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Abstract

Background—Plasma or circulating miRNAS (;miRNAS) have potential diagnostic value as
biomarkers for a range of diseases. Based on observations that ethanol altered intracellular
miRNAs during development, we tested the hypothesis that plasma miRNAs were biomarkers for
maternal alcohol exposure, and for past in utero exposure, in the neonate.

Methods—~Pregnant sheep were exposed to a binge model of ethanol consumption resulting in an
average peak blood alcohol content of 243 mg/dl, for a three-trimester equivalent period from
gestational day (GD) 4 to GD 132. MiRNA profiles were assessed by quantitative PCR analysis in
plasma, erythrocyte and leukocytes obtained from non-pregnant ewes, and plasma from pregnant
ewes 24 hours following the last binge ethanol episode, and from newborn lambs, at birth on ~GD
147.

Results—Pregnant ewe and newborn lamb 5;;miRNA profiles were similar to each other and
different from non-pregnant female plasma, erythrocyte or leukocyte miRNAs. Significant
changes in ymiRNA profiles were observed in the ethanol-exposed ewe, and at birth, in the in
utero, ethanol-exposed lamb. ¢;ymiRNAs including miR-9, -15b, -19b and -20a were sensitive and
specific measures of ethanol exposure in both pregnant ewe and newborn lamb. Additionally,
ethanol exposure altered guide to passenger strand ¢,miRNA ratios in the pregnant ewe, but not in
the lamb.

Conclusion—Shared profiles between pregnant dam and neonate suggest possible maternal-fetal
miRNA transfer. cjymiRNAs are biomarkers for alcohol exposure during pregnancy, in both
mother and neonate, and may constitute an important shared endocrine biomarker that is
vulnerable to the maternal environment.

Keywords

Plasma miRNAs; passenger strand miRNA; miRNA*; maternal alcohol exposure; fetal alcohol
exposure

3Contributing author to whom all correspondence should be addressed at: Texas A&M Health Science Ctr., College of Medicine,
Dept. Neuroscience & Experimental Therapeutics, Medical Research and Education Bldg, 8447 State Highway 47, Bryan, TX
77807-3260, phone: 979-436-0332, fax: 979-436-0086, miranda@medicine.tamhsc.edu.



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

1duosnuely Joyiny vd-HIN

Balaraman et al.

Page 2

Introduction

Maternal alcohol consumption during pregnancy can result in a range of anatomical defects
and behavioral deficits, collectively termed the “Fetal Alcohol Spectrum Disorder” or FASD
(Mattson et al., 2011). Fetal Alcohol Syndrome (FAS) represents the severe end of the
FASD continuum, and is diagnosed by the presence of craniofacial dysmorphology among
other anatomical features (Jones and Smith, 1975). The prevalence of FAS varies
geographically, and within ethnic groups, reportedly 0.02-0.15% (Centers for Disease
Control and Prevention (CDC), 2012) in the United States, but as high as 5.9-9.1% in South
Africa (May et al., 2013). Estimates for the prevalence of FASD range from 2-5% of the
school age population in the US and Western Europe (May et al., 2009), to 13.6-20.9% in
South Africa (May et al., 2013). FASD is a significant public health and economic burden
(Popova et al., 2012).

Early diagnosis of FASD is important to mitigate secondary disabilities that arise later in life
(Hellemans et al., 2010). However, key elements in the diagnosis including the presence of
facial dysmorphology, accompanied by a documented history of maternal alcohol
consumption are difficult to ascertain. Not all developmentally exposed children exhibit
overt anatomical evidence of exposure (Kvigne et al., 2012), and a documented history of
drinking during pregnancy is only moderately correlated with dysmorphology (May et al.,
2013). Several promising biomarkers for fetal alcohol exposure, including fatty acid ethyl
ester in neonatal meconium (Peterson et al., 2008), ethyl glucuronide in placenta (Matlow et
al., 2012), and phosphatidylethanol in newborn blood (Bakhireva et al., 2013) have been
identified. Each of these is useful, but subject to potential limitations due to turnover of
these metabolites with time following exposure. Furthermore, given the variable relationship
between alcohol exposure and outcome severity, there is a clear need for biomarkers of
‘fetal alcohol effect’ in addition to markers of “fetal exposure’.

In this study we assessed circulating microRNAs (5ymiRNAS) as a biomarker for ‘alcohol
effect’ in the pregnant mother and the infant. MiRNAs, a class of small non-protein-coding
RNAs, that control protein translation, have recently been found to be secreted into plasma
and other fluid compartments, either within exosomes (Gallo et al., 2012), or coupled to
chaperones like the Argonaut proteins (Arroyo et al., 2011) or low density lipoprotein
(Vickers et al., 2011). Early reports suggested that ymiRNAs are useful biomarkers for
pregnancy and for human diseases like cancer and trisomy-21 (Chim et al., 2008; Go et al.,
2008; Mitchell et al., 2008). ¢;miRNASs have recently been reported to be altered following
alcohol-induced liver damage and inflammation (Bala et al., 2012). We previously showed
that ethanol altered miRNA expression patterns in developing neural tissues (Balaraman et
al., 2012; Sathyan et al., 2007) and in whole animal models (Pappalardo-Carter et al., 2013).
We therefore tested the hypothesis, in a model of gestational alcohol exposure in sheep
(Ovis Aries), that exposure would also alter ¢;;miRNA profiles in the pregnant mother, and
lead to persistent alterations in the neonate.

