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microRNA (miRNA)-mediated gene regulation has been studied as a therapeutic
approach, but its functional regulatory mechanism in neuropathic pain is not well
understood. Here, we identify that miRNA-32-5p (miR-32-5p) is a functional RNA in
regulating trigeminal-mediated neuropathic pain. High-throughput sequencing and
qPCR analysis showed that miR-32-5p was the most down-regulated miRNA in the
injured trigeminal ganglion (TG) of rats. Intra-TG injection of miR-32-5p agomir or
overexpression of miR-32-5p by lentiviral delivery in neurons of the injured TG attenu-
ated established trigeminal neuropathic pain. miR-32-5p overexpression did not affect
acute physiological pain, while miR-32-5p down-regulation in intact rats was sufficient
to cause pain-related behaviors. Nerve injury increased the methylated histone occu-
pancy of binding sites for the transcription factor glucocorticoid receptor in the miR-
32-5p promoter region. Inhibition of the enzymes that catalyze H3K9me2 and
H3K27me3 restored the expression of miR-32-5p and markedly attenuated pain behav-
jors. Further, miR-32-5p—targeted Cav3.2 T-type Ca’* channels and decreased miR-
32-5p associated with neuropathic pain caused an increase in Cav3.2 protein expression
and T-type channel currents. Conversely, miR-32-5p overexpression in injured TG sup-
pressed the increased expression of Cav3.2 and reversed mechanical allodynia.
Together, we conclude that histone methylation-mediated miR-32-5p down-regulation
in TG neurons regulates trigeminal neuropathic pain by targeting Cav3.2 channels.
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Chronic neuropathic pain is often associated with injuries or pathological defects of the
somatosensory system, which is often observed in patients with traumatic nerve injury,
diabetes, or cancers (1, 2). The current widely used therapeutic strategies with opioids
and nonsteroidal anti-inflammatory drugs are far from satisfactory, due to limited effec-
tiveness and adverse effect of addiction (2). Thus, identifying the mechanisms underly-
ing neuropathic pain is essential for the development of innovative treatments for this
disorder. Trigeminal ganglion (TG) neurons are primary sensory neurons that detect a
variety of noxious and innocuous stimuli and convey peripheral signals to the central
nervous system and are an important analgesic target (3). Accumulating evidence sug-
gests that injuries of peripheral nerve can result in remarkable changes of expression
pain-associated genes in the TG at both messenger RNA (mRNA) and protein levels
(4) and subsequently lead to the initiation and persistence of neuropathic pain (5).
Therefore, a deep understanding of transcriptomic changes of pain-associated genes in
the TG after peripheral nerve injury will pave the way for the development of novel
therapeutic options for neuropathic pain.

microRNAs (miRNAs) are small single-stranded noncoding RNAs (typically con-
taining about 22 nucleotides) that regulate gene expression by binding to
3’-untranslated regions (3’-UTRs) of target mRNAs and blocking their translation (6).
Studies have implicated miRNA-mediated regulation in a number of diseases, includ-
ing cancer, resulting in this regulation being studied as a therapeutic strategy (7) and
with several preclinical and clinical trials of miRNA-based therapeutics having been ini-
tiated (8). In the mammalian nervous system, emerging evidence has identified certain
miRNAs as being implicated as potential pain modulators (9). For instance, in TG
neurons, miRNA expression is differentially modulated following inflammatory muscle
pain (10). miRNA-32-5p (miR-32-5p) is abundant and highly conserved across species
and shown to modulate various processes, such as adipose metabolism (11), and dis-
eases, such as cancer (12) and myocardial fibrosis (13). Moreover, down-regulation of
miR-32-5p expression induced by high glucose inhibits cell-cycle progression via
PTEN up-regulation in bone marrow-derived mesenchymal stem cells (14). miR-32-5p

PNAS 2022 Vol.119 No.14 2117209119

https://doi.org/10.1073/pnas.2117209119

Significance

In this study, we identify
microRNA-32-5p (miR-32-5p) as a
key functional noncoding RNA in
trigeminal-mediated neuropathic
pain. We report that injury-
induced histone methylation
attenuates the binding of
glucocorticoid receptor to the
promoter region of the miR-32-5p
gene and decreases the
expression of miR-32-5p, in turn
promoting the development of
neuropathic pain through
regulation of Cav3.2 channels.
miRNA-mediated gene regulation
has been proposed as a
therapeutic approach in
neuropathic pain. Our findings
identify miR-32-5p replenishment
as a therapeutic strategy for
treating chronic neuropathic pain.

Author contributions: ).T. designed research; R.Q., J.C.,
Y.S., Y.L, ZH., and Y.Z. performed research; R.Q.,, J.C,
Y.S., Y.L, ZH., X-HJ, Y.Z, and J.T. analyzed data; and
J.C,, DJ.,, T.P.S,, and ).T. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

'R.Q., J.C,, and Y.S. contributed equally to this work.

2To whom correspondence may be addressed. Email:
taoj@suda.edu.cn or yuanzhang@suda.edu.cn.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2117209119/-/DCSupplemental.

Published March 30, 2022.

10f 12


https://orcid.org/0000-0003-3382-4092
https://orcid.org/0000-0003-0042-1449
https://orcid.org/0000-0003-0961-2671
https://orcid.org/0000-0001-5182-1296
https://orcid.org/0000-0002-9554-9658
https://orcid.org/0000-0002-8481-3732
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:taoj@suda.edu.cn
mailto:yuanzhang@suda.edu.cn
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117209119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117209119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2117209119&domain=pdf&date_stamp=2022-03-30

has also been shown to promote lipid metabolism in oligodendro-
cytes and to increase myelin production (15). Although limited
evidence suggests a potential modulatory function of miR-32-5p
in nervous system disorders, it remains unclear whether and how
TG neuronal miR-32-5p participates in nociceptive responses.

In the present study, we identified miR-32-5p in rat TG
neurons as an important miRNA concerning nociception. His-
tone methylation attenuated the binding of glucocorticoid
receptor (GR) to the promoter of the miR-32-5p gene and
decreased the expression of miR-32-5p after nerve injury. We
also demonstrate that miR-32- -5p expression levels underlie the
maintenance of neuropathlc pain through the regulation of
Cav3.2 T-type calcium (Ca®*) channels, a low Voltage -activated
channel that regulates subthreshold excitability in sensory
neurons and contributes to low-threshold exocytosis related to
pain symptoms (16). Our results highlight the pivotal role of
miR-32-5p in Cav3.2 channel regulation in contributing to
trigeminal-mediated neuropathic pain. This mechanistic under-
standing may pave the way for the development of novel thera-
peutic strategies for chronic neuropathic pain treatment.

