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Background: Given the challenges of confirming prenatal alcohol exposure (PAE) during pregnancy
using currently established biomarkers of alcohol consumption, we examined whether serum micro-
RNAs (miRNAs) may serve as stable biomarkers for PAE. Alterations in the levels of specific circulat-
ing miRNAs have been associated with various disease states and in animal models of fetal alcohol
spectrum disorder.

Methods: Pregnant women in this prospective study were recruited from substance abuse and gen-
eral maternity clinics affiliated with the University of New Mexico. Serum was collected at the time of
admission for delivery from 14 subjects who reported ≥1 binge-drinking episode or ≥3 drinks/wk during
pregnancy and 16 subjects who reported abstinence during pregnancy and tested negative for 5 ethanol
biomarkers. Total RNA was isolated from serum and used for microarray analysis.

Results: False discovery rate-corrected analyses of covariance revealed that 55 miRNAs were signif-
icantly altered between the 2 groups. Hierarchical clustering using only the significantly altered miR-
NAs grouped samples into alcohol-consuming and non-alcohol-consuming individuals. Discriminant
analysis then identified miRs-122*, -126, -216b, -221*, -3119, -3942-5p, -4704-3p, -4743, -514-5p, and -
602 as the top 10 discriminators between the 2 groups. Ingenuity Pathway Analysis of putative miRNA
targets illustrated that miRNAs identified in this study are involved in biological pathways that mediate
the effects of alcohol, such as brain-derived neurotrophic factor, ERK1/2, and PI3K/AKT signaling.

Conclusions: This is the first report of alterations in serum miRNA expression that are associated
with alcohol use during human pregnancy. These results suggest that serummiRNAs could be useful as
biomarkers of alcohol exposure.

Key Words: Serum miRNAs, Maternal Alcohol Consumption, Prenatal Alcohol Exposure,
Biomarkers, Microarrays.

DESPITE EVIDENCE THAT consuming alcohol dur-
ing pregnancy is harmful for the developing fetus,

more than 10% of women in the United States report at least
some alcohol use during pregnancy (Tan et al., 2015). The
prevalence of fetal alcohol syndrome in the United States
ranges from 0.5 to 2.0 per 1,000 live births in the general pop-
ulation to 1.4 to 9.8 per 1,000 live births in high-risk groups
(May and Gossage, 2001). Based on active case ascertain-
ment methods, the prevalence of the entire continuum of
fetal alcohol spectrum disorder (FASD) has been estimated
to be as high as 24 to 48 per 1,000 live births, or 2 to 5% in
the United States (May et al., 2014). However, the identifica-
tion of children adversely affected by prenatal alcohol expo-
sure (PAE) can be difficult because many of them do not
exhibit any of the physical features associated with PAE and
mainly manifest with neurocognitive deficits later in life. In
the absence of the physical features and without accurate
information on PAE, it is difficult to make a diagnosis of
FASD. While ethanol (EtOH) biomarkers, as an objective
measure, can help to overcome the limitations of self-report
on alcohol use during pregnancy, none of the existing
biomarkers of alcohol consumption are 100% sensitive or
specific (Bakhireva and Savage, 2011). Given these limita-
tions, the identification of more sensitive and specific
biomarkers that either alone or in combination with other
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clinical and self-report measures can provide more accurate
information on PAE would result in better identification of
children with FASD and increase the opportunities for ear-
lier diagnosis and interventions.
MicroRNAs (miRNAs) are approximately 22-nucleotide

single-stranded non-protein-coding RNA molecules that
serve primarily to silence the expression of mRNA transcripts
to which they hybridize by base pairing. miRNA biogenesis
involves the processing of primary miRNA transcripts (pri-
miRNA) to hairpin precursor structures (pre-miRNA),
which are then exported to the cytoplasm where either strand
may be loaded into the RNA-induced silencing complex
(RISC). The strand previously called the miRNA star
(miRNA*) was generally thought to be rapidly degraded.
However, miRNA* sequences have been found in RISC and
shown to impact disease states such as cancer (Jazdzewski
et al., 2009). The nomenclature is now changing to describe
from which arm of the precursor the miRNA originates, 50

(5p) or 30 (3p). Mature miRNAs can bind thousands of tran-
scripts in a cell, making them “master regulators” of gene
expression (Bartel, 2004). Moreover, miRNAs have been
shown to control many complex biological processes, from
embryonic development to the promotion (or inhibition) of
various pathological conditions, including cancers and neu-
rodevelopmental disorders (Sayed and Abdellatif, 2011).
Recent animal model and cell culture studies suggest that

miRNAs play an important role in the mechanisms underly-
ing the deleterious effects of PAE (Balaraman et al., 2013).
EtOH suppresses miRs-9, -21, -153, and -335 in cultured fetal
mouse neural stem cells, coordinately regulating genes that
make cells resistant to apoptosis, with increased proliferation
and aberrant differentiation (Sathyan et al., 2007). miRs-9(-
5p), 9*(-3p), and -153 are repressed by EtOH exposure in the
developing zebrafish brain (Tal et al., 2012). EtOH exposure
in the developing mouse brain increases the expression of
miRs-10a and -10b, with a concomitant decrease in the target
gene homeobox A1 (HOXA1; Wang et al., 2009), which is
essential for normal embryonic development. Alterations in
miRNA expression were also found in primary neuronal cul-
tures from the cortex of mice at embryonic day 15 following
chronic intermittent EtOH exposure and withdrawal (Guo
et al., 2012). Finally, differences in miRNA expression were
seen in the amygdala and striatum of rats at postnatal day 42
that were exposed to EtOH prenatally and subjected to social
enrichment training postnatally (Ignacio et al., 2014).
In addition to working inside the cell, miRNAs can be

