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Abstract \
Introduction: Chronic primary pain conditions (CPPCs) are linked to catecholamine activation of peripheral adrenergic receptors. Yet,
catecholamine-dependent epigenetic mechanisms, such as microRNA (miRNA) regulation of mRNA transcripts, remain largely unknown.
Objectives: We sought to identify RNA species correlated with case status in 3 pain cohorts, to validate RNAs found to be
dysregulated in a mouse model of CPPC onset, and to directly test the role of adrenergic receptors in miRNA regulation.
Furthermore, we tested antinociceptive effects of miR-374 overexpression.

Methods: We used RNA-seq and quantitative reverse transcription polymerase chain reaction to measure RNA expression in 3 pain
cohorts. Next, we validated identified RNAs with quantitative reverse transcription polymerase chain reaction in a mouse model of CPPC
onset, measuring expression in plasma, peripheral (adipose, muscle, dorsal root ganglia [DRG]), and central (spinal cord) tissues. Then,
we stimulated adrenergic receptors in primary adipocyte and DRG cultures to directly test regulation of microRNAs by adrenergic
signaling. Furthermore, we used in vitro calcium imaging to measure the antinociceptive effects of miR-374 overexpression.

Results: We found that one miRNA family, miR-374, was downregulated in the plasma of individuals with temporomandibular
disorder, fiboromyalgia syndrome, or widespread pain following a motor vehicle collision. miR-374 was also downregulated in
plasma, white adipose tissue, and spinal cord from mice with multisite mechanical sensitivity. miR-374 downregulation in plasma
and spinal cord was female specific. Norepinephrine stimulation of primary adipocytes, but not DRG, led to decreased miR-374
expression. Furthermore, we identified tissue-specific and sex-specific changes in the expression of predicted miR-374 mRNA
targets, including known (HIF1A, NUMB, TGFBR2) and new (ATXN7, CRK-Il) pain targets. Finally, we demonstrated that miR-374
overexpression in DRG neurons reduced capsaicin-induced nociceptor activity.

Conclusions: Downregulation of miR-374 occurs between adrenergic receptor activation and mechanical hypersensitivity, and its
adipocyte source implicates adipose signaling in nociception. Further study of miR-374 may inform therapeutic strategies for the
millions worldwide who experience CPPCs.
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1. Introduction obvious tissue damage. Chronic primary pain conditions exact

Chronic primary pain conditions (CPPCs), such as temporoman-  a burden on society by lowering life quality and incurring billions
dibular disorder (TMD) and fibromyalgia syndrome (FMS), are  annually in healthcare costs.®®®" Despite organic pathology,
characterized by pain lasting > 3 months in the absence of CPPCs are linked to genetic and environmental factors that
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increase catecholamine tone. Individuals with CPPCs have loss-
of-function mutations in catecholamine metabolism,'®"" result-
ing in increased catecholamine levels and corresponding
increases in pain®®%®® that are exacerbated by stress.*'4469
The association between catecholamine metabolism, stress, and
pain has also been observed in our rodent model of CPPCs”* and
primary pain onset.?%*¢ This heritable phenotype is driven by
catecholamine activation of peripheral adrenergic receptor beta-
3 (ADRBS3),'® yet epigenetic regulators downstream of ADRBS3,
such as microRNAs (MiRNAs),' remain underexplored in the
context of CPPCs.

miRNAs are small noncoding RNA molecules that inhibit gene
expression by blocking protein translation or by degrading
downstream messenger RNA (MRNA) transcripts with comple-
mentary sequences.* Evidence implicates miRNAs in the regula-
tion of molecular pathways linked to pain, trauma, inflammation,
and immune responses. '+21:26:33.37:51.52.76 g 3 single MIRNA can
have many mRNA targets,®” differential expression of a single
miRNA or family could trigger a cascade of signaling events leading
to chronic pain. MiIBRNAs are known to be secreted into circulation
by white adipose tissue (WAT),%®® an established endocrine
organ'* associated with chronic pain status.*® Furthermore, WAT
is a major source of catecholamines,®® proinflammatory cyto-
kines,*® and ADRB3 expression.®* Our laboratory has linked WAT
to CPPC development.” Thus, this article aims to identify miRNAs
contributing to high catecholamine pain, their tissue sources, such
as WAT, and their mRNA target pathways.

