
7
5
8
11
23
3
8
15
16
5
0
11
7
10
16
5
13
7
13
2

5mC

TSS, Transcription start site; TTS, transcription terminal site; Fold, FM versus Ctrl.

spinal miR-365-3p relieved the second phase nociceptive response induced by formalin; no effect was found in the scrambled
group (Fig. 4G). In contrast, overexpression of miR-365-3p via
intrathecal injection of mimics, but not control scrambled miRNAs, for 3 consecutive days, significantly induced thermal hyperalgesia (Fig. 4H ). Interestingly, a formalin-induced nociceptive
response could be mimicked by miR-365-3p overexpression in
peripheral tissue via intraplantar injection of miR-365-3p mimics, but not control scrambled miRNAs, and this formalin painlike nocifensive behavior could last for ⬃15 min (Fig. 4I ). These
results suggest that miR-365-3p is involved in acute nociceptive
regulation. Finally, to determine the role of miR-365-3p in mediation of nociceptive modulation by TET1 and TET3 at the behavior level, we post-treated the animals with inhibitor to
knockdown miR-365-3p after intrathecal injection of Lenti-T1 or
T3, and then observed the behavioral response. We found that
knockdown of miR-365-3p markedly alleviated the thermal hyperalgesia induced by TET1 or TET3 overexpression in naive
mice (Fig. 4J ), suggesting that miR-365-3p acts as a mediator to
modulate the nociceptive response induced by spinal TET
proteins.
miR-365-3p targeting Kcnh2 regulates nociceptive response
To identify potential target genes of miR-365-3p, we performed
an in silico target prediction by three independent programs: miRanda, PicTar, and Targetscan in TarMir. A total of 54 genes were
predicted as potential targets of miR-365-3p (data not shown).

Some of these target genes (e.g., Csk, Lin7c, and Skg1) have been
reported to contribute to the regulation of pain behavior (Monastyrskaya et al., 2013; Peng et al., 2013; Deiteren et al., 2015). As
Kcnh2 mRNA constitutes a conserved miR-365-3p binding site
within its 3⬘-UTR (bp 220 –227), and is involved in modulation
of neuronal plasticity through a deactivating K ⫹ current in CNS
(Huffaker et al., 2009), we chose to evaluate the potential role of
Kcnh2 as a target of miR-365-3p in nociception modulation. To
validate the in silico prediction, we cloned a fragment of the
Kcnh2 3⬘-UTR containing the miR-365-3p seed region into psiCHECK luciferase vector and tested the effects of miR-365-3p on
the activities of the reporter gene in HEK293T cells. We found
that cotransfection of miR-365-3p mimics with the reporter
CHK-wt-Kcnh2 decreased luciferase activities by 58.5% compared with CHK-mut-Kcnh2. Contrarily, miR-365-3p inhibitor
increased luciferase activities by 40.8% in CHK-wt-Kcnh2 but
not in CHK-mut-Kcnh2 (Fig. 5A). Furthermore, we investigated
the regulatory role of miR-365-3p in Kcnh2 expression in vivo.
FISH-immunofluorescent costaining revealed that miR-365-3p
and KCNH2 were coexpressed in spinal cells, and the increase in
miR-365-3p expression was accompanied by a decrease of
KCNH2-positive expression in the formalin group compared
with the control group (Fig. 5B). The decreased expression of
KCNH2 protein was reversed by pre-injection of miR-365-3p
inhibitor, but not by scrambled control in formalin mice (Fig.
5C). Additionally, spinal KCNH2 expression was significantly
reduced in naive mice by intrathecal injection of miR-365-3p
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Figure 4. DNA hydroxymethylation mediated by TET1 and TET3 in the miR-365-3p promoter regulates spinal miR-365-3p expression and acute pain behavior. A, The activities of the methylated
or demethylated promoter of the cloned miR-365-3p promoter encompassing TSS of pre-miR-365-3p were detected by firefly luciferase reporter assays in HEK293T cells. The pGL6 plasmid (empty
vector) was used as the negative control; pGL6-365, plasmid with miR-365-3p promoter. 5C, Unmethylated group; 5mC, methylated group; 5hmC, hydroxyl-methylated group. Values of luciferase
activities for each plasmid were normalized for transfection efficiency by cotransfection with pRL-TK plasmid. **p ⬍ 0.01 versus adjacent groups, ***p ⬍ 0.001 versus negative group; n ⫽ 6. B,
Tet1- and Tet3-siRNA reversed the increase in spinal 5hmC of miR-365-3p caused by formalin injection. The relative iv5hmC level was measured using hMeDIP-qPCR. Input represents PCR products
from genomic DNA without hMeDIP. **p ⬍ 0.01 versus control group, #p ⬍ 0.05 versus FM⫹Scr; n ⫽ 6. C, TET1 and TET3 overexpression mediated by lentivirus increased the 5hmC level of the
miR-365-3p promoter in naive mice. *p ⬍ 0.05 versus the Lenti-vector group; n ⫽ 6. D, Downregulation of spinal TET1 and TET3 induced by siRNA decreased the expression of miR-365-3p. *p ⬍
0.05 versus the FM⫹ Tet1-siRNA or Tet3-siRNA group; n ⫽ 6. E, Upregulation of spinal TET1 and TET3 induced by lentivirus increased the expression of miR-365-3p. **p ⬍ 0.01 versus the
Lenti-vector group; n ⫽ 6. F, Time of climbing test at 72 h after intrathecal (i.t.) injection of miR-365-3p inhibitor (Ih), miR-365-3p mimics (mics) or Scr for 3 consecutive days, or at 5 min after
intraplantar (i.pl.) injection of miR-365-3p mimics or Scr in naive mice. No significance versus Ctrl or Scr group; n ⫽ 6. G, Intrathecal injection of miR-365-3p inhibitor for 3 consecutive days alleviated
formalin-induced acute pain in phase 2. *p ⬍ 0.05 versus FM⫹ Scr group, **p ⬍ 0.01 versus FM⫹Scr group; n ⫽ 6. H, Intrathecal injection of miR-365-3p mimics for 3 consecutive days induced
the production of thermal hyperalgesia in naive mice. Black arrow indicates miR-365-3p mimics or Scr injection. *p ⬍ 0.05 versus Scr group, **p ⬍ 0.01 versus Scr group; n ⫽ 8. I, Intraplantar
injection of miR-365-3p mimics produced pain-like behavior. Five microliters of miR-365-3p mimics or Scr (20 M) was injected. **p ⬍ 0.01 versus Scr group; n ⫽ 8. J, Intrathecal injection of
miR-365-3p inhibitor markedly inhibited thermal hyperalgesia induced by Lenti-T1 and Lenti-T3 in naive mice. Black arrow indicates Lenti-T1 and Lenti-T3 injection; blue arrow indicates
miR-365-3p inhibitor or Scr injection. *p ⬍ 0.05 versus Lenti-T1 or Lenti-T3⫹Scr, **p ⬍ 0.01, versus Lenti-T1⫹Scr; n ⫽ 8.