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 May 01.
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Materials and Methods

Animals and breeding

All experimental procedures were approved by the Texas A&M University IACUC. Sheep
were chosen as a model system because of their history as an experimental model for human
pregnancy (Barry and Anthony, 2008), because a majority of expressed sheep miRNAs are
conserved mammalian miRNAs (Zhang et al., 2013), and because sheep, like humans, are
generally uniparous, and all three trimester equivalent periods of fetal development occur in
utero. General Sheep husbandry protocols are described in Supplementary Methods 1.

Experiment protocol

Pregnant ewes were divided into alcohol (1.75 g/kg body weight) and control (0.9% saline at
a volume and infusion rate equivalent to that of the alcohol dose) groups. Experiments began
on gestational day (GD) 4 and ended on GD 132 (i.e., over all three trimester equivalent
periods of pregnancy (Ramadoss et al., 2007)). On GD4, an intravenous catheter (16 gauge,
5.25 in Angiocath™ Becton Dickinson, Sandy, UT, USA) was placed percutaneously into
the jugular vein. Infusion solutions were delivered intravenously using a Grady Medical
VetFlo® 7701B 1V automated infusion pump. On the day of infusions, ewes were connected
to the infusion pump and alcohol (40% w/v) or saline was infused continuously over 1 hour.
Alcohol or saline was administered on three consecutive days followed by four days without
alcohol to mimic a binge-drinking pattern (i.e., three times a week from GD4-GD132,
Figure 1 (Caetano et al., 2006; Ebrahim et al., 1999; Gladstone et al., 1996)). Jugular vein
catheters were maintained and replaced as needed to maintain aseptic conditions and
patency. Using a Vacutainer® needle (Becton Dickinson, Sandy, UT, USA), blood was
collected by jugular venipuncture directly into Vacutainer® sterile glass tubes containing
ethylenediaminetetraacetic acid (EDTA, Becton Dickinson, Sandy, UT, USA), from the
ewe, at 24 hours following the final episode of ethanol exposure, and from the lamb within
one hour of birth (GD 147+2). Methodologies for assessing blood alcohol concentration
(BAC) are outlined in Supplementary Methods 2. The mean BACs in the alcohol group
across the 5 months of the study (three trimester equivalent periods) was 243.18+20.26
mg/dl (Figure 1), and there was no statistical difference in BACs between animals
(ANOVA, F(524)=0.294, p=0.91).

Sample Preparation

Plasma samples were separated from whole blood by centrifugation, and freeze-dried to
capture all plasma miRNAs, irrespective of their association with vesicles or chaperone
proteins (Arroyo et al., 2011; Gallo et al., 2012; Vickers et al., 2011). Erythrocytes were
isolated after removal of plasma and the leukocyte-containing buffy coat. Leukocytes were
purified by Ficoll-Paque PLUS (GE Healthcare Bio-Sciences, Uppsala, Sweden) gradient
centrifugation according to the manufacturer’s instructions. Plasma and erythrocyte
hemoglobin content was analyzed by NanoDrop® ND-1000 UV-Vis Spectrophotometer
(Thermo Scientific, MA) for the presence of oxy-hemoglobin (500 and 600 nm) and deoxy-
hemoglobin (~550nm) (Zijlstra and Buursma, 1997) and free hemoglobin (~414nm)
(Kirschner et al., 2011).

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 May 01.
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RNA Extraction

Total RNA was extracted using the MagMAX Viral RNA isolation kit (Ambion, Austin,
TX). Yield and purity were evaluated with a NanoDrop ND-1000 spectrophotometer. A260/
A280 ratios between 1.96 and 2.04 were obtained for all samples of isolated RNA,
confirming purity. RNA samples were stored at —80°C before use.

MiRNA and mRNA Expression Analysis

Most expressed ovine miRNAs are conserved mammalian miRNAs, while species-specific
miRNAs constitute <1.0% of expressed miRNAs (Zhang et al., 2013). We therefore used the
Exigon miRCURY LNA Universal RT miRNA PCR panels (Exigon miRNA Ready-to-use
PCR Human Panel I1+11 V2. M/R, Exiqon, Denmark) of pre-aliquoted LNA PCR primer sets
on 384 well plates arrays used for high throughput miRNA expression profiling of
conserved mammalian miRNA content in sheep. One caveat for the use of human miRNA
panels is that miRNAS containing ovine-specific polymorphisms within the priming region
would fail to amplify, and consequently be assessed as ‘absent’. The miRCURY LNA
Universal RT cDNA synthesis kit were used for cDNA synthesis from total RNA (25ng).
1:1 mix of diluted cDNA template and SYBR Green master mix were loaded on to the PCR
plates for real time, gPCR analysis on an Applied Biosystems 7900HT fast Real-time PCR
system (ABI/Life Technologies, Grand Island, NY). QPCR analysis for the mRNA for
erythrocyte-specific band-3 membrane protein (SLC4A1) was conducted to assess
erythrocyte contamination of plasma samples using published (Perrotta et al., 2005) forward
(5"-aacgagtgggaacgtagctg-3”) and reverse (5’ -cttcatattcctcctgetccag-3”) primers.

