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Abstract

Background—Alterations in stress-related gene-expression may play a role in stress-related
drinking and the risk for alcohol dependence.

Methods—Microarrays were used to measure changes in gene-expression in peripheral blood in
non-smoking, social drinking subjects exposed to three types of personalized imagery: neutral,
stressful (but not alcohol-related), and alcohol-related cues. Gene-expression was measured at
baseline, immediately after, and 1 hour after stimulus presentation. Subjects were allowed to drink
up to 750cc of beer in a “taste-test” following stimulus presentation in each imagery condition,
and the amount of beer consumed was recorded. Gene-expression levels were compared in 2
groups of non-smoking subjects (n=11/group): heavy drinkers (HD, defined as regular alcohol use
over the past year of at least 8 standard drinks/week for women and at least 15 standard drinks/
week for men), and moderate drinkers (MD, defined as up to 7 standard drinks/week for women
and 14 standard drinks/week for men). Expression of microRNA10 (miR-10a) and microRNA 21
(miR-21) was assessed by quantitative real-time PCR (qRT-PCR).

Results—After correction for multiple testing (FDR<0.05), 79 genes were identified that
changed by > 1.3 fold in the HD group, but not the MD group, following exposure to stress. No
changes were observed for any of these genes in either group following exposure to neutral or
alcohol-related imagery. Pathway analysis suggested that many of these genes, form part of the
TAR-RNA hinding protein (TRBP)-associated complex and are positively regulated by miR-10a
and MiR-21. Expression of both miR-10a and miR-21 was up-regulated following psychological
stress in HD, but not MD subjects, however the differences between groups were not statistically
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significant. Expression levels of both microRNAs was correlated (miR-10a, R?= 0.59, miR-21
R2= 0.57) with amount drunk in HD, but not MD subjects.

Conclusions—Expression of miR-10a, miR-21 and several of their target genes is regulated by
acute psychological stress, and is correlated with stress-induced drinking in a laboratory setting.
Alterations in miRNA expression may be one mechanism linking psychological stress with
changes in gene-expression and increased alcohol intake in binge/heavy drinkers.

Keywords

alcohol dependence; microRNA; stress-related drinking behavior; gene-expression; microarray;
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Introduction

A variety of clinical and pre-clinical studies have implicated alterations in the neural
mechanisms mediating the response to stress and the hypothalamic-pituitary-adrenal (HPA)
axis in both the development of alcohol dependence and the risk for relapse in recovered
alcoholics (Sinha et al., 2009, Sinha et al., 2011). Abnormalities in HPA function have been
identified in alcohol-dependent subjects in a variety of states including active drinking, acute
withdrawal, and 4 weeks post-withdrawal (Adinoff et al., 2005). Alcohol dependent subjects
show higher basal levels of cortisol, lower basal levels of adrenocorticotropic hormone
(ACTH), and a blunted cortisol/ACTH response to stress (Sinha et al., 2011). Alcohol-
dependent subjects exhibit altered responses to both serotonergic and noradrenergic agonists
(Krystal et al., 1996) and altered cardiovascular responses to physical and psychological
stress (Bernardy et al., 2003). Animal studies show that alcohol treated rats have elevated
basal levels of epinephrine and norepinephrine, and a blunted response to mild stress
(Rasmussen et al., 2006). Stress induced anxiety and stress- induced alcohol craving as well
as dysregulated HPA response have been shown to predict subsequent treatment outcomes
including days in aftercare alcohol treatment and time to alcohol relapse (Sinha et al., 2011).

In animal models, alcohol has been shown to modulate the activity of a number of important
stress-related signaling pathways including those involving cyclic adenosine 3/, 5’-
monophosphate (CAMP)-dependent protein kinase A (PKA), protein kinase C (PKC), the
tyrosine kinase Fyn, and phospholipase D (PLD) (reviewed in (Newton and Messing,
2006)). Alterations in these molecular pathways have been implicated in the molecular
pathogenesis of addiction in general (Chao and Nestler, 2004), and addiction to alcohol in
particular (Rodd et al., 2007). However, with current technology there are no methods to
examine changes in gene-expression in the brains of living subjects. Thus, the extent to
which such changes have occurred in the brain or may serve to regulate drinking behavior
cannot be assessed while the patient is alive.