Results

miR-32-5p Is Down-Regulated in TG Neurons after Chronic
Constriction Injury of the Infraorbital Nerve. Trigeminal neu-
ropathic pain was induced by unilateral chronic constriction
injury of the infraorbital nerve (CCI-ION) in rats. Compared
with sham-operated rats, rats subjected to CCI-ION displayed
a dramatic decrease in the mechanical pain threshold on days
14, 21, and 28 post—CCI-ION (Fig. 14). To search for novel
miRNAs and regulatory networks that are critical for the patho-
genesis of neuropathic pain, we performed a genome-wide
gene-expression profile analysis of TGs on day 14 after CCI-
ION. Among the 18 TG-rich miRNAs showing significant

expression decrease (Fig. 1B), 12 were confirmed by qPCR
analysis as showing more than 50% down-regulation in the
ipsilateral TG tissue of CCI-ION rats (Fig. 1C). Among them,
miR-32-5p was the most robustly down-regulated (Fig. 10).
Therefore, we chose to analyze the expression and function of
miR-32-5p. By using strand-specific primers for reverse transcrip-
tion, we found that the miR-32-5p transcript was abundant in rat
TGs (Fig. 1D and SI Appendix, Fig. S1). qPCR analysis showed
that the expression level of miR-32-5p was higher (~3.1-fold) in
rat TGs compared to that in brain (Fig. 1E). Furthermore, we
investigated the time course of 7iR-32-5p expression in ipsilateral
TG tdssue after CCI-ION or sham operation by qPCR. The
miR-32-5p level was significantly decreased on day 14 and main-
tained on day 28 in CCI-ION rats (Fig. 1/). The mRNA level
did not significantly differ in sham-operated rats at any of the
tested time points (Fig. 1F). We further determined the cellu-
lar localization of miR-32-5p in the TG. In situ hybridization
revealed that miR-32-5p was strongly expressed in small- and
medium-sized neurons (Fig. 1G). In injured TGs on day 14
after CCI-ION, miR-32-5p expression was decreased (Fig.
1G). Fluorescence in situ hybridization (FISH) combined with
immunostaining showed that miR-32-5p was primarily colo-
calized with the neuronal marker NeuN and rarely/not colocal-
ized with the satellite glial marker glutamine synthetase (GS)

(Fig. 1H).

miR-32-5p Regulates Nociceptive Behaviors. To assess the direct
contribution of miR-32-5p to neuropathic pain, we unilaterally
injected an miR-32-5p mimic (agomir-32-5p) or negative con-
trol (agomir-NC) into rat TGs. Administration of agomir-32-
5p dramatically attenuated mechanical hyperalgesia in the rats
on day 14 post—CCI-ION, while agomir-NC treatment elicited
no such effect (Fig. 24). To obtain complementary support for
this result, we induced miR-32-5p expression specifically in TG
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Fig. 1.

miR-32-5p is down-regulated in TG neurons after CCI-ION. (4) Orofacial response threshold (threshold) to mechanical stimuli in the sham-operated

and CCI-ION-operated groups (n = 10 rats per group). **P < 0.01 (vs. sham, two-way ANOVA). (B) Heat map indicating TG-rich miRNAs showing significant
expression decrease in injured TGs. (C) gPCR analysis indicating that 12 miRNAs are down-regulated by >50% in ipsilateral TG tissue on day 14 post-CCl-
ION. *P < 0.05; **P < 0.01 (in CCI-ION vs. sham, unpaired t test). (D) RT-PCR analysis of miR-32-5p (miR-32) in the brains and TGs of intact rats. The blots
shown are representative of three independent experiments. (E) gPCR of miR-32-5p expression in rat brain and TGs (n = 5 rats per group). **P < 0.01
(vs. brain, unpaired t test). (F) The time course of miR-32-5p expression in the ipsilateral TGs in sham and CCl-ION-operated rats (n = 5 to 7 rats per
group). ***P < 0.001 (vs. sham, one-way ANOVA). (G) Representative images of miR-32-5p expression in ipsilateral TG tissue on day 14 after CCI-ION or
sham operation. (Scale bar, 50 pm.) (H) In situ hybridization of miR-32-5p and immunostaining with NeuN or GS. (Scale bar, 50 pm.).
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Fig. 2. miR-32-5p regulates pain behavior. (A) Intra-TG injection of mir-32-5p (agomir-32)-attenuated mechanical allodynia on day 14 post-CCI-ION (n = 8 to
10 rats per group). **P < 0.01 (vs. sham + agomir-NC); **P < 0.01 (vs. CCI-ION + agomir-NC) (two-way ANOVA). (B, Left) Representative image of EGFP immu-
nofluorescence in an intact TG 3 d after injection of a miR-32-up. (Scale bar, 50 pm.) (B, Right) Summary data showing the increased expression of miR-32-5p
in intact TGs on day 3 after intra-TG injection of miR-32-up (n = 6 to 8 rats per group). **P < 0.01 (vs. miR-NC, unpaired t test). Data are representative of
three independent experiments. (C) Intra-TG injection of miR-32-up attenuated mechanical allodynia on day 14 post-CCI-ION (n = 7 to 10 rats per group).
**P < 0.01 (vs. sham + miR-NC); #*#P < 0.01 (vs. CCI-ION + miR-NC) (two-way ANOVA). (D) Preliminary intra-TG injection of miR-32-up prevented the decrease
in mechanical threshold induced by CCI-ION (n = 9 or 10 rats per group). **P < 0.01 (vs. miR-NC + sham); #p < 0.01 (vs. miR-NC + CCI-ION) (two-way
ANOVA). (E) Intra-TG injection of antagomir-32-5p (antagomir-32)-induced mechanical pain hypersensitivity in intact rats (n = 8 to 10 rats per group).
*P < 0.05; **P < 0.01 (vs. antagomir-NC, two-way ANOVA). (F) Intra-TG injection of miR-32-down in intact rats induced mechanical pain hypersensitivity

(n =7 to 9 rats per group). *P < 0.05; **P < 0.01 (vs. miR-NC, two-way ANOVA).

neurons using a neuron promoter-specific (human synapsin 1
gene promoter) combinatorial lentiviral vector lenti-hSyn-miR-
32-5p-up (miR-32-up) containing enhanced green fluorescent
protein (EGFP) as an expression marker. After direct injection
of miR-32-up into intact TGs, EGFP expression was observed
in injected TG neurons of all sizes after 3 d (Fig. 2B) and was
maintained on day 21 (87 Appendix, Fig. S2A4). qPCR analysis
showed a consistent significant increase in miR-32-5p expres-
sion on day 3 after miR-32-up transduction (Fig. 2B). Intra-
TG injection of miR-32-up 14 d after CCI-ION significantly
relieved mechanical hyperalgesia on days 3 and 7 after miR-32-
up transduction (Fig. 2C). Moreover, the role of miR-32-5p in
neuropathic pain maintenance was further determined. We pre-
treated animals with miR-32-up before CCI-ION and then
assessed the preventive effect of miR-32-5p overexpression on
CCI-ION-induced mechanical allodynia. While overexpression
of miR-32-5p by preinjection of miR-32-up did not affect
nociceptive behaviors in sham-operated rats, treatment with
miR-32-up dramatically alleviated mechanical allodynia in the
rats on day 14 after CCI-ION (Fig. 2D).

