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Genetic variant rs3750625 in the 39UTR of ADRA2A
affects stress-dependent acute pain severity after
trauma and alters a microRNA-34a regulatory site
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Abstract
a2A adrenergic receptor (a2A-AR) activation has been shown in animal models to play an important role in regulating the balance of
acute pain inhibition vs facilitation after both physical and psychological stress. To our knowledge, the influence of genetic variants in
the gene encoding a2A-AR, ADRA2A, on acute pain outcomes in humans experiencing traumatic stress has not been assessed. In
this study, we tested whether a genetic variant in the 39UTR of ADRA2A, rs3750625, is associated with acute musculoskeletal pain
(MSP) severity following motor vehicle collision (MVC, n5 948) and sexual assault (n5 84), and whether this influence was affected
by stress severity.We evaluated rs3750625 because it is located in the seed binding region ofmiR-34a, amicroRNA (miRNA) known
to regulate pain and stress responses. In both cohorts, theminor allele at rs3750625was associatedwith increasedmusculoskeletal
pain in distressed individuals (stress*rs3750625 P 5 0.043 for MVC cohort and P 5 0.007 for sexual assault cohort). We further
found that (1) miR-34a binds the 39UTR of ADRA2A, (2) the amount of repression is greater when the minor (risk) allele is present, (3)
miR-34a in the IMR-32 adrenergic neuroblastoma cell line affects ADRA2A expression, (4) miR-34a and ADRA2A are expressed in
tissues known to play a role in pain and stress, (5) following forced swim stress exposure, rat peripheral nerve tissue expression
changes are consistent with miR-34a regulation of ADRA2A. Together, these results suggest that ADRA2A rs3750625 contributes
to poststress musculoskeletal pain severity by modulating miR-34a regulation.
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microRNA, miR-34a, Adrenergic receptor

1. Introduction

Exposure to traumatic stress is, unfortunately, common in life.42

For example, in America, each year more than eleven million
individuals experience a motor vehicle collision (MVC) and nearly
700,000 women are sexually assaulted.1,49 The precise molec-
ular mechanisms influencing acute musculoskeletal pain (MSP)

severity after stressful events such as MVC and sexual assault
remain poorly understood.

a2A adrenergic receptor (a2A-AR) activation has been
shown to influence pain outcomes in both preclinical and
human studies.1–10 These data include animal model data
demonstrating that a2A-AR activation plays an important role
in regulating the balance of acute pain inhibition vs facilitation
after both physical and psychological stress.19 However, to our
knowledge, the influence of a2A-AR activation on acute MSP
outcomes in humans experiencing traumatic stress has not
been assessed. One way to assess the potential influence of
a2A-AR activation on acute MSP in trauma-exposed individ-
uals is to evaluate for associations between genetic variants
influencing a2A-AR function and acute MSP outcomes. If a2A-
AR activation influences acute MSP severity in humans
experiencing traumatic stress, then inherited differences in
the gene for a2A-AR, ADRA2A, should be associated with
individual differences in acute MSP severity. Few studies have
examined associations between ADRA2A polymorphisms and
responses to stress generally or pain outcomes specifically.
One 2004 study of healthy volunteers found that a poly-
morphism in the 39UTR (3’untranslated region) of ADRA2A

modulates autonomic responses to physiological and envi-
ronmental stress,23 and another study of healthy volunteers
found that ADRA2A polymorphisms predict evoked pain
responses.32 To our knowledge, no prospective cohort studies
have evaluated associations between ADRA2A genetic
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variants and clinical acute MSP outcomes following trauma/
stress exposure.

In this study, we assessed the association between a single-
nucleotide polymorphism (SNP) in the 39UTR of ADRA2A,
rs3750625, and acute MSP outcomes among individuals
experiencing MVC and sexual assault. We evaluated this SNP
because bioinformatics analyses indicate that it is in the seed
binding region of miR-34a, a miRNA known to affect pain and
stress responses.27,60 Increasing evidence indicates that one
common mechanism by which genetic polymorphisms influence
cellular function is by altering miRNA seed binding regions, thus
altering the ability of miRNA to bind and regulate mRNA and the
amount of protein product produced.2 When assessing the
association between rs3750625 and acute MSP outcomes, we
included potential gene variant 3 sex and gene variant 3 stress
interactions because genetic influences on MSP after stress
exposure are often sex and/or stress severity dependent
(eg,8,39,58). We then experimentally tested whether the allele
present at rs3750625 affects miR-34a binding to the 39UTR of
ADRA2A, and whether miR-34a and ADRA2A expression levels
change in key tissues involved in stress-induced hyperalgesia in
an animal model of stress exposure.