mimics (Fig. 5D). The in vitro and in vivo findings suggest that
Kcnh2 is a direct target of miR-365-3p. Based on the consideration that TET1 and TET3 regulate the expression of spinal miR365-3p, we further wanted to know whether manipulating TET1
or TET3 would influence the expression of KCNH2 under nociception condition. We found that knockdown of TET1 or TET3
via pre-injection of siRNA, but not Scr, reversed the decrease of
KCNH2 protein in formalin mice (Fig. 5E). In contrast, overexpression of TET1 or TET3 decreased the level of KCNH2 protein
by 34.2 and 35.1%, respectively, in naive mice, which could be
reversed by knockdown of miR-365-3p via intrathecal injection
of miR-365-3p inhibitor (Fig. 5F ). These results suggest that
TET1 or TET3 regulates expression of KCNH2 through
miR-365-3p.
To gain insight into the role of KCNH2 in mediating nociceptive modulation by miR-365-3p at the behavioral level, we
treated animals with the KCNH2 agonist NS1641 to activate the
KCNH2 channel after intrathecal injection of miR-365-3p mimics, then measured the behavioral response. In the climbing behavior test, we found no difference between KCNH2 agonist
(NS1643) group and saline group in the climbing time (Fig. 5G).
However, the activation of KCNH2 significantly alleviated the
thermal hyperalgesia induced by overexpression of spinal miR-

365-3p in naive mice, indicating a direct mediatory role of
KCNH2 in the nociceptive response induced by miR-365-3p
(Fig. 5H ). Similarly, activating KCNH2 significantly inhibited
the thermal hyperalgesia induced by Tet1 or Tet3 overexpression
in naive mice (Fig. 5I ). Together, these results suggest that spinal
TET1 and TET3 regulates the nociceptive response directly via
miR-365-3p targeting Kcnh2 (Fig. 6).