Next, we also determined whether mimicking the nerve
injury-induced down-regulation of miR-32-5p in the TG in
intact rats alters nociceptive thresholds. Intra-TG injection of
chemical-modified antagomir-32-5p produced mechanical

PNAS 2022 Vol.119 No.14 2117209119

hypersensitivity on the ipsilateral side (Fig. 2E). We further uti-
lized a lentiviral short hairpin RNA-mediated miR-32-5p
knockdown approach to evaluate the effect of miR-32-5p on
nociceptive behavior. After intra-TG injection of lenti-hSyn-
miR-32-5p-down (miR-32-down) into intact TGs, EGFP
expression was observed on day 3, peaked on day 7, and was
maintained on day 21 (S/ Appendix, Fig. S2B). Consistent with
the results of pharmacological inhibition, rats treated with
miR-32-down, but not rats treated with lenti-hSyn-miR-32-5p-
NC (miR-32-NC), showed the development of mechanical
hypersensitivity (Fig. 2F). These effects occurred on day 3 and
were maintained for at least 7 d after viral injection (Fig. 25).
Collectively, the behavioral results obtained by the different
strategies suggest that miR-32-5p plays a pivotal role in the
regulation of nociceptive behaviors.

Histone Methylation Induces miR-32-5p Down-Regulation in
CCIHON. How is miR-32-5p in the TG down-regulated after
nerve injury? DNA methylation and histone modifications are
considered to be the two major epigenetic mechanisms control-
ling gene expression (17). Interestingly, bioinformatic analysis
with MethPrimer did not identify CpG islands in the miR-32-5p
promoter region (S Appendix, Fig. S3), excluding the possible
involvement of DNA methylation in this regulatory mechanism.
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Emerging evidence has suggested that histone modifications,  immunoprecipitation (ChIP) revealed that a fragment within the
mainly lysine acetylation and methylation, are implicated in ~ miR-32-5p gene promoter could be amplified from the complex
miRNA regulation (18), and methylation at histone H3 lysine 9~ immunoprecipitated with anti-H3K9me2 or anti-H3K27me3
(H3K9) and histone H3 lysine 27 (H3K27) have been shown to antibodies in sham-operated rats (Fig. 3D and S/ Appendix, Fig.
correlate strongly with transcriptional repression (19). We thus S5), indicating the specific binding of H3K9me2 or H3K27me3
measured the activity of H3K9 dimethylaton (H3K9me2) and  to the miR-32-5p gene. Furthermore, CCI-ION significantly
H3K27 trimethylation (H3K27me3) after peripheral nerve  increased the binding activity of H3K9me2 and H3K27me3, as
injury. Immunoblot analysis revealed that CCI-ION induced a  shown by the respective 2.9-fold and 5.1-fold increases in the
significant increase in the levels of H3K9me2 and H3K27me3 in ~ band density in the ipsilateral TG on day 14 post—CCI-ION
the ipsilateral TG on day 14 post—-CCI-ION compared to those ~ compared to those in sham-operated rats (Fig. 3£). Next, we
in sham-operated rats (Fig. 3 A and B and S/ Appendix, Fig. S4). determined whether the increased H3K9me2 and H3K27me3
Further examination of TG sections by FISH combined with  levels were involved in the mechanical allodynia observed on
immunostaining showed that H3K9me2 and H3K27me3 modi-  day 14 post—CCI-ION. Administration of UNCO0638, a speci-
fications colocalized with miR-32-5p in both sham-operated and ~ fic H3K9me2 inhibitor, significantly attenuated the CCI-
CCI-ION rats (Fig. 3C). Notably, most of the TG neurons ION-induced increase in H3K9me2 (Fig. 3F and SI Appendix;
that had high levels of H3K9me2 and H3K27me3 expressed a ~ Fig. S6). Similar results were obtained with GSK503, a highly
modest level of miR-32 in injured TGs (Fig. 3C). Moreover, in specific inhibitor of EZH2 (a chromatin-modifying enzyme),
both sham-operated and CCI-ION groups, H3K9me2 and  which significantly reduced the H3K27me3 level (Fig. 3G and S/
H3K27me3 were primarily detected in the cell nuclei (labeled — Appendix, Fig. S7). Next, to examine the regulatory effects of
by DAPI) (Fig. 30). In lysates from rat TGs, chromatin =~ H3K9me2 and H3K27me3 on miR-32-5p, we assessed the
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Fig. 3. Histone methylation induces miR-32-5p down-regulation in CCI-ION. (A and B) Representative immunoblots (A4) and summary data (B) showing the
protein-expression levels of H3K9me2 and H3K27me3 in TGs on day 14 after CCI-ION or sham operation. The immunoblots shown are representative of three
independent experiments. H3 was used as a loading control. *P < 0.05 (vs. sham, unpaired ¢ test). (C) FISH combined with immunostaining of neurons labeled
with DIG-labeled miR-32-5p probe (red), H3K9me2 or H3K27me3 proteins (green), and DAPI (blue) in rat TGs from the CCI-ION group compared to the sham-
operated group, at day 14 postoperation. White arrows indicate colocalization. (Scar bar, 25 pm.) (D and E) Representative blots (D) and summary data (£) of
ChIP-gPCR showing that the binding of H3K9me2 or H3K27me3 with miR-32-5p was increased after CCI-ION. Input, total purified fragments. Data were normal-
ized to input and are presented as the mean + SEM of at least triplicate experiments. *P < 0.05 (vs. sham, unpaired t test). (F and G) The increased protein
expression level of H3K9me2 (F) or H3K27me3 (G) in TGs on day 14 after CCI-ION was attenuated by UNC0638 (5 nmol) or GSK503 (5 nmol), respectively.
*P < 0.05 (vs. sham); #P < 0.05 (vs. vehicle) (one-way ANOVA). The immunoblots shown are representative of three independent experiments. (H) Effects of intra-
TG injection of UNC0638 (5 nmol) and/or GSK503 (5 nmol) on the expression level of miR-32-5p in TGs on day 14 post-CCI-ION. Data are representative of three
independent experiments performed in triplicate. *P < 0.05; **P < 0.01 (vs. vehicle); *P < 0.05 (vs. UNC0638 + GSK503) (one-way ANOVA). (/) Intra-TG injection of
UNCO0638 (5 nmol) and/or GSK503 (5 nmol) attenuated mechanical allodynia in rats on day 14 post-CCI-ION (n = 8 to 10 rats per group). *P < 0.05; **P < 0.01
(vs. vehicle); #P < 0.05 (vs. UNC0638 + GSK503) (two-way ANOVA).
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expression of miR-32-5p after neuropathic pain induction and
found that administration of UNC0638 or GSK503 significantly
increased the level of miR-32-5p in the TG in rats on day 14 after
CCI-ION (Fig. 3H). Notably, administration of both GSK503
and UNC0638 produced a significantly additive effect on the level
of miR-32-5p compared to that of GSK503 or UNC0638 alone
(Fig. 3H). Moreover, we assessed the roles of H3K9me2 and
H3K27me3 in neuropathic pain in rats. Two weeks after CCI-
ION, administration of UNCO0638 partially attenuated mechani-
cal allodynia. Similarly, a single injection of GSK503 significantly
attenuated the decrease in the mechanical pain threshold 2 wk
post—CCI-ION (Fig. 3J). Intriguingly, combination treatment
with UNC0638 and GSK503 was more effective in suppressing
mechanical allodynia than either agent alone in CCI-ION rats
(Fig. 31). Taken together, these findings suggest that nerve injury
results in an increase in H3K9me2 and H3K27me3 modifica-
tions, thereby down-regulating the transcription of miR-32-5p
and mediating trigeminal neuropathic pain.