Data Analysis

Exigon Panel 1 and Panel 2 miRNAs were analyzed separately, since they constituted
distinct populations of miRNAs that were segregated onto plates based on their level of
expression in cells, their regulation in disease and commonality in the published literature.
Cycle Thresholds (CTs) were determined using SDS2.4 (ABI/Life Technologies), and data
calculated as ACT (CTmirnax-CTaverage_for_sample). i-€., normalized to the average CT value
for all of the expressed miRNAs in that sample. CTayerage _for_sample Values were not
significantly altered by ethanol exposure (Supplementary Figure 1a,b). In contrast,
CTaverage_for_sample Values were significantly lower in cell-derived miRNA samples
(erythrocytes and leukocytes) compared to plasma-derived samples (non-pregnant and
pregnant ewes, showing that miRNA content in total RNA was significantly higher in cells
compared to plasma (Supplementary Figure 1c). Data (ACTs) were analyzed with
GeneSifter® Analysis Edition (GSAE, Geospiza/Perkin Elmer, Seattle, WA), or by SPSS
(ver. 20, IBM, Armonk, New York). Data were subjected to Analysis of Variance
(ANOVA) or T-tests, with Benjamini and Hochberg false discovery rate (FDR) correction
for multiple comparisons (a=0.05). For graphical representation, expression of individual
miRNAs and mRNAs was calculated as 2*-AACT (where AACT =

ACT sample-"*"ACT Reference_Group)- Additional methodologies for cluster, principal
component (PCA) and receiver-operator characteristic (ROC) analyses, and bioinformatics
analyses are described in Supplementary Methods 3.

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 May 01.
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cirmiRNA profiles are distinct from erythrocyte and leukocyte miRNAs and change with

pregnancy

Damaged leukocytes and erythrocytes may leak miRNAs into plasma (Pritchard et al.,
2012). This possibility was assessed in five steps. Firstly, spectrometric assessment showed
that erythrocytes-specific peaks corresponding to oxy- and deoxy-hemoglobin (Zijlstra and
Buursma, 1997) and peaks corresponding to free hemoglobin (Kirschner et al., 2011) were
spectrometrically undetectable in plasma samples (Supplementary Figure 2a). Secondly, the
erythrocyte-specific mMRNA encoding SLC4A1, the band-3 trans-membrane protein, was
expressed in erythrocytes but not leukocytes or plasma (Supplementary figure 2b). Thirdly,
the highly abundant nuclear RNA, U6 snRNA was 4.3 x 103—fold more highly expressed in
leukocytes compared to plasma of non-pregnant ewes (p<1.23E-06). Fourthly, miRNAs that
were previously identified as enriched in erythrocytes, lymphocytes or myeloid cells
(Kirschner et al., 2011; Pritchard et al., 2012), were found to be enriched in erythrocyte
(200- to 6,500-fold) and leukocyte samples (20- to 470-fold), relative to plasma samples
(Supplementary Figure 2c). Finally, to further examine the specificity of plasma miRNA
profiles, we compared the expression of erythrocyte and leukocyte miRNAs, and ¢;miRNAs
in non-pregnant female ewes to ;;miRNA expression in control third trimester-equivalent
pregnant ewes and control newborn lamb. Statistical analyses indicate that 55.66% (418/751
miRNAs from panels 1 and 2, Supplementary Data 1) of miRNAs were significantly
different when controlling for FDR (a.=0.05), suggesting high variance in miRNA
expression between blood compartments (erythrocytes, leukocytes and plasma), compared to
within-compartment variance. Cluster analysis by sample showed that both erythrocyte and
leukocyte miRNAs were dissimilar to ¢;;miRNAs obtained from all sources, and

that oiymiRNA profiles in the newborn lamb were most closely related to ¢,miRNA profiles
in third trimester-equivalent pregnant ewes (Figure 2a). Clustering by miRNAs showed a
similar outcome, that most statistically significant miRNAs could be broadly clustered into
two groups, those that were expressed at low levels in erythrocytes and leukocytes, and a
high levels in plasma (yellow bar), and those that exhibited high expression in cells relative
to plasma (blue bar).

PCA of statistically significant miRNAs shows that PCA component-1) (Comp. 1, Figure 2b),
which accounts for most of the variability, discriminates between cellular (erythrocyte and
leukocyte) miRNAs and all plasma miRNA samples. PCA component-1) MIRNAs like
miR548b-3p, and miR-548b-3p were expressed at higher levels in plasma compared to
leukocytes and erythrocytes, whereas miRNAs like miR-30b were expressed at lower levels
in plasma compared to leukocytes and erythrocytes (Figure 3 shows additional examples of
PCA (component-1) loaded miRNAs, for fold-change values relative to leukocytes, see
Supplementary Figure 3a). Importantly, in non-pregnant female samples, two Panel-2
miRNAs, miR-1264, miR-124*, were undetected in leukocytes, but detected in plasma, and
several miRNAs including for example, miR-224*, were detected in leukocytes, but not in
plasma (Supplementary Data 1). These data collectively indicate that ¢;;miRNAs constitute a
distinct, unique pool. Additionally, PCAcomponent-2) discriminates between plasma samples
from non-pregnant ewes compared to both pregnant ewes and lamb, (Comp.2, Figure 2) but

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 May 01.
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was unable to discriminate between lamb and pregnant ewes. This indicates that ¢;;miRNAS
of the ewe near the end of pregnancy are similar to jymiRNA content of the newborn lamb.
These data show firstly, that damaged leukocytes and erythrocytes are not the source

of ¢iymiRNAs. Secondly, ymiRNA profiles change with pregnancy. Thirdly, ¢miRNA
profiles in the newborn lamb are similar to the profile in the pregnant dam at the end of the
third trimester-equivalent period.