This study evaluated differential expression of miRNAs and
corresponding mRNA targets in a discovery TMD cohort and 2
replication cohorts: one with FMS and one with pain following
a motor vehicle collision (MVC). Temporomandibular disorder,
characterized by orofacial pain, and FMS, characterized by
widespread body pain and fatigue, affect 11.5 and 1.1 million
Americans, respectively.*%8 MVC frequently causes traumatic
injury, with more than 4 million Americans admitted to the
emergency department every year, half of whom will go on to
suffer chronic pain even after injury healing.®*? Although these
cohorts may differ in clinical presentation, they all have
established relationships with stress, mood, and neuroimmune
factors,®! which may be driven by shared epigenetic signatures.

Results from our largest TMD RNA sequencing study, to date,
identified 16 miRNAs dysregulated in cases relative to controls. Of
these, miR-374 family members were downregulated in TMD
cases, in replication cohort cases, and in a mouse model of
primary pain onset. Furthermore, we identify (1) adrenergic
receptor activation in WAT as the likely origin of miR-374 family
member downregulation, (2) emerging tissue- and sex-specific
regulation of mRNA targets of miR-374, and (3) miR-374’s ability
to inhibit sensory neuron activity. Our findings begin to elucidate
the mechanisms by which the miR-374 family contributes to pain
outcomes. This work has the potential to identify druggable
targets and advance the treatment for the millions®® of individuals
who experience chronic pain.

2. Materials and methods
2.1. Study approval

All participants were enrolled after giving informed consent as
approved by the Biomedical Institutional Review Board of the
University of North Carolina at Chapel Hill or McGill University. For
animal studies, all work followed the National Institutes of Health
Guide for the Care and Use of Laboratory Animals,®! the Animal
Research: Reporting of In Vivo Experiments guidelines,®® and
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adhered to the Institutional Animal Care and Use Committee at
Duke University.

2.2. Clinical cohorts

Orofacial pain: prospective evaluation and risk assessment
(OPPERA) N = 488 (283 control and 205 TMD): As described, the
OPPERA observational prospective cohort study assessed individ-
uals with TMD and 4 idiopathic pain conditions (headache, low back
pain, irritable bowel syndrome, and widespread body pain) over
amedian follow-up period of 2.8 years. For study demographics, see
Supplemental Table 1, http://links.lww.com/PR9/A254. Here,
participants provided blood for RNA-seq analysis and were assigned
to either case or pain-free control groups. The 16 differentially
expressed MiRNAs, their sequence, and genome location can be
found in Supplemental Table 2, http://links.lww.com/PR9/A254.

Fibromyalgia syndrome N = 48 (24 control and 24 FMS): As
described,”® people with clinically diagnosed FMS or people with
no history of a pain or depression diagnosis provided blood for
RNA-seq analysis. For study demographics, see Supplemental
Table 3, http://links.lww.com/PR9/A254.

African-American CRASH N = 167 (81 low pain and 86 high
pain): As described,®? this observational study enrolled Black
individuals presenting to emergency department sites within
24 hours of MVC. Participants provided blood for RNA-seq analysis
in the emergency department and completed evaluations after MVC.
This included an assessment of overall pain severity using a verbal
0 to 10 numeric rating scale. For study demographics, see
Supplemental Table 4, http:/links.lww.com/PRY/A254. Here,
participants were assigned to low pain (<7 of 10) or high pain (=7)
groups based on patient report within 24 hours of MVC.

All blood from clinical cohorts was collected in PAXgene RNA
tubes at the time of enroliment, and total RNA was isolated using
Qiacube column-based separation, Chemagen magnetic bead
separation, or the PAXgene Blood miRNA Kit. Isolation method
was controlled for in analyses.

2.3. RNA-seq
2.3.1. OPPERA

For small RNA-seq, 75 ng of total RNA was used to generate and
sequence libraries on the lllumina HiSeg3000 platform, whereas
250 ng of total RNA was used for mRNA-seq. Deep-sequencing
reads were aligned on the human genome version hg38/
GRCh38. Quantification of miRNAs were obtained using Short-
Stack v3.8.5% against miRbase release 22 annotation with hg38
reference genome.