Histone Methylation Decreases the Binding of GR to miR-32-5p.
Histone methylation can regulate transcription by interfering
with transcription factor binding (20). To identify the transcrip-
tion factors that may regulate miR-32-5p expression, we used
two computational algorithms, PROMO (http://alggen.Isi.upc.es)
and Alibaba2.1, with a defined 80% profile score threshold and
found that three transcription factors identified by both predic-
tion algorithms—nuclear factor 1 (NF-1), CAAAT/enhancer
binding protein beta (C/EBP beta), and the GR—had potential
binding sites within the promoter region of miR-32-5p (Fig. 44).
To confirm the theoretical interaction between the miR-32-5p
promoter region and these transcription factors, we subsequently
constructed luciferase reporter plasmids carrying the wild-type

miR-32-5p promoter sequence or sequences in the miR-32-5p
promoter region containing mutations in the binding sites for
these three transcription factors: mut-NF-1, mut-C/EBPg, and
mut-GR (Fig. 4B). Luciferase reporter assays revealed that expres-
sion of either mut-NF-1 or mut-C/EBPy caused a nonsignificant
decrease in luciferase activity, while expression of mut-GR caused
a significant decrease in luciferase activity (Fig. 4C). Further
sequence-conservation analysis using the University of California,
Santa Cruz Genome Browser showed that the binding site for
GR is well conserved among mice, rats, and humans. FISH anal-
ysis of miR-32-5p combined with immunostaining for GR
revealed endogenous GR expression in naive rat TG neurons and
indicated that GR was strongly colocalized with miR-32-5p (Fig.
4D). Immunostaining of GR demonstrated that GR was detected
both in cytoplasm and in the cell nuclei (indicated by DAPI
staining) (Fig. 4D). Thereafter, we determined whether this
decrease in miR-32-5p expression was due to a change in the
expression level of GR. Surprisingly, immunoblot analysis of TG
lysates suggested that the protein expression of GR did not differ
significantly between the sham-operated and CCI-ION groups
(Fig. 4E and SI Appendix, Fig. S8). Histone modification might
prevent transcription factors from binding promoter regions and
participating in regulating miRNA expression (21). We then
examined whether histone methylation affects the binding of GR
to the promoter region of the miR-32-5p gene, resulting in
decreased expression of miR-32-5p. In lysates from rat TGs,
ChIP-PCR analysis indicated that a fragment within the miR-32-
5p gene promoter could be amplified from the complex immu-
noprecipitated with an antibody specific for GR (Fig. 4F and S/
Appendix, Fig. S9), but not from the complex immunoprecipi-
tated with control IgG. Fourteen days after rats were subjected
to CCI-ION, the binding of GR to the promoter region of
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Fig. 4. Histone methylation decreases the binding of GR to miR-32-5p. (A) Venn diagrams showing that three transcription factors including NF-1, C/EBPS, and
GR were predicted to bind the miR-32-5p promoter by both the “PROMO” (green) and “Alibaba2.1” (yellow) algorithms. (B) Schematic diagrams showing luciferase
reporter constructs carrying the wild-type (miR-32-wt) or mutant sequence in the miR-32-5p promoter region, including NF-1-binding sites (mut-NF-1), C/EBPB-
binding sites (mut-C/EBPp), or GR-binding sites (mut-GR). (C) Dual-luciferase reporter activity assay with expression of miR-32-5p-wt, mut-NF-1, mut-C/EBPy, or
mut-GR. Data are representative of three independent experiments performed in triplicate. *P < 0.05 (vs. miR-32-wt, unpaired t test). (D) FISH combined with
immunostaining analysis showing the colocalization of DIG-labeled miR-32-5p probe (red) with the GR protein (green) and DAPI (blue) in naive rat TG sections.
White arrows indicate colocalization. (Scale bar, 50 pm.) (E) Representative immunoblots and summary of the results showing the protein-expression level of
GR in the ipsilateral TGs on day 14 after CCI-ION or sham operation. The immunoblots shown are representative of three independent experiments. (F and G)
Representative blots (F) and summary data (G) of ChIP-gPCR showing that the binding of GR to the promoter region of the miR-32-5p gene was decreased after
CCI-ION. Data are presented as the mean + SEM of at least triplicate experiments. ***P < 0.001 (vs. sham, unpaired t test).
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Fig. 5. miR-32-5p targets Ca®* channels. (4) Schematic diagrams showing the luciferase reporter constructs carrying the wild-type (Cav3.2-wt) or mutant
(Cav3.2-mut) Cav3.2 sequence. (B) Dual-luciferase reporter assay verifying the interaction between the 3’-UTR of Cav3.2 and miR-32-5p. Data are representa-
tive of three independent experiments. *P < 0.05 (vs. Cav3.2-mut, one-way ANOVA). (C) RNA sequences of the 3’-UTRs of Cav3.2 in various vertebrates,
which are highly conserved and possess a conserved miR-32-5p-binding region. (D) FISH combined with immunostaining analysis showing the colocalization
of DIG-labeled miR-32-5p probe (red) with Cav3.2 proteins (green) in TG sections of sham-operated and CCI-ION rats. White arrows indicate colocalization.
(Scale bar, 50 pm.) (E) Summary of results showing the percentage of double-labeled neurons among miR-32-5p* or Cav3.2* neurons in sham-operated and
CCI-ION groups. (F) Representative immunoblots (Left) and summary of results (Right) showing that knockdown of miR-32-5p by intra-TG injection of miR-32-
down increased the protein expression of Cav3.2 in intact rats (n = 7 or 8 rats per group). *P < 0.05 (vs. miR-NC, one-way ANOVA). The immunoblots shown
are representative of three independent experiments. (G) Representative images of retrograde Dil-labeled (red) TG neurons transduced with miR-32-down
(green). (Scale bar, 50 pm.) (H and /) Representative current traces (H) and summary of the results (/) showing T-type channel currents recorded from both
Dil-labeled and/or miR-32-down (or miR-NC)-transduced TG neurons in intact rats (n = 11 to 16 neurons per group). Knockdown of miR-32-5p significantly
enhanced T-type channel current densities. *P < 0.05 (vs. miR-NC, one-way ANOVA).

miR-32-5p was significantly decreased (Fig. 4 F and G). Collec-
tively, these results suggest that histone methylation attenuates
the binding of GR to the promoter region of the miR-32-5p gene
and decreases the expression level of miR-32-5p.