Lastly, these data provide evidence for measurement reliability. Two miRNAs, miR-103 and
miR-199, represented within the content of both panel 1 and 2, exceeded the FDR criterion
of a=0.05. MiR-103 loads onto PCAomponent-1) in both panels 1 and 2, discriminating
similarly between plasma and cellular miRNAs (Figures 2b and 2c). Figure 2d shows that in
panels 1 and 2, miR-103 is significantly overexpressed in erythrocytes and reduced in
plasma, compared to leukocytes. Further analysis (Supplementary Figure 2d) shows high
intra-sample correlation for miR-103 and miR-199 expression on panels 1 and 2 (Pearson’s
r=0.92, p<4.02E-11 and r=0.8, p<1.42E-06 respectively).

Ethanol exposure results in significant changes in ¢jymiRNAs in third trimester-equivalent
pregnant ewes and in newborn lambs

Ethanol exposure resulted in decreased plasma RNA content (F(y 20)=7.26, p<0.014). Post-
hoc examination of the data showed that the ethanol-exposed ewe specifically exhibited
decreased plasma RNA content (p<0.004, Figure 4), without a persistent effect in the
ethanol-exposed lamb.

Analysis of ;;miRNA expression in control and ethanol-exposed pregnant ewes and lambs
showed that a total of 7.3% of sampled 5;miRNAs (52/378 miRNAs from panel 1 and 3/373
from panel 2, Supplementary Data 2) were significantly altered as a function of treatment,
with FDR-corrected a=0.05. Panel-2 contributed only three miRNAs, miR-432*, miR-600,
and miR-548c-5p, to the total pool of regulated ;miRNAs, indicating that common rather
than rare cellular miRNAs contribute to the ;;miRNA response to alcohol exposure.
However, panel-2 also contained 8 additional ;miRNAsS, like miR-190b (Supplementary
Data 2) that were expressed at high levels in the control pregnant ewe, but completely
undetectable in the ethanol-exposed ewe (and therefore excluded from statistical analysis).
These ¢;ymiRNAs may constitute binary biomarkers for maternal alcohol exposure.

Hierarchical clustering of panel 1 miRNAs by sample (Figure 5a) showed that the jymiRNA
profiles from saline control third-trimester pregnant ewes and newborn lambs were most
similar to each other, and that the next closest relationship was with samples from ethanol-
exposed pregnant ewes. The ¢miRNA profiles newborn lambs exposed in utero to ethanol
were the most dissimilar to all other groups. Clustering by panel 1 miRNAs (Figure 5a)
showed two main groups of o;;miRNAs that were induced (blue bar), or suppressed (yellow
bar) in the newborn lamb exposed in utero to ethanol, compared to all other groups.

PCA of panel-1 miRNAs showed that PCA ¢omponent-1), accounting for 72% of the variance,
discriminated between prenatally ethanol-exposed lambs and all other groups (Figure 5b).
This indicates that the largest variance in ¢miRNA expression in the dataset was due to the
effects of in utero ethanol exposure in the neonatal lamb. PCA component-2), accounting for

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 May 01.
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18% of the variance, separated the pregnant ethanol-exposed ewe from both saline-treated
control groups. In contrast, PCAcomponent 3), accounting for 7% the variance in the dataset,
separated the two saline control groups (Supplementary Figure 4), indicating that

the ;ymiRNA complement of the third trimester-equivalent pregnant ewe and the newborn
lamb are similar to each other. PCA component-1) MIRNAs, like miR-720 and miR-572 were
suppressed, while miR-34b was induced in the plasma of newborn lambs exposed in utero to
ethanol, compared to all other groups (Figure 6, for fold-change values, see Supplementary
Figure 3b). Other PCA component-1) MIRNAs additionally discriminated between ethanol
exposure in the pregnant ewe and in utero exposure in the newborn lamb. For

example, ymiRNAs like miR-9, miR-15b, -19b, and -20a were induced in the ethanol
exposed pregnant ewe, but suppressed in the ethanol-exposed lamb (Figure 6). In silico
analysis (DIANA-mirpath) indicated that PCAcomponent-1) MIRNAs are significantly
associated with developmentally relevant signal transduction pathways including PI13k-Akt,
Neurotrophin and Wnt signaling pathways (Supplementary Data 3). These predicted
associations between PCA component-1) MIRNAs and target pathways need to be validated,
but they collectively advance a hypothesis that these miRNAs constitute an ethanol-sensitive
endocrine signal for fetal and neonatal growth. Other PCA component-2) MIRNAs like
miR29b-2* discriminated between ethanol exposed ewes on one hand and control ewes and
lambs on the other. In contrast miRNAs like miR-622, and miR-200a, which exhibit an
intermediate fit between PCA component-1) @d PCAcomponent-2), Were suppressed and
induced respectively in ethanol exposed pregnant dams as well as newborn lambs (Figure 6).
To determine the possibility of using PCAcomponent-1) cirMIRNAs as biomarkers, we
conducted ROC analysis for miR-9, miR-15b, miR-19b and miR-20a. ‘Area under the
curve’ (AUC) values for these selected miRNAs were greater than 0.938 + 0.09 (all
asymptotic significance values, p<0.043), for both the pregnant ewe and the lamb. These
data indicate that PCA component-1) cirMiRNAs are potentially sensitive and specific
measures of alcohol exposure.