secreted and transferred between cells, indicating that they
participate in cell-to-cell communication (Valadi et al.,
2007). miRNAs are present not only in blood plasma and
serum but also in a variety of cell-free body fluids including
urine and saliva, making them attractive as potential
biomarkers. In the circulation, they are found in vesicles such
as exosomes, microvesicles, and apoptotic bodies (Valadi
et al., 2007; Zernecke et al., 2009) as well as in association
with proteins (Vickers et al., 2011). Because of their associa-
tion with vesicles and proteins, circulating miRNAs are

resistant to degradation and can be accurately measured
even when present at very low levels (Mitchell et al., 2008).
Thus, circulating miRNAs have great promise as biomarkers
of a variety of disease conditions from cancer to myocardial
infarction (Etheridge et al., 2011). Although extracellular
miRNAs have been investigated in animal models of PAE
(Balaraman et al., 2014), the utility of these biomarkers in
humans has not been reported thus far. The goal of the pre-
sent study was to identify alterations in miRNA expression
in maternal serum that could predict maternal alcohol con-
sumption in pregnant women and further elucidate the
mechanisms of fetal alcohol effects.

MATERIALS ANDMETHODS

Patient Recruitment and Assessment of Substance Use

Study participants for this project were selected from a prospec-
tive cohort study at the University of New Mexico (UNM), which
was described in detail elsewhere (Bakhireva et al., 2012, 2014;
Gutierrez et al., 2015). Briefly, patients were recruited from a UNM
clinic, which provides comprehensive care to pregnant women with
current or past history of substance abuse, and followed until early
postpartum. Use of alcohol and other substances was ascertained
by timeline follow back interviews at enrollment and during the hos-
pital stay after delivery. The composite index, which was based on
self-reported measures of alcohol use, was used to classify subjects
into alcohol and control groups. Alcohol consumers had to report
≥0.21 ounces of absolute alcohol per day (AAD), equivalent to
≥3 drinks/wk, or ≥2.0 ounces of absolute alcohol per drinking day
(AADD), equivalent to at least 1 binge-drinking episode, at enroll-
ment. Nonalcohol consumers reported no binge-drinking episodes
in the periconceptional period, ≤0.14 ounces AAD (equivalent to
≤2 drinks/wk) in the periconceptional period, and zero ounces
AAD and AADD at enrollment and at the follow-up. Patients were
also administered a standard Alcohol Use Disorders Identification
Test (AUDIT) questionnaire to assess alcohol use over the past
12 months.

Self-reported use of other substances, ascertained at each visit,
was supplemented by urine drug screens for amphetamines, barbitu-
rates, benzodiazepines, buprenorphine, cannabinoids, cocaine,
methadone, and opiates (analyzed at Tricore Reference Laborato-
ries, Albuquerque, NM). Information on hepatitis C status and
other hepatobiliary conditions was extracted from electronic medi-
cal records.

Sample Preparation and Analysis of EtOHBiomarkers

Blood was collected at enrollment (Visit 1) and again upon
admission for labor and delivery (Visit 2). Serum was isolated from
the whole blood. A portion of the serum was tested for serum
gamma-glutamyltranspeptidase (GGT) and % disialotransferrin
(carbohydrate deficient) from total transferrin (%dCDT) analysis.
Urine was also collected and tested for urine ethyl glucuronide
(UEtG) and urine ethyl sulfate (UEtS). Phosphatidylethanol in
dried blood spot cards (PEth-DBS), collected from newborns by
heel stick, was also analyzed. The remaining serum was stored at
�80°C until further processing.

RNA Extraction andMicroarray Analysis

Total RNA, including miRNA, was extracted from 200 ll serum
collected at Visit 2 using the miRNeasy Serum/Plasma Kit (Qiagen,
Valencia, CA). Bacteriophage MS2 RNA (1 lg) was included as a
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carrier, and Caenorhabditis elegans miR-39 (5.6 9 108 copies) was
added as a spike-in control for normalization purposes. miRNA
was prepared for microarray analysis using the FlashTagTM Biotin
HSR RNA Labeling Kit (Affymetrix, Santa Clara, CA). Biotin-
labeled RNA targets were then hybridized to GeneChip� miRNA
3.0 Arrays (Affymetrix). The probe signal intensities were log2-
transformed and normalized to the total intensity of the array as
described in Supplementary methods (Appendix S1). All miRNA
nomenclature in the body of this article has been corrected to reflect
that of miRBase Release 21 (Kozomara and Griffiths-Jones, 2014),
the latest version at the time of submission.

Quantitative Reverse Transcription Polymerase Chain Reaction

Total RNA was used for reverse transcription followed by quan-
titative polymerase chain reaction (qPCR) using the TaqMan�

MicroRNA Reverse Transcription Kit and TaqMan� MicroRNA
Assays (Life Technologies, Carlsbad, CA) as described in Supple-
mentary methods.

Statistical and Other Data Analyses

Batch Effect Corrections. The 30 samples analyzed by microar-
ray were completed in 2 batches with each batch including samples
from both alcohol and nonalcohol groups. Principal component
analysis and hierarchical clustering of the normalized expression
data revealed batch effects in the data reflecting the sample process-
ing batches. The batch effects were corrected using the ComBat
method implemented in the R “sva” package as described in Supple-
mentary methods.

Analyses of Covariance. Although there were no significant dif-
ferences in the presence of hepatitis C or drugs of abuse between
alcohol-consuming and nonconsuming subjects (Tables 1 and 2),

women on opioid maintenance therapy (OMT) had increased preva-
lence of smoking, marijuana use, and hepatitis C (Tables S1–S3).
Thus, these factors were included as covariates in the analysis of
covariance (ANCOVA) that was performed for each miRNA to
evaluate the effects of alcohol and OMT (Table S4). Statistical sig-
nificance was evaluated using F-tests, which were corrected for mul-
tiple testing using the false discovery rate (FDR) method
(Benjamini and Hochberg, 1995) with a cutoff p-value of <0.05.