miR-32-5p Targets Ca®* Channels. miRNAs inhibit the tran-
scription of specific genes by binding to the 3’-UTR of their
target mRNAs in a sequence-specific manner (6). We first used
in silico algorithms TargetScan (http://www.targetscan.org) and
miRDB  (http://www.mirdb.org/) to screen for the potential
targets of miR-32-5p in the context of trigeminal neuropathic
pain. We made our focus on Cav3.2 channels among all the
identified candidates because they are up-regulated in sensory
neurons after nerve injury (22) and because silencing of Cav3.2
in dorsal root ganglion (DRG) neurons reduces the severity of
neuropathic pain (23). Interestingly, miR-32-5p is also the
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miRNA that was predicted by both TargetScan and miRDB to
regulate Cav3.2 mRNA. Therefore, the luciferase assays were
used to verify whether Cav3.2 is a direct target of miR-32-5p.
The predicted miR-32-5p—targeting sequence of Cav3.2 was
cloned downstream of the firefly luciferase reporter gene (Fig.
54). Indeed, miR-32-5p was able to robustly reduce the lucifer-
ase activity driven by the 3’-UTR of Cav3.2 (Fig. 5B). Such
reduction was completely abolished when a mutation was intro-
duced to the predicted seed sequence of Cav3.2 3’-UTR (Fig.
5B). This set of experiments clearly indicates that Cav3.2 is a
direct target of miR-32-5p. It is worth noting that the miR-32-
5p-binding site at the Cav3.2 3’-UTR is evolutionarily con-
served among various vertebrates (Fig. 5C), suggesting that
regulation of Cav3.2 by miR-32-5p is functionally important.
We further examined whether miR-32-5p modulation affects
the expression and function of Cav3.2 in TG neurons. FISH

pnas.org


http://www.targetscan.org
http://www.mirdb.org/

coupled with immunostaining indicated that miR-32-5p was
coexpressed with Cav3.2 in small- and medium-sized TG neu-
rons of sham-operated rats (Fig. 5D). Image analysis indicated
that 33.1% of miR-32-5p™ neurons expressed Cav3.2, while
76.2% of Cav3.2" neurons expressed miR-32-5p (Fig. SE).
Compared to sham-operated counterparts, the ipsilateral TG
neurons from CCI-ION rats expressed a lower level of miR-32-
5p, but a higher level of Cav3.2 at 14 d after operation (Fig. 5
D and E). In injured TGs, 80.8% of miR-32-5p™ neurons
expressed Cav3.2, and 40.9% of Cav3.2" neurons expressed
miR-32-5p (Fig. 5E). Intra-TG injection of miR-32-down, but
not miR-32-NC, induced a significant increase in Cav3.2 pro-
tein expression in the TGs of intact rats (Fig. 5F and S/
Appendix, Fig. S10). Moreover, whole-cell recording of small
(soma diameter < 30 pm) TG neurons retrograde-labeled with
Dil (Fig. 5G) indicated that knockdown of miR-32-5p signifi-
cantly enhanced T-type channel currents (Fig. 5 H and J). Col-
lectively, these results suggest that miR-32-5p directly targets
the 3’-UTR of Cav3.2 to regulate the expression and function
of Cav3.2 channels.

Cav3.2 Protein Expression Increases in TGs after CCI-ION.
Next, we examined whether the protein expression of Cav3.2 is
up-regulated in the context of neuropathic pain. On days 14,
21, and 28 after CCI-ION, the protein level of Cav3.2 was sig-
nificantly increased in injured TGs, while neither Cav3.1 nor
Cav3.3 exhibited a significant change in protein expression
(Fig. 6 A-C and SI Appendix, Fig. S11). The increase in Cav3.
2 protein expression was inversely correlated with miR-32-5p
down-regulation (Fig. 6D). As expected, sham operation did
not alter the basal protein expression of Cav3.2 in the ipsilateral
TG after surgery (SI Appendix, Fig. S12). Additionally, the pro-
tein expression of Cav3.2 in the contralateral TG remained
unchanged after CCI-ION (87 Appendix, Fig. S13). The Cav3.
2 isoform is the major T-type channel isoform in peripheral
nociceptors (24-27). Thus, we determined the expression pat-
tern of Cav3.2. Immunostaining of intact rat TGs indicated
that Cav3.2 was strongly colocalized with calcitonin gene-
related peptide (CGRP) and isolectin B4-binding (IBy4), but
showed comparatively little colocalization with 200-kDa neuro-
filament protein (NF200) (Fig. 6£). We further investigated
whether the nerve injury-induced increase in Cav3.2 protein
expression alters T-type channel currents, as well as the bio-
physical properties of small TG neurons retrograde-labeled
with Dil (Fig. 6F). CCI-ION, but not sham operation, signifi-
cantly increased the T-channel current density, and at
—40 mV, the peak current density increased from 41.9 + 6.2
to 83.3 + 8.9 pA/pF (Fig. 6 Fand G). Further evaluation of
the biophysical properties of T-type channels showed that nei-
ther the voltage dependence of the activation properties (V¢
from —43.1 + 1.9 mV to —40.3 + 2.7 mV; Fig. 6H) nor the
half-maximal potential of steady-state inactivation (V¢ from
—69.5 + 3.1 mV to —66.1 + 2.8 mV; Fig. 61) was significantly
altered on day 14 post—CCI-ION compared to the correspond-
ing values on day 14 post-sham operation. The functional sig-
nificance of the T-type channels at the whole-animal level was
further tested. 2941 (0.5 pM), an effective T-type channel
blocker, robustly decreased T-type channel currents in small
TG neurons in both the sham-operated and CCI-ION groups
(Fig. 6)). Intra-TG injection of 2 nmol of Z941 attenuated the
CCI-ION-induced decrease in the threshold for escape from
mechanical stimulation (Fig. 6K). No difference in the basal
mechanical responses of sham-operated rats was observed after

intra-TG injection of either Z941 or vehicle (Fig. 6K). To
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further determine that the increased T-type channel currents by
CCI-ION was due to Cav3.2 isoform specifically, we employed
a small interfering RNA (siRNA)-mediated knockdown
approach to silence Cav3.2 expression in injured TGs by using
6-carboxyfluorescein  (6-FAM)—labeled chemically modified
Cav3.2-siRNA. Our results showed that intra-TG injection of
the Cav3.2 siRNA almost completely abolished the CCI-
ION-induced increase in Cav3.2 protein expression (Fig. 6L
and SI Appendix, Fig. S14). Administration of Cav3.2-siRNA
markedly decreased T-type channel currents in small-sized TG
neurons in both sham-operated and CCI-ION groups (Fig. 6
M and N).

