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Abstract

The Biomarkers of Exposure to ARsenic (BEAR) pregnancy cohort in Gémez Palacio, Mexico
was recently established to better understand the impacts of prenatal exposure to inorganic arsenic
(iAs). In the present study, we examined a subset (n=40) of newborn cord blood samples for
microRNA (miRNA) expression changes associated with in utero arsenic exposure. Levels of iAs
in maternal drinking water (DW-iAs) and maternal urine were assessed. Levels of DW-iAs ranged
from below detectable values to 236 pg/L (mean=51.7 ug/L). Total arsenic in maternal urine (U-
tAs) was defined as the sum of iAs and its monomethylated and dimethylated metabolites (MMASs
and DMAs, respectively) and ranged from 6.2 to 319.7 pg/L (mean=64.5 pg/L). Genome-wide
miRNA expression analysis of cord blood revealed 12 miRNAs with increasing expression
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associated with U-tAs. Transcriptional targets of the miRNAs were computationally predicted and
subsequently assessed using transcriptional profiling. Pathway analysis demonstrated that the U-
tAs-associated miRNAs are involved in signaling pathways related to known health outcomes of
iAs exposure including cancer and diabetes mellitus. Immune response-related mRNAS were also
identified with decreased expression levels associated with U-tAs, and predicted to be mediated in
part by the arsenic-responsive miRNAs. Results of this study highlight miRNAs as novel
responders to prenatal arsenic exposure that may contribute to associated immune response
perturbations.
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INTRODUCTION

More than 100 million people around the globe are currently exposed to elevated levels of
arsenic that are clearly linked to disease [Uddin and Huda, 2011]. Levels of arsenic above
the World Health Organization's (WHO) recommended limit of 10 pg/L [WHO, 2006] have
been detected in drinking water sources in several areas throughout the world, including but
not limited to Bangladesh, India, the United States, Vietnam, and Mexico [ATSDR, 2007].
Inorganic arsenic is a known carcinogen with target sites including the liver, lung, prostate,
skin, and urinary bladder [NTP, 2011]. Exposure to arsenic has also been associated with a
variety of other non-cancer health effects, including adverse effects on memory and
intellectual function, heart disease, liver hypertrophy, diabetes, and respiratory system
disease [Kapaj et al., 2006].

Prenatal and early-life exposure to inorganic arsenic represents a global health issue.
Inorganic arsenic is known to induce toxic effects on the developing fetus where even
modest levels (<100 pg/L in urine) have been associated with decreased birth weight,
decreased head and chest circumferences [Rahman et al., 2009], and increased risk of
infection in infants [Rahman et al., 2011]. In addition to the immediate health effects of
exposure, early-life exposure to arsenic is also associated with increased risk for disease
later in life including both cancer and non-cancer endpoints [Yuan et al., 2010; Dauphiné et
al., 2011; Smith et al., 2012; Naujokas et al., 2013]. Because of the serious health impacts
resulting from inorganic arsenic exposure during critical times of development, elucidating
the biological mechanisms that underlie these effects is of utmost importance.

Prenatal exposure to arsenic has been related to alterations in gene expression profiles in
both rodents [Liu et al., 2004; Liu et al., 2006] and humans [Fry et al., 2007]. For instance,
mice exposed transplacentally to inorganic arsenic display altered expression levels of
oncogenes, tumor suppressor genes, and stress-related genes in the liver [Liu et al., 2004;
Liu et al., 2006]. In humans, gene expression changes associated with inflammatory
signaling pathways are altered in cord blood samples from newborns prenatally exposed to
varying levels of arsenic in Thailand [Fry et al., 2007]. It is hypothesized that various
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epigenetic mechanisms may regulate transcriptional changes resulting from prenatal arsenic
exposure.

MicroRNAs (miRNAS) represent part of the epigenome that play critical roles in regulating
gene expression. These small RNA molecules are ~22 nucleotides in length and are partially
complementary (usually to the 3’-untranslated region (3’-UTR)) to one or more target
mRNAs [Friedman et al., 2009]. By base pairing to target mMRNAs, miRNAs can cause
mMRNA degradation and/or translational repression [Friedman et al., 2009]. In humans,
miRNAs are estimated to regulate between 30 and 60% of all protein-coding genes [Lewis
et al., 2005; Friedman et al., 2009] and are involved in the regulation of virtually every
cellular process including apoptosis, proliferation, and cellular differentiation [Calin and
Croce, 2006]. Altered miRNA expression profiles have been associated with various
diseases, including infectious diseases [Sonkoly et al., 2008] and cancers [Calin and Croce,
2006]. Circulating levels of placental-derived miRNAS in maternal serum have even been
implicated as biomarkers for fetal congenital heart defects [Yu et al., 2011].

While altered miRNA expression has been thoroughly evaluated in the context of several
diseases, the relationship between in utero exposure to arsenic and miRNA expression
profiles is unstudied [Bailey and Fry, 2012]. In utero exposure to other toxicants and
miRNA expression disruption has been studied to a limited extent. For example, prenatal
exposure to alcohol is associated with altered miRNA signaling linked to teratogenesis in the
fetal mouse brain [Wang et al., 2009]. The present study is the first to evaluate the potential
impact of prenatal exposure to arsenic on miRNA expression profiles in the cord blood of
newborns.