2. Methods

2.1. Motor vehicle collision cohort

2.1.1. Study design and population

The methods of the MVC study have been described.45 In brief,
individuals $18 and #65 years of age presenting to 1 of 8
emergency departments (EDs) in 4 no-fault insurance states
within 24 hours of MVC who did not have fracture or other injury
requiring hospital admissionwere enrolled. Patients whowere not
alert and oriented were excluded, as were pregnant patients,
prisoners, patients unable to read and understand English,
patients taking a b-adrenoreceptor antagonist, or patients taking
opioids above a total daily dose of 30 mg of oral morphine or
equivalent. In addition, enrollment was limited to non-Hispanic
whites (the most common ethnicity at study sites). Informed
consent was obtained from all participants and Institutional
Review Board (IRB) approval was obtained at all study sites.

2.1.2. DNA collection and genotyping

Study personnel collected blood samples at the time of
enrollment using PAXgene DNA tubes. Following DNA purifica-
tion (PAXgene blood DNA kit, QIAGEN), genotyping using the
Sequenom platform was performed at rs3750625. As described
above, this SNP was chosen for analysis based on its location in
a regulatory region of the pain and stress-associated gene,
ADRA2A, and because bioinformatics analyses suggest that this
allele might affect miR-34a binding (12,37,50,62). Two HapMap
samples and 2 repeat samples were included in each genotyping
batch of 96 samples to ensure genotyping accuracy and
reliability. rs3750625 was in Hardy–Weinberg equilibrium (P .
0.05), and repeat genotyping demonstrated greater than 98%call
agreement.

2.1.3. Assessments

Acute MSP severity was assessed in the ED using a verbal 0 to 10
numeric rating scale (NRS).9 Distress in the ED was measured
using the peritraumatic distress inventory.11 A validated cutoff of
23 was used to identify those with substantial distress.41

2.2. Sexual assault cohort

2.2.1. Study design and population

The methods of the sexual assault study have been
reported.4,38 In brief, women 18 years of age or older who
presented to 1 of 10 sexual assault nurse examiner (SANE)
programs in 4 states for medical care within 72 hours of sexual
assault were recruited. Women unable to give informed
consent (eg, due to intoxication) were excluded, as were
women who were hospitalized after sexual assault, lived with
their assailant, were prisoners, were pregnant, did not have
a telephone, and/or did not live within driving distance for
follow-up interviews. Institutional Review Board (IRB) approval
was obtained at all study sites and all study participants
provided written informed consent.

2.2.2. DNA collection and genotyping

Saliva specimens were obtained at 1-week follow-up evaluations
using Oragene DNA self-collection kits. Following DNA purifica-
tion, genotyping was performedwithin the same batches asMVC
cohort samples. HapMap samples and 2 repeat samples were
included in each genotyping batch to ensure genotypic accuracy
and reliability; repeated genotyping demonstrated greater than
98% call agreement, and rs3750625 was in Hardy–Weinberg
equilibrium (P . 0.05).

2.2.3. Assessments

Acute MSP severity was assessed in the ED using a verbal 0 to
10 numeric rating scale. One week after the assault, sexual
assault survivors completed an in-person computerized self-
report questionnaire that included an assessment of the
individual’s distress levels at the time of assault using the
acute stress disorder (ASD) questionnaire.13 The ASD is a 19-
item questionnaire assessing feelings that were experienced
during or immediately after the assault. Each item on the
questionnaire was evaluated via numeric rating scale from
0 (no distress) to 5 (high distress). A cutoff of 56 for substantial
acute stress (ASD scale) has been reported previously.13

However, over 90% of the participants in the sexual assault
cohort reported distress levels above this threshold; thus, we
used the median score of 77 to distinguish more vs less
distressed sexual assault survivors.

2.2.4. Statistical analyses

Sociodemographic characteristics of the sample were summa-
rized using standard descriptive statistics. General linear models
were used to evaluate the association between rs3750625 with
acute MSP outcomes and for potential sex x rs3750625 and
stress x rs3750625 interactions, adjusting for potential con-
founding by age and study site. Sex and stress-dependent
effects were evaluated because of increasing evidence that such
interactions are frequently present8,39,58 and because such
effects have been found in ADRA2A previously.19,23 A dominant
genetic model (homozygous for major allele vs other) was used in
all analyses due to the lowminor allele frequency (MAF5 0.05) for
rs3750625 in European Americans. Mean levels of MSP in
distressed and nondistressed individuals homozygous for the
major allele (CC) or individuals heterozygous or homozygous for
the minor allele (CA/AA) were obtained from general linear
models. All statistical analyses were completed using SPSS
software (v.23; SPSS Inc, Chicago, IL).
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2.2.5. Bioinformatics analyses