Peripheral cells, including lymphocytes, express many of the same signaling molecules
implicated as possible mediators of the long-term physiological effects of alcohol. These
include the CREB, phosphatidyl inositol, ERK, and EGFR pathways. Lymphocytes also
express a large number of neurotransmitter receptors including dopamine receptors,
cannabinoid receptors, B-adrenergic receptors, mineralocorticoid and glucocorticoid
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receptors, muscarinic acetylcholine receptors, substance P receptors, GABA A receptors,
serotonin receptors and transporters (reviewed in (Gladkevich et al., 2004)). A microarray
study evaluating the comparability of gene expression in blood and brain (Sullivan et al.,
2006) found that whole blood shares significant gene expression similarities with multiple
CNS tissues. These similarities in gene-expression between neural tissue and peripheral
lymphoid tissue, combined with the inability to directly sample gene-expression in the living
brain, have led to the suggestion that gene-expression in blood could provide useful
biomarkers related to alcoholism and addiction (Mayfield and Harris, 2009).

The development of alcohol dependence has been postulated to occur along a continuum
from voluntary consumption motivated by rewarding or hedonic effects to habitual and
ultimately compulsive use (Everitt and Robbins, 2005). A key factor, hypothesized to play a
role in mediating the transition from voluntary to compulsive use is stress-induced
alterations in gene-expression (Sinha, 2009b). However, little, if any, information is
available regarding how such changes may influence drinking behavior in human subjects.
In a previous study, we demonstrated alterations in the expression of multiple stress-related
genes in the peripheral blood of subjects with alcohol dependence compared to either heavy
or moderate drinkers (Beech et al., 2012). However, since gene-expression was analyzed at
only a single time-point, we were unable to determine the relationship of these changes to
drinking behavior.

In the present study, we used a well-characterized laboratory model for stress induced
drinking (Fox et al., 2012, Sinha et al., 2009) in combination with real-time monitoring of
stress-induced changes in peripheral blood gene-expression to assess the relationships
among stress, gene-expression and drinking behavior in two groups of subjects: heavy
drinkers (HD, defined as regular alcohol use over the past year of at least 8 standard drinks/
week for women and at least 15 standard drinks/week for men), and moderate drinkers (MD,
defined as up to 7 standard drinks/week for women and 14 standard drinks/week for men).
In this paradigm, subjects were exposed to three types of personalized imagery: neutral,
stressful (but not alcohol-related), and alcohol-related cues. Gene-expression was measured
at baseline, immediately after, and 1 hour after stimulus presentation. Subjects were allowed
to drink up to 750cc of beer in an “alcohol taste-test” following stimulus presentation in
each imagery condition, and the amount of beer consumed was recorded. Pathway analysis
using DAVID software (Huang et al., 2009) and GeneGO Metacore® software was used to
identify functional pathways and potential regulatory factors among those genes showing
altered expression in the stress condition. Expression of potential regulatory microRNAs
related to these genes was assessed using gRT-PCR.

Materials and Methods

Subjects

All procedures involving human subjects were approved by the Yale Human Investigation
Committee and are in accordance with the Helsinki declaration of 1975. All subjects
provided written informed consent at the time of enrollment in the study. Subjects were non-
smoking social drinkers who reported “liking beer”, between the ages of 21 to 50 years, and
were recruited from the community through local advertisements. Subjects were admitted
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for a 3- day hospital stay to the Yale Hospital Research Unit at Yale-New Haven Hospital
for participation in the study. During this period, they were required to stay on the unit,
within a controlled environment. All subjects reported no lifetime or current history of any
drug dependence (including alcohol dependence), did not meet criteria for any Axis | DSM-
IV psychiatric diagnoses, and provided negative urine toxicology screens during initial
appointments and at inpatient admission for laboratory sessions. To define the relationship
between gene-expression and drinking behavior, the subjects were divided into 2 subgroups:
HD and MD, as defined by the NIAAA (NIAAA, 2005). Subjects with current or prior
history of binge drinking or alcohol abuse, but not dependence, could be included in the HD
group. Drinking behavior was further characterized using the Alcohol Use Disorders
Identification Test (AUDIT) (Babor et al., 2001). The AUDIT is a 10-item screening
instrument designed to identify drinking behaviors and distinguish between low- risk
drinkers and individuals with hazardous and harmful patterns of alcohol consumption to
provide the appropriate intervention. Subjects were also asked how many days they had
consumed alcohol in the past 30 days.