We assessed the impact of prenatal exposure to arsenic on genome-wide miRNA expression
profiles and their association with mMRNA levels in the Biomarkers of Exposure to ARsenic
(BEAR) prospective pregnancy cohort. This cohort includes residents from Gomez Palacio,
located in the state of Durango in the Lagunera region of Northern Mexico. More than
450,000 people are exposed to levels of inorganic arsenic in drinking water that exceed 50
pg/L in Mexico [Bundschuh et al., 2012]. Adverse health effects associated with inorganic
arsenic exposure have been identified in Lagunera residents, including skin lesions
[Valenzuela et al., 2009] and diabetes mellitus [Del Razo et al., 2011]. Here, we show that
prenatal arsenic exposure is associated with altered miRNA expression levels in newborn
cord blood. These miRNAs were analyzed in the context of mMRNA transcriptional profiles
and were found to be associated with innate and adaptive immune response signaling
pathways in the newborn.

MATERIALS AND METHODS

Study subjects and subcohort selection

This study was approved by the Institutional Review Boards at the University of North
Carolina at Chapel Hill (#10-1583) and the Universidad Juarez del Estado de Durango. A
total of 200 pregnant women residing in Gdmez Palacio, State of Durango, Mexico, were
recruited at the General Hospital of Gomez Palacio to participate in the BEAR prospective
pregnancy cohort. Requirements for participation in the study included a one year minimum
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residence in the Gémez Palacio region, which included urban locations of Gmez Palacio
and Tlahualilo and their surrounding rural locations. Participants were also confirmed as
having a singleton, intrauterine pregnancy without pregnancy complications such as
eclampsia or preeclamsia. Study participants were also required to have good overall health
status (e.g. no signs of chronic or acute disease). Each participant gave written, informed
consent to participate and agreed to provide urine samples, drinking water samples, and to
donate umbilical cord blood at delivery. Participants completed detailed questionnaires in
order to obtain information on time at residence, socioeconomic factors, including age and
education, and other co-exposure factors, including alcohol consumption and smoking
status. Questionnaires also gathered information on potential sources of arsenic exposure,
including sources of water used for drinking and cooking. Because analyses were carried out
after delivery, women could not be informed of their arsenic exposure during pregnancy;
however, the women were informed within three months of delivery.

The present study focuses on miRNA expression profiles and utilizes 40 samples obtained
from mother-newborn pairs selected from the larger cohort (n=200). The subcohort was
selected to include subjects exposed to varying levels of arsenic as determined by both total
arsenic in maternal urine (U-tAs) and inorganic arsenic in drinking water (DW-iAs),
prioritizing samples representing both lower levels and higher levels of exposure. Of the 40
subjects in the subcohort, samples from 38 subjects were also used to examine
transcriptional profiles associated with arsenic exposure.

Determination of DW-iAs and U-tAs

Within four weeks of newborn delivery, water samples were collected from the participants’
stated main source of drinking water by a social worker or member of the research team.
Water samples were collected from bottled water or municipally-supplied tap water
collected from the subject's kitchen. The concentrations of DW-iAs were measured at the
Faculty of Medicine, Universidad Juarez del Estado de Durango, Gomez Palacio, Durango,
Mexico using hydride generation-atomic absorption spectrometry (HG-AAS) system as
described previously [Le and Ma, 1998; Devesa et al., 2004]. The limit of detection (LOD)
for DW-iAs was 0.456 pg/L.

Maternal spot urine samples were collected at the time of delivery, immediately placed in a
cryovial, and stored in liquid nitrogen. Samples were shipped at -80°C to the University of
North Carolina at Chapel Hill (Chapel Hill, NC) for analysis. The specific gravity (SG) of
each urine sample was measured using a handheld refractometer (Reichert TX 400
#13740000; Reichert Inc., Depew, NY). The major arsenical species, specifically iAs and its
monomethylated and dimethylated metabolites (MMAs and DMASs), were measured using
HG-AAS with cryotrapping [Devesa et al., 2004; Hernandez-Zavala et al., 2009]. The LOD
for urinary iAs, MMAs, and DMAs were 0.2 ng/ml, 0.1 ng/ml, and 0.1 ng/ml, respectively.
U-tAs was defined as the SG-adjusted sum of iAs, MMAs (trivalent + pentavalent
monomethylated arsenicals), and DMAs (trivalent + pentavalent dimethylated arsenicals).
Each urine sample was adjusted using the following formula: (mean measured SG-1)/
(individual measured SG-1) [Nermell et al., 2008], where the overall mean SG was 1.014
g/ml of the larger cohort. Levels of arsenic in drinking water and urine that were below the
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LOD were converted to values according to the formula: LOD/(v2) [Del Razo et al., 2011].
The relationship between DW-tAs and U-tAs was determined using the statistical package
SAS 9.3 (SAS Institute Inc., Cary, NC).

Cord blood collection and RNA extraction

Cord blood samples were collected from the newborns immediately following delivery. To
preserve RNA integrity, blood samples were collected using PreAnalytix PaxGene RNA
tubes and extracted using the PAXgene RNA Kit, per standard protocol (Qiagen, Valencia,
CA). RNA was quantified with a Nanodrop 1000 spectrophotometer (Thermo Scientific,
Waltham, MA) and the integrity verified with a 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA). Isolated RNA used for microarray analysis were amplified and labeled
using the NUGEN Ovation Pico WTA System V2 and Encore Biotin Module, respectively
(NUGEN, San Carlos, CA).

Assessment of genome-wide miRNA and mRNA expression profiles

To assess whether prenatal exposure to arsenic modifies the expression levels of miRNAs in
newborn cord blood, RNA isolated from 40 cord blood samples were labeled and hybridized
to the Agilent Human miRNA Microarray, based off miRBase v16.0. Microarray results
were extracted using Agilent Feature Extraction software. Data were analyzed for quality
assessment and quality control, where no chip/batch/positional effects were present. The
signal intensities of each miRNA represented on the array were averaged across probesets
and data processed using quantile normalization.