Cluster Analyses. Hierarchical clustering of normalized batch-
corrected data was performed for both the samples and the miR-
NAs that passed FDR-corrected ANCOVAs (a = 0.05), as
described in Supplementary methods.

Discriminant Analyses and Leave-One-Out Cross-Validation Anal-
yses. Orthogonal partial least-squares discriminant analysis (O-
PLS-DA) was performed on the miRNAs that passed FDR-cor-
rected ANCOVAs (a = 0.05) to identify miRNAs that best discrimi-
nated between groups. Using the Multibase add-in for Excel, a 2-
component model was calculated (Table S5). Leave-one-out cross-
validation (LOOCV) analyses (Stone, 1974) were performed repeat-
ing ANCOVAs leaving each of the 30 samples out (Table S6).

Table 1. Demographic Characteristics of the Study Sample (N = 30)

Characteristics

Alcohol
(N = 14)

Control
(N = 16)

p-Valuemean � SD mean � SD

Maternal age, years 29.1 � 6.7 25.7 � 3.7 0.09
Gestational age at
enrollment, mo

25.1 � 8.7 26.8 � 9.0 0.63

Gestational age
at delivery, mo

38.2 � 2.2 37.7 � 3.7 0.65

Ethnicity: Hispanic/Latina 50% 63% 0.71
Race
White 64% 62% 1.0
American Indian 21% 6% 0.32
Black/African American 14% 6% 0.59

Marital status
Single/separated/divorced 50% 50% 1.0
Married/co-habitating 50% 50% 1.0

Health insurance
No insurance 0% 0% —
Any other insurance 100% 100% 1.0

Education
Less than high school 43% 19% 0.46
High school or equivalent 21% 31% 0.69
Some college or higher 36% 50% 0.48

Primigravida 43% 25% 0.44
Maternal chronic conditions
Hepatitis C 14% 38% 0.22
Other hepatobiliary disorders 0% 6% 1.0
Pre-eclampsia/PIH 21% 0% 0.09

PIH, pregnancy-induced hypertension.
p-Values for age were calculated using t-tests, and those for % in each

category were calculated using 2-tailed Fisher’s exact tests.

Table 2. Use of Alcohol and Other Substances by Study Group (N = 30)

Substances of abuse
Alcohol
(N = 14)

Control
(N = 16) p-Value

Alcohol use in past 12 months
AUDIT (mean � SD) 10.1 � 8.5 1.2 � 1.0 <0.01
AUDIT ≥ 8 43% 0% <0.01

Alcohol use in periconceptional period
Frequency of binge (≥4 drinks)
No binge episodes 14% 100% <0.01
Once/wk or less 64% 0% <0.01
2 to 4 times a week 14% 0% 0.21
≥5 times/wk 7% 0% 0.47

Alcohol use at Visit 1
At least 1 episode of
binge since LMP

85% 0% <0.01

At least 3 drinks in
1 week since last LMP

15% 0% <0.01

Alcohol use at Visit 2
Admitted any alcohol use
during the past 2 weeks

0% 0% —

Ethanol biomarkers
GGT > 40 U/l 7% 0% 0.47
%dCDT > 2.0% 29% 0% 0.04
UEtG ≥ 25 ng/ml 7% 0% 0.47
UEtS ≥ 7 ng/ml 14% 0% 0.21
PEth-DBS on a
newborn > 8 ng/ml

43% 0% 0.02

Illicit drug and tobacco use
Marijuana 7% 19% 0.60
Cocaine/crack-cocaine 0% 6% 1.0
Opioid maintenance therapy 36% 44% 0.72
Opioids 14% 12% 1.0
Benzodiazepines 0% 0% —
Amphetamines 0% 0% —
Tobacco 29% 44% 0.47

AUDIT, Alcohol Use Disorders Identification Test; LMP, last menstrual
period; GGT, gamma-glutamyltranspeptidase; %dCDT, % disialotransfer-
rin (carbohydrate deficient) from total transferrin; UEtG, urine ethyl glu-
curonide; UEtS, urine ethyl sulfate; PEth-DBS, phosphatidylethanol in
dried blood spot cards.

Opioid maintenance therapy: methadone and/or buprenorphine; opioids:
heroin and/or prescription opioids. Visit 1: enrollment. Visit 2: labor and
delivery.

p-Values for AUDIT values were calculated using t-tests, and those for
% in each category were calculated using 2-tailed Fisher’s exact tests.
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Pathway Analyses. TargetScanHuman Release 6.2 (http://www.
targetscan.org/vert_61/) or MicroCosm Targets version 5 (http://
www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/) was used
to identify transcripts bioinformatically predicted to be targets of
miRNAs of interest based on complementarity to the seed region as
described in Supplementary methods. We then used Ingenuity Path-
way Analysis (IPA; Qiagen) to search the putative targets for com-
mon molecular pathways.