2.3.2. AA CRASH

Template libraries for small RNA sequencing were produced from
1 ug of total RNA, as previously reported.®®*° Reads were
aligned on human genome version hg19, and quantification of
miRNAs were obtained using RSEM.?2

Additional details for both cohorts can be found in the
Supplementary Files, http://links.lww.com/PR9/A254.

2.4. RT-qPCR

For miRNA, 10 ng of RNA were transcribed to complementary
DNA using the miIRCURY LNA RT Kit and Spike In Control Kits.
The exogenous controls cel-miR-39-3p and UniSp6 were
selected due to a lack of a known control miRNA between tissue
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types and to control for reverse transcription efficiency. Relative
quantification was performed following miRCURY LNA SYBR
Green gPCR Kit protocol. For mRNA, 200 ng of RNA were
transcribed to complementary DNA using the High-capacity
cDNA Reverse Transcription Kit. Relative quantification was
performed following the TagMan Fast Advanced Master Mix
protocol. We selected ACTB and 78S as control genes because
of their high and stable expression across tissue types. Relative
expression of all genes was determined on a QuantStudio 5 Real-
Time PCR System. Triplicate CTs were averaged and the
log2foldchange of genes calculated using the 2—AACT
method.®® For a complete list of kits and primers, see
Supplemental Table 5, http://links.lww.com/PR9/A254.

2.5. Primary pain onset mouse model

Male and female C57BL/6 mice (N = 36) were purchased from
The Jackson Laboratory. At 8 to 12 weeks of age, mice were
randomly assigned to control or primary pain (PP) onset groups
and blinded to the experimenter. The PP onset model in-
corporated clinically relevant factors (low catechol-O-
methyltransferase (COMT) activity and stress). As previously
described,”® forced or sham swim stress was conducted on days
110 3 (10 minutes on Day 1 and 20 minutes on Days 2 and 3). On
Day 3 immediately following swim stress, mice received an
intraperitoneal injection of the COMT inhibitor OR486 (30 mg/kg)
or vehicle (dimethyl sulfoxide: ethanol: 0.9% sterile saline [5:2:3)).
Before model induction, mice were handled and habituated to the
testing environment for 3 days. Baseline assessments of plantar
mechanical allodynia were determined using the von Frey
up—down method (filaments 0.008-4 g).'® Mechanical allodynia
was reassessed on Day 3, 3 hours following OR486 injection. The
difference in 50% withdrawal threshold between Day 3 and
baseline was calculated using established methods.”* Upon
completion of behavioral experiments, inguinal subcutaneous
WAT, intrascapular brown adipose tissue (BAT), muscle, and
spinal cord were collected, flash frozen on dry ice, and kept
at —80°C. Whole blood was collected in MiniCollect K3E EDTA
Tubes, centrifuged for 15 minutes at 2000g and 4°C to remove
blood cells. Total RNA was isolated using TRIzol according to the
manufacturer’s instructions and stored at —80°C.

2.6. Primary cell culture experiments

Adult mice of both sexes were euthanized and had their inguinal
subcutaneous WAT tissue or dorsal root ganglia (DRG) removed
aseptically at room temperature. Samples were incubated with
collagenase (40 mg/mL) and dispase-Il (200 mg/mL) diluted in
Hank balanced salt solution at 37°C for 120 minutes. Digestion
was halted by DMEM/F12/GlutaMAX-I base medium and
homogenate passed through a 70-pm mesh filter. Cells were
pelleted at 1000 rpm for 10 minutes at 4°C before resuspension in
base medium. Recovered preadipocytes were plated on a T-75
flask and grown to 95% confluency with base media supple-
mented with 10% fetal bovine serum and 1X penicillin—strepto-
mycin antibiotics. Cells were split following a standard 0.5%
trypsin method and plated into 6-well tissue culture-treated
plates. After reaching 100% confluency, preadipocytes were
differentiated into adipocytes for 4 days with 0.5 mM IBMX, 1 uM
rosiglitazone, 5 WM dexamethasone, and 0.5 pg/mL insulin in
supplemented medium. Mature adipocytes were maintained for
4 days with only 0.5 pwg/mL insulin in supplemented medium.
Recovered DRG were plated in FBS and antibiotic supplemented
media with 2% B27. No differentiation was necessary, and
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treatment occurred 2 days following seeding. All cultures were
incubated at 37°C and 5% CO..