The miRdSNP online algorithm (http://mirdsnp.ccr.buffalo.edu/
search.php) was used to identify whether rs3750625 was
predicted to affect microRNA (miRNA) binding.12 The UCSC
genome browser (https://genome.ucsc.edu/) was used to de-
termine species conservation.28 RNA hybrid (http://bibiserv.
techfak.uni-bielefeld.de/rnahybrid/) was used to predict the
secondary structure of the miR-34a-ADRA2A binding event.33

2.2.6. Constructs

Lentiviral constructs containing either a firefly luciferase gene (pL-
SV40-GL3) or a renilla luciferase gene (pL-SV40-RLUC) were
used for dual luciferase assays.26 The 39UTR of ADRA2A was
amplified from human genomic DNA using primers 1-F and 1-R
(Supplementary Table 1, available online at http://links.lww.com/
PAIN/A354). The resulting 1360bp product was cloned down-
stream of the firefly luciferase gene in pL-SV40-GL3 using XhoI
and EcoRI restriction enzyme sites. This newly created construct,
pL-GL3-ADRA2A-maj, was sequenced to confirm the major
allele, C, at position rs3750625 in the ADRA2A 39UTR and was
then used as template to mutate the major allele to the minor
allele, A, using the QuickChange II Site-Directed Mutagenesis Kit
(Promega) and primers 2-F and 2-R (Supplementary Table 1,
available online at http://links.lww.com/PAIN/A354). The con-
struct containing the minor allele was named pL-GL3-
ADRA2A-min.

Seed region and compensatory regionmutations weremade in
the ADRA2A 39UTR using 2-step PCR. pL-GL3-ADRA2A-maj
was used as the parent construct, and primers containingmutant
sequence at either the seed region or compensatory site were
used to create constructs pL-GL3-ADRA2A-seed (Primers 1-F,
1-R, 7-F, and 7-R, Supplementary Table 1, available online at
http://links.lww.com/PAIN/A354) and pL-GL3-ADRA2A-comp
(Primers 1-F, 1-R, 6-F, 6-R, Supplementary Table 1, available
online at http://links.lww.com/PAIN/A354), respectively. The
pcDNA-based miR-34a expression construct (pC-34a) was
generously donated by Moshe Oren (The Weizmann Institute of
Science).

pLCE-s34 and associated controls, pLCE and pLCE sCXCR4
were generously donated from the Luftig Lab (Duke University).
Generation of these constructs and the efficacy withwhich pLCE-
s34 knocks down miR-34a expression have been previously
described.24

2.2.7. Cell culture and generation of neuroblastoma cells
stably knocked down for miR-34a expression

HEK293T cells were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM) with 10% fetal bovine serum (FBS) and 1%
gentamicin. IMR-32 cells are human adrenergic neuroblastoma
cells with high levels of the catecholamine precursor, tyrosine
hydroxylase.61 They were cultured in Eagle’s Minimum Essential
Medium (EMEM) with 10%FBS and 1% gentamicin. All cells were
incubated at 37˚C, 5% CO2.

To address whether miR-34a plays a significant role in
regulating endogenous levels of ADRA2A, we suppressed miR-
34a activity in the IMR-32 neuroblastoma cell line. miR-34a
activity was inhibited by transduction of these cells with a GFP-
based lentiviral miRNA sponge specific for miR-34a (s34). miRNA
sponges represent a well-established technique21,36,59 for
specifically and stably blocking the activity of an miRNA through
overexpression of an mRNA containing the GFP indicator gene

linked to multiple (in this case, 4) copies of an incompletely
complementary artificial target site for the miRNA of interest. This
particular miR-34a sponge has previously been shown to result in
robust knockdown of miR-34a.24

We also separately transduced a previously described26

control lentiviral miRNA sponge vector (sCXCR4) that expresses
a sponge specific for a small interfering RNA that inhibits CXCR4
mRNA expression. The second control vector represents the
parental lentiviral vector expressing only GFP (pLCE). Viral
transductants for pLCE-s34 were produced in HEK293T cells
using a third-generation lentiviral packaging system20 consisting
of pMD2-VSVG, pRSV-REV, pMDLgp, and either pLCE-s34
(“s34”), pLCE (GFP control), or PLCE-sCXCR4 (“sCXCR4,”
a control sponge). HEK293T cells were transfected using Fugene
6 reagent (Promega). Forty-eight hours after transfection, viral
media was collected, filtered, and concentrated using Amicon
Ultra centrifugal columns, and then added to the culture medium
atop IMR-32 cells, and integration of sponge sequence was
monitored by GFP expression. Cells with the top 30%mean GFP
fluorescence were sorted using FACS analysis (ARIA II) and
grown in culture until sufficient numbers of cells were available for
RNA isolation via TRIzol (Life Technologies) or for protein isolation
via RIPA buffer (Pierce).