One caveat to the data showing that in utero ethanol exposure had a significant persistent
effect on lamb plasma miRNASs is that we were unable to control the sex of the lambs
assigned to treatment and control groups. Because pregnant ewes were assigned to ethanol
or control groups at GD4, i.e., before fetal sex determination was possible, there was an
asymmetric distribution of sexes in control (2 male and 4 female) and ethanol exposed
groups (5 male and 1 female). Therefore, to assess the effect of sex on ¢;miRNA profiles,
we re-grouped panel-1 and panel-2 miRNAs by sex (7 male vs. 5 female neonatal lambs). T-
tests comparing iymiRNA profiles in lambs categorized by sex, were computed and
compared to T-tests between lambs categorized by ethanol-exposure. With an uncorrected
p<0.05 cutoff, ethanol exposure resulted in ~5-fold more miRNAs, that reached criterion
compared to sex, with only 2 miRNAS shared between each set of comparisons. With an
FDR corrected a.=0.05, or even with a relaxed cutoff of a=0.3, there were no statistically
significant differences due to sex in either panel-1 or panel-2 miRNAs, whereas 42 miRNAs
met criterion (FDR-corrected a =0.05) in the in utero ethanol exposed lamb compared to
control. Box-plots for the distribution of ¢;;miRNA expression by sex are shown in
Supplementary Figure 5. While these data indicate that sex of the neonatal lamb did not

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 May 01.
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significantly contribute to differences in ymiRNA content, and consequently, to the ethanol
response, this assumption needs to be verified in future, in carefully stratified human studies.

cirMIRNA/mMiRNA* and ¢;;5p/3p mRNA ratios

Within the cytoplasm, Dicer cleaves pre-miRNA transcripts to generate shorter 5" and 3’
single stranded RNA molecules (miRNA-3p and miRNA-5p). In many cases one strand, the
guide strand, is typically retained by cells, while the other, the passenger strand or miRNA*,
is thought to be preferentially degraded (Matranga et al., 2005). Changes in the retention of
passenger strand miRNAS, resulting in altered miRNA/mMiRNA* ratios have been shown to
result in altered regulation of MRNA targets (Yang et al., 2011). Because of inadequate
ovine data, we used sequencing data for human miRNAs from miRBase (www.mirbase.org,
release 19) to identify miRNA/miRNA* pairs in our dataset of 5p and

3p ¢irMiRNAs. ciymiRNA pairs that could not be assigned to guide and passenger strand
identities in miRBase were analyzed separately. Ratios of mMiRNA/miRNA* and 5p-
miRNA/3p-mRNA were determined. Pearson’s correlation analyses indicated a low
correlation in miRNA/miRNAX* ratios (Figure 7a,b, Pearson’s r=—0.006, p<0.94) and 5p/3p
(r=-0.053, p<0.79) between plasma and leukocytes derived from non-pregnant females,
again indicating that plasma miRNAs are not derived from cell damage. There was also no
correlation in ;miRNA/MIRNA* (Figure 7a, Pearson’s r=0.036, p<0.63) or /5/3’
(r=0.217, p<0.29) ratios between pregnant ethanol-exposed and control ewes. This suggests
that ethanol exposure results in altered maternal miRNA processing and guide strand
selection of secreted miRNAS. In contrast, to the low correlation between control and
ethanol exposed mothers, there was a strong, significant correlation between ¢;;miRNA/
miRNA* ratios in control and in utero ethanol exposed lambs (Figure 7a,c, r=0.9,
p<0.0000001), indicating that in utero ethanol exposure did not persistently alter miRNA
processing or guide strand selection in tissues that contribute ;miIRNA/MIRNA* pairs to
neonatal plasma. Interestingly, there was no correlation between control and in utero ethanol
exposed lamb ,5p/3p MRNA ratios (r=0.047, p<0.818), indicating that plasma expression
of miRNA 5p/3p pairs that are free from active guide strand selection is dysregulated, in
contrast to miRNA/miRNA* pairs.

Despite overall high correlation in ;;miRNA/miRNA* ratios between control and ethanol-
exposed lambs, individual ¢;,miRNA/miRNA* ratios may be selectively altered by ethanol.
We reported above, that ¢;;miRNA-432* was significantly increased in the ethanol-exposed
lamb. This miRNA is localized within the RTL1 imprinted genomic locus, associated with
fetal and neonatal growth defects (Kagami et al., 2008). We therefore examined the effects
of ethanol exposure on the ratio of miR432/miR432* in pregnant ewes and newborn lambs.
Analysis of variance indicated an overall statistically significant effect on this ratio
(F3,16)=7-52, p<0.002), and post-hoc tests indicated that the control lamb plasma expressed
a significantly higher ratio of miR-432/432* compared to the ethanol-exposed lamb, and
pregnant control and ethanol-exposed ewes (Figure 8, all ‘p’ values < 0.02). These data
indicated that the newborn lamb plasma exhibits miR-432 guide strand dominance, but this
dominance is reduced in the plasma of the pregnant dam, and in the in utero ethanol-
exposed lamb.

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

cirmiRNAs have emerged as diagnostic biomarkers in a variety of diseases, including cancer
(Mitchell et al., 2008), neurological diseases (Go et al., 2008; Siegel et al., 2012), brain
damage (Redell et al., 2010), and alcoholic liver damage (Bala et al., 2012). We (Balaraman
et al., 2012; Pappalardo-Carter et al., 2013; Sathyan et al., 2007) and others (Tal et al., 2012;
Wang et al., 2009) showed that ethanol influences cellular miRNA expression during
development. We therefore tested the hypothesis that alcohol exposure during pregnancy
also alters ymiRNAS in the pregnant mother, and leads to persistent alterations

in ¢iyMiRNAs, in the neonate.