For the norepinephrine experiment, each well of mature cells
was treated with 1 wM of norepinephrine or vehicle for 3 hours.
Medium was removed, and cells were washed with 2 mL of DPBS
before collection with 1 mL of TRIzol as described in the TRIzol
total RNA isolation protocol.

For the calcium imaging experiment, DRG cultures from Pirt-
GCaMP3 mice were grown on a glass coverslip and transfected
with a miR-374b mimic or nonsense negative control (scramble)
in Polyplus reagents according to manufacturer’s protocol;
48 hours following transfection, cells were imaged using a 20X
lens at a wavelength of 340 nm in 3-second intervals. As
described,®’ the imaging buffer had a pH of 7.4 and consisted of
10 mM HEPES, 5 mM KClI, 2 mM CaCl,, 1 mM MgCl,, 10 mM D-
(+)-Glucose, and 140 mM NaCl; 200 nM of capsaicin in imaging
buffer was used as an inducer. For each neuron, relative calcium
influx was determined for each interval using AF/FO, which is the
ratio of change in fluorescent intensity (Fi-Fo) to baseline (Fo).
Additional measurements included percent responders (ie, % of
cells in a trial showing =20% increase in fluorescence from
baseline) and average max intensity.

2.7. Statistical analysis

Using the G*Power software,?? we calculated the minimum sample
size required to detect effect sizes of 0.999, using a = 0.050 and
power = 0.800. For RNA-seq experiments, differential expression of
RNAs was assessed using moderated statistical tests with DESeg?2
after filttering for expressed RNAs at total count of 1 in at least half of
the samples.®® Each test was performed with the following
covariables: gender, age, self-declared ancestry, and purification kit
(MSM1 vs QIACUBE). Correction for multiple testing was performed
using Benjamini and Hochberg false discovery rate.® Heatmaps were
created using QLUCore Omics Explorer. Representative volcano
plots and bar graphs were created using GraphPad Prism 10. The
mRNA target network was created using the STRING Database,®®
and the reactome analysis output from the database was used to
generate a pathway analysis summary figure."”

For quantitative reverse transcription polymerase chain reaction
experiments, fold change values were log-transformed to equally
weight under- and overexpression. Within each experiment, initial
statistical comparisons were assessed with a single analysis of
variance (ANOVA) test to reduce the probability of type 1 errors. Only
ininstances of interactions P < 0.10 were data subdivided for lower-
order ANOVASs, followed by Tukey’s Honestly Significant Difference
(HSD) test for multiple comparisons between individual effects when
appropriate. When no significant interactions were present, only the
main treatment effects were assessed. Significance was determined
as P < 0.05, 2 tailed. Statistics were calculated using JMP Pro 17.
This was the same statistical procedure used to measure 50% paw
withdrawal threshold and calcium imaging experiments, sans log
transformation of the data. All data are available by reasonable
request, and statistical outputs can be accessed in the Supple-
mentary Files, http://links.lww.com/PR9/A254.