To assess the influence of prenatal arsenic exposure on mMRNA expression levels, cord blood
RNA samples were assessed using microarray analysis. RNA samples were labeled and
hybridized to the Affymetrix GeneChip® Human Gene 2.0 ST Array. Of the 40 cord blood
samples that were assessed at the miRNA level, 38 were also assessed at the gene expression
level. To analyze the mRNA microarray results, data were first normalized by robust multi-
chip average [lIrizarry et al., 2003].

The resulting miRNA and mRNA expression data were analyzed in similar manner.
Specifically, the association between U-tAs levels and miRNA or mRNA expression levels
was evaluated using a regression model, where U-tAs (log-transformed) was the
independent variable and cord blood miRNA and mRNA expression levels were the
dependent variables. The regression model included covariates that are plausibly related to
cord blood miRNA or mRNA expression levels, specifically: mother's age (continuous
variable), mother's smoking status (categorical variable), newborn sex (categorical variable),
and a ratio of newborn weight / gestational age (continuous variable). Differential
expression was defined as a significant association between miRNA or mRNA expression
levels and maternal U-tAs, where two requirements were set: (i) miRNA probes were above
background signals, and (ii) p-value < 0.01 (Analysis of covariance (ANCOVA) model). For
quality filtering, microarray probes with signal intensities less than the median signal across
five or more samples were removed. This resulted in the reduction from 1347 to 922
miRNAs and from 53,617 to 31,491 probes for the mRNA analysis. Fold changes were
calculated using the following metric: (average miRNA expression levels of the highest
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exposed quartile (n=10)) / (average miRNA expression levels of the lowest exposed quartile
(n=10)). The miRNA microarray analysis required an additional stringency requirement
where fold change in expression was = 1.5 or < -1.5. Microarray analyses were calculated
using Partek® Genomics Suite™ software (St. Louis, MO). A g-value estimate was
calculated and is reported. All miRNAs and mRNAs that passed the statistical filters above
were identified as significantly associated with U-tAs.

In order to confirm our statistical assessment of microarray data, an additional permutation-
based analysis was performed. Normalized miRNA and mRNA expression estimates were
modeled using the same variables as used in the previous statistical assessment: U-tAs (log-
transformed), mother's age, mother's smoking status, newborn sex, and a ratio of newborn
weight/gestational age, which were used as additive terms in a linear model. A reduced
model excluding the U-tAs variable was also fit to each expression estimate. The difference
in deviance statistics was used to estimate the effect of U-tAs by improvement in fit of the
full model relative to the reduced model. Sample labels were permuted one hundred times,
and the same statistic was estimated for each feature during permutation following the
scheme outlined in Tusher et al. [Tusher et al., 2001]. The resulting multivariable deviation
(mvaD) statistical values represent the difference in deviance between the full linear model,
with all covariates, and the reduced linear model, where the U-tAs variable is removed.
Statistical results for this test are reported with 1/mvaD values, defined as the multivariable
deviation score. Decreasing multivariable deviation scores indicate increasing variation in
expression explained by the U-tAs variable, independent of all covariates. Microarray data
have been submitted to National Center for Biotechnology Information (NCBI) Gene
Expression Omnibus repository [Edgar et al., 2002] and are available under accession
numbers GSE48353 and GSE48354 (series GSE48355) (www.nchi.nlm.nih.gov/geo).

Comparison of U-tAs-associated miRNAs/genes to immune cell-specific miRNAs/genes

It is established that environmental exposures can cause shifts in immune cell populations
[Jadhav et al., 2007]. In order to identify whether the U-tAs-associated changes in
expression levels of miRNAs and genes simply represent changes in immune cell
populations, the U-tAs-associated miRNASs and genes were compared against previously
published lists of immune cell subset-specific miRNAs and genes. For the miRNA
assessment, the U-tAs-associated miRNAs identified in the present study were compared to
a list of 18 miRNAs that are specifically expressed in blood cell subsets (e.g. neutrophils,
eosinophils, T-cells, monocytes, and dendritic cells) [Allantaz et al., 2012]. For the gene
expression assessment, the U-tAs-associated genes identified in the present study were
compared to a list of 1135 genes previously identified as specifically expressed in blood cell
subsets (e.g. B-cells, T-cells, CD8+ T-cells, granulocytes, and lymphocytes) [Palmer et al.,
2006].

Predicting transcriptional targets of U-tAs-associated miRNAs

Transcriptional targets of the miRNAs associated with U-tAs were first predicted in silico.
The Ingenuity Knowledge Database (Ingenuity Systems®, Redwood City, CA) was queried
for experimentally validated miRNA-mRNA interactions, as well as computationally
predicted interactions based on TargetScan algorithms. Over 600,000 predicted miRNA-
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mRNA interactions from TargetScan were queried, where interactions were based on
algorithms that identify potential matches between 3’-untranslated mRNA regions and
miRNA seed sequences [Whitehead, 2012]. The resulting interactions were filtered for high
predicted confidence, defined as those with TargetScan total context plus scores < - 0.4. The
total context plus score controls for factors influencing miRNA targeting including miRNA
binding site type and location, local adenine and uracil content, supplementary pairing,
target site abundance, and seed-pairing stability [Garcia et al., 2011]. Many experimentally
validated miRNA-mRNA interactions were also included in the in silico prediction.
TarBase5.0 was included in the queried database and contains a manually curated collection
of more than 1300 experimentally supported miRNA targets [Papadopoulos et al., 2009]. In
addition, miRecords was included in the predicted analysis, which is a database comprising
over 2600 experimentally validated miRNA-mRNA interactions [Xiao et al., 2009].
Transcriptional targets of U-tAs-associated miRNAs were subsequently filtered to include
those that were identified as U-tAs-associated and those with an inverse relationship in
expression. To further establish the relationship between U-tAs-associated miRNAs and
their predicted mRNA targets, correlation analyses were performed. The z-score normalized
expression levels of the U-tAs-associated miRNASs were correlated to the z-score normalized
expression levels of the U-tAs-associated target mMRNAS using the Spearman Rank
Correlation test (Spotfire® TIBCO Software).