An initial screen indicated that blood cells (leukocytes and erythrocytes) and plasma express
different miRNAs. Moreover, erythrocyte-specific mRNAs and hemoglobin could not be
observed in plasma. Therefore, at least under normal physiological conditions, ¢;miRNAs
are a unique pool, not derived from leaky blood cells. However, alcoholism is associated
with hemolytic anemias (Ballard, 1997), and consequently, despite lack of evidence for
contamination in the ovine model, ¢;;miRNAs in alcoholic mothers may well include
erythrocyte miRNAs. ¢jymiRNA profiles were also significantly altered by pregnancy.
Surprisingly, the ;miRNA complement of the pregnant ewe was most similar to the
newborn lamb. Such similarity raises a strong possibility that miRNAs are shared between
mother and fetus. Placental trophoblast RNA products (Go et al., 2008) and miRNAs (Chim
et al., 2008) are indeed shed into maternal circulation, and the possibility that the maternal
compartment sheds miRNAs into fetal circulation also deserves consideration. Moreover, it
is likely that these miRNAs are functional, since secreted miRNAs have been shown to
mediate intercellular communication (Montecalvo et al., 2012), and to promote
developmentally important biological endpoints like angiogenesis (Zhang et al., 2010).
Consequently, shared maternal-fetal ;miRNAs may constitute a novel endocrine signal that
coordinates maternal-fetal physiology.

Binge ethanol exposure during pregnancy resulted in decreased maternal plasma RNA
content and significant alterations in ¢;;miRNAS, 24 hours following the final binge,
showing that .;miRNAs are useful biomarkers for maternal ethanol exposure. MiRNAs like
miR-190b, which were completely suppressed in the ethanol-exposed ewe, are also
decreased by the opioid agonist fentanyl (Zheng et al., 2010), suggesting that they represent
a common signature for drug exposure. In contrast, other suppressed ymiRNAS like
miR-29b-2* may serve as a specific biomarker for ethanol exposure during pregnancy.

Significant ,miRNA alterations due to three-trimester-equivalent in utero alcohol exposure
were also observed in the neonatal lamb, i.e., 15-17 days following the last exposure
episode. This altered ¢;,miRNA profile represents a persistent effect of prenatal alcohol
exposure. Moreover, statistical comparisons between lamb and mother showed that plasma
samples of the in utero ethanol exposed newborn lamb were most different from all other
groups. PCA component-1) MIRNAS represent a lamb-specific response to in utero alcohol
exposure and, as supported by ROC analysis, serve as sensitive and specific biomarkers for
an exposure history. It is important to note that the newborn lamb is developmentally more
mature than the end-of-third-trimester human neonate. It is possible therefore,
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that ;;miRNA changes due to in utero ethanol exposure may also persist in the human for
an extended developmentally equivalent period.

Importantly while PCAcomponent-1) cirMIRNAs like miR-572 and miR-720 were decreased
in the lamb compared to all other groups, other ¢,miRNAs like miR-34b were significantly
induced in the lamb by previous in utero ethanol exposure. These data imply that the
neonate’s ¢;MiIRNA response does not passively mirror the pregnant ewe’s response.
Moreover, PCA component-1) cirMiRNASs also appear to constitute a unique disease signature
that distinguishes between fetal alcohol exposure, and several other neurological and
psychiatric disorders including multiple sclerosis (Siegel et al., 2012), schizophrenia (Lai et
al., 2011), and neural tube defects (Gu et al., 2012). These data support the feasibility of
using iymiRNA profiles in the neonate, as a unique biomarker of fetal alcohol exposure.

Importantly, ymiRNAS are also functional (Zhang et al., 2010), and may therefore
contribute to the pathophysiology of FASD. For example, members of the miR-34 family
inhibit osteoblast proliferation and differentiation (Wei et al., 2012) and consequently the
persistent induction of ymiR-34b in the in utero ethanol exposed neonate, would be
predicted to result in decreased skeletal growth, a feature associated with in utero alcohol
exposure in animal models (Sawant et al., 2013) and in humans (Habbick et al., 1998).