3. Results

3.1. Circulating miRNAs are associated with
temporomandibular disorder case status

We first sought to define miRNA expression profiles associated
with TMD. Using DESeqg2 analysis, miRNA expression was
determined for TMD cases vs pain-free controls (Fig. 1A).
MiRNAs were considered to be significantly associated with
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Figure 1. RNA-seq and RT-gPCR analysis reveals miR-374 family downregulation in multiple chronic pain cohorts. Heatmaps show the relative expression profiles
for allmMiRNAs in each of the 488 study participants (283 control [67 % female and 33% male] and 205 TMD [75% female and 25% male]) (A), as well as for the 16
miRNAs associated with TMD case status in a subset of participants (B). A volcano plot illustrates the strength of correlation and log2foldchange of miRNAs
upregulated (red) and downregulated (blue) in TMD cases compared with pain-free controls (PFC) (C). MiR-374 is downregulated in FMS patients compared with
PFC, shown as abar graph (N = 48; 24 PFC [79% female and 21% male] and 24 FMS [96% female and 4% male]) (D). MiR-374 is downregulated in those reporting
high pain (=7 of 10) than those reporting low pain (<7) following a motor vehicle collision, shown as a bar graph (N = 167; 81 low pain [63% female and 37% male]
and 86 high pain [64% female and 36% male]) (E). For all bar graphs, data from women are shown in pink, while men are shown in black. Data are mean +SEM, and
asterisk indicates a Tukey’s HSD P < 0.05. FMS, fibromyalgia syndrome; HSD, Honestly Significant Difference; RT-gPCR, quantitative reverse transcription
polymerase chain reaction; TMD, temporomandibular disorder.
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TMD case status based on the strength of correlation (adj. P <
0.05) and magnitude of differential expression (log2foldchange >
10.20I) relative to controls. By comparing average expression
between the groups, we identified 16 miRNAs associated with
TMD case status (Figs. 1B and C; Supplemental Table 2, http://
links.lww.com/PR9/A254). Of these, 15 miRNAs were upregu-
lated, and 1 miRNA (miR-374a-5p) was downregulated in TMD
cases. Interestingly, we found that miR-374a-5p was down-
regulated in TMD cases irrespective of race or gender, despite the
miRNA originating from the X chromosome (Supplemental
Table 2, http://links.lww.com/PR9/A254).

3.2. miR-374 family downregulation is a signature of multiple
pain conditions

We next tested whether any of the 16 miRNAs associated with
TMD case status were consistently differentially expressed in
plasma from patients with other painful conditions linked to
heightened catecholamine tone: FMS and pain following MVC. In
the FMS cohort, we determined that miR-374b-5p is significantly
downregulated in FMS cases compared with pain-free controls
(log2foldchange = —0.61, P < 0.005; Fig. 1D, Supplemental
Table 3, http://links.lww.com/PR9/A254).

In the African-American CRASH cohort, we found that levels of
miR-374a-5p were significantly lower in individuals with high vs
low pain <24 hours following MVC (log2foldchange = —0.93,
P < 0.03; Fig. 1E). Together, these data show that down-
regulation of miR-374 family members is a common signature of
multiple pain conditions across time, age, race, and gender.
Although miR-374a-5p is not expressed in rodents, miR-374b-
5p only differs from miR-374a-5p by 2 base pairs and features
100% sequence homology between humans and mice, so they
are predicted to regulate many of the same mRNA targets®
(Supplemental Figure 1, http://links.lww.com/PR9/A254). For
these reasons, we selected miR-374b-5p for additional study in
our PP onset mouse model.

3.3. White adipose tissue directly contributes to the
downregulation of miR-374b-5p

Using our clinically relevant mouse model of PP illustrated in
Figure 2A, we found that mechanical sensitivity is established
rapidly in both sexes (P < 0.002; Fig. 2B). Plasma levels of miR-
374b-5p were downregulated in female mice but not in male mice
(sex X group P < 0.07, Tukey’s HSD P < 0.005; Fig. 2C). This
could be due to the early time point used in this experiment
because no sex differences in downregulation were observed in
the chronic, clinical studies. In addition, although the TMD and
MVC cohorts were powered to detect sex differences, all 3
cohorts show a greater proportion of women enrolled (TMD: 75%
women; FMS: 96% women; MVC: 64% women; Supplemental
Tables 1, 3 and 4, http://links.lww.com/PR9/A254), whereas
equal numbers of male and female mice were used in this
experiment. Nevertheless, we continued searching for the source
of this miRNA signature in both sexes.

Based on the unique RNA expression patterns in target
tissues,?®2*7® one miRNA can cause diverse regulation
across tissue type. To determine possible sources and targets
of miR-374b-5p downregulation during pain, we assessed the
expression of miR-374b-5p in WAT, BAT, muscle, DRG, and
spinal cord tissue in our model. We found that miR-374b-5p in
WAT was downregulated in both sexes (P < 0.006; Fig. 2D).
Consistent with the plasma findings, miR-374b-5p in spinal
cord was downregulated in female mice only (sex X group P <
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0.0086, Tukey’s HSD P < 0.007; Fig. 2E). miR-374b-5p was
not differentially expressed in BAT, DRG, or muscle, despite
miR-374’s established role as a myomir®®"® (Supplemental
Figure 1A-C, http://links.lww.com/PR9/A254). Therefore, we
hypothesized a circuit whereby WAT packages miR-374b-5p
to send to nervous system sites, such as the spinal cord, but
this signal is lost during pain acquisition, particularly in
female mice.