Network, pathway, and functional enrichment analysis

Network analysis was performed to understand the systems-level response to prenatal
arsenic exposure, and to uncover which responses are possibly mediated via epigenetic (e.g.
miRNA) regulation. For this analysis, arsenic-associated miRNAs and mRNAs were
overlaid onto a global molecular interaction network. Here, networks were algorithmically
constructed based on connectivity, as enabled through Ingenuity Pathway Analysis
(Ingenuity Systems®). Canonical pathways and gene sets corresponding to biological
functions / disease signatures within the constructed networks were then identified using the
right-tailed Fisher's Exact test, as performed previously [Fry et al., 2007; Rager et al., 2013].
Over-represented pathways and gene sets were defined as those that contain more targets
than expected by chance.

Confirming miRNA and mRNA microarray results using RT-PCR

To confirm the miRNA and mRNA microarray results, U-tAs associated changes in
expression were validated using real-time reverse transcriptase polymerase chain reaction
(RT-PCR). Specifically, cord blood samples from subjects representing the highest (n=5)
and lowest (n=5) levels of U-tAs were selected for RT-PCR. Samples were plated in
technical duplicate. For miRNA validation, TagMan® MicroRNA Primer Assays (ID
4427975) for hsa-miR-107 (No. 000443), hsa-miR-26b (No. 000407), and the U6
housekeeping miRNA (No. 001973) were used with the TagMan® Small RNA Assays PCR
kit (Applied Biosystems, Carlsbad, CA). The MyCyler Thermal Cycler (Bio-Rad, Hercules,
CA) was used for the reverse transcription step, and the Stratagene Mx3005P QPCR System
(Agilent Technologies) was used for the real-time amplification step. The resulting RT-PCR
cycle times were normalized against the U6 housekeeping miRNA. For the mMRNA
validation, QuantiTect Primer Assays were used with QuantiTect SYBR® Green PCR Kkits
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(Qiagen) and the Stratagene Mx3005P QPCR System (Agilent Technologies). Specifically,
dynamin 2 (DNM2) (Cat. No. QT00037072), mitogen-activated protein kinase kinase kinase
3 (MAP3K3) (Cat. No. QT00007665), and phosphatidylinositol-3,4,5-trisphosphate-
dependent Rac exchange 1 (PREX1) (Cat. No. QT00027188) were evaluated for changes in
mMRNA expression. Resulting RT-PCR cycle times were normalized against the p-actin
housekeeping gene. For both miRNA and miRNA analyses, fold changes in expression were
calculated using AA cycle time values [Livak and Schmittgen, 2001]. Statistical significance
was calculated using ANOVA (high vs. low U-tAs) (Partek®). The Spearman Rank
Correlation test was used to correlate RT-PCR results with the microarray signal intensities.

Characteristics of the BEAR cohort and subcohort

The BEAR pregnancy cohort consists of 200 women and their newborns recruited in Gémez
Palacio, Mexico. In the present study we focus on miRNA expression analysis coupled with
transcriptional profiling utilizing 40 newborn cord blood samples obtained from the larger
BEAR cohort. The samples used in the present analysis were selected to include subjects
exposed to varying levels of arsenic as determined by both DW-iAs and U-tAs. The levels
of all measured arsenicals (iAs, MMAs, and DMAS) in U-tAs showed variation, where 20
cord blood samples represented maternal U-tAs below 25 pg/L, and 20 were above 25 ug/L
(total range=6.2 to 319.7 ug/L). The mean concentration of U-tAs was 64.5 ug/L
(median=25.2 pg/L) and none of the U-tAs levels were below detection. The DW-iAs levels
ranged between <LOD (0.456 pg/L) and 236 pg/L (mean=51.7 ug/L, median=17.1 pg/L)
(Table I). Of the drinking water samples collected from the subcohort, approximately half
(n=21, 52.5%) had DW-iAs levels that exceeded the WHO standard (10 pg/L), ranging
between 16.4 and 236 pg/L (Table I). Within the subcohort, 11 of the 40 DW-iAs samples
had levels < LOD, where the U-tAs levels for these 11 subjects ranged between 7.3 and 16.2
pg/L. Although these samples were collected postpartum, it has been demonstrated that
arsenic levels in drinking water show little temporal variability [Slotnick et al., 2006].
Furthermore, this population is stable with the average time living in current residence of 17
years (range=1 to 39 years). Based on these two factors, the DW-iAs levels likely reflect
prepartum arsenic exposure through drinking water.

The levels of DW-iAs and U-tAs were significantly correlated in both the larger BEAR
cohort (r=0.51, p<0.001) and the subcohort (r=0.87, p<0.001). More detailed demographic
characteristics of the women and their newborns are provided in Supporting Information,
Table SI.