RESULTS

Patient Characteristics and Substance Use

As shown in Table 1, there were no significant differences
between the study groups for maternal age, gravidity,
gestational age at enrollment or delivery, and the presence of
hepatobiliary disorders, such as hepatitis C (all p > 0.05).
The 2 groups were also similar in all other sociodemographic
characteristics.
The use of alcohol and other substances among study par-

ticipants is presented in Table 2. Almost half (43%) of sub-
jects in the alcohol group had AUDIT ≥8, almost a quarter
(21%) reported ≥2 binge-drinking episodes per week in the
periconceptional period, and the vast majority (85%) admit-
ted to at least 1 binge episode since the last menstrual period
(LMP). The most prevalent positive biomarkers in the alco-
hol group were PEth-DBS (43%) and %dCDT (29%). None
of the controls reported any risky drinking in the periconcep-
tional period. All of the controls reported abstinence from
alcohol after the LMP and tested negative on all 5 biomark-
ers (i.e., GGT, %dCDT, UEtG, UEtS, and PEth-DBS). As
might be expected of patients recruited from substance-abuse
clinics, the use of drugs other than alcohol, that is, mari-
juana, cocaine, OMT or other opioids, and tobacco, was
prevalent. However, there were no significant differences
between the groups for any of these substances.

Microarray Analysis Reveals Serum miRNAs Altered by
Alcohol Use

We extracted total RNA from the serum samples and
measured miRNA levels using Affymetrix GeneChip�

miRNA Arrays. The advantage of this system is that its
robust signal amplification is very sensitive without the need
for nucleic acid amplification. This is important because
PCR inhibitors present in serum and plasma may carry over
into RNA samples. By our analysis, the most abundant miR-
NAs were miRs-3613-3p, 4668-5p, -16, -92a, and let-7b. We
detected miRNAs previously identified in the serum of preg-
nant women, such as the placenta-specific miR-498 cluster
members (Gilad et al., 2008; Williams et al., 2013), validat-
ing this detection method (Table S7).
Several studies have reported that high levels of hemolysis

can affect accurate identification and quantitation of
miRNAs in circulation (Pritchard et al., 2012). We measured
free hemoglobin in all of our serum samples and found low
levels across all samples, with no difference between the

alcohol and control groups (data not shown). We also evalu-
ated the levels of miRNAs specific to red blood cells (RBCs),
platelets, and white blood cells (WBCs). Although miRNAs
that are specific to RBCs, such as miR-451, were detected in
our samples, none were significantly altered between groups
(Fig. 1A,B), indicating that hemolysis was not a significant
confounder in the study. The levels of WBC miRNAs, such
as the lymphoid line marker miR-125b (Malumbres et al.,
2009) and the WBC and platelet marker miR-223 (Pan et al.,
2014), also were not different between the groups (Fig. 1C,
D).
ANCOVAs adjusting by hepatitis C, tobacco, and mari-

juana use identified 55 miRNAs that were significantly
altered between the alcohol-consuming and control groups
(FDR-corrected p < 0.05; Table 3). Forty-six miRNAs were
elevated and 9 were reduced in the alcohol-consuming group.
The top 10 miRNAs with increased fold changes in the
alcohol group were miRs-509-5p, -3119, -26a-2-3p, -1279, -
4743, -4799-3p, -4657, -3942-3p, -3126-3p, and -514b-5p. The
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Fig. 1. Red blood cell (RBC) and white blood cell (WBC) microRNA
(miRNA) levels in serum. Relative levels of RBC miRNAs (miR-451, miR-
486-5p, miR-92a, let-7a, and miR-16) (A), and in particular miR-451 (B),
showed no difference between groups, indicating that hemolysis did not
affect the results. There was also no difference between groups for WBC
miRNAs, miR-223 (C) and miR-125b (D). Data represent microarray signal
intensities normalized to the average values of the control group
(mean � SEM).
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top 4 miRNAs whose levels decreased in the alcohol group
were miRs-125a-5p, -602, -126, and -3180-3p. Although there
was a significant increase in the frequency of tobacco use in
subjects receiving OMT (Fisher’s exact test p = 0.0004;
Table S3), we found no effect of OMT on the levels of the 55
miRNAs (Table S4).

To verify our microarray results, we performed quantita-
tive RT-PCR for 4 miRNAs (miRs-509-5p, -4657, -542-3p,
and -602) with high fold changes and low FDR values. Our
microarray and reverse transcription (RT)-qPCR data corre-
lated well as miRs-509-5p, -4657, and 542-3p, which were ele-
vated in the microarray data, were also increased in our RT-
qPCR data, and miR-602 was decreased in both data sets
(Fig. 2A,B).

Clustering Analysis Shows that Serum miRNA Levels Can
Classify Subjects According to Alcohol Status

To determine whether serum miRNA levels can be used to
categorize patients, we performed hierarchical clustering
applying only the significantly altered miRNAs. This analy-
sis grouped the subjects into 2 clusters with each cluster
consisting mostly of either alcohol-consuming or non-alco-
hol-consuming patients (Fig. 3). One alcohol-consuming
subject (A08) who was positive for 1 of the EtOH biomarkers
(2.2% dCDT) was grouped with the controls. In addition, 3
control subjects (C1, C9, and C15) were grouped with the
alcohol subjects. One explanation for this result could be that
alcohol consumption was self-reported and may not reflect
the true/complete nature of alcohol use for some women.
Overall, based on the levels of serum miRNAs, most alco-
hol-consuming subjects were clustered together separately
from non-alcohol-consuming subjects.

miRNAs were grouped into 2 clusters consisting of miR-
NAs that were either increased or decreased in the alcohol-
consuming patients (Fig. 3). miR-509-5p, which displayed
the highest increase in fold change in the alcohol group and
the most significant p-value (1.8-fold, p < 0.001; Table 3),
was clustered with miRs-514b-5p, -1911-3p, -3136-3p, -541,
-4657, and -550a-3p. miR-3119, which had the second high-
est increase in fold change in the alcohol group (1.7-fold;
Table 3), was clustered with miRs-31, -488, and -4799-3p.
miR-125a-5p, which displayed the largest decrease in fold