To test the potential adipose vs neuronal origin of miR-374b-
5p, we stimulated primary adipocytes or DRG neurons cultured
from male or female mice with the endogenous catecholamine
norepinephrine. Stimulation of adipocytes with norepinephrine
directly reduced the expression of miR-374b-5p compared with
vehicle-treated cultures that came from male or female mice
(Student’s t P < 0.02; Fig. 2F). However, when this experiment
was repeated in primary DRG cultures, norepinephrine had no
effect (Supplemental Figure 1D, http://links.lww.com/PR9/
A254). Together, these data show that adrenergic receptors in
WAT are a key contributor to the common miR-374b-5p
downregulation signature observed during pain in both sexes.
We next aimed to investigate the mechanism behind miR-374
downregulation and pain development.

3.4. Circulating mRNA targets of miR-374a-5p

Using the TMD cohort samples, we performed mRNA-seq to
analyze the mRNA targets with significant relationships to miR-
374a-5p. We identified 69 predicted targets of miR-374a-5p that
met the following criteria: (1) significant negative correlation with
miR-374a-5p expression, (2) upregulation above 0.25 log2fold-
change, and (3) Bonferroni corrected P < 3.6E-6. These targets
were used as input in the STRING query, which builds protein
networks from gene data sets®® (Fig. 3A). The top 10 of 171
unique pathways highlighted by our query reveal significant
changes in signal transduction, immune regulation, neurodevel-
opment, and pain and inflammation pathways (Fig. 3B). The
strength and false discovery rate of these enriched pathways can
be found in Supplemental Table 6, http://links.lww.com/PR9/
A254. Based on these results, we selected 10 mRNA targets
(ATXN7, CBL, CRK, CRKL, EP300, HIF1A, KIDINS220, NUMB,
PTPN11, and TGFBR2) for tissue-specific analysis in our mouse
model by measuring the strength of their association, appear-
ance in multiple pathways, and outputs from in silico predictive
modeling tools such as STarMIR.%°

3.5. Tissue- and sex-specific expression of predicted
miR-374 family targets

Using the same tissue samples that were used to measure miR-
374b-5p expression, we performed an mMRNA screen in both
WAT and spinal cord because these were sites of miR-374b-5p
dysregulation. MiRNAs canonically inhibit target mRNA expres-
sion, so we predicted that expression of miR-374b-5p and its
mMRNA targets would be negatively correlated. In WAT, where
miR-374b-5p was downregulated in both sexes, PP females had
significant upregulation of a gene cluster, including HIFT1A,
NUMB, and TGFBR2, compared with control females and
downregulation of CRK-Il compared with PP males (sex X
group Xtissue Xgene P < 0.001, Tukey’s HSD P < 0.02,
Fig. 4A). In the spinal cord, where miR-374b-5p was upregulated
in males only, PP males had significant downregulation of the
genes ATXN7 and TGFBR2 compared with control males and
females of either condition (Tukey’s HSD P < 0.001, Fig. 4B).
Sexually dimorphic RNA pathways have been reported previously
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Early time point tissue- and sex-specific miR-374 expression levels in a mouse model of primary pain (PP) onset. The PP mouse model featuring 3 days of
forced swim stress followed by delivery of the catechol-o-methyltransferase inhibitor OR486 on Day 3 is illustrated in (A). Evidence of significant reductions in paw
withdrawal thresholds of PP mice compared with controls is demonstrated in (B). Compared with control mice of both sexes, only female PP mice had significant
reductions in plasma levels of miR-374 (C). miR-374 is significantly downregulated in the white adipose tissue of both sexes compared with control mice (D) but is
downregulated only in the spinal cords from female PP mice compared with male PP mice, consistent with the plasma expression data (E). By stimulating primary
adipocytes cultured from male and female mice with the pan-adrenergic endogenous agonist norepinephrine (“NE”), the significant downregulation of miR-374
can be observed when compared with the vehicle (“Veh”) treatment control group (F). Data from female mice and their derived cultures are shown in pink, whereas
male mice are shown in black. Data are mean +SEM, and asterisk indicates a Tukey’s HSD P < 0.05. HSD, Honestly Significant Difference.

in the context of stress in humans and rodents.?®272° These RNA
changes may impact cell physiology.