Cav3.2 Is Responsible for miR-32-5p-mediated Neuropathic
Analgesia. We determined whether modulation of miR-32-5p
affects Cav3.2 protein expression in TGs after CCI-ION. First,
we unilaterally injected the miRNA-32 mimic (agomir-32-5p)
or the negative control agomir-NC into rat TGs. Administra-
tion of agomir-32-5p dramatically attenuated the increase in
the protein expression of Cav3.2 on day 14 post—-CCI-ION
(Fig. 7A and SI Appendix, Fig. S15). Whole-cell recording of
small TG neurons retrograde-labeled with Dil demonstrated
that agomir-32-5p significantly attenuated the CCI-
ION-induced increase in the T-type channel current density
(Fig. 7 B and (). To obtain complementary support for this
result, we induced miR-32-5p expression by intra-TG injection
of miR-32-up into injured TGs. Expression of EGFP-labeled
miR-32-5p via miR-32-up transduction was observed in TG
neurons of various sizes (Fig. 2B), but was colocalized with
Cav3.2 only in small and medium TG neurons (Fig. 7D). Sta-
tistical analysis showed that 85.7% of Cav3.2* neurons
expressed miR-32-5p-up and that 35.9% of miR-32-5p-up*
neurons expressed Cav3.2 (Fig. 7D). Immunoblot analysis
showed that, compared with the robust protein expression of
Cav3.2 in cells transduced with miR-32-NC, the protein
expression of Cav3.2 was dramatically decreased in miR-32-
up-transduced TG cells (Fig. 7F and SI Appendix, Fig. S16).
Whole-cell recording of small TG neurons retrograde-labeled
with Dil (Fig. 7F) demonstrated that overexpression of miR-
32-5p significantly attenuated the CCI-ION-induced increase
in the T-type channel current density (Fig. 7 G and H). Collec-
tively, these results suggest that miR-32-5p and Cav3.2 are
coexpressed in the same TG neurons and that reversing the
nerve injury-induced down-regulation of miR-32-5p attenuates
the expression and function of Cav3.2 channels. To further
determine the role of Cav3.2 as mediator of miR-32-5p—in-
duced analgesia, we induced miR-32-5p expression simulta-
neously with Cav3.2 silencing by siRNA in injured TGs of
CCI-ION rats. The Cav3.2-siRNA was intra-TG-injected on
day 0, and miR-32 was then administrated on day 3. Cav3.2
siRNA-treated (day 0) CCI-ION rats exhibited a significant
decrease in mechanical allodynia compared with their negative
control siRNA (NC-siRNA)-treated counterparts (Fig. 71).
Treatment with miR-32-up on day 3 had no further effect on
mechanical sensitivity in Cav3.2 siRNA-treated CCI-ION rats,
as evidenced by the stability of mechanical threshold recordings
throughout the 3-d period after miR-32-5p-up administration
(Fig. 71), suggesting that miR-32-5p and Cav3.2 siRNA likely
share the same cellular signaling pathway in vivo. In addition,
NC-siRNA-treated CCI-ION rats responded to miR-32-up
(Fig. 71), similar to rats that did not receive siRNA (Fig. 20),
in which miR-32-up treatment induced a significant increase in

the mechanical pain threshold (Fig. 71).
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Fig. 6. Cav3.2 protein increases in TGs after CCI-ION. (A-C) Protein expression levels of Cav3.1 (A), Cav3.2 (B), and Cav3.3 (C) in rat TGs on days 0, 7, 14, 21, and 28
post-CCI-ION. *P < 0.05 (vs. control [0 d], one-way ANOVA). Depicted immunoblots are representative of three independent experiments. (D) Linear regression anal-
ysis showed that the miR-32-5p level was inversely related to the Cav3.2 expression level in the ipsilateral TGs (R* = 0.4805). (£) Representative images of double
immunostaining of Cav3.2 with CGPR, 1B4, and NF200 in rat TG sections. White arrows indicate double-labeled neurons. (Scale bar, 50 pm.) (F) Representative cur-
rent traces of T-type channel currents recorded from retrograde Dil-labeled small TG neurons on day 14 post-CCI-ION or after sham operation. (F, Inset) Recording
from a Dil-labeled TG neuron. (Scale bar, 50 pm.) (G) Summary of results showing the T-type channel current density in small TG neurons on day 14 post-CCI-ION
or after sham operation (n = 12 to 15 neurons per group). No significant changes were observed between the intact and sham-operated groups. **P < 0.01 (vs.
sham, one-way ANOVA). (H and /) Nerve injury induced by CCI-ION (14 d) did not affect voltage-dependent activation (n = 12 neurons per group; H) or the steady-
state inactivation profile (n = 15 neurons per group; /) of T-type channels. H and /, Insets indicate stimulation protocols. (/) Application of Z941 at 0.5 uM dramatically
decreased T-type channel currents in TG neurons on day 14 post-CCI-ION (n = 9 neurons per group) or after sham operation (n = 8 neurons per group). (K) Intra-
TG injection of Z941 (2 nmol) alleviated mechanical allodynia on day 14 post-CCI-ION. n = 8 to 11 rats per group. **P < 0.01 (vs. vehicle + sham); P < 0.05; #**P <
0.01 (vs. CCI-ION + vehicle) (two-way ANOVA). (L) Intra-TG injection of Cav3.2 siRNA (Cav3.2-siRNA) attenuated the increased protein expression of Cav3.2 in the ipsi-
lateral TGs on day 14 post-CCI-ION. n = 7 or 8 rats per group. *P < 0.05 (vs. sham); #*P < 0.05 (vs. CCI-ION + NC-siRNA) (one-way ANOVA). The immunoblots shown
are representative of three independent experiments. (M) Representative current traces of T-type channel currents recorded from retrograde Dil-labeled small TG
neurons on day 14 post-CCI-ION. (N) Summary of results showing the T-type channel current density in small TG neurons on day 14 post-CCI-ION or after sham
operation (n = 10 to 16 neurons per group). ***P < 0.001 (vs. NC-siRNA); ##p < 0.01 (vs. NC-SiRNA + sham) (one-way ANOVA).
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Fig. 7. Cav3.2 is responsible for miR-32-5p-mediated analgesia of neuropathic pain. (A) Western blot analysis showed that the increased expression level of
Cav3.2 in the ipsilateral TGs on day 14 post-CCI-ION was attenuated by intra-TG injection of agomir-32-5p. *P < 0.05 (vs. sham); *P < 0.05 (vs. CCI-ION + agomir-
NC) (one-way ANOVA). The immunoblots shown are representative of three independent experiments. (B and C) Representative current traces (B) and summary of
the results (C) for T-type channel currents recorded from both Dil-labeled and/or agomir-32-5p (or agomir-NC)-transduced TG neurons on day 14 post-CCI-ION or
after sham operation (n = 12 to 17 neurons per group). **P < 0.01 (vs. sham); #p < 0.01 (vs. CCI-ION + agomir-NC) (one-way ANOVA). (D, Left) Immunostaining anal-
ysis showing the colocalization of miR-32-5p with the Cav3.2 protein in an intact TG 3 d after injection of a miR-32-up. White arrows indicate colocalization. (Scale
bar, 50 pm.) (D, Right) Summary of the results showing the percentage of double-labeled neurons among miR-32-up-transduced neurons or Cav3.2* neurons. (E)
Intra-TG injection of miR-32-up attenuated the increased protein expression of Cav3.2 in the ipsilateral TGs on day 14 post-CCI-ION. n = 7 or 8 rats per group. *P <
0.05 (vs. sham); #P < 0.05 (vs. CCI-ION + miR-NC) (one-way ANOVA). The immunoblots shown are representative of three independent experiments. (F) Representa-
tive images of retrograde Dil-labeled (red) TG neurons transduced with miR-32-up (green). (Scale bar, 50 pm.) (G and H) Representative current traces (G) and sum-
mary of the results (H) for T-type channel currents recorded from both Dil-labeled and/or miR-32-up (or miR-NC)-transduced TG neurons on day 14 post-CCI-ION
or after sham operation (n = 12 to 15 neurons per group). **P < 0.01 (vs. sham); *P < 0.01 (vs. CCI-ION + miR-NC) (one-way ANOVA). (/) Effect of siRNA-mediated
knockdown of Cav3.2 (day 0) vs. negative control (NC-siRNA) on miR-32-up (intra-TG injection on day 3)-induced alleviation of mechanical allodynia in CCI-ION rats.
**P < 0.01 (vs. NC-siRNA + sham); *P < 0.01 (vs. CCIHION + Cav3.2-siRNA at day 0); *P < 0.05 (vs. CCI-ION + NC-siRNA at day 3) (two-way ANOVA).
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Discussion