Discussion
The dysfunction of pain-related gene expression is the most
prominent contributor to the different nociceptive pathways
(e.g., DRG, spinal cord, and pain-related brain regions) underlying the different types of pain (e.g., inflammatory pain and neuropathic pain; Tochiki et al., 2012; Pan et al., 2014). Recently,
epigenetic mechanisms have been identified as essential constituents of the nociceptive pathway (Zhang et al., 2011; Cao et al.,
2015). Accumulating evidence has implicated DNA methylation
in nociceptive modulation. Emerging facts have shown that a
potent demethylation mechanism is embedded in the pain process (Qi et al., 2013; Pan et al., 2014), which prompted us to
determine whether TET proteins, as active demethylation enzymes, and 5hmC are involved in the epigenetic regulation of the
nociceptive response. In the present study, we demonstrated that
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Figure 5. miR-365-3p targeting Kcnh2 regulates acute inflammatory pain. A, Luciferase assay confirming Kcnh2 as the target of miR-365-3p was analyzed using a mimic and an inhibitor of
miR-365-3p in HEK293T cells. A mutation was generated in the Kcnh2-3⬘-UTR sequence in the complementary site for the seed region of miR-365-3p as indicated in CHK-mut-Kcnh2 plasmid. *p ⬍
0.05 versus CHK-mut-Kcnh2, **p ⬍ 0.01 versus CHK-mut-Kcnh2; n ⫽ 5. B, FISH (miR-365-3p; green) and immunofluorescent (KCNH2; red) costaining in spinal cord at 2 h after formalin injection.
Scale bar, 25 m. C, The increased spinal KCNH2 in FM mice was reversed by intrathecal injection of the miR-365-3p inhibitor. KCNH2 was measured at 2 h after formalin injection (74 h after injection
of miR-365-3p inhibitor). *p ⬍ 0.05 versus Ctrl group, #p ⬍ 0.05 versus FM⫹Scr; n ⫽ 5. D, Spinal KCNH2 expression was decreased by intrathecal injection of miR-365-3p mimics in naive mice.
KCNH2 was measured at 2 d after intrathecal injection of miR-365-3p mimics. *p ⬍ 0.05 versus Scr groups; n ⫽ 5. E, Intrathecal injection of Tet1-siRNA (left) and Tet3-siRNA (right) reversed the
increase of spinal KCNH2 in formalin mice. KCNH2 was measured at 2 h after formalin injection (74 h after Tet1- or Tet3-siRNA injection). *p ⬍ 0.05 versus Ctrl group, #p ⬍ 0.05 versus FM⫹Scr; n ⫽
5. F, TET1 (top right) and TET3 (bottom left) overexpression mediated by lentivirus decreased KCNH2 expression in naive mice, which was reversed by the miR-365-3p inhibitor. KCNH2 was measured
at 2 d after miR-365-3p inhibitor injection (96 h after Lenti-T1 or Tet3 injection). *p ⬍ 0.05 versus lentivector, #p ⬍ 0.05 versus Lenti-T1 or Lenti-T3⫹Scr; n ⫽ 5. G, Climbing time at 0.5 h after single
intrathecal injection of NS1643 (KCNH2 agonist) in naive mice. No significance versus Ctrl or saline group; n ⫽ 6. H, Intrathecal injection of NS1643 inhibited thermal hyperalgesia induced by
miR-365-3p mimics in naive mice. Black arrows indicate injection of miR-365-3p mimics or Scr. Blue arrow indicates NS1643 or saline injection. *p ⬍ 0.05 versus miR-365-3p mimics⫹Sal, **p ⬍
0.01 versus miR-365-3p mimics⫹Sal; n ⫽ 6. I, Intrathecal injection of NS1643 markedly alleviated the thermal hyperalgesia induced by Lenti-T1 (left) and Lenti-T3 (right) in naive mice. Black
arrows indicate Lenti-T1 and Lenti-T3 or Lenti-vector injection. Blue arrow indicates NS1643 or saline injection. *p ⬍ 0.05 versus Lenti-T1 or Lenti-T3⫹Sal, **p ⬍ 0.01 versus Lenti-T1 or
Lenti-T3⫹Sal; n ⫽ 6.