Prenatal exposure to arsenic is associated with miRNA expression changes

In order to determine whether prenatal exposure to arsenic is associated with the altered
expression levels of miRNAs within human cord blood, RNAs from cord blood samples
were assessed using the Agilent Human miRNA Microarray, developed using miRBase
v16.0. This array measures the expression levels of over 1300 human miRNAs. Microarray
analysis revealed that maternal U-tAs is associated with the differential expression of 12
miRNAs in newborn cord blood (see Supporting Information, Table SII). All 12 miRNAs,
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namely let-7a, miR-107, miR-126, miR-16, miR-17*, miR-195, miR-20a, miR-20b,
miR-26b, miR-454, miR-96, and miR-98, showed increased expression levels associated
with U-tAs. Supporting the regression model, an additional permutation-based analysis
showed that all of the 12 U-tAs-associated miRNAs had a multivariable deviation score <
0.0001 (see Supporting Information, Table SII). The 12 miRNAs were selected based on
their linear regression p-values and permutation-based scores and were not filtered using g-
values. To control for possible white blood cell shifts, these miRNAs were compared to
those known to be immune cell subset-specific [Allantaz et al., 2012]. None of the 12
miRNAs identified here belong to the cell shift-associated miRNAs.

Disease-related signaling is associated with miRNAs

Network analysis of the 12 U-tAs-associated miRNAs generated one significant network
(p<10-25) containing known interactions between miRNAs, proteins, and other molecules
(Fig. 1). This signaling network was enriched for several biological functions and disease
signatures. The most significantly associated functions/diseases were cancer (p=7.1x10"13),
reproductive system disease (p=3.3x10712), connective tissue disorders (p=6.1x1010),
inflammatory disease (p=6.1x10"19), inflammatory response (p=6.1x10-10), organismal
injury and abnormalities (p=6.1x10"19), respiratory disease (p=6.1x10-10), gastrointestinal
disease (p=4.7x109), hepatic system disease (p=4.7x10"%), endocrine system disorders
(1.6x10°7), and metabolic disease (e.g. diabetes mellitus) (p=3.0x1077). Of note, the network
containing U-tAs-associated miRNAs includes 16 cancer-associated molecules, 8
respiratory-disease associated molecules and 10 diabetes mellitus-associated molecules,
three diseases with known association with iAs exposure (Fig. 1).

MRNA expression profiles are associated with U-tAs

In order to assess the influence of prenatal arsenic exposure on mRNA signaling in cord
blood, a transcriptomics-based analysis was carried out using Affymetrix Human Gene 2.0
ST arrays. This array measures the relative expression levels of over 25,000 genes across the
genome. A total of 334 transcripts (represented by 537 probe sets) were identified as
differentially expressed and associated with U-tAs (see Supporting Information, Table SllI),
as determined by linear regression p-values. Of these U-tAs-associated transcripts, 110
displayed increased expression levels and 224 displayed decreased expression levels.
Supporting the regression model, an additional permutation-based analysis showed that the
majority of the 334 U-tAs-associated mRNAS (n=294, 88%) had a multivariable deviation
score < 0.05 (see Supporting Information, Table SlIII).

Of the 334 U-tAs-associated mRNAS, only seven were in common with known immune
cell-specific genes (n=1135) [Palmer et al., 2006]. Namely, the seven genes were Fc
fragment of 1gG, receptor, transporter, alpha (FCGRT), metastasis associated lung
adenocarcinoma transcript 1 (MALATL), pleckstrin homology domain containing, family G
(with RhoGef domain) member 3 (PLEKHGS3), paxillin (PXN), RAB43, member RAS
oncogene family (RAB43), RERL1 retention in endoplasmic reticulum 1 homolog (S
cerevisiae) (RERL), and transporter 1, ATP-binding cassette, sub-family B (MDR/TAP)
(TAPL). The minimal overlap between the U-tAs-associated mMRNAs and known immune
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cell-specific suggests that the disrupted expression profiles are not the result of changes in
immune cell populations.

to previous prenatal arsenic transcriptomic study

As prenatal arsenic exposure has been shown to alter mRNA signaling previously [Fry et al.,
2007], we set out to compare the gene expression patterns across cohorts. When U-tAs
association in the present study is considered at p<0.05, the number of overlapping genes
between the current study and Fry et al. (2007) is 28 (see Supporting Information, Table
IV). Eleven of these 28 genes display the same directionality in expression level in arsenic
exposed vs. unexposed subjects across cohorts. Among these 28 genes is dual specificity
phosphatase 1 (DUSP1), identified previously as a potential gene biomarker of prenatal
arsenic exposure [Fry et al., 2007].

associated mRNAs are likely regulated by miRNAs

In the present study we aimed to gain insight into the potential impact miRNAs may have on
gene expression in human cord blood from newborns with varying levels of prenatal iAs
exposure. Thus, interactions between U-tAs-associated miRNAs and differentially expressed
mRNAs were predicted in silico. The analysis was carried out using a database comprising
previous experimental findings as well as computational predictions largely based on
sequence matches between 3’-untranslated mRNA regions and miRNA seed sequences.
These predictions revealed that of the 334 U-tAs-associated mRNAS, 66 (20%) are likely
regulated by 9 U-tAs-associated miRNAs (Fig. 2, see Supporting Information, Table SV).