In this study, we identified miR-32-5p as a key functional noncod-
ing RNA in contributing to neuropathic pain. miR-32-5p down-
regulation appears causally involved in trigeminal neuropathic
pain, and exogenous miR-32-5p specifically and effectively allevi-
ates nociceptive behavior. Moreover, miR-32-5p targets the
expression of Cav3.2 T-type channels. Histone methylation
attenuates the binding of GR to the promoter region of the miR-
32-5p gene and decreases the expression of miR-32-5p, in turn
promoting the development of neuropathic pain through regula-
tion of Cav3.2 channels (Fig. 8). As such, miR-32-5p-mediated
translational regulation of Cav3.2 channels has a profound impact
on the pathophysiology of chronic neuropathic pain, at molecular,
cellular, and functional levels. Replenishment of miR-32-5p offers
opportunity for the management of chronic neuropathic pain.
miRNAs are small noncoding RNAs that inhibit the transcrip-
tion of target genes by binding to the 3'-UTR of target mRNAs
(6, 28). Although accumulating molecular and functional evidence
supports the alteration of miRNA expression in different nerve tis-
sues under different pain conditions, little is known as to how
miRNA expression itself is regulated during these processes. Two
major epigenetic mechanisms have been shown to be involved in
gene expression: DNA methylation and histone modification (29).
In this study, no CpG islands were identified in the miR-32-5p
promoter region. We showed that CCI-ION significantly increased
the occupancy of two repressive histone marks, H3K27me3 and
H3K9me2, and that these modifications participated in the regula-
tion of trigeminal neuropathic pain in rats. Histone methylation
might prevent GR from binding to the miR-32-5p promoter
region and mediate a decrease in miR-32-5p expression. It is
known that activated glucocorticoid (GC)-GR protein dimers
translocate into the nucleus to regulate their target genes and ulti-
mately modify pain-related protein expression (30). Neuropathic
pain induced by nerve injury, which is usually accompanied by
stress, might affect the GC release (31). Therefore, hormones that
compromise the physiological response to stress (e.g., GC) may

1
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Fig. 8. Proposed mechanism by which miR-32-5p participates in neuro-
pathic pain. Nerve injury increases the occupancy of H3K9me2 and
H3K27me3 at the miR-32-5p promoter region in rat TG neurons, resulting
in the decreased binding of GR and leading to a decrease in the expression
of miR-32-5p. The RNA-induced silencing complex (RISC) guides mature
single-stranded miR-32-5p to its target sequence within the 3’-UTR of the
mRNA of the a1 subunit of Cav3.2, resulting in degradation of the mRNA.
The down-regulation of miR-32-5p in nerve injury causes increases Cav3.2
protein expression, which results in enhanced T-type channel currents in
TG neurons and produces mechanical neuropathic pain symptoms in rats.
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interact with effectors of neuropathic pain (32) and regulate pain-
like behaviors (33). In addition, consistent with our present find-
ings, a previous study showed that spinal nerve ligation increased
the levels of H3K9me2 and H3K27me3 in rat DRGs. Interest-
ingly, in the same study, H3K9me2, but not H3K27me3, inhib-
ited the expression of potassium channels and was found to play a
pivotal role in nociception (34). Although this discrepancy requires
further investigation, histone modifications associated with tran-
scriptionally inactive chromatin might vary in different tissue/cell
types expressing distinct dimethyltransferases and/or demethylases
in different neuropathic pain models. For example, increased
H3K9me2 occupancy at promoters mediated through the G9a/
GLP histone lysine dimethyltransferase generally mediates tran-
scriptional repression and gene silencing (35), while H3K27me3
modification is mediated through polycomb group proteins (36).
Moreover, emerging evidence suggests that the balance between
acetylation and methylation of H3K9 or H3K27 contributes to
gene transcription (37). While lysine acetylation can relax chroma-
tin and enhance transcriptional activation, lysine methylation can
cause different effects on gene expression, depending upon position
(18). For instance, methylation at K4, K36, and K79 of H3 is asso-
clated with gene activation, whereas methylation at K9 and K27 of
H3 correlates with transcriptional repression (19). Although
beyond the scope of the current study, there is a strong possibility
that combined changes in histone modification (i.e., decreased
H3K9ac and increased H3K9me2/H3K27me3 occupancy) affect
the binding of GR to the 7:R-32-5p gene promoter in the injured
TG. Furthermore, in-silicon prediction by the Alibaba2 algorithm
indicates a 5-repeated-nucleotide overlap between the C/EBPg
binding site and the GR binding site at the promoter region of the
miR-32-5p gene. However, transfection of mut-C/EBPg—express-
ing vectors has no effect on the promoter luciferase activity,
ruling out the involvement of C/EBPj in initiating miR-32-5p
transcription. Indeed, further prediction with the PROMO algo-
rithm suggested a multiple discontinuous binding motif for C/
EBPg (TTG) and GR (TGT) in the promoter region of the miR-
32-5p gene. Interestingly, previous studies have shown that in
DRG neurons the binding site of C/EBPj in the promoter region
of the Ehmt2 gene (attgcgeagt) also contained TTG sequence
(38), while in hippocampus, the GR binding motif in the pro-
moter region of the Adrald gene (gaacggectgtacc) contained
TGT (39). Thus, the TGT sequence is critical for GR binding,
although it may not be the only determinant.