Exclusion criteria included current nicotine users/smokers, current dependence on another
psychoactive substance, current use of opiates or past history of opiate abuse/dependence;
current use of any psycho- active drugs, including anxiolytics, antidepressants, naltrexone,
or antabuse; any psychotic disorder or current psychiatric symptoms requiring specific
attention, including need for psychiatric medications for current major depression and
anxiety disorders; any significant current medical condition such as neurological,
cardiovascular, endocrine, renal, liver, and thyroid pathology; subjects on medications for
any medical condition; women on oral contraceptives, peri- and postmenopausal women,
and those with hysterectomies; and pregnant and lactating women.

Imagery script development procedures

Before the laboratory sessions, guided imagery scripts for stress, alcohol cue and neutral
relaxing states were developed for each individual subject. The stress imagery script was
based on that subject’s description of a recent personal stressful event that was experienced
as ‘most stressful’. Most stressful was determined by having the subjects rate their
individual level of distress on a 10-point Likert scale where ‘1 = not at all stressful’ and ‘10
= the most stress they felt recently in their life’. Only situations rated as eight or above were
accepted as appropriate for script development. Examples include a breakup with a
significant other or unemployment-related stress. Trauma-related situations and those with
explicit alcohol cues were not allowed. The alcohol-related cue script was based on
individual situations that included alcohol-related stimuli and resulted in subsequent alcohol
use (e.g. buying alcohol and being at a bar, watching others drink alcohol). Alcohol-related
situations that occurred in the context of negative affect or psychological distress were not
allowed. A neutral script was developed from the participants’ individual experiences of
commonly experienced neutral- relaxing situations, such as a summer day relaxing at the
beach or a fall day reading at the park. Details of each elicited situation was described using
the scene construction questionnaire, based on methods developed by Lang et al (Lang et al.,
1980) and further adapted in our previous studies (Sinha, 2009a). Scripts were developed
using a standardized format, based on specific stimulus and response details of each
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situation and then audiotaped for presentation in the laboratory sessions. Order of imagery
condition and script type was randomly assigned across the 3 experimental days and
counterbalanced across subjects.

Habituation and imagery training session

One day before the laboratory sessions subjects were brought into the testing room where
they were acclimatized to specific aspects of the study procedures, such as the subjective
rating forms and then trained in relaxation and imagery procedures (Sinha, 2001).

Laboratory sessions

On each of the three testing days, subjects had a standard healthy lunch at noon, and were
brought into the testing room at 1400 hours by the research nurse. A blood pressure cuff was
placed on the subject’s preferred arm to monitor blood pressure and a pulse sensor was
placed on the subject’s forefinger to obtain a measure of pulse. This was followed by a 1-h
adaptation period. At 1500 hours, subjects were provided headphones and the audiotape
presented the instructions for the imagery procedure and the script for guided imagery. The
length of each script was approximately 5min. After imagery, subjects remained in the
testing room for an additional 75min to examine recovery from the imagery exposure and
for repeated assessments of mood and alcohol craving. In addition, immediately following
imagery and assessments, subjects were also presented with the “alcohol taste test” on each
day, a widely used and validated procedure to experimentally assess motivation for alcohol
consumption and amount of alcohol consumed following a variety of challenges (de Wit et
al., 2003).