Immune response signaling is associated with the transcriptional responses

In order to evaluate the potential effects of in utero arsenic exposure at the systems level,
enriched canonical signaling pathways were evaluated for the 334 U-tAs-associated
MRNAs. A total of 42 canonical pathways were significantly (p<0.10) over-represented
amongst the networks constructed using the U-tAs-associated transcripts. Of these 42
canonical pathways, 14 are directly involved in innate or adaptive immune response
signaling (Fig. 3). Pathways involved in innate immune response signaling include TREM1
signaling (p=0.007), clathrin-mediated endocytosis signaling (p=0.010), toll-like receptor
signaling (p=0.035), nuclear factor kappa B (NFxB) signaling (p=0.062), and interferon
signaling (p=0.069). These pathways were composed of genes with decreased expression
associated with maternal U-tAs, including DNM2, IFI35 (interferon-induced protein 35),
ITGAS (integrin, alpha 5 (fibronectin receptor, alpha polypeptide), NF xBIA, TLR5 (toll-like
receptor 5), and TLRO (toll-like receptor 9). Pathways involved in adaptive immune response
signaling include protein kinase-c-theta (PKC®8) signaling in T lymphocytes and B cell
receptor signaling (p=0.004), among others. These immune response signaling pathways
included proteins encoded by MAP3K3 and NF xBIA, among others. Nine of these immune
response signaling pathways include proteins encoded by U-tAs-associated mRNAs that are
predicted to be regulated by U-tAs-associated miRNAs (Fig. 3).
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miRNA expression correlates with mRNA expression levels

The expression levels of 9 U-tAs-associated miRNAs computationally predicted to regulate
U-tAs-associated mMRNAs were correlated to the expression levels of their predicted MRNA
targets. The predicted interactions regulated by the 9 U-tAs-associated miRNAs were those
detailed previously in the results section. Out of the 108 total predicted miRNA-mMRNA
expression pairings, 36 of the pairings (33%) had correlations where p<0.05 (Fig. 4, see
Supporting Information, Table SV). MiRNAs can influence protein expression via multiple
manners and are not limited to mRNA degradation. These correlation results suggest that
miRNAs may be regulating mRNA expression levels through mechanisms other than
MRNA degradation, and warrant the investigation of the limitations of interaction databases
currently available. The significantly correlated miRNA-mRNA pairings include mRNAs
involved in innate and adaptive immune response signaling, including DNM2 and MAP3K11

(Fig. 4).

RT-PCR results

To confirm the microarray results, arsenic-associated changes in miRNA and mRNA
expression were tested using RT-PCR with samples from a subset of the mother-newborn
pairs. Specifically, cord blood samples from the five mothers with the highest levels of U-
tAs were used for RT-PCR alongside samples from the five mothers with the lowest levels
of U-tAs. A total of 10 subjects were used for RT-PCR due to sample availability. To
confirm the miRNA microarray results, two miRNAs, miR-107 and miR-26b, were selected
for RT-PCR analysis, as these miRNAs were involved in the disease-associated signaling
network (Fig. 1) and likely play an important role in multiple immune response-related
pathways (Fig. 3). The increased expression of miR-107 was verified through RT-PCR
where p=0.07 (high U-tAs vs. low U-tAs) (Fig. 5). The increased expression of miR-26b
was also verified through RT-PCR where p=0.001 (Fig. 5). There was a positive correlation
between RT-PCR and microarray results for miR-107 (p=0.15, r=0.49) and miR-26b
(p=0.02, r=0.72).

To validate the mRNA microarray results, the expression levels of DNM2 and MAP3K3,
selected for their role in innate/adaptive immune signaling (Fig. 3), and PREX1 were
measured. Supporting the microarray findings, an arsenic-associated decrease in expression
was apparent with MAP3K3 (p=0.005) and PREX1 (p=0.078) through RT-PCR analysis
(Fig. 5). DNM2 expression was found to be decreased in the high arsenic exposure samples
using RT-PCR, but this reduction was not statistically significant (p=0.717) (Fig. 5). This
difference in significance between microarray and RT-PCR results for DNM2 may have
resulted from the smaller number of subjects used in the RT-PCR analysis (n=10) versus
microarray analysis (n=40). There was a positive correlation between RT-PCR and
microarray results for DNM2 (p=0.19, r=0.46), MAP3K3 (p=0.03, r=0.69), and PREX1
(p=0.02, r=0.73).

DISCUSSION

Inorganic arsenic is currently poisoning the drinking water of individuals around the globe
including pregnant women and infants. Early-life exposure to arsenic is of particular concern
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as it is associated with increased risk for both cancer and non-cancer endpoints later in life
[Yuan et al., 2010; Dauphiné et al., 2011; Smith et al., 2012; Naujokas et al., 2013]. In spite
of this considerable impact on human health, the biological mechanisms that underlie these
latent health effects are largely unknown. Prenatal arsenic exposure in humans is associated
with altered gene expression profiles [Fry et al., 2007] as well as shifts in cytokine levels in
cord blood [Ahmed et al., 2011]. These changes are likely regulated by various cellular
mechanisms that impact transcription, including changes in the epigenome. In support of
this, prenatal arsenic exposure has been associated with epigenetic changes such as 5-methyl
cytosine DNA methylation [Pilsner et al., 2012; Koestler et al., 2013]. Here we present
evidence that prenatal arsenic exposure impacts miRNA expression profiles, another key
component of the epigenetic machinery [Bailey and Fry, 2012].

We employed an integrative approach to highlight the relationships between prenatal arsenic
exposure, epigenetic events, and genomic signaling. Human cord blood samples were
collected through the auspices of the BEAR pregnancy cohort in Gémez Palacio, Mexico.
The cord blood samples were collected from newborns exposed in utero to varying levels of
arsenic, as measured using DW-iAs and maternal U-tAs, where tAs was defined as the sum
of iAs and its monomethylated and dimethylated metabolites (MMAs and DMAs). The
hypothesis to be tested was that prenatal arsenic exposure impacts the expression profiles of
an interrelated set of miRNAs and mRNAs, and that these likely influence pathway
signaling related to arsenic-induced disease.