Table 3. Significantly Altered SerumMicroRNAs (miRNAs) Between
Alcohol and Control Groups

miRNA
Mean
Alcohol

Mean
Control

Fold
change

FDR
(a = 0.05)

hsa-miR-509-5p 2.4966 1.3980 1.79 0.000901
hsa-miR-3119 2.0249 1.1922 1.70 0.021064
hsa-miR-26a-2 star 2.6341 1.5560 1.69 0.018766
hsa-miR-1279 2.9474 1.7543 1.68 0.041649
hsa-miR-4743 2.6060 1.5843 1.64 0.007583
hsa-miR-4799-3p 2.6154 1.5950 1.64 0.013677
hsa-miR-4657 3.0696 1.8938 1.62 0.004073
hsa-miR-3942-3p 2.9562 1.8385 1.61 0.007583
hsa-miR-3126-3p 2.7875 1.7392 1.60 0.040425
hsa-miR-514b-5p 3.1947 2.0040 1.59 0.007583
hsa-miR-489 2.4800 1.5605 1.59 0.047477
hsa-miR-890 3.3764 2.1307 1.58 0.013677
hsa-miR-122 star 3.8076 2.4442 1.56 0.014252
hsa-miR-542-3p 2.6132 1.6777 1.56 0.015460
hsa-miR-556-3p 3.0859 1.9935 1.55 0.019162
hsa-miR-541 1.7869 1.1610 1.54 0.013677
hsa-miR-202 2.6232 1.7098 1.53 0.013677
hsa-miR-3606 2.9914 1.9513 1.53 0.021064
hsa-miR-216b 2.7549 1.8007 1.53 0.046808
hsa-miR-635 3.3317 2.1867 1.52 0.013677
hsa-miR-1911 star 3.2525 2.1360 1.52 0.015594
hsa-miR-550a star 3.1434 2.0700 1.52 0.013677
hsa-miR-4791 4.2234 2.8288 1.49 0.022087
hsa-miR-3942-5p 4.6259 3.1228 1.48 0.029362
hsa-miR-4439 1.6874 1.1418 1.48 0.046808
hsa-miR-3927 3.7734 2.5616 1.47 0.015594
hsa-miR-31 star 1.4057 0.9707 1.45 0.007583
hsa-miR-221 star 3.4809 2.4129 1.44 0.047477
hsa-miR-3152-3p 3.2677 2.2680 1.44 0.007583
hsa-miR-4742-5p 4.4185 3.0798 1.43 0.005426
hsa-miR-30c-2 star 2.1195 1.4783 1.43 0.032213
hsa-miR-509-3-5p 3.0559 2.1455 1.42 0.041649
hsa-miR-25 star 2.6124 1.8363 1.42 0.005551
hsa-miR-4772-5p 3.4997 2.4684 1.42 0.047864
hsa-miR-3121-3p 3.0179 2.1405 1.41 0.040425
hsa-miR-183 star 2.2611 1.6059 1.41 0.016625
hsa-miR-488 2.5163 1.8040 1.39 0.023965
hsa-miR-496 1.6834 1.2162 1.38 0.041649
hsa-miR-31 2.2425 1.6210 1.38 0.032213
hsa-miR-30b star 1.6035 1.1607 1.38 0.016625
hsa-miR-510 3.4185 2.4785 1.38 0.047864
hsa-miR-4704-3p 1.5545 1.1368 1.37 0.047864
hsa-miR-4736 1.9879 1.4964 1.33 0.007583
hsa-miR-4670-5p 1.5577 1.1736 1.33 0.045832
hsa-miR-1269b 1.2163 0.9372 1.30 0.040425
hsa-miR-1323 5.6209 4.4762 1.26 0.026218
hsa-miR-4507 4.7098 5.4010 �1.15 0.047477
hsa-miR-567 0.9540 1.1065 �1.16 0.021064
hsa-miR-523 0.8503 0.9865 �1.16 0.023250
hsa-miR-1184 4.3004 5.2474 �1.22 0.035926
hsa-miR-2277-5p 3.8111 4.6653 �1.22 0.021064
hsa-miR-3180-3p 2.8494 3.5929 �1.26 0.007583
hsa-miR-126 4.4745 5.8536 �1.31 0.041649
hsa-miR-602 2.3604 3.2803 �1.39 0.005551
hsa-miR-125a-5p 2.0362 2.8528 �1.40 0.013677

Table shows the mean serum miRNA levels (expressed as array-nor-
malized and batch-corrected log2 of probe signal intensity), fold changes,
and false discovery rate (FDR)-corrected p-values.
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Fig. 2. Reverse transcription quantitative polymerase chain reaction
(RT-qPCR) confirms results of microarray analysis. (A) Relative levels by
microarray of 4 microRNAs (miRNAs) that passed false discovery rate-cor-
rected ANCOVAs (a = 0.05), compared to control (dotted line). (B) Rela-
tive levels by RT-qPCR of the same miRNAs. Spike-in synthetic
Caenorhabditis elegans miR-39 was used for normalization for RT-qPCR.
Data represent mean � SEM. *p < 0.05, ***p < 0.001.

830 GARDINER ET AL.



change (�1.4-fold; Table 3), was clustered with miR-523.
miR-602, which had the most significant p-value among
miRNAs exhibiting decreased levels compared to controls
(p = 0.006; Table 3), was clustered with miRs-1184, -3180-
3p, -4507, and -2277-5p.