2.2.8. Dual luciferase assays

Binding of miR-34a to ADRA2A was assessed using the above-
described FLUC and RLUC-based indicator vectors, pL-SV40-
GL3 and pL-SV40-RLUC. HEK293T cells were cotransfected
with pC-34a, pL-SV40-RLUC, and either pL-GL3-ADRA2A-maj
or pL-GL3-ADRA2A-min using Fugene 6 transfection reagent
(Promega). To assess dose-dependent binding, 20 fmol, 60 fmol,
and 120 fmol of pC-34a were used. For seed vs compensatory
binding experiments, 150 fmol of pC-34 was used.

Seventy-two hours after transfection, cells were collected and
lysed. Renilla luciferase and FLUC levels were measured on
a SpectraMax microplate reader (Molecular Devices) using
substrates from a dual luciferase reporter assay kit as described
(Promega); FLUC values were normalized to RLUC values.

2.2.9. RT-qPCR and western blotting

miRNA expression was measured by stem-loop reverse tran-
scription quantitative PCR (RT-qPCR). Total RNA was prepared
with TRIzol reagent according to the manufacturer’s instructions
and 10 ng of total RNA per reverse transcription reaction was
used. Primers for RT and probes for quantitative PCR (TaqMan)
were ordered from Life Technologies and used as directed. miR-
34a expression levels (microRNA assay number 000,426; Life
Technologies) were normalized to RNU48 (human samples) or
U87 (rat samples) (assay numbers 001,006 and 001,712,
respectively; Life Technologies).

For analysis of ADRA2A mRNA expression, RNA was first
treated with DNaseI (New England Biolabs) to remove genomic
DNA. Random primers were used for reverse transcription as
described (High Capacity Reverse Transcription Kit, Life Tech-
nologies) and SYBR reagents were used for qPCR with transcript
specific primers as instructed (Life Technologies). Primer
sequences for detecting ADRA2A mRNA in humans and rats
are shown in Supplementary Table 1 (available online at http://
links.lww.com/PAIN/A354). Endogenous control primers were
designed against B2M (human) and Beta actin (Rat); their
sequences are also shown in Supplementary Table 1 (available
online at http://links.lww.com/PAIN/A354).
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To compare a2A-AR protein levels after miR-34a knockdown,
protein was isolated from cells using RIPA buffer (ThermoFisher
Scientific) and protease inhibitors (ThermoFisher Scientific). Total
protein concentrations were measured with a BCA protein assay
(Pierce) and equal amounts of protein (26mg per lane) were loaded
onto a 4% to 12% Bis-Tris gel (LifeTechnologies) and analyzed by
western blotting. Primary rabbit anti-ADRA2A was from Boster
Antibody and ELISA Experts (PA2197), and primary rabbit anti-
b-actin was from Cell Signaling Technology (13E5, #4970).
Secondary anti-rabbit IgG HRP was from Cell Signaling Technol-
ogy (#7074). Signals were developed using ECL western blotting
substrate (Pierce) and in accordancewith product literature, bands
corresponding to ;50 kDa were identified as ADRA2A.

2.2.10. Animal studies

The US Army Institute of Surgical Research Institutional Animal
Care and Use Committee approved the described animal study,
which was conducted in compliance with the Animal Welfare Act,
Animal Welfare Regulations, and the principles of the Guide for the
Care and Use of Laboratory Animals and conformed to federal
guidelines. All efforts weremade tominimize the number of animals
used in these experiments and to minimize potential suffering.

Six adult (200-225g) male Sprague-Dawley rats (Charles River
Laboratories, Wilmington, MA) were pair-housed in a 12:12 hour
light/dark cycle with ad libitumaccess to food andwater. To induce
stress, rats were individually placed in cylindrical polyethylene
containers measuring 30-cm in diameter and 50-cm in height and
containing 20-cm of room temperature water for 20 minutes, as
previously described.46 Thiswas sufficient to force the rats to swim,
as they were unable to reach the bottom of the cylinder. Baseline
(no stress) subjects were placed in empty cylinders. Swimsessions
were performed once daily for three consecutive days. All ratswere
towel-dried and returned to clean cages following each session
and were observed for behavioral signs of distress.

Twenty-four hours following stress/sham exposure, rats were
given an overdose of pentobarbital sodium. The following tissues
were collected: adrenal glands, peripheral nerves, and dorsal root
ganglion from L2 to L5. Each tissue was isolated and immediately
stored in RNA later (ThermoFisher) at 280˚C. RNA was isolated
using TRIzol and RNA concentration was measured using
a NanoDrop 2000 (Thermo Scientific).