3.6. miR-374 inhibits neuron activity

To test miR-374’s effects on neuron function, DRG cultures from
mice with a peripheral sensory neuron-specific fluorescent

reporter of calcium (Pirt-GCaMP3) were transfected with a miR-
374b-5p mimic or scramble control sequence 48 hours before
a capsaicin challenge. Compared with naive or scramble trans-
fected cultures, miR-374b-5p transfection resulted in a lower
percentage of neuron activation (Group P < 0.01, Tukey’s HSD
P < 0.03, Fig. 5A) and average maximum fluorescent intensity
(group P < 0.06, Tukey’s HSD P = 0.05, Fig. 5B). In addition,
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Figure 3. STRING predicts functional interactions among circulating mRNA targets of miR-374. STRING predicted functional interactions of the 69 predicted
mRNA binding partners of miR-374 are visualized as a gene network, with the top 10 MRNA nodes highlighted (A). Colors correspond with mRNA hubs organized
by cluster of function. Of the 171 gene pathways that feature 2 or more of the mRNA targets, the top 10 sorted by the number of genes in a pathway are shown,

along with their significant subfamilies of gene pathways (B).

when relative calcium influx is plotted over time, the miR-374b-
Sp-treated group had a significantly lower area under the curve
compared with controls (group P < 0.02, Tukey’s HSD P < 0.05,
Figs. 5C and D). Effects were greater in cultures from female
mice than from male mice, but these comparisons were not
significant (Supplementary Figure 3, http://links.lww.com/PR9/
A254). These data indicate that miR-374b-5p overexpression
inhibits neuron activity, supporting a purported role for miR-374
downregulation in primary pain onset.

4. Discussion

Chronic primary pain conditions represent a heterogenous group
of conditions that share genetic and environmental dispositions
associated with heightened catecholamine tone. Although
genetic risk is well-documented, the epigenetic regulation of
genes in pain pathways remains understudied in these disorders.
Here, we sought to identify miRNA determinants of pain. We
conducted the largest RNA sequencing study to date in
individuals with TMD and identified 16 miRNAs associated with
case status, including miR-374. By analyzing that circulating
mRNAs negatively correlated with miR-374 expression in TMD,
we identified a diverse interactome, which includes

pronociceptive pathways. Furthermore, we replicated or vali-
dated the downregulation of the miR-374 family (1) in a cohort of
individuals with FMS, (2) those with pain following MVC, and (3) in
a mouse model of primary pain onset. Although miR-374
downregulation has been linked to FMS previously,”*” we are
the first to implicate miR-374 in TMD and show replication across
cohorts and species. We next identified WAT as a key source of
miR-374 family downregulation, showed tissue- and sex-specific
regulation of predicted mRNA target binding partners, and
demonstrated neuron silencing by this miRNA. These data
highlight the potential role of miRNAs in the pathophysiology
of pain.

The miR-374 family is encoded on the X-inactivating site of the
X chromosome in a region known to escape X inactivation,®
which can partially explain some of the observed sex differences
reported here. In women, differential expression of genes that
escape X chromosome inactivation predicts pain acquisition
following trauma exposure.”” Furthermore, miR-374 downregu-
lation has been previously linked to nervous system®®"27® and
immune cell dysfunction. %4

We present evidence that WAT contributes to miR-374
downregulation in both sexes by observing the downregulation
of miR-374 after adrenergic receptor activation in primary
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Tissue- and sex-specific MRNA targets negatively corelated with miR-374 expression. In the same mouse samples used to quantify tissue-specific

expression of miR-374, we found a female-specific cluster of mMRNA target overexpression in the white adipose tissue of female PP mice compared with female
controls and male PP mice (HIF1A, NUMB, TGFBR2), whereas male PP mice showed overexpression of the mRNA target CRK-/l compared with female PP mice
(A). In the spinal cord, where male PP mice show significantly elevated levels of miR-374 compared with female PP mice, male mice show marked downregulation
of the predicted mMRNA binding partners ATXN7 and TGFBR2 (B). Data from female mice and their derived cultures are shown in pink, whereas male mice are
shown in black. Data are mean +SEM, and asterisk is P < 0.05 by Tukey’s HSD compared with same sex control, while # is P < 0.05 by Tukey’s HSD compared

with PP group of the opposite sex. PP, primary pain; HSD, Honestly Significant Difference.