formalin-induced acute inflammatory pain increased the expression of spinal TET1 and TET3 proteins; furthermore, knockdown
of TET1 and TET3 significantly alleviated the formalin-induced
nociceptive response.
Previous studies have confirmed that TET proteins are associated with neurological and psychiatric disorders, such as Alzheimer’s disease (Coppieters et al., 2014), learning and memory
(Kaas et al., 2013; Rudenko et al., 2013), drug addiction (Feng et
al., 2015), and inflammation (Taylor et al., 2014) by altering
5hmC patterns and gene expression level in response to neuronal
activity. Mice lacking Tet1 exhibit the abnormal hippocampal
long-term depression and the impaired memory extinction
(Rudenko et al., 2013). TET1 overexpression in the dorsal hippocampus specifically impairs long-term memory formation
(Kaas et al., 2013). TET2 has been detected in some CNS regions
(Santiago et al., 2014). However, whether TET2 is involved in the

neurophysiological or the neuropathological process remains
unclear. The absence of TET2 in the modulation of CNS diseases
may be merely associated with the tumor suppressor function of
TET2 found in hematopoietic stem cells from animals and humans (Saint-Martin et al., 2009; Wakita et al., 2013; Chen et al.,
2015). This may be why Tet2 was less expressed in the spinal cord
of mice with formalin-induced pain. Previous reports revealed an
important role of TET3 in neural progenitor cell maintenance,
terminal differentiation, and neuronal development. Knock-out
of Tet3 in embryonic stem cells leads to the impairment of neuronal differentiation (Xu et al., 2012; Li et al., 2015). In contrast,
overexpression of TET3 rescues miR-15b-induced impaired proliferation of cortical neural progenitor cells (Lv et al., 2014). The
autistic cerebellum exhibits a significant increase in TET1 and
TET3, suggesting that the disease may be cooperatively caused by
TET1 and TET3 (James et al., 2014). In the present study, our
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data confirmed an important mechanism
of TET1 and TET3 underlying nociceptive
modulation. These results further provide
a new insight into the role of TET proteins
in the modulation of CNS diseases.
5hmC is a newly discovered base in
DNA which is converted from 5mC by
TET proteins. Functionally, 5hmC is responsible for enhancing transcriptional
efficiency. Recent studies have confirmed its extensive distribution in various
tissues. Interestingly, the enrichment of
5hmC is nearly 10-fold more in neuronal
cells than in some peripheral tissues or
embryonic stem cells (Ficz et al., 2011;
Taylor et al., 2014), suggesting that 5hmC
is a stable epigenetic modification and
may provide an epigenetic signature to a
particular neuronal function or dysfunction in CNS. Consistently, global 5hmC is
markedly gained in multiple CNS tissues
under the progress of CNS development
and diseases, such as the brain neurons of
mouse embryonic differentiation (Hahn
et al., 2013), aging mouse hippocampus
(Chen et al., 2012), and the spinal cord
of amyotrophic lateral sclerosis disease
(Figueroa-Romero et al., 2012). Likewise,
Figure 6. The schematic of TET1 or TET3 regulating the nociceptive response via miR-365-3p targeting Kcnh2.
the loss of global 5hmC appears in CNS
development processes and some disthis study. In fact, miR-365-3p was first discovered to express
eases, such as terminally differentiated Purkinje neurons (Kriaudifferentially in primary breast cancer (Yan et al., 2008). Furthercionis and Heintz, 2009) or in the striatum and cortex of
more, it has been demonstrated to be involved in the pathological
Huntington’s disease (Wang et al., 2013). These studies reveal a
process of various diseases, such as adipose metabolism (Sun et
critical role of TET-mediated 5hmC modification under physioal., 2011; Feuermann et al., 2013; Mori et al., 2014), atherosclelogical and pathological conditions in the CNS, and an abnormal
rosis lesion (Kim et al., 2014), and cancer formation (Guo et al.,
5hmC level is a novel epigenetic feature in CNS diseases. In agree2013; Seviour et al., 2015; Tao et al., 2015). However, to our best
ment with this viewpoint, we here observed that the nociceptive
knowledge, the functional regulation of miR-365-3p in CNSresponse is associated with a marked increase of 5hmC content in
related diseases is still not reported. Here, we provide the first
the spinal cord and blood.
epigenetic evidence that formalin-mediated pain induced a sigMiRNAs are 20 –25 nucleotide noncoding RNAs that regulate
nificant increase in 5hmC and a decrease in 5mC in the miRgene expression post-transcriptionally by binding the 3⬘-UTRs of
365-3p promoter, resulting in the enhancement of miR-365-3p
mRNAs (Bartel, 2004). They have been implicated in various