3. Results

3.1. Cohort characteristics

Characteristics of study participants in the initial cohort (MVC, n5
948) and replication cohort (sexual assault, n5 84) are shown in
Table 1. In the MVC cohort, all participants were European
American and the majority of the participants were women. For
the sexual assault cohort, the majority of the participants were
European American and all study participants were women. In
general, individuals experiencing MVC were older than sexual
assault participants, reported less overall MSP in the ED, and had
less distress at the time of trauma.

3.2. ADRA2A rs3750625 is located within the seed region of
a predicted binding site for miR-34a

Based on computational data from the online algorithm,
miRdSNP, ADRA2A rs3750625 is located in the seed binding
region for miR-34a.12 The minor allele, A, at ADRA2A rs3750625
is predicted to create an A-U basepair between miR-34a and
ADRA2A, increasing seed region binding affinity between

miR-34a and ADRA2A. This position is unpaired if miR-34a binds
the ADRA2A major allele (C, Fig. 1A). Examination of the full
miR-34a binding region of ADRA2A revealed that this region in
general, and the seed region in particular, is highly conserved
across mammalian species, suggesting that this is an important
miRNA binding site (Fig. 1B).

3.3. Acute MSP following MVC and sexual assault

In initial general linear models, the influence of ADRA2A
rs3750625 on acute MSP severity after both MVC and sexual
assault depended on the level of peritraumatic stress (Table 2).
Because of this interaction, the influence of ADRA2A rs3750625
was subsequently evaluated among individuals with higher and
lower levels of peritraumatic stress separately.

3.4. ADRA2A rs3750625 influences acute MSP severity
among individuals with higher levels of
peritraumatic distress

Individuals who reported higher levels of peritraumatic stress
during and after sexual assault and had one or more copies of the
ADRA2A rs3750625 minor allele (CA/AA) experienced more
severe acute MSP following sexual assault than individuals
homozygous for the major allele (CC5 9.3 vs CA/AA5 8.4, P5
0.020, Fig. 2). The same direction of effect and very similar effect
size was observed in the MVC cohort among those who reported
higher levels of peritraumatic stress during and after the MVC
although this difference did not reach statistical significance
(CC 5 7.1 vs CA/AA 5 6.3, P 5 0.120, Fig. 2).

3.5. miR-34a binds to the 39UTR of ADRA2A

To experimentally test whether miR-34a binds to the 39UTR of
ADRA2A, we cloned the full ADRA2A 39UTR downstream of
a firefly luciferase reporter gene and performed dual luciferase
reporter assays.26 Somewhat surprisingly, given imperfect
predicted seed binding, miR-34a binding to the 39UTR of
ADRA2A caused a dose-dependent decrease in luciferase
production with the major allele (Fig. 3A).

Table 1

Baseline characteristics of study participants.

Characteristic MVC SA

Enrolled, n 948 84

Age [mean (SD)], y 36 (13) 26 (8)

Females, n (%) 575 (61) 84 (100)

Ethnicity

European American 948 (100) 54 (64)

African American — 30 (36)

Education, n (%)

8-11 y 42 (4) 11 (13)

HS 184 (19) 16 (19)

Post-HS training (not college) 57 (6) 1 (1)

Some college 311 (33) 43 (51)

College 237 (25) 9 (11)

Postcollege 113 (12) 3 (4)

Overall ED pain, 0-10 NRS, mean (SD) 5.5 (2.4) 6.8 (2.9)

Distress in the early aftermath of trauma, PDI

scale (MVC) and ASD (SA), median

18 77

ASD, acute stress disorder scale; ED, emergency department; HS, high-school; MVC, motor vehicle collision;

NRS, numeric rating scale; PDI, peritraumatic distress inventory; SA, sexual assault; SD, standard deviation.
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3.6. The ADRA2A rs3750625 allele affects miR-34a binding
in vitro

We next compared binding of miR-34a to the 39UTR of
ADRA2A in the presence of the minor allele. Consistent with
miRdSNP prediction of increased base pairing of miR-34a to
the ADRA2A 39UTR seed region in the presence of the minor
allele (Fig. 1A), decreased luciferase production was observed
in the presence of the minor allele vs the major allele at all
concentrations of miR-34a (Fig. 3B).

3.7. The seed region of the miR-34a binding site in the 39UTR
of ADRA2A confers the majority of miR-34a binding
specificity in vitro

Because we observed binding of miR-34a to the 39UTR of
ADRA2A with the major allele present, which is not predicted to
form perfect seed pairing (suggesting a possible 3’compensatory
binding mechanism5), we made mutations in both the seed
region and the compensatory region of the ADRA2A 39UTR and

tested miR-34a binding (Fig. 3C). Dual luciferase reporter assays
demonstrated that the majority of binding between miR-34a and
the ADRA2A 39UTR is conferred through the seed sequence (Fig.
3D), and that this binding site is the only miR-34a site in the
ADRA2A 39UTR. (No binding was observed when this seed site
was mutated).