The DW-iAs in our study ranged from <LOD (0.456 ug/L) to 236.0 ug/L, with a mean of
51.7 pg/L (median=17.1 pg/L). Within the subcohort, approximately half (n=21) of the
drinking water samples exceeded the WHO recommended limit of 10 pg/L [WHO, 2006].
Levels of DW-iAs from these samples that exceeded the WHO recommended limit ranged
between 16.4 and 236.0 pg/L. Thus, while our study, along with many previous studies of
arsenic exposure, demonstrates dangerously high levels of arsenic in the drinking water of
subpopulations outside of the United States [ATSDR, 2007], this research also has
significant implications for human health within the United States. Specifically, some of the
women in the BEAR cohort had drinking water with iAs levels comparable to measures
within the United States. For instance, drinking water arsenic levels in New Hampshire have
been found to be 5.2 pg/L (median=3.7 pg/L), but levels ranged up to 67.5 pg/L [Farzan et
al., 2013]. In Idaho, the mean iAs concentration in drinking water in 59 wells was measured
as 32.6 ug/L (median=14.6 pg/L), and the iAs level in most of the wells (85%) exceeded the
WHO recommendation of 10 pg/L [Hagan, 2004]. In North Carolina, of 63,000 wells tested
for arsenic, 7712 (12%) had detectable levels ranging from 1 to 806 ug/L and 1436 (2.3%)
had arsenic levels that exceeded the WHO standard [Sanders et al., 2012].

There is no standard for what constitutes safe urinary arsenic levels during pregnancy, and
other studies of pregnancy cohorts have reported extremely variable levels of maternal
urinary arsenicals. Here we report a mean maternal U-tAs level, measured at time of
delivery, of 64.5 pug/L (median=25.2 ug/L, range=6.2-319.7 ug/L). Comparably, in a New
Hampshire cohort, mean maternal U-tAs at 24-28 weeks gestation was 6.0 = 7.5 pg/L
(median=3.7 pg/L) and a reported maximum was 58.3 pg/L [Farzan et al., 2013],
considerably lower than the current study's maximum U-tAs of ~320 pg/L. In Bangladesh, a
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mean U-tAs at 30 weeks gestation of 166 + 196 pg/L (median=80 pg/L, range=2-1440 ug/L)
was reported [Rahman et al., 2011]. These findings are likely related to levels of DW-iAs
that women are consuming during pregnancy and supported by the positive relationship
between DW-iAs and U-tAs in the BEAR cohort.

We find that prenatal arsenic exposure is associated with the altered expression levels of
miRNAs and mRNAs in newborn cord blood. Statistical assessment included both a
regression model as well as a permutation-based analysis. Data were not filtered using a
stringent g-value, an issue that is not uncommon in human subject-based assessment using
genome-wide testing. Rather, p-values were used for prioritized analysis as in [Rastogi et al.,
2013]. In addition, gene-specific analyses were used to ensure the finding that prenatal
arsenic exposure modifies miRNA and mRNA expression profiles in newborn cord blood.

Maternal U-tAs levels were associated with the increased expression of 12 miRNAs, many
of which have known roles in cancer and inflammatory response. While miRNAs have not
been previously assessed in the cord blood of arsenic-exposed populations, 6 of the 12 U-
tAs-associated miRNAs had altered expression in human umbilical vein endothelial cells
exposed to inorganic arsenic (20 UM NaAsO») in vitro [Li et al., 2012]. In a separate study,
6 of the 12 U-tAs-associated miRNAs had altered expression in acute promyelocytic
leukemia NB4 cells exposed to 2 uM arsenic trioxide [Ghaffari et al., 2012]. Comparing
results across the current study and the two aforementioned studies identifies three common
miRNAS: let-7a, miR-16, and miR-20b. All three of these miRNAs have known association
to carcinogenesis [Lui et al., 2007; Cascio et al., 2010]. Furthermore, the altered expression
of miR-107 and miR-126 has been associated with diabetes mellitus [Guay et al., 2011], a
known iAs-associated disease [Del Razo et al., 2011]. The perturbations in key miRNAs
may, therefore, represent plausible biological mechanisms underlying arsenic-induced
disease and warrant further investigation.

In addition to miRNAS, a set of 334 genes with differential expression associated with
maternal U-tAs was identified. These genes were compared to a genomic signature from a
study of prenatal arsenic exposure in the Ron Pibul district of Thailand [Fry et al., 2007].
While both cohorts have varying levels of arsenic exposure, in general, levels of DW-iAs in
the Ron Pibul region are reported to be higher than those in the current study [Mandal and
Suzuki, 2002]. Comparing the genomic datasets, there was overlap at the gene level
including DUSP1, one of the proposed biomarkers of prenatal arsenic exposure [Fry et al.,
2007]. DUSP1 is primarily involved in the regulation of both broad and local inflammatory
response, influencing MAPK (mitogen-activated protein kinase) and JNK (c-Jun N-terminal
kinase) signaling [Lang et al., 2006; Liu et al., 2007]. There were also overlaps at the level
of biological pathways and functions with both studies demonstrating the enrichment of
genes involved in cytokine activity, immune response, inflammatory response, and stress,
including NFxB and Interleukin players. Thus at the pathway level there are commonalities
demonstrating dysregulation of key signaling pathways in newborns exposed to prenatal
arsenic exposure.