Discriminant Analysis Identifies the Most Discerning miRNAs

We next performed O-PLS-DA to determine which miR-
NAs contributed most to the segregation of the alcohol and
control groups. We found that miRs-122*(-3p), -126, -216b,
-221*(-5p), -3119, -3942-5p, -4704-3p, -4743, -514b-5p, and -
602 were the top 10 discriminators between groups (Fig. 4).
As described in Table S7 and discussed below, some of these
miRNAs are expressed in the liver (miRs-122*, -216b, and
-602), endothelial cells (miR-126), or other tissues, where
they participate in specific gene regulation and/or are associ-
ated with several disease processes. To better visualize the
difference between groups for individual miRNAs, we gener-
ated bar graphs for the 10 discriminating miRNAs depicting
that the levels of all 10 miRNAs were significantly altered in
the alcohol-consuming group (Fig. 5).
Finally, to assess how the results of our analyses could be

generalized to a larger independent dataset, we used LOOCV
tests. All leave-one-out analyses yielded effect predictions in

the predicted direction, with average cross-validation predic-
tion errors ranging from 0.49 to 4.02% depending on the
microRNA (Table S6). The analyses generated significant
results even when each of the 30 samples was excluded from
the analysis (Table S6).

Pathway Analysis Reveals Putative Targets of Alcohol-
Associated miRNAs

miRNAs largely function by binding to the 30UTR of tar-
get mRNAs, thereby inhibiting translation or triggering
degradation of the target. To gain a better understanding of
the functional consequences of the presence of particular
miRNAs in serum, we analyzed their putative targets, which
we obtained from TargetScan or MicroCosm Targets, using
IPA. The 10 miRNAs identified by O-PLS-DA and the miR-
NAs confirmed by RT-qPCR were selected for the analysis.
In Figs 6 and 7, we present the top 10 canonical pathways
and 1 molecular network for each of 2 miRNAs identified by
O-PLS-DA, miRs-126 and -216b, and 2 miRNAs confirmed
by RT-qPCR, miRs-509-5p, and -542-3p, respectively.
Canonical pathways for other miRNAs are shown in
Figs S1–S3. miR-126 targets were included in canonical
pathways such as insulin signaling, cardiac hypertrophy

Fig. 3. Hierarchical clustering of subjects and microRNAs (miRNAs).
The levels of 55 serum miRNAs that passed false discovery rate-corrected
ANCOVAs (a = 0.05) were used for analyses of the 30 subjects. An “A” fol-
lowed by a number designates all the alcohol-consuming subjects, while a
“C” designates control subjects. Subjects were clustered into 2 groups with
most alcohol-consuming and control individuals present in separate clus-
ters. miRNAs were clustered into 2 groups, those that were increased in
the alcohol group and those that were decreased in this group.
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Fig. 4. Identification of the top 10 most discriminant microRNAs (miR-
NAs). The 55 significantly altered miRNAs were subjected to orthogonal
partial least-squares discriminant analysis to determine which miRNAs
contributed most to the segregation of the 2 groups. The top panel shows
the separation of subjects according to the alcohol consumption. The top
10 contributors are labeled in the bottom panel.
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signaling, glial cell-derived neurotrophic factor (GDNF) sig-
naling, and phosphoinositide 3-kinase (PI3K) signaling
(Fig. 6A). The top network for miR-126 contained validated
targets such as insulin receptor substrate 1 (IRS1) and phos-
phatidylinositol 3-kinase regulatory subunit 2 (PIK3R2) and
putative targets such as nitric oxide synthase 1 (NOS1) and
protein phosphatase 3, catalytic subunit beta (PPP3CB), as
well as cAMP-response element–binding protein (CREB),
extracellular signal-regulated kinases 1/2 (ERK1/2), mito-
gen-activated protein kinase kinase 1/2 (MAP2K1/2), mam-
malian target of rapamycin complex 1 (MTORC1), and
protein kinase A (PKA), all of which regulate the effects of
alcohol in various systems (Ron and Messing, 2013;
Fig. 6A). miR-216b targets are involved in prolactin signal-
ing and insulin signaling, as might be expected because it reg-
ulates insulin-like growth factor-binding protein 2 (IGFBP2;
Liu et al., 2015). They also promote cardiogenesis, adipogen-
esis, and growth hormone signaling (Fig. 6B). Putative tar-
gets of miR-216b such as neuron-derived neurotrophic
factor (NDNF) and prolylcarboxypeptidase (PRCP) con-
verge on Ak strain transforming (AKT; also known as pro-
tein kinase B) in the functional network termed “cell cycle,
cellular movement, and cellular function and maintenance”
(Fig. 6B).

miR-509-5p targets genes involved in canonical pathways
such as phosphate and tensin homolog (PTEN) signaling,
pigment epithelium-derived factor (PEDF) signaling, PI3K/
AKT signaling, and hepatocyte growth factor (HGF) signal-
ing (Fig. 7A). These pathways are important for cell growth,

angiogenesis, and signal transduction. One network for miR-
509-5p revealed MAPK1 as a putative target as well as other
MAPK1-interacting molecules (Fig. 7A). Other networks
included serotonin receptors HTR2A and HTR2C and the
glutamate receptor GRM2 (data not shown). miR-542-3p
also affects PI3K/AKT signaling and HGF signaling, as well
as insulin signaling, cardiac b-adrenergic signaling, and nitric
oxide signaling in the cardiovascular system (Fig. 7B).
Importantly, it is predicted to target brain-derived neu-
rotrophic factor (BDNF) and CREB1 within a functional
network that includes luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) (Fig. 7B). Among all miRNAs,
the most common pathways involved cardiovascular system
development and maintenance (Figs 6 and 7, and Figs S1–
S3).