3.8. miR-34a regulates endogenous expression of ADRA2A
in cell culture

ADRA2A mRNA and protein levels were assayed in an IMR-32
neuroblastoma cell line stably expressing a miR-34a sponge.
IMR-32 cells exhibit adrenergic neurotransmitter properties47,61

and express both miR-34a and ADRA2A (Supplementary Fig. 1,
available online at http://links.lww.com/PAIN/A354). ADRA2A
mRNA levels (measured via RT-qPCR) increased by 2.5-fold in
the absence of miR-34a (Fig. 4A, P , 0.05, Mann-Whitney U

test). Consistent with this result, using western blotting, we also
detected an increase in the level of ADRA2A protein in the
presence of the miR-34a sponge as compared to pLCE and
sCXCR4 controls (Fig. 4B).

3.9. miR-34a and ADRA2A are coexpressed in rat tissues
relevant to pain and stress and their expression levels
change in response to forced swim stress exposure

For regulation to occur in vivo, miR-34a and ADRA2A must both
be expressed in stress-relevant tissues. Previous animal model
studies have shown that pain development following stress
exposure is influenced by the release of catecholamines from the
adrenal gland that then sensitize peripheral nociceptors.19,29 We
therefore examined miR-34a and ADRA2A mRNA expression in
the adrenal gland, peripheral nerve, and dorsal root ganglion
(DRG), both before and after forced swim stress.

3.9.1. Peripheral nerve and DRG

Consistent with previous reports, ADRA2A mRNA and miR-34a
were both expressed in the DRG3,25,55,56 and peripheral nerve
tissue, with higher levels of each RNA in the DRG (Supplementary

Figure 1. rs3750625 is in the seed binding region of miR-34a (A) rs3750625 (black arrow, bolded nucleotides) maps within a potential seed binding site for miR-
34a. Predicted base pairing between miR-34a and the ADRA2A 39UTR with either the major or minor allele is indicated by a solid vertical line (Watson-Crick) or by
a gray dot (wobble). The seed region of miR-34a (nucleotides 2-8) is underlined. (B) Nucleotide conservation among 7 mammals in the miR-34a binding region of
ADRA2A. The arrow indicates the location of rs3750625. Conserved nucleotides are grayed.

Table 2

General linear model examining the relationship between

candidate predictors and overall acute pain severity following

motor vehicle collision (n 5 922) and sexual assault (n 5 80).

Variable* Motor vehicle
collision

Sexual assault

F P F P

Age 3.83 0.051 ,0.001 0.999

Sex 0.037 0.947 N/A N/A

Peritraumatic distress† 34.19 ,0.001 0.011 0.918

rs3750625‡ 3.224 0.073 5.432 0.007

rs3750625 3 sex 0.102 0.750 N/A N/A

rs3750625 3 distress 4.103 0.043 5.467 0.007

* Study site was also included as a categorical variable.

† For the MVC, cohort distress was assessed in the emergency department using the peritraumatic distress

inventory,11 For the sexual assault, cohort distress was assessed using the Acute Stress Disorder

Questionnaire.13

‡ Dominant genetic model used for rs3750625.
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Fig. 2, available online at http://links.lww.com/PAIN/A354).
Following forced swim stress exposure, ADRA2A mRNA levels
decreased in the peripheral nerve (Fig. 5). In contrast, in
peripheral nerve tissues, miR-34a expression levels increased.
No change in ADRA2A mRNA or miR-34a expression was
detected in the DRG.

3.9.2. Adrenal gland

ADRA2A and miR-34a were also expressed in the adrenal gland
at lower levels than in the peripheral nerve and DRG (Supple-
mentary Fig. 2, available online at http://links.lww.com/PAIN/
A354). Swim stress exposure had little to no effect on adrenal
gland ADRA2A or miR-34a expression levels (Fig. 5).