We present novel evidence for the dysregulation of genes that play a role in inflammation
signaling and in both the innate and adaptive immune system. Genes related to the innate
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immune system showed decreased expression levels associated with maternal U-tAs in a
dose-response manner. These include genes involved in TREML1 signaling (e.g. ITGAS),
endocytosis signaling (e.g. DNM2), toll-like receptor signaling (e.g. TLR5, TLR9), NFxB
signaling (e.g. NFxBIA), and interferon signaling (e.g. IFI135). Genes related to the adaptive
immune systems were also found to have decreased expression levels associated with U-tAs.
These include genes involved in PKCB8 signaling in T lymphocytes (e.g. MAP3K3, NF xBIA)
and B cell receptor signaling (e.g. MAP3K3). Our data support prior studies demonstrating
arsenic-responsive inflammatory signaling in the mouse model [Kozul et al., 2009] as well
as invitro [Yager et al., 2013]. Inflammation during the prenatal period has been associated
with later life health effects such as lung development and altered risks of lung disease
[Kramer et al., 2009]. While these changes were measured in cord blood, the altered
inflammation-associated changes are likely similar in the placenta, as previously shown
[Ahmed et al., 2011]. Therefore, the changes observed in cord blood likely serve as a proxy
for similar biological perturbations occurring in the placenta that could mediate arsenic-
induced birth outcomes.

The finding that prenatal arsenic is associated with altered expression of genes that play a
role in innate and adaptive immunity is particularly interesting as such exposure has been
correlated with specific health outcomes indicative of a repressed immune system. These
adverse immune-related outcomes include reduced thymic size and function in the newborn
[Raqib et al., 2009; Ahmed et al., 2012], decreased levels of trophic factors (namely
lactotransferrin and 1L-7) [Ragib et al., 2009], reduced placental T cell count and impaired
production of naive T cells in the fetal thymus [Ahmed et al., 2011; Ahmed et al., 2012],
elevated placental inflammatory cytokines [Ahmed et al., 2011], and increased morbidity
from infectious diseases during infancy [Raqgib et al., 2009; Rahman et al., 2011; Farzan et
al., 2013]. Specifically, infants exposed to elevated inorganic arsenic levels in utero had an
increased risk of developing lower respiratory tract infections [Rahman et al., 2011].
Similarly, there was a positive correlation between acute respiratory infections in male
infants and maternal urinary inorganic arsenic during gestation in rural Bangladesh [Raqib et
al., 2009]. Most recently, the New Hampshire Birth Cohort Study highlighted that prenatal
inorganic arsenic exposure was correlated with an increased risk of an infant developing an
infection [Farzan et al., 2013].

The results from the present study suggest that miRNAS play a role in mediating, at least in
part, the immune-associated genomic response in cord blood. Some of the miRNAs that are
predicted to regulate the U-tAs-associated mRNA transcripts are established as mediators
within the immune system. For instance, miR-20a has been shown to inhibit T-cell
activation genes involved in monocyte-macrophage differentiation [Cox et al., 2010].
MiRNAs are known regulators of the immune system [Baltimore et al., 2008] and have
important functions in physiological responses to environmental exposures [Bailey and Fry,
2013]. Future studies will be needed to confirm these findings and would benefit from
increased sample size, separate geographic locations of validation cohorts, and other
biological indicators of effect. Specifically it will be important to identify whether the
arsenic-associated miRNA changes directly cause mRNA transcriptional changes, and
whether these results in changes in protein functionality. The relationship between miRNA
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expression profiles in cord blood and iAs metabolites should be established. Finally, the
relationships between arsenic-induced genomic and epigenomic changes should ultimately
be analyzed as they pertain to health outcomes in newborns.

In conclusion, these results highlight a novel mechanism by which prenatal arsenic exposure
impacts cell signaling in newborns. We demonstrate that prenatal arsenic exposure is
associated with altered expression of miRNAs that likely regulate genomic signaling in
newborn cord blood. This signaling was found to be related to innate and adaptive immune
response. These findings contribute to a growing body of literature aimed at elucidating the
molecular basis of arsenic-associated disease and reveal potential targets for therapeutic
intervention.
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Fig 1. Molecular network associated with U-tAs-associated miRNAs

The network displays known interactions between miRNAs with U-tAs-associated increased

expression (red molecules) and molecules related to the miRNAs (white molecules).
Signaling molecules related to cancer, diabetes, and respiratory disease are also noted.
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Fig 2. Prenatal ar senic exposur e (U-tAs) is associated with the differential expression of miRNAs
and mRNAs

Heat maps display the relative expression levels of 9 U-tAs-associated miRNAs (middle)
predicted to regulate 66 U-tAs-associated mRNAs (bottom) in hewborn cord blood.
Expression levels are z-score normalized across rows. For miRNAs, red shading indicates
relatively higher expression levels associated with U-tAs, and blue shading indicates
relatively lower expression levels. For mRNAs, yellow shading indicates relatively higher
expression levels associated with U-tAs, and turquoise indicates relatively lower expression
levels.
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Fig 3. Summary of innate and adaptive immune response pathways associated with
transcriptional responsesto prenatal ar senic exposure

U-tAs-associated mMRNAs are listed according to pathway involvement, alongside miRNAs
that are predicted to regulate the mRNAs.
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Fig. 4. The expression levels of miRNAs are correlated with target mMRNAs
The four most significantly correlated miRNA-mRNA expression pairings are plotted for the

subcohort (A-D), as well as some example miRNA-mRNA expression pairings for those
related to immune cell signaling (E,F). Expression levels (10-AACt for RT-PCR and
absolute intensity for microarray) are z-score normalized.
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Fig 5. RT-PCR validation of the miRNAsand mRNAs
(*) indicates p<0.10, and (**) indicates p<0.01 when comparing low versus high arsenic-

exposed samples. Error bars represent standard error mean.
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