After the imagery period and ratings of mood and craving, subjects were presented with a
tray of two 12-Oz beer mugs with chilled beer and a glass of water and ice. Subjects then
participated in a 10 minute “taste test” in which they were asked to taste the beer in each
mug to identify whether the brand and type of beer was the same or different in each mug.
They were told that they could drink as much as they wished to make this determination.
The amount of beer consumed on each experimental day was recorded. Blood draws for
RNA collection were performed at baseline (1 hour prior to presentation of the guided
imagery stimuli), immediately after and 1 hour after stimulus presentation on each of the test
days. Blood samples for measurement of cortisol and ACTH were also collected at these
times.

Cardiovascular Measures

A Critikon Dinamap 120 Patient Monitor (GE Medical Systems, Tampa, FL) was used to
assess the BP, and a pulse sensor was attached to the subject’s finger to provide a continuous
measure of pulse.

HPA axis measures

ACTH and cortisol samples were obtained in heparinized tubes, and blood samples for basal
norepinephrine determination were collected in tubes containing EGTA and reduced
glutathione. All tubes were placed on ice immediately after drawing and then aliquoted after
being centrifuged at 4°C within 30 minutes of collection. Blood samples for HPA axis

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Beech et al.

Page 6

measures were stored at —70°C and processed at the Yale Center for Clinical Investigation
Core Laboratories using standard radioimmunoassay procedures, as described previously
(Fox et al., 2012)

Sample Preparation and Microarray Analysis

Blood samples were collected directly into PAXgene blood RNA tubes (QIAGEN, Valencia,
CA) and stored frozen at —80° C. until processing to reduce variation due to differences in
sample processing. The choice to use whole blood rather than PBMCs or some other cell
fraction for analysis of gene expression is based on several factors. Primary among these is
the desire to capture gene expression profiles that are as close as possible to those that exist
in vivo. Collecting blood samples directly into PAXgene blood RNA tubes, which lyse the
cells and prevents degradation of the RNA present, prevents changes in gene expression
associated with differences in storage or handling of the samples prior to RNA extraction.
Total RNA and microRNA were isolated from 10 cc whole blood using the PAXgene Blood
RNA lIsolation kit (QIAGEN, Valencia, CA) using a modified protocol (Kruhoffer et al.,
2007) that allows total RNA, microRNA, and DNA from a single PAXgene blood RNA
tube. Total RNA samples were depleted of globin mRNA message using GLOBINCclear
hybridization capture technology (Ambion, Austin, TX). Globin-reduced total RNA
underwent cDNA synthesis and overnight in vitro transcription utilizing the llumina
TotalPrep RNA Amplification Kit (Ambion). Biotinylated cRNA (1.5 ug) was hybridized
onto an Illumina Sentrix Beadchip (Human-6v2) then scanned on a BeadArray Reader.
Microarray hybridization and scanning were carried out at the Yale Center for Genome
Analysis. All data have been deposited into the NCBI-GEQ repository, accession humber
GSE59206.

gRT-PCR analysis

gRT-PCR for microRNA10 (miR-10a) and microRNA 21 (miR-21) was carried out using
the TagMan® “Universal PCR Master Mix” Protocol (Applied Biosystems) and Real-Time
PCR probes listed on the NCBI Probe Database (miR-10a: TagMan assay name: has-
miR-10a, Assay ID: 000387; miR-21: TagMan assay name: has-miR-21: Assay ID:
000397). Expression level of each miRNA immediately after and 1 hour after stimulus
presentation was normalized to the baseline level of expression for that subject on the same
test day.

Normalization and Data Analysis

Statistical analysis of microarray data was carried out at the Keck Foundation Biotechnology
Biostatistics Resource (http://keck.med.yale.edu/biostats). lllumina BeadStudio software
was used to generate probe and gene expression profiles of each sample. Quantile
normalization was carried out using the package incorporated in the Illumina BeadStudio
software package. Further statistical analysis was carried out on all genes with a detection p-
value <0.01 as determined using the Illumina BeadStudio software (i.e. a 99% probability
that expression was above background) in > 90% of samples. To identify genes showing
differential expression, multivariate analysis of variance (MANOVA) for repeated measures
(Hand, 1987) was carried out for each group of subjects (MD or HD) under each of the test
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conditions (Stress, Alcohol-Cue or Neutral) using Partek® Genomic Suite (Partek Inc., St.
Louis, MO, USA.) Results were co-varied for the effects of age, race, sex, and batch. P-
values were adjusted to control the group-wise false discovery rate (FDR) at <0.05 (Reiner
et al., 2003). Network analysis was carried out using the DAVID Functional Classification
tool (Huang et al., 2009) and GeneGO Metacore® software (GeneGO, Inc., Encinitas, CA,
USA).