4. Discussion

To our knowledge, the present report is the first to provide
evidence that acute MSP severity following traumatic stress
exposure is influenced by microRNA regulation of the
expression of an important stress/pain gene (ie, ADRA2A). In
addition, our results indicate that a specific SNP in the ADRA2A

gene nucleotide sequence, where miR-34a binds, affects
acute MSP variability. Specifically, our results suggest that
distressed individuals with the rs3750625 minor allele expe-
rience an approximately 1-point increase (on a 0-10 numeric
rating scale) in acute MSP after MVC trauma or sexual assault
due to the fact that the 39UTR of the ADRA2A gene is bound
more efficiently by miR-34a when the minor allele is present.
Importantly, the influence of the rs3750625 allele was stress
dependent. This finding is consistent with the known regulation
of miR-34a by stress18,27 and suggests that activation of the
same physiologic systems that result in subjective symptoms
of stress/distress also increase the expression of miR-34a and
enhance the impact of the rs3750625 allele on the cell
physiology of stress-relevant tissues and resulting phenotype.
These data also provide an example of the important influence
of stress-induced hyperalgesia on clinical pain outcomes after
trauma exposure and provide data supporting a physiologic
mechanism by which increased stress causes increased acute
MSP, distinct from traditionally hypothesized mechanisms
such as muscle tension.43

Donello et al previously showed that, in the absence of
ADRA2A, animals exhibit acute hyperalgesia (vs analgesia)
following exposure to sound and footshock stressors.19 Our
results showing that trauma-exposed individuals with the minor
allele at rs3750625 have increased miR-34a binding to ADRA2A,
reduced ADRA2A transcript, and increased acute MSP are
consistent with these preclinical data. In addition, data from
Donello et al., together with data from Levine et al., indicate that
low levels of peripherally located a2A-AR receptors lead to
reduced feedback inhibition of norepinephrine release in re-
sponse to stress.19,30 Norepinephrine can sensitize sensory
afferents; thus, high levels of this neurotransmitter (due to low
levels of a2A-AR) result in increased hyperalgesia.31 Our data
indicate that expression levels of ADRA2A and miR-34a RNAs
change in peripheral nerves in response to stress. If miR-34a
binds ADRA2A more efficiently in individuals with the risk allele,
then reduced levels of a2A-AR in such individuals would be
anticipated to result in higher circulating levels of norepinephrine
and greater afferent sensitization. Future studies measuring a2A-
AR gene expression and circulating levels of catecholamines in
trauma-exposed individuals with the major vs minor allele could
test this hypothesis.

Our results and those from other groups suggest that miR-34a
regulation of ADRA2A is likely to be tissue specific. In our study,
we assayed 3 stress-sensitive rat tissues (the adrenal gland,
DRG, and peripheral nerves) for biologically relevant overlapping
expression of miR-34a and ADRA2A mRNA and for expression
level changes following stress exposure. Though the two RNAs
were colocated in all three tissues, change in expression following
stress exposure was only consistent with direct miR-34a
regulation of ADRA2A in the peripheral nerves. These data are
consistent with previous reports, which have also suggested that
miR-34a and ADRA2A expression changes following stress
exposure are tissue (and perhaps stress) specific. For example,
ADRA2A expression in the locus corelus of Wistar and Wistar-
Kyoto rats exhibited no change following acute restraint stress,51

whereas ADRA2A was significantly downregulated in the bed
nucleus of the stria terminalis in response to repeated footshock
stressors.34 The fact that miR-34a and ADRA2A interaction is
likely tissue specific suggests important implications regarding
potential therapeutic targeting of miRNA, since miR-34a has also
been shown to play roles in tumorigenesis and cardiac
function.6,7,17,24,48,53,57 In other words, to avoid off-target effects,
such treatment would likely need to be specifically targeted to

Figure 2. Acute MSP following trauma is more severe in individuals with the
minor allele at ADRA2A rs3750625 who also reported stress in the early
aftermath of trauma exposure. (A) Following sexual assault, MSP severity was
higher in stressed individuals with at least one copy of the ADRA2A rs3750625
minor allele (CA/AA) vs individuals with the major allele (CC), *P 5 0.020.
Nonstressed individuals with at least one copy of the ADRA2A rs3750625
minor allele reported lower MSP severity, P5 0.116. A stress cutoff of 77 was
used to distinguish stressed from nonstressed individuals (ASD scale,
median). (B) A similar crossover interaction was observed following motor
vehicle collision. A distress cutoff of 23was used to distinguish distressed from
nondistressed individuals (PDI scale, previously validated cutoff41).
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pain-relevant tissues. Of note, in addition to ADRA2A, predicted
or experimentally validated targets of miR-34a and/or miR-449 (a
member of the samemiRNA family) include gene transcripts such
as COMT, CRHR1, SLC6A1, NOTCH1, and ADCY5.14,18,40,52

The effect of miR-34a/miR-449 on these transcripts, and/or
polymorphisms in these genes affectingmiRNA binding,may also
influence acute or persistent MSP outcomes after trauma
exposure. Therefore, future studies examining more general
transcriptional changes in miR-34a-influenced genes following
different types of stress and/or pain exposures are warranted.