adipocytes but not in primary DRG cultures. Our in vitro calcium
imaging experiment shows a novel, direct role for miR-374 in
modulating neuron activity. In addition, we screened for predicted
miR-374 targets in WAT and spinal cord because this was where
altered miR-374 expression occurred. This revealed a female-
specific cluster of genes in WAT (HIF1A, NUMB, TGFBR2), and

a male-specific gene in WAT (CRK-Il) and cluster in the spinal
cord (ATXN7, TGFBR2). Hypoxia inducible factor 1 alpha (HIF1A)
and NUMB endocytic adaptor protein (NUMB) expression is
controlled by a positive-feedback loop through transforming
growth factor-p (TGFB) signaling.*®#° This cluster, which has
been previously reported as female specific in the context of
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miR-374 inhibits neuron activity. Using primary DRG cultures from Pirt-GCaMP3 mice, measurements of calcium signaling following a capsaicin
challenge, a proxy for neuron activity, were collected. Wells were either not transfected (naive) or transfected with a nonsense sequence negative control
(scramble) or an mmu-miR-374b-5p mimic (miR-374b). miR-374b treatment significantly lowered the percentage of neurons that reached an activation threshold
of =20% compared with baseline recordings (A) and reduced average maximum fluorescent intensity (B). miR-374b treatment group has significantly lower
calcium signaling compared with the other treatments (C), illustrated in a tracing plot (D). Data from female-derived cultures are shown in pink, whereas male-
derived cultures are shown in black. Data are mean +SEM, and asterisk indicates a Tukey’s HSD P < 0.05. DRG, dorsal root ganglia; HSD, Honestly Significant
Difference.




9 (2024) e1199

neuropathic pain,’® is known to regulate proinflammatory
signaling in immune cells.’" 1825 TGFB type Il receptor (TGFBR2)
is a key mediator of TGFB signaling, which has been shown to
reduce nociception in the central nervous system.®® Thus,
TGFBR2 downregulation in the spinal cord of males following
overexpression of miR-374 at this site may be pronociceptive.
However, TGFBR2 downregulation by miR-20a-5p promotes
inflammation'® that is essential to the acute healing process.®?

Of note, this work reveals 2 genes that, to our knowledge, have
not previously been linked to pain: ATXN?7 is a transcription factor
related to neurodegeneration*® and CRK-II plays diverse roles in
immune cell function,®* including promoting proinflammatory
cytokine IL-2 secretion in T cells.®° These gene functions can
partially explain the sexual dimorphism in mechanical hypersen-
sitivity exhibited by our primary pain mice at early time points.
However, women are more likely to present with CPPCs,*°
highlighting the need for additional study in the sex differences
underlying the chronification of pain.

The study does have some limitations and unanswered
questions. First, the clinical cohorts were predominately female.
Second, future work should investigate adipocyte-neuron
crosstalk to determine how miR-374 might be trafficked
between the sites, such as exosome packaging. Finally,
interactome pathway analysis and literature search on our
mRNA targets heavily implicate the immune system during pain
acquisition, but these neuroimmune contributions need to be
directly tested. Despite these limitations, this study remains the
largest RNA-seq study across multiple pain cohorts and
identifies a single miRNA family whose expression is consistent
across a range of ages, races, or genders in humans, providing
a foundation for future basic and translational studies into this
miRNA and its mRNA targets.

5. Conclusion

In summary, downregulation of the miR-374 family is associated
with multiple pain conditions linked to heightened catecholamine
tone and regulates a diverse array of tissue- and sex-specific
gene pathways related to pain and inflammation, likely through
secretion by adipocytes. Future work will directly test these
relationships and determine the ability of miR-374 overexpression
to resolve CPPCs that lack etiology-based relief.
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