Other PCA component-1) cirMIRNAs like miR-9, miR-15b, and members of the miR17-92
cluster were induced in the pregnant ethanol-exposed ewe, but decreased in the neonate.
Clearly. ;ymiRNA responses in the neonate do not passively reflect maternal responses to
ethanol, though some do represent common targets of maternal and neonatal vulnerability.
For example, mir-15b expression is decreased in placenta following preeclampsia (Mayor-
Lynn et al., 2011), a condition which increases the risk for both maternal mortality and fetal
growth retardation. Continued decreased expression of this miRNA in plasma of the in utero
ethanol-exposed neonate may be a biomarker for earlier fetal as well as maternal distress. A
second example is miR-9, which is important for neural stem cell maturation and brain
development (Leucht et al., 2008; Shibata et al., 2011). MiR-9 knockdown in a zebrafish
model resulted in microcephaly (Pappalardo-Carter et al., 2013). In utero ethanol resulted in
decreased plasma miR-9 in lamb, consistent with several reports showing that ethanol
decreases the expression of miR-9 in developmental models (Balaraman et al., 2012;
Pappalardo-Carter et al., 2013; Sathyan et al., 2007; Tal et al., 2012). In contrast, the
observed induction of miR-9 in maternal plasma following ethanol exposure recapitulates
other findings (Pietrzykowski et al., 2008), that miR-9 induction in the adult mediates acute
tolerance to alcohol. Consequently, the increased ymiR-9 expression in the ethanol-exposed
mother may represent a peripheral trace of neural tolerance, while ¢,miR-9 suppression in
neonatal plasma may represent a persistent trace of ethanol’s suppressive effects on fetal
brain growth. One caveat to these data showing a persistent effect of in utero ethanol
exposure on neonatal plasma miRNAs, is that we were unable, in this uniparous model of
pregnancy, to control for fetal sex, because ethanol treatment was initiated before sex
determination was technically feasible. Re-categorizing animals by sex rather than treatment
showed that none of the assessed, FDR-corrected miRNAs were expressed in a sexually
dimorphic manner in neonatal plasma. These data however, do not eliminate the possibility
of an interaction between sex and ethanol exposure history, a factor that needs to be assessed
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further. Analysis of ¢;;miIRNA/MiRNA* and ;miRNA-5p/3p ratios indicates that in the
pregnant dam, ethanol appears to directly interfere with the process of guide and passenger
strand selection in cells that contribute .j;miRNAs to plasma. However, this effect does not
appear to persist within the plasma compartment of the neonate. In this context, the
persistent decrease in the ratio of o;;miR432/miR432* in the ethanol exposed neonate is very
interesting. The mechanism underlying selective alteration of miRNA/mMiRNA* ratios is
unclear. However, miR432/432* is coded within an imprinted genomic region which
includes genes like DIO3, which have been shown to be increased in placenta following in
utero ethanol exposure and have also been identified as potential biomarkers of ethanol
exposure (Shukla et al., 2011).

In summary, these preclinical studies show that ;miRNAS are candidate biomarkers for
maternal ethanol exposure, as well as biomarkers in the neonate for in utero, fetal exposure.
The specific cohort of ethanol-responsive miRNAs may be species specific, though

some ;MiRNAs like miR-9 may well be a conserved biomarker for fetal and adult
exposure. Moreover, in light of data on the effects of mMiRNAs like miR-9 on fetal
development, ¢;miRNA profiles in the neonate may represent a persistent trace of fetal
alcohol “effect’ rather than exposure itself. This important concept is supported by a recent
report demonstrating an association in the adult, between ;,;miRNAs and ethanol-induced
liver damage (Bala et al., 2012), and suggests that ymiRNAs may serve as biomarkers for
brain and organ damage following in utero ethanol exposure. Finally, emerging evidence
for ¢;ymiRNA functionality suggests that shared maternal-fetal ;;;miRNAS, particularly
PCA (component-1) MIRNAs, may constitute vulnerable endocrine signals that coordinate
maternal-fetal physiology.
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Figure 1.
Average peak blood alcohol levels attained in binge-ethanol-exposed ewes over the three trimester-equivalent period of

pregnancy. Pregnant ewes were exposed to ethanol or saline from GD4 to GD132 on a weekly schedule of three days exposure
and 4 days of non-exposure. Lambs were born on GD147+2, i.e., two weeks after the last maternal ethanol exposure.
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Evidence for distinct cellular (leukocyte and erythrocyte) and plasma miRNA expression profiles. (2) MiRNAs that passed
FDR-corrected ANOVAs (a=0.05) were subjected to Euclidean Cluster analysis with average linkage and rows centering on
miRNAs, showing that leukocyte and erythrocyte miRNAs were distinct from plasma miRNAs. (b,c) Principal component
analysis of both panel 1 and 2 miRNAs (ACTs) showed that PCA component-1) Separated leukocyte and erythrocyte miRNAs
from all plasma miRNA samples, while PCA component-2) Separated the non-pregnant ewe from both the pregnant ewe and the
newborn lamb. ¢;;miRNA samples from the pregnant ewe at GD132 were most similar to plasma samples from neonatal lamb
on postnatal day 1. (d) Expression of miR-103 in Panel 1 and Panel 2. Data (mean+SEM) expressed as 2*-AACT (where AACT
= ACT sample-"**"ACTReference_Group, and the M ACT peference_Group Was the mean ACT in leukocytes). Sample size = 6 each
for erythrocyte, leukocyte, non pregnant ewe and lamb plasma and = 4 for pregnant ewe plasma.

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



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Balaraman et al.

1.00E+08

1.00E+05 +

1.00E+02

1.00E+03
1.00E+00
1.00E-03
1.00E+01

miRNA Expression (2A-AACT)

1.00E-01

1.00E-02

1.00E-01

1.00E+06 +

1.00E+00 T

miR-548b-3p miR-520c-3p
— = 100E+08 —
i —  1.00E+06 + =
1.00E+04 T————— —
=
""" 1.00E+02 B
= . 1.00E+00 =
miR-624* - miR-556-3p
—  1.00E+08
1.00E+05 =
= 1.00E+02 —
- 1.00E-01 =
miR-425 miR-30b
1.00E+00 +——
N 1.00E-02 - —
7] i =
- m 2 U 3 10EM =5 35 3
2 2 2 8§ B 2 3 & B
g 3§ 2 3 g 3 3 3
s} g & o B 5] ] D 5
= 2 3 H ] = 2 3 s
g 5 2 & 3 g 3 2 3
A I I
H I
Figure 3.