Demographics and Drinking Behavior During Laboratory Sessions

Demographic information on the two groups of subjects is summarized in Table 1. MD
(n=11) and HD (n=11) subjects did not differ significantly by sex, race, or age. As expected,
the HD subjects had higher AUDIT (Babor et al., 2001) scores (HD=13.1, MD=4.5, p<.
0001) and number of drinks/week (HD=16.7, MD=3.7, p=2.45E-05) than MD subjects.
There was also a trend for higher number of drinking days during the past 30 days
(HD=13.3, MD=7.2, p=0.06). In the laboratory sessions, the HD subjects drank more than
the MD subjects during the taste test under each of the test conditions, however the amounts
consumed by each group did not differ significantly by test condition (MD-neutral cue:
271.6 + 62.8 ml, MD-alcohol cue: 267.9 £ 62.1 ml, MD-stress cue: 273.4 + 55.8; HD-
neutral cue: 483.8 + 71.0, HD-alcohol cue: 518.4 + 68.8, HD-stress cue: 543.2 + 72.9).

Differential Gene Expression in Heavy vs. moderate Drinkers During Stress, Alcohol Cue
and Neutral Conditions

To identify genes showing differential expression in each group under the each of the test
conditions (Stress, Alcohol-Cue or Neutral), a repeated measures ANOVA was carried out
for each gene on the array. Table 2 shows the number of genes showing differential
regulation with a nominal p value <0.05 and Fold change > 1.3 in each group immediately
after cue presentation and 1 hour after cue presentation. As shown in Table 2, there were 92
genes with altered expression (68 up-regulated and 24 down-regulated) in heavy drinkers
one hour after the stress cue presentation, while none of the other conditions showed more
than 2 genes with altered expression. To compare the proportion of genes with differential
expression levels between conditions, we performed a statistical test between the rates based
on Poisson approximations. The results showed a highly significant difference between the
HD-group/stress condition and all of the other conditions tested (p= 1.7E-20).

Of the 92 genes showing stressed-induced changes in expression in the HD group, 79 (55
up-regulated and 24 down-regulated) remained significant after correction for multiple
testing (FDR< 0.05). These genes, and the associated fold-change and FDR-corrected p-
values are listed in Table 3. To identify functional relationships among the differentially
expressed genes we carried out pathway analysis using DAVID (Huang et al., 2009) and
GeneGO Metacore® software. Analysis using the GeneGO software package identified
three process networks that were significantly associated with the list of differentially
expressed genes: Translation: Elongation-Termination (P=7.02E-09); Translation: Initiation
(P=1.28E-05); and Proteolysis in cell cycle and apoptosis (P=1.93E-03). Analysis with
DAVID identified 2 biological processes associated with our gene list: Translational
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elongation (GO:0006414; FDR corrected P=1.60E-04); and Translation (GO:0006412; FDR
corrected P=1.36E-02). Examination of the “REACTOME?” list in DAVID associated with
our gene list showed a group of 6 genes (as well as 2 transcripts with predicted similarity)
associated with “3’ UTR-mediated translational regulation” (the only process significantly
associated with this list).