We focused on rs3750625 in ADRA2A because it was
predicted to affect a miR-34a binding site by the miRdSNP
online database. Interestingly, however, because there is not
perfect complimentarity between the seed region ofADRA2Awith
the major allele and miR-34a, other miRNA target prediction
algorithms such as TargetScan and DIANAMicroT-CDSwere not
able to predict a binding event at this location. Therefore, our
approach enabled us to uncover a miRNA binding event that
would not have been discovered using traditional algorithm-
based miRNA target identification techniques. Additionally,
because of the general importance of seed binding for miRNA–
mRNA interactions,35 we hypothesized that we would detect less
binding with the major allele than we observed. This observed
binding led us to test whether miR-34a bound noncanonically, ie,

via the compensatory region.5 Surprisingly, we found that the
binding activity was in fact conferred through the seed region,
providing evidence that a seed region with a single mismatch can
still confer binding. Despite the evident importance of seed region
binding in the present study, many nonseed region target sites
(with a wobble base pair or bulge in the seed) have been identified
and are of high biological relevance.10,16,22

Our data are interesting in that it might shed light on a finding
from a paper published in 2004 showing that a genetic
association in the 39UTR of ADRA2A is associated with
physiological responses to stress.23 In this manuscript, the
authors showed that the minor allele of a polymorphism in a DraI
site caused rapid degradation of the mRNA. Upon examination of
the ADRA2A 39UTR, there are 4 DraI sites; the functional
polymorphism examined in the 2004 manuscript encompasses
rs553668 and is located 22 nt upstream of rs3750625. Although
this site is immediately outside of the miR-34a binding region, it is
still possible that the allele affects miR-34a binding through
indirect mechanisms such as RNA folding or protein binding.2

Because miRNA was not widely studied until the early part of the
millennium, it is likely that the authors of this paper did not
consider potential effects of miRNA.

Some limitations should be considered when interpreting the
results of this study. First, we focused on a single polymorphism

Figure 3. Characterization and functional assessment of miR-34a binding to the 39UTR of ADRA2A. (A) miR-34a binding to the 39UTR of ADRA2A containing the
major allele at rs3750625. Relative luciferase activity (y-axis) indicates miR-34a binding to ADRA2A (black bars) in a dose-dependent manner. Transfection of
a control miRNA was used to determine background luciferase activity (open bars). Each experiment was repeated 3 times in triplicate; error bars show standard
error of the mean. (B) Comparison of miR-34a binding to the 39UTR of ADRA2A with the minor allele (gray line, gray squares) vs the major allele (black line, black
circles) at rs3750625. Error bars show standard error of the mean based on 3 experimental replicates. Differences in luciferase activity between the major and
minor alleles were significant at all 3 concentrations of miRNA added. **P, 0.005 (Mann-Whitney U test). (C) Relative location of the miR-34a binding site in the
context of the 1.4 kb ADRA2A 39UTR. Mutations that destabilize base pairing (grayed and bolded nucleotides) were made in either the seed binding region or the
compensatory binding region of pL-GL3-ADRA2A-maj. (D) Relative luciferase activity wasmeasured for miR-34a binding (150 fmol) to the ADRA2A 39UTRwith no
mutations (WT), with mutations in the seed region (seed mut) or with mutations in the compensatory region (comp mut). Results are the average of 3 experiments
performed in triplicate. Error bars show standard deviation.
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instead of analyzing SNP association with acute pain outcomes
using previously established haplotypes.54 It is therefore
possible that other polymorphisms in LD with rs3750625 such
as rs1800763 also serve as functional polymorphisms that work
cooperatively with rs3750625-mediating miRNA binding

changes to affect ADRA2A mRNA levels. Second, our genetic
association results were not as significant in our large MVC
cohort as they were in the smaller sexual assault cohort. This
could be due to the relative frequency of the minor allele in
European Americans (5% in the MVC cohort) vs in African
Americans (;15%). Thus in the sexual assault cohort, which is
over one-third African American (n 5 30, 36%), we might have
hadmore statistical power to detect differences. Third, because
miR-34a and ADRA2A are predominately expressed in tissues
that are not feasible to collect in a live human cohort, we were
not able to examine whether levels of these RNA differ in
individuals with the major vs minor allele. However, in future
studies, it would be interesting to measure plasma catechol-
amine levels (with the caveat that quantification is difficult and
not always reliable15,44) in these individuals. Fourth, animal and
cell culture experiments included in this study used a single
animal line, Sprague-Dawley rats, and a single cell culture line,
IMR-32 neuroblastoma cells. Future studies should evaluate
experimental results in additional animal and cell lines. Finally,
we did not directly measure the effects of miR-34a on MSP
severity following stress exposure in animals. It would be
interesting to examine acute hyperalgesia following stress
exposure in animals that do not express miR-34a.
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