Cav3.2 is the predominant T-type channel isoform expressed
at the soma of sensory neurons and is responsible primarily for
subthreshold neuronal excitability and modulation of nocicep-
tive behaviors (23, 24, 40). Our findings indicate that TG
neurons express both miR-32-5p and Cav3.2 and that Cav3.2
protein expression is increased in TG neurons with reduced
miR-32-5p levels. TG neurons immunoreactive for Cav3.2
were mainly labeled with IB4 and CGRP, while few Cav3.2-
labeled TG neurons coexpressed NF200. This expression
pattern is consistent with previous data showing abundant
expression of Cav3.2 channels in small- to medium-sized TG
neurons (25, 41), while distinct from the broader distribution
of Cav3.2 in rat DRG neurons (42). Cav3.2 channels were
reported to be expressed exclusively in small DRG neurons in
naive mice (43, 44); however, these results seem to be contra-
dictory to those of most related studies. Increased expression of
Cav3 isoform T-type channels in sensory neurons has shown
functional diversity in distinct pain disorders (23, 45, 46). For
instance, Cav3.2 expression is significantly enhanced in DRGs
of injured animals (22, 26, 27, 47). However, in a neuropathic
pain model induced by paclitaxel, Cav3.2 expression is not
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necessarily elevated (48). Furthermore, spinal nerve injury was
reported to increase Cav3.2 and Cav3.3 mRNA levels in rat
DRGs, whereas Cav3.1 mRNA was not detected (49). Interest-
ingly, in mice with carrageenan-induced inflammatory hyperalgesia,
the expression of Cav3.2 mRNA, but not Cav3.l or Cav3.3
mRNAs, was up-regulated in ipsilateral DRG neurons (44). In con-
trast, an increased level of Cav3.3 mRNA in mouse sensory neurons
was implicated to participate in pain modulation (50). In this study
involving rats, we found that all three Cav3 isoforms were expressed
in TGs and that nerve injury induced by CCI-ION triggered the
selective increase in Cav3.2 expression at both the mRNA and pro-
tein levels, with no significant changes in Cav3.1 or Cav3.3 expres-
sion observed. This was further confirmed by the findings that
intra-TG injection of Cav3.2 siRNA significanty alleviated
mechanical allodynia induced by CCI-ION. Consistent with our
findings, the selective inhibition of Cav3.2 channels reversed the
hyperexcitability of peripheral nociceptors and alleviated postsurgi-
cal pain (24). The effects of silencing Cav3.2 channels in periph-
eral sensory neurons have previously demonstrated a critical role
for these channels in nociception (23). However, loss of T-type
channels may also contribute to decreased spike-frequency adap-
tation and increased excitability after injury to sensory neurons
(51). In this study, T-type channel currents were recorded mainly
in medium-sized neurons, indicating that neuron size might be a
critical factor that led to this discrepancy. Moreover, it should be
noted that while nociceptors in peripheral tissues, including the
TG and DRG, show a high degree of functional similarity, there
are important differences in their developmental lineages, and
recent genome-wide gene-expression analyses suggest that they
possess unique signatures (4, 5, 52). Although we have demon-
strated the importance of miR-32-5p-mediated targeting of
Cav3.2 channel expression in regulating trigeminal neuropathic
pain, Cav3.2 may not be the only factor involved in miR-32-
5p—mediated mechanical allodynia. miR-32-5p is reported to
regulate the expression of a variety of genes. For instance, miR-
32-5p influences high-glucose-induced cardiac fibroblast prolifer-
ation by inhibiting DUSP1 (13) and cell-cycle progression via
PTEN up-regulation in bone marrow-derived mesenchymal stem
cells (14). Moreover, miR-32-5p promotes lipid metabolism in
oligodendrocytes and increases myelin production through the
regulation of its target SLC45A3 (15). These findings suggest
that miR-32-5p can effectively and cooperatively regulate many
aspects of physiological and/or pathological processes. Further
insight into the function of miR-32-5p in neurons will improve
our understanding of the pathophysiology of neuropathic pain.

In summary, the present study offers insights into the epige-
netic mechanisms of miR-32-5p involved in transcriptional
Cav3.2 gene silencing in trigeminal neuropathic pain. We report
that nerve injury caused substantial and persistent Cav3.2 chan-
nel up-regulation in rat TGs. Increased Cav3.2 expression
induced by nerve injury was associated with altered histone meth-
ylation and GR binding to the miR-32-5p promoter region,
which in turn caused mechanical allodynia. Overall, the identifi-
cation of the role of miRNA-32 in regulating Cav3.2 channels in
the context of trigeminal-driven pain may provide potential tar-
gets to prevent and treat neuropathic pain conditions.

Materials and Methods

Detailed descriptions of methods and materials are provided in S/ Appendix, SI
Materials and Methods.

Animal Model. All experimental procedures performed in this study were car-
ried out in accordance with NIH guidelines and had been approved by the Institu-
tional Animal Care and Use Committee of Soochow University. Every effort was
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made to minimize the number of animals used and animal suffering. Animals
(Sprague-Dawley rats, 140 to 160 g, male) were housed under a standard 12/12-
h light-dark cycle in a temperature- and humidity-controlled room with food and
water provided ad libitum. A trigeminal neuropathic pain model was produced by
CCI-ION via an intraoral approach, as described in previous studies (53-55) with
some modifications.

Behavioral Tests and Drug Application. All behavioral experiments were
carried out with the investigators blinded to treatment conditions. Orofacial
behavioral tests as described by Vos et al. (56) were performed 1 d before and
at designated times after CCI-ION surgeries. Orofacial response threshold of
mechanical sensitivity was determined as described (25, 57). The 5-
cholesteryl-modified and 2’-O-methyl-modified siRNA for Cav3.2 (Cav3.2-—
siRNA), agomir-32-5p, antagomir-32-5p, or relevant scrambled controls (RiboBio
Biological Technology), labeled with 6-FAM, were diluted to a concentration of
50 pM in diethyl pyrocarbonate H,0.

Western Blot Analysis. Western blot analysis was performed as described
(25,27).

Real-Time qPCR. Total RNA was extracted from the TG tissues by using RNAiso
Plus (Takara). According to the protocol provided by the manufacturer of the
Hairpin-it MicroRNA Quantitation PCR kit (GenePharma), 1 pg of RNA was
reverse-transcribed to complementary DNA (cDNA).

Immunofluorescence Staining. Immunostaining was conducted as described
(25, 27).

FISH. Locked nucleic acid (LNA)-digoxin (DIG)-labeled probes specific for miR-
32-5p (mo-miR-32-5p miRCURY LNA detection probe, 5'-digoxin-TGCAACTTAG-
TAATGTGCAATA-digoxin-3') and negative control probes were obtained
from Exon.

Luciferase Reporter Assay. The mRNA for the full-length 3'-UTR of Cav3.2
was amplified by PCR from rat cDNA. Plasmids encoding firefly luciferase fol-
lowed by the wild-type Cav3.2 3'-UTR (Cav3.2-wt) or mutant Cav3.2 3'-UTR
(Cav3.2-mut) were constructed. Sequences of the miR-32-5p promotor region
with mutant binding sites for NF-1, C/EBPB, or GR were constructed and inserted
into the pGL3 plasmid.

chiP-PCR. ChiP-enriched DNA was analyzed by gPCR using the following ChIP
primers: forward, 5'-CTTTTCTCCTCACTCCTGCTCA-3'; and reverse, 5'-ACACTCC-
CAACCTGGAATCTTT-3'.

Dissociation of TG Neurons. TG neurons were dissociated as described in our
previous studies (25).

Electrophysiology. Whole-cell patch-clamp recordings were caried out as
described in our previous studies (25, 27).

Data Analysis and Statistics. Values are reported as the mean + SEM. Data
acquisition and statistical analysis were performed by using ClampFit 10.2
(Molecular Devices), Prism 6.0 (GraphPad Software), and Microsoft Excel. Plots
showing voltage-dependent activation and steady-state inactivation were fitted
by the Boltzmann equation. Statistical comparisons of several groups were per-
formed by using one-way ANOVA and subsequent Bonferroni correction, if not
stated otherwise. The paired or unpaired t test was used to compare two groups
as appropriate. The behavioral data were analyzed by two-way repeated-meas-
ures ANOVA with a post hoc Bonferroni test. Differences with P < 0.05 were con-
sidered to be statistically significant.

Data Availability. The raw sequencing data have been deposited in the National
Center for Biotechnolo%y Information Gene Expression Omnibus (accession no.
GSE192803) (58). All other study data are included in the article and S/ Appendix.
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