Closer examination of the list of “3’ UTR-mediated translational-regulation”-related genes
revealed that four of these genes (RPL9, RPL31, RPS3A, and RPS17) are part of the TAR-
RNA binding protein (TRBP)-associated complex (Chi et al., 2011). Three of these ((RPL9,
RPS3A, and RPS17) have been shown to be positively regulated by miR-10a (Orom et al.,
2008), while the fourth (RPL31) has been reported to be positively regulated by a different
microRNA, miR-21 (Li et al., 2009). Thus, changes in expression of these genes might be
related to changes in specific regulatory microRNAs. To explore this hypothesis, we carried
out gRT-PCR for both miR-10a and miR-21 using microRNA isolated from both MD and
HD subjects at all three time-points on the stress days. Both miR-10a and MiR-21 showed
increased expression 1 hour after the stress cue presentation in HD, but not MD subjects
(miR-21: HD, fold induction=1.59 + 0.32; MD, fold induction=1.01 + 0.24; miR-10a: HD
fold induction=1.24 + 0.16, MD, fold induction=1.05 + 0.15), however the differences
between groups were not statistically significant.

Relationship Between Stress-induced MicroRNA (miR-10a and miR-21) Expression and
Alcohol Consumption

To better understand the relationship between these changes and individual differences in
drinking behavior in the two groups, we plotted the fold-induction of miR-10a and miR-21
for each subject 1 hour after the stress cue presentation against the amount of beer consumed
by that subject during the 10 minute taste test. As shown in Figure 1, in HD subjects,
induction of both miRNA10a (Figure 1A) and miRNA21 (Figure 1B) 1 hour after exposure
to the stress cue was correlated with the amount of alcohol consumed (HD subjects:
induction of mMiRNA10a vs. amount consumed, R%= 0.59; induction of miRNA21 vs.
amount consumed, R?= 0.57), while in MD subjects, there was no association between
inductions of these miRNAs and the amount of alcohol consumed (Figure 1C, 1D) (MD
subjects: induction of miRNA10a vs. amount consumed, R?= —0.19; induction of miRNA21
vs. amount consumed, R?= 0.15).

Relationship Between MicroRNA (miR-10a and miR-21) Expression and Peripheral
Measures of Stress Reactivity

To explore the relationships among MiRNA expression changes, drinking behavior and
established measures of stress reactivity we assessed a number of physiologic measures of
stress previously shown to be related to stress-induced craving for alcohol (Sinha et al.,
2009, Sinha et al., 2011). These included baseline measurements of heart rate, systolic and
diastolic blood pressure, cortisol and corticotropin (ACTH) levels as well as changes in each
of these measurements following exposure to stress. None of these measures differed
significantly between HD and MD subjects in the current group of subjects. Of the measures
tested, induction of ACTH was most closely correlated with drinking behavior in both MD
and HD subjects. ACTH induction was also closely correlated with induction of miR21, but
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not miR10 in both groups. Correlations of each of these measures to induction of miR-10a
and miR-21, as well as the amount of beer consumed in the taste test is shown in Table 4.

Discussion

In this study we used whole genome microarrays to identify genes that were differentially
expressed in peripheral blood of non-smoking moderate/non-binge (MD) versus heavy-
binge (HD) socially drinking subjects, in response to three different personalized imagery
conditions: neutral-relaxing, alcohol-cue, and stress-cue. Imagery scripts were standardized
for script style and structure but were based on real events from each subject’s personal
history. After each condition, subjects were presented with a try of two chilled mugs of beer,
which served as a discrete alcohol cue in each condition, prior to the alcohol taste task. We
found that in MD subjects, there were few, if any, significant changes in any of the genes
expressed in peripheral blood under any of the test conditions. However, in HD subjects
there were a number of genes whose expression was specifically altered following exposure
to the stress cue. Peripheral measures of stress (heart rate, systolic and diastolic blood
pressure, cortisol and ACTH levels as well as changes in each of these measurements
following exposure to stress) did not differ significantly between HD and MD subjects, thus
the differences in gene-expression are not due solely to differences in HPA axis reactivity.

Pathway analysis showed that some of the genes showing altered expression encode
components of the TAR-RNA binding protein (TRBP)-associated complex (Chi et al.,
2011). Three of these genes ((RPL9, RPS3A, and RPS17) have been shown to be positively
regulated by miR-10a (Orom et al., 2008), while a fourth (RPL31) has been reported to be
positively regulated by a different microRNA, miR-21 (Li et al., 2009). We found that
expression of both miR-10a and miR-21 was increased following exposure to stress and was
positively correlated with the amount of alcohol consumed in HD, but not MD subjects.