transcription and the subsequent increase of miR-365-3p expresbiological effects, including neurodegeneration (Eacker et al.,
sion. Moreover, knockdown of TET1 or TET3 markedly reversed
2009). Recent reports from different pain models have shown a
the increased 5hmC in miR-365-3p, accompanied by a decrease
strong connection between miRNA modulation and pain pathin miR-365-3p expression and alleviation of nociceptive behavways from primary afferent nociceptors, DRG, spinal cord, and
ior. Therefore, miR-365-3p hydroxymethylation mediated by
brain areas associated with pain perception. Manipulation of
TET1 and TET3 and its functional significance in nociceptive
miRNA expression prevents and reverses persistent inflammamodulation elucidate a novel mechanism of miR-365-3p in the
tory, neuropathic, and cancer pain behavior (Favereaux et al.,
induction and maintenance of nociceptive behavior, which ex2011; Imai et al., 2011). Although increasing molecular and funcpands our knowledge about the functional role of miR-365-3p in
tional evidence supports the alteration of miRNA expression in
CNS diseases.
different CNS tissue under different pain conditions, little is
Voltage-gated potassium (Kv) channels are membrane proknown about how the miRNA gene expression itself is regulated
teins
that allow the rapid and selective flow of K ⫹ ions across the
in these processes. In our previous study, we reported, for the first
cell membrane, generating electrical signals in neuron, that furtime, the 5mC-mediated epigenetic modification of miR-219 exther play an essential role in controlling neuronal excitability.
pression in vivo, and its functional significance in chronic inflamCurrently, at least six Kv channel proteins—including Kv1.2 (Fan
matory pain induced by complete Freund’s adjuvant (Pan et al.,
et al., 2014), Kv2.2 (Thibault et al., 2012), Kv3.4, Kv4.3 (Chien et
2014). However, whether DNA hydroxymethylation causes dysal., 2007; Cao et al., 2010), Kv7, and Kv9.1 (Costigan et al., 2010;
regulation of miRNA in the nociceptive response still needs to be
Tsantoulas et al., 2012)— have been identified in association with
determined.
regulation of nociceptive signals. These Kv proteins are signifiAs miR-365-3p exhibited a significant difference in 5hmC and
cantly decreased in spinal cord or DRG in inflammatory pain (Xu
5mC content of promoter, and in its expression after formalin
et al., 2010), neuropathic pain (Cao et al., 2010; Thibault et al.,
treatment, miR-365-3p was chosen as an experimental target in
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2012), and a metastatic bone-cancer pain model (Zheng et al.,
2013), whereas rescuing the reduction of Kv1.2 in the injured L5
DRG attenuates the pain hypersensitivity induced by spinal nerve
ligation (Fan et al., 2014). In contrast, lentivirus- or siRNAmediated knockdown of spinal Kv2.2 (Thibault et al., 2012) or
Kv9.1 (Tsantoulas et al., 2012) induces a distinct nociceptive
response.
Kcnh2 (Kv11.1 or Erg1a) is isolated from the hippocampal
cDNA library (Warmke and Ganetzky, 1994) and encodes the
␣-subunits that form rapidly activating delayed rectifier K ⫹
channels (Sanguinetti et al., 1995). KCNH2 has been found to be
implicated in the neuropathology of CNS-related diseases
(Kongsamut et al., 2002; Winterer and Weinberger, 2004). Overexpression of Kcnh2 isoform (3.1) in primary cortical neurons
causes a dramatic alteration in KCNH2 channel physiology via
induction of a rapidly deactivating K ⫹ current and a highfrequency, non-adapting firing pattern, suggesting that KCNH2
is a potential new Kv channel for the treatment of CNS diseases
(Huffaker et al., 2009). Although KCNH2 have been confirmed as
a link to the modulation of CNS disease, whether KCNH2 has a
direct connection with the nociceptive response, and its functional regulatory mechanisms are still unknown. We observed
that Kcnh2 is a new regulatory target of miR-365-3p, and further
demonstrated that the dysfunction of KCNH2 is critical in the
generation of the nociceptive response. Based on the potent regulatory role of KCNH2 in the excitability of neurons and transport of ions (Huffaker et al., 2009), we propose that KCNH2
directly mediates the role of miR-365-3p in nociception via negative regulation of the polarization of spinal neurons.
In summary, the present study demonstrated that the increase
of 5hmC content mediated by TET1 or TET3 in the miR-365-3p
promoter at the spinal cord level was involved in nociceptive
modulation through targeting the potassium channel KCNH2.
Our findings reveal a new epigenetic mechanism underlying nociceptive information processing, indicating a possible novel target for the development of antinociceptive drugs.
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