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Abstract

Birth weight (BW) represents an important clinical and toxicological measure, indicative of the
overall health of the newborn as well as potential risk for later-in-life outcomes. BW can be
influenced by endogenous and exogenous factors and is known to be heavily impacted /in utero
by the health and function of the placenta. An aspect that remains understudied is the influence
of genomic and epigenomic programming within the placenta on infant BW. To address this

gap, we set out to test the hypothesis that genes involved in critical placental cell signaling are
associated with infant BW, and are likely regulated, in part, through epigenetic mechanisms based
on microRNA (miRNA) mediation. This study leveraged a robust dataset based on 390 infants
born at low gestational age (ranged 23 to 27 weeks) to evaluate genome-wide expression profiles
of both mRNAs and miRNAs in placenta tissues and relate these to infant BW. A total of 254
MRNAs and 268 miRNAs were identified as associated with BW, the majority of which showed
consistent associations across placentas derived from both males and females. BW-associated
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mRNAs were found to be enriched for important biological pathways, including glycoprotein VI
(the major receptor for collagen), human growth, and hepatocyte growth factor signaling, a portion
of which were predicted to be regulated by BW-associated miRNAs. These miRNA-regulated
pathways highlight key mechanisms potentially linking endogenous/exogenous factors to changes
in birth outcomes that may be deleterious to infant and later-in-life health.
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1. Introduction

Infant birth weight (BW) is an important clinical and toxicological measure that is collected
shortly after birth and is strongly associated with infant mortality risk and overall health
[1,2]. Alterations in BW are linked to adverse health outcomes for the child later-in-life,
including type Il diabetes, cardiovascular diseases, and obesity [1,3-5]. For example, low
BW neonates (<25009) have been shown to be more susceptible to developing hypertension
and glucose intolerance, while high BW or macrosomic (>4000g) neonates have been
shown to be more likely to develop metabolic syndrome and cancer [4,6]. Because this
outcome represents a critical indicator of newborn health and is associated with health
endpoints later-in-life, BW serves as a common measure evaluated in routine developmental
toxicity testing in animals, further highlighting the importance of understanding factors and
mechanisms that impact infant BW [7].

Changes in BW are influenced by multiple factors that can impact placental function,

such as maternal nutrition, gestational age, and maternal exposures, as well as pregnancy
complications association with placental insufficiency and decreased nutrient supply to the
fetus [8-10]. By providing a constant supply of nutrients as well as means for waste and
gas exchange, the placenta is crucial to the BW and overall health of the fetus [11]. Cells
within the placenta are characterized as transcriptionally active and shown to be functionally
controlled by the genome and epigenome [12]. An important type of epigenetic mechanism
that can regulate gene transcription is microRNA (miRNA)-mediated regulation. Some
studies have documented the importance of certain miRNAs on placental development;
however the specific pathways and associated miRNA mediation involved in regulating
infant BW remain elusive [8,13,14].

miRNAs are noncoding molecules, approximately 18-25 nucleotides in length, integral

to the regulation of gene expression via epigenetic processes [9,11,15]. Through
posttranscriptional regulation, miRNAs have been shown to control many complex
biologically processes including cell cycle/cell death, cell growth and proliferation, cell
differentiation, hormone signaling, and inflammation, which in turn, can influence potential
disease development [16]. miRNAs can specifically regulate posttranscriptional processes by
repressing mMRNA translation, directing the cleavage of translated mRNA molecules, and/or
increasing mRNA expression by targeting enhancer sequences [4,8,17]. The mRNAs that are
regulated by miRNAs are largely dictated through complementary base pairing processes,
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wherein partial base pairing has been shown to halt mRNA translation, and complete base
pairing has been shown to cause mMRNA degradation [11,15]. miRNAs have previously been
evaluated in the placenta and shown to play a role in critical biological pathways influencing
placental health [18]. Since miRNAs significantly impact placental biology, it is plausible
that these epigenetic regulators can affect placental processes that may influence infant
health indices, including BW.

Previous studies evaluating mRNA and miRNA signatures in the placenta have provided
evidence for expression alterations associated with preeclampsia, uterine growth restriction,
fetal growth restriction, and spontaneous abortion [10,18-20]. There is evidence to support
the role of placental miRNA expression dysregulation in affecting infant BW, where
previous studies have implemented gene-specific approaches to associate select miRNA
expression changes with altered BW [4,9,11,19,21-24]. For example, one study investigated
the expression of placental miRNAS in small for gestational age infants that were compared
to normal BW infants across a cohort of 68 neonates [8]. Select miRNAs were evaluated
using quantitative real-time polymerase chain reaction (QRT-PCR), and a subset were
identified as differentially expressed between the two groups. These miRNAs were noted for
their roles in biological pathways necessary for cell migration and viability, inflammation,
and insulin-like growth factor signaling [8]. Another study examined the relationship
between /n utero arsenic exposure and infant BW, finding that arsenic contributed to greater
placental miRNA differences in newborns delivered earlier in gestation, in comparison to
those delivered later in gestation [9]. Changes in miRNA expression associated with BW
have also been identified within placentas from rats and mice, confirming the importance of
placental miRNAs across species [25]. These data provide preliminary evidence for the role
of placental miRNAs potentially affecting processes potentially involved in the regulation
of infant BW. To our knowledge, no study has investigated genome-wide placental miRNA
expression signatures in relation to BW.