Additional pathways of interest included several involved
in stress responses such as the production of nitric oxide and
reactive oxygen species, iNOS signaling, nNOS signaling in
neurons, eNOS signaling in the cardiovascular system,
hypoxia signaling, and the endoplasmic reticulum (ER) stress
pathway. Specific molecules implicated in stress responsive
pathways, such as NOS1, hypoxia-inducible factors 1A and
3A (HIF1A and HIF3A), ras-related C3 botulinum toxin
substrate 1 (RAC1), heat shock transcription factor 1
(HSF1), and other heat shock proteins, were identified as
putative targets of miRs-4657, -509-5p, -542-3p, -602, and
-216b (Figs S4 and S5). Pathways associated with cognition,
such as synaptic long-term potentiation and synaptic long-
term depression, were also observed. Cognitive deficit-related
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Fig. 5. Bar graphs illustrating the difference between alcohols and controls for the top 10 discriminating microRNAs (miRNAs) identified by discrimi-
nant analysis. Data represent batch-corrected and log2-normalized microarray signal intensities (mean � SEM). **p < 0.01, ***p < 0.001.
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factors, such as fragile 9 mental retardation syndrome-
related protein 1 (FXR1), autism susceptibility candidate 2
(AUTS2), alpha thalassemia/mental retardation syndrome
X-linked (ATRX), methyl-CpG binding protein 2 (MECP2),
and enhancer of zeste 2 (EZH2), were identified as putative
targets of miRs-4657, -602, -4704-3p, -3119, and -126
(Figs S4 and S5).

DISCUSSION

This study evaluated the effect of drinking during preg-
nancy on the levels of serum miRNAs in order to identify
those that might be of use as biomarkers of alcohol con-
sumption. By microarray analysis, 55 miRNAs were identi-
fied that were significantly altered by drinking. Discriminant
analyses underscored the importance of miRs-122*, -126,
-216b, -221*, -3119, -3942-5p, -4704-3p, -4743, -514b-5p, and
-602 for discriminating between the alcohol-consuming and
nonconsuming groups. IPA revealed common pathways
affected by all identified miRNAs, such as cell growth and

signaling, especially in the cardiovascular system. These
serum miRNAs are distinct from those identified in a recent
study of patients with alcohol use disorder (AUD; Ignacio
et al., 2015), suggesting that the effects of alcohol on preg-
nant women may be distinct from those in nonpregnant
adults. A comparison of alcohol-sensitive miRNAs identified
here with those identified in pregnant ewes exposed to EtOH
(Balaraman et al., 2014) revealed only 1 miRNA,
miR-26a-2*, in common. These findings attest to the com-
plexity of alcohol use in human populations and the impor-
tance of understanding the interaction of alcohol with other
drugs of abuse.
While many studies have shown that the transfer of exo-

somes between cells in close proximity is a common form of
intercellular communication (Mittelbrunn et al., 2011; Val-
adi et al., 2007), less is known about the remote function of
extracellular miRNAs in circulation. Do they reflect cellular
debris, are they merely a reflection of cellular insult by toxins,
such as EtOH, or inflammation and other pathogenic pro-
cesses? Recent studies demonstrate that circulating miRNAs

Fig. 6. Ingenuity Pathway Analysis canonical pathways and functional networks for putative targets of miR-126 (A) and miR-216b (B). The top 10
canonical pathways are shown. Threshold was set at p < 0.05. Molecules in yellow are predicted targets. Solid and dashed lines denote direct and indi-
rect interactions, respectively.
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are not just a byproduct of tissue injury, but rather mediate
important biological functions. For example, Zhang and col-
leagues (2010) showed that plasma from patients with
atherosclerosis contain higher levels of miR-150-containing
microvesicles than from healthy controls. These microvesi-
cles can be taken up by endothelial cells, where miR-150
represses v-Myb avian myeloblastosis viral oncogene homo-
log (c-Myb), thereby regulating cell migration (Zhang et al.,
2010). Also, miR-143/145-containing extracellular vesicles
can be taken up by smooth muscle cells in the aorta of
apolipoprotein E �/� (ApoE�/�) mice, reducing atheroscle-
rotic lesions (Hergenreider et al., 2012).

Additional evidence for the functional role of extracellular
miRNAs is the finding that the repertoire of miRNAs found
in exosomes is distinct from that found in the cells from
which they are derived. Two recent publications provide
compelling evidence that certain miRNAs are actively
selected for secretion. One study identified sequence
motifs in a set of miRNAs that were specific to the exoso-
mal (EXOmotif) or cell-retained (CLmotif) subset

(Villarroya-Beltri et al., 2013). This group also found that
the RNA-binding protein heterogeneous nuclear ribonucleo-
protein A2/B1 (hnRNPA2B1) recognizes the EXOmotifs
and loads EXOmotif-containing miRNAs into exosomes
accordingly (Villarroya-Beltri et al., 2013). Intriguingly, 2
miRNAs identified by discriminant analysis, miRs-514b-5p
and -4743, contain the EXOmotif GGAG, suggesting that
miRs-514b-5p and -4743 are targeted for secretion in exo-
somes. In another study, specific nontemplate terminal
nucleotide additions (NTAs) were found to be associated
with either exosomal (i.e., uridylation) or cell-retained miR-
NAs (i.e., adenylation; Koppers-Lalic et al., 2014).

The above finding that certain NTAs are associated with
miRNA secretion may have implications for the miRNAs
identified in our study, especially miR-122*(-3p), which was
elevated in the serum of pregnant women who consumed
alcohol. miR-122*(-3p) is a liver-specific miRNA produced
from the same hairpin precursor structure as miR-122(-5p),
which interacts with the hepatitis B and C viruses (HBV and
HCV) and whose expression is highly correlated with liver