I

(wmgysey

miR-488
1.00E+07 e
1.00E+08 ———F— —
1006401 1 —%F — — —
1.00E02 - -
miR-554
1.00E+03 7
1.00E+00 —
=
TWES = w53 g
e < o o) =3
S = 8 8 2
g 3 3 3 3
L 8 2 &P
@ E H g
z z
= 3

Page 17

| Plasma
Enriched

Plasma
Depleted

Expression patterns of sample PCA component-1, -2 and -3 miRNAs in leukocyte, erythrocyte and plasma miRNAs. Data
(meaniSEM) are eXpI’eSSEd as 2A'AACT (Where AACT = ACTsamp|e'meanACTReference_Group, and the meanACTReference_Group
was the mean ACT in leukocytes).
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Effects of maternal ethanol exposure on ¢;miRNA profiles in 3'-trimester-equivalent pregnant ewe and newborn lamb.

(a) cirmiRNAs that passed FDR-corrected ANOVAs (a=0.05) were subjected to Euclidean Cluster analysis with average
linkage and rows centering on miRNAS, showing that the in utero ethanol-exposed newborn lamb was different from all other
groups. (b) PCA component-1) Separated the in utero ethanol exposed lamb from all other groups, whereas PCA component-2)
separated the ethanol-exposed pregnant ewe from both control groups (pregnant ewe and newborn lamb). Sample size = 4 each
for ethanol-treated and control pregnant ewes and = 6 each for control and in utero ethanol-treated lamb.

1duosnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

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



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

1duosnuey Joyiny vd-HIN

Balaraman et al.

PCA comp. 1
hsa-miR-572

1.E+02

IFa
1.E+00
—
- B
1.E-01 .*

1.E-04
1.E+01

1.E-02

1.E-04
hsa-miR-720

1.E+02

hsa-let-Ta

-

1.E-01

miRNA Expression (Fold-Change)

1.E-03

1LE+02 hsa-miR-570

1.E-02
hsa-miR-34b

1.E+06

Expression patterns of sample PCA component-1, and -2 ;miRNAs. Data (mean+SEM) are expressed as 2*-AACT (where
AACT = ACTsamp|e'meanACTReference_Group, and the meanACTReference_Group Wwas the mean ACT in SalinE'treated pregnant

Ethanol
Effect:

1.E+06
1.E+04
1.E+02
1.E+00

1.E+03

Neonate

c'1.E+01

1.E-01

1.E+01

Neonate 1.E+01
Increased

1.E-01

o

o (\& a0
nd 2 s
@& & VS

PCA comp. 1
hsa-let-Td*

=

e |

hsa-miR-15b

-+

N

hsa-miR-19b

@
Y
N

«® v

Figure 6.

females.

Page 20

PCA comp. 2
Ethanol hsa-miR-29b-2* Ethanol
Effect: 1.E+03 - Effect:
Neonate _- - Matemal
Increased 1 E-01 = Decreased
/Meonate
l Increased
1.E-05
PCA comp. 1/comp.2 intermediate
hsa-miR-200a
1.E+06 =
1.E+03
- -
= [Maternal
1.E+00 =
hsa-miR-622 Neonate
1.E+01 -
Matemnal — -
Increased
/Necnate 1 g_g2 .
Decreased
1.E-05
& & @ @
o° o O o
LA &
o

&Y

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



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Balaraman et al. Page 21

o
o

Correlation: Fold-expression guide:passenger strand miRNA . R2=0.12063
< 20E+05 - o .
I R E % t
T E 20E:03 - o ®®® Q o
— ; ° ° g o =
1 EE‘ 2.0E+01 - LY
0.9 -+ o ° o
E 20E-01 - ‘l"-f %y o
0.8 - 8 ° oo ©
— a LI
. . 2.0E-03 *
w 0.7 - AR =R\ S\ I <
- 2 IN] o N N} ) N
: %’ @t @’ x x x x
3 06 NG b:'b N '\E’Q’ r{,!& \{.ﬁ’, b‘Q’Q’
& 05 ¢ Leukocyte miRNA/miRNA*
<]
o 04 - « R?=0.82685 *
= = ] e
c 03 - ) o 1.5E+05
(=] . . ‘ B e | E
R TREEEE. . S x=d. /| Leucocytes S 15E+03 -
° o1 V) ema =N e  //iamb EtOH Z 156401 |
= e . ISA \\"\'~-\\ Lamb Saline E Lse01 - °
(o] 0 L, ~— L1 o
o = s £
01 ., F—/ ~~—_// Pregnant EtOH = 1.5E-03 -
&< L a S
& 8 \ Pregnant Saline 2 15E-05
& _J—,’z» <<}0 \.\\%\0\2\ T E > I P F P
L "5 o 2 o
o <& Q'b‘\ ‘0‘1 < \ - Q‘@D q@ g('/g QQ/"Q Q@xg Q,@xg
Q’\z ‘0% \?(0 {6‘0 M L AT NS LN a
N
Lamb Ethanol miRNA/miRNA*
Figure 7.

Analysis of the ratio of guide to passenger strand (mMiRNA/mMiRNA*) expression. (a) Bar graph of correlation matrix. ‘Y’ axis
indicates Pearson’s ‘r’. Data show that leukocyte miRNA/miRNA* ratios do not correlate with ratios in plasma samples. There
was also not a statistically significant correlation between plasma miRNA samples from control and ethanol-exposed pregnant
ewes (r=0.036, p<0.63), but a strong correlation between control and in utero ethanol exposed neonatal lamb r=0.9,
p<0.0000001). (b,c) miIRNA/MIRNA* correlations between (b) plasma and leukocytes, and (c) between control and in utero
exposed neonatal lambs.
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Figure 8.
Ratio of miR432/miR432* expression in neonatal lamb relative to pregnant ewe. Asterisk indicates statistically significant
comparison.
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