The current study set out to address this research issue by testing the hypothesis that genes
involved in critical placental cell signaling are associated with infant BW, and are regulated,
in part, through epigenetic mechanisms based on miRNA mediation. This study leveraged
a robust dataset based on 390 infants to evaluate genome-wide expression profiles of both
mRNAs and miRNAs in placenta tissues and relate these to infant BW. This study is unique
for the following reasons: (i) genome-wide mRNA and miRNA expression profiles were
evaluated simultaneously allowing for a more comprehensive evaluation of their molecular
interactions in the placenta; and (ii) data were leveraged from the previously established
Extremely Low Gestational Age Newborns (ELGAN) cohort, representing a robust dataset
to identify new trends in genomic and epigenomic signaling pertinent to BW. Results from
this study contribute valuable information towards further understanding the role of the
placenta in fetal growth and development, as well as the mechanisms impacting infant
health.
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2. Materials and Methods

2.1 Study cohort recruitment and BW evaluation

The study sample was derived from the ELGAN cohort, comprising of pregnancies that
ended in live births prior to completing 28 weeks of gestation [26]. Methods of subject
recruitment and sample collection have been described extensively elsewhere [3]. To
summarize, from 2002 to 2004, pregnant women scheduled to give birth at one of 14
participating institutions were recruited for participation. Study procedures were approved
by the Institutional Review Board at each of the 14 participating ELGAN sites, and

consent was provided prior to hospital admission or soon after delivery [3]. In total,

1506 infants and 1249 mothers enrolled in the ELGAN study. At or prior to delivery,
maternal and demographic and clinical assessments were completed. A trained research
nurse measured demographic and pregnancy variables after delivery using a structured
questionnaire [26]. Each infant’s anthropometric measures, including BW, were recorded
throughout hospitalization and at follow-up [27]. Women participating in the ELGAN study
also agreed to the collection of placenta samples. Of the original sample, placental genomic
data are available for 390 individuals, representing the samples evaluated in this study.

2.2 Placenta tissue collection

Placenta samples were collected immediately after each delivery, as previously described
[28,29]. In summary, placentas were deposited into a sterile exam basin and taken to the
sampling room for biopsies. In acquiring the specific tissue samples, the amnion enclosing
the embryonic sack was pulled away from the underlying chorion (representing fetally-
derived tissue) using sterile techniques in order to expose the chorion. To determine the
area, each sample was measured from the midpoint to the longest distance between the
cord insertion and the edge of the placental disk. A tissue sample was trimmed from the
base of the chorion after the application of traction to both the chorion and the underlying
trophoblast tissue. Each sample was subsequently inserted into a sterile 2 mL cryovial

that was quickly submerged in liquid nitrogen, shipped frozen to the University of North
Carolina at Chapel Hill, and stored at —80°C until further processing. For the current study, a
total of 390 placentas were available for subsequently used for RNA analysis.

2.3 Placental RNA extraction and sequencing analyses

The placental tissues were processed by first placing the cryotubes containing the placental
biopsies on dry ice. Frozen tissue samples were sliced into approximately 0.2g segments
using a sterile dermal curette and washed in 1x PBS (Fisher Scientific, Waltham, MA) to
reduce any potential blood contamination. To preserve sample integrity, washed samples
were then immediately snap frozen in homogenization tubes and placed back on dry

ice. Tissue segments were homogenized using a sterile stainless-steel bead (Qiagen,
Germantown, MD) in RLT + lysis buffer (Qiagen) with the TissueLyserll instrument
(Qiagen). Samples were then clarified by spinning to collect the bead and cellular debris,
and homogenates were stored at —80°C until nucleic acid extraction. RNA molecules 18
nucleotides and greater were extracted using the AllPrep DNA/RNA/mMiRNA Universal kit
(Qiagen). RNA guantity was then measured using the NanoDrop™ 1000 Spectrophotometer

Reprod Toxicol. Author manuscript; available in PMC 2021 November 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Payton et al.

Page 5

(Thermo Scientific, Waltham, MA) and tested for quality based on RNA integrity scores
produced by the QlAxcel system (Qiagen).

Isolated RNA samples were then used to evaluate genome-wide miRNA expression profiles
using the HTG EdgeSeg miRNA Whole Transcriptome Assay (HTG Molecular Diagnostics,
Tucson, AZ), which utilizes next-generation sequencing technologies to analyze expression
levels of 2,083 human miRNA transcripts. The counts of sequencing reads per miRNA
were aligned to miRBase v20 and organized using Parser (HTG Molecular Diagnostics).
Isolated RNA samples were also used to evaluate genome-wide mRNA expression profiles
using the QuantSeq 3" mRNA-Seq Library Prep Kit (Illumina) and libraries were pooled
and sequenced (single-end 50 bp) on one lane of the lllumina Hiseq 2500. The counts of
sequencing reads per mRNA were aligned to the GENCODE database v30 and organized
using Salmon, yielding measures of 37,268 unique human RNA transcripts, including
protein-coding and non-coding RNAs [30,31]. The resulting summarized count data