TRBP was first identified and cloned based on its high affinity binding to the small hairpin
trans-activation responsive (TAR) RNA of HIV-1 (Gatignol et al., 1991). More recently,
TRBP has been shown be a constituent of the RNA-induced silencing complex (RISC)
serving as a Dicer co- factor in the processing of the ~70 nucleotide pre-microRNAs
(miRNAS) to 21-25 nucleotide mature miRNAs (Chendrimada et al., 2005). Ethanol-
induced alterations in the processing of pre-microRNAS has been proposed as a mechanism
for ethanol-induced teratogenicity (Miranda, 2012). TRBP also interacts with a large number
of proteins involved in regulation of diverse cellular functions including protein synthesis,
RNA post-translational modifications, cellular growth and proliferation, gene expression and
cell death, and may play a role in dampening the cellular response to stress (Daniels and
Gatignol, 2012).

miRNAs are a class of short approximately 22 nucleotide long regulatory molecules that are
involved in regulation of a large number of cellular functions. Recent evidence suggests that
these molecules play key roles in the response to stress at both the cellular and organismic
levels (Leung and Sharp, 2010). Intriguingly, some miRNAs, which normally suppress
expression of target transcripts, may become activators of expression during stress (Leung
and Sharp, 2007). Changes in miRNA expression have been proposed to play a role in gene-
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environment interactions related to the risk for various human diseases (Hudder and Novak,
2008). Changes in specific miRNAs have also been linked to long-lasting changes in stress-
responsiveness induced by early life stress in animal models (Uchida et al., 2010), and
regulation of stress induced anxiety (Haramati et al., 2011).

Given the well-known association between stress and risk for addiction, it is perhaps not
surprising that changes in miRNA expression have also been proposed to play a role in risk
for addiction to various substances (Hollander et al., 2010), including alcohol (Nunez and
Mayfield, 2012). miR9 has been reported to play a key role in the development of alcohol
tolerance by down- regulating the alpha subunit of BK channel, a high conductance calcium-
and voltage-dependent potassium channel (Pietrzykowski et al., 2008). Alterations in
miRNA expression profiles have also been linked to ethanol-mediated gut epithelial
dysfunction, inflammatory Gl disease, and ethanol- induced GI cancer (Miranda et al.,
2010). Altered miRNA expression profiles have been demonstrated in post-mortem tissue
from the brains of human alcoholics (Lewohl et al., 2011), and increased plasma level of
miR122 has been proposed as a marker for hepatic damage from a variety of causes
including alcoholic hepatitis (Zhang et al., 2010).

In the present study, we examined the expression of two specific miRNAs, miR-10a and
miR- 21, previously shown to regulate the expression of some of the genes that were up-
regulated by stress in the HD subjects in this sutdy. miR-10a has been shown to bind to the
5" UTR of ribosomal protein mRNAs (including 3 on our list) and enhance their translation
(Orom et al., 2008). miR-10a is also an important regulator of differentiation in
neuroblastoma cells (Foley et al., 2011), and up-regulation of miR-10a is linked to ethanol-
induced teratogenesis, through its effects on the Hoxal gene (Wang et al., 2009). In the
peripheral circulation, expression of miR-10a has been reported to be a specific marker of
regulatory T cells, and the level of miR-10a expression is inversely correlated with
susceptibility to autoimmune disease (Jeker et al., 2012).

miR-21 is overexpressed in many cancers including glioblastoma and contributes to tumor
resistance to chemotherapy (Li et al., 2009), while down-regulation of miR-21 inhibits the
EGFR pathway and suppresses growth of glioblastoma cells (Zhou et al., 2010). miR-21 is
also overexpressed in human gastric cancer tissues and cell lines (Zhang et al., 2008). These
data indicate that miR-21 is an important negative regulator of apoptosis. Previous studies
have shown that miR-21 can be down-regulated in vitro by alcohol in neural stem cell/
neural progenitor cells (NSC/NPCs) (Miranda et al., 2010), while chronic ethanol feeding
enhances miR-21 induction during liver regeneration (Dippold et al., 2012).