Fig. 7. Ingenuity Pathway Analysis canonical pathways and functional networks for putative targets of miR-509-5p (A) and miR-542-3p (B). The top
10 canonical pathways are shown. Threshold was set at p < 0.05. Molecules in yellow are predicted targets. Solid and dashed lines denote direct and
indirect interactions, respectively.
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disease and cancer (Bandiera et al., 2015). Consistent with its
abundant expression in the liver, the majority of miR-122-5p
was found to be adenylated, with a small proportion being
uridylated (Li et al., 2012). Both miRs-122(-5p) and -122*(-
3p) were shown to be elevated in the plasma of children with
chronic HBV, although NTA modification was not evalu-
ated in the study (Winther et al., 2013). We found that only
miR-122*(-3p) was significantly increased in the serum of the
alcohol-consuming group, even though miR-122(-5p) was
more abundant overall (Table S7).
Whether the miRNAs identified in this study have func-

tional consequences is unknown. miR-126 is an endothelial-
specific miRNA, processed from intron 7 of the epidermal
growth factor-like 7 gene (EGFL7; a.k.a. vascular endothe-
lial statin), that regulates angiogenesis by targeting several
genes including sprout-related, EVH1 domain containing 1
(Spred-1) and vascular endothelial growth factor (VEGF;
Liu et al., 2009; Wang et al., 2008) as well as EGFL7 itself
(Sun et al., 2010). This miRNA is also secreted and present
at high levels in exosomes (Koppers-Lalic et al., 2014). miR-
126 was reduced in the serum of our alcohol group (Table 3,
Fig. 5). It is also involved in insulin signaling, and its targets
affect PI3K, ERK, and MAPK signaling pathways
(Fig. 6A). Intriguingly, miR-126 delivered in apoptotic bod-
ies can induce vascular protection in a VEGF-dependent
manner (Zernecke et al., 2009). miR-126 is also expressed in
the brain where it has been associated with both normal neu-
ronal function and neurological disorders (Sonntag et al.,
2012). miR-216b, which was elevated in our alcohol group
(Table 3, Fig. 5), is expressed in many tissues and its pre-
dicted targets are involved in AKT and p38MAPK signaling
(Fig. 6B and Fig. S4). miR-602 is expressed in the liver and
associated with HBV-induced hepatocellular carcinoma
(HCC; Yang et al., 2010). Interestingly, 1 putative target,
HOXA1 (Fig. S4), is also a target of miRs-10a and -10b,
which are altered in the brains of mice prenatally exposed to
EtOH (Wang et al., 2009). In human chondrocytes, miR-602
regulates sonic hedgehog (SHH), important for skeletal for-
mation during development and following birth (Akhtar
et al., 2015).
miR-509-5p was the most significantly elevated miRNA in

the alcohol group, and the related miR-509-3-5p was also
increased (Table 3). These miRNAs derive from a cluster of
3MIR509 genes located in the X chromosome and are highly
expressed during development (Zhang et al., 2007). Pathway
analysis showed that miR-509-5p affects PI3K/AKT signal-
ing and may target MAPK1 and HIF1A (Fig. 7A and
Fig. S4). Importantly, miR-509-5p is abundant in many
extracellular niches, such as amniotic fluid, saliva, urine,
breast milk, cerebrospinal fluid, and colostrum (Weber et al.,
2010). miR-542-3p was not only elevated in our alcohol
group (Table 3) but also in the serum of pregnant rats volun-
tarily consuming moderate quantities of EtOH as a model of
social drinking (Davies S, Gardiner A, Perrone-Bizzozero N,
Savage D, in preparation). miR-542-3p is involved in PI3K/
AKT signaling, insulin signaling, and cardiovascular

maintenance (Fig. 7B). A recent study identified Syk as a
direct target, implicating this miRNA in the proliferation of
vascular smooth muscle cells (Qian et al., 2015). Other miR-
NAs that were altered in the alcohol group include 2
expressed in placenta (miR-1323 and -202), 2 expressed in
brain (miR-488 and -541), and 1 that was shown to be down-
regulated in fetal brains of a PAEmouse model (Wang et al.,
2009). Additional information and references from miRBase
Release 21 for the 55 altered miRNAs between the alcohol
and control groups are provided in Table S8. In future stud-
ies, it will be interesting to see how the miRNAs identified
here are delivered to various tissues and participate in gene
regulation. One intriguing possibility is that circulating miR-
NAs may cross the placental barrier to the developing fetus.
A recent study reported that plasma miRNA profiles of new-
borns (collected from umbilical cord blood) are more similar
to their pregnant mothers than unrelated pregnant women
or their fathers (Williams et al., 2013). Similar results were
observed in control lambs and pregnant ewes; however, the
levels of several alcohol-sensitive plasma miRNAs in PAE
lambs were different from their mothers (Balaraman et al.,
2014). Thus, circulating miRNA activity may have impor-
tant implications for both the pregnant woman and the
developing fetus.
As in the case of other human tissue studies, some limita-

tions need to be considered. First, similar to another recent
serum miRNA microarray study of adults with AUD (Igna-
cio et al., 2015), our study has a relatively small number of
subjects, which may increase the risk that 1 sample may be
driving the observed effect. However, the reproducibility of
the results using the LOOCV tests indicates that this is not
likely the case. Second, it is hard to assess the specific impact
of each of the covariates identified in this study, such as
tobacco use, on the levels of miRNAs. This is particularly
important as nicotine was found to have the opposite effect
as EtOH on a panel of EtOH-sensitive miRNAs identified in
neural progenitor cells (Balaraman et al., 2012). Future stud-
ies in animal models could help elucidate the effect of differ-
ent exposures to alcohol alone and in combination with
other drugs of abuse on the levels of the miRNAs identified
in this study. Third, other important variables such as the
window of detectability for miRNA changes at the time of
delivery and the effect of different doses of alcohol will need
to be assessed in future studies.
In summary, this study identified a panel of miRNAs that

may serve as markers of EtOH consumption in pregnant
women. The future validation of these miRNA candidate
biomarkers along with studies in newborns could facilitate
the identification of children at risk for neurodevelopmental
disorders, creating opportunities for earlier interventions.
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