Intriguingly, previous reports have shown that expression of miR-21 is regulated by ethanol
in a GABAR dependent manner (Sathyan et al., 2007). Ethanol has long been known to
exert many of its intoxicating effects by potentiating GABA mediated inhibitory synaptic
transmission in the brain (Crews et al., 1996). Thus, our results, in which the stress-induced
increase in expression of miR-10a and miR-21 was correlated with increased consumption
of alcohol in heavy drinkers, support a heuristic feed-forward model in which psychological
stress in vulnerable individuals promotes increased alcohol consumption, increased alcohol
consumption leads to altered GABAAR signaling, which leads to alterations in miRNA
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expression, that then lead to changes in stress-responsive gene-expression, and increased
vulnerability to stress-induced drinking. This model provides a number of testable
hypotheses that can be explored in future studies using both animal and human laboratory
models of stress-induced drinking behavior.

Limitations of this study include a relatively small sample-size and the fact that stress
activated genes were assayed at the level of gene-expression rather than protein or functional
assays, since it is well known that many post-transcriptional and post-translational
modifications can affect the level and function of these proteins independently of changes in
gene-expression. Also, since whole blood was used as the source of total RNA, it is possible
that changes in RNA expression involving specific cell-types or blood compartments may
have occurred, but were not detected in the current experiments due to dilution by RNA
from other blood compartments. In addition, the direct effects of alcohol on the expression
of these genes were not controlled for, since the final time-point for gene-expression was
after the test taste was completed. However, the fact that no changes were seen in either
group following the neutral-relaxing or alcohol-related cues, and the amount of alcohol
consumed by subjects in each group did not vary significantly by test condition, suggests
that these changes are not solely due to direct effects of alcohol on the genes in question. In
addition, we surveyed only two of several hundred miRNAs. It is likely that other miRNA
species may be involved in mediating the effects observed here.

Conclusions

In the present study, we found that stress-related expression of both miR-10a and miR-21
was positively correlated with the amount of alcohol consumed following exposure to the
stress cue in HD, but not MD subjects. HD subjects also exhibited selective changes in the
expression of a number of genes following exposure to the stress cue that was not seen
following exposure to either neutral-relaxing or alcohol-related cues and was not seen in
MD subjects under any of the test conditions. These results suggest that the mechanisms
governing stress-related expression of both miRNAs and their down-stream targets are
altered in subjects with a history of heavy drinking. Alterations in miRNA expression may
be one mechanism linking psychological stress with changes in both gene-expression and
drinking behavior.
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Figure 1. Correlation between induction of miR-10a and miR-21 1 hour after stress-exposure

and amount of beer consumed by HD and MD subjects

Induction of both miR-10a and miR-21 was correlated with the amount of beer consumed in
HD, but not MD subjects. Level of induction is measured as the expression at 1 hour after
stress/baseline expression of that miRNA for each subject. A: miR-10a induction 1 hour
after stress vs. amount of beer consumed in HD subjects; B: miR-21 induction 1 hour after
stress vs. amount of beer consumed in HD subjects; C: miR-10a induction 1 hour after stress
vs. amount of beer consumed in MD subjects; D: miR-21 induction 1 hour after stress vs.

amount of beer consumed in MD subjects.
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Table 1

Subjects included in between group comparisons- Summary of demographic information.

MD subjects (n=11) HD subjects (n=11)  P-value

Male 8 (73%) 8 (73%) N.S.
Female 3 (27%) 3 (27%) N.S.
Caucasian 8 (73%) 10 (91%) N.S.
African American 3 (27%) 1 (9%) N.S.
Age (avg.) 285 29.9 N.S.
AUDIT score 45 13.1 <.0001
# Drinking days in past month 7.2 133 0.06

# of Drinks/ week (avg.) 3.7 16.7 2.45E-05

Categorical variables (race, sex) were compared between groups using the chi-squared statistic, while numerical variables (age, AUDIT scores,
number of drinking days/month, and number of drinks/week) were compared using Student’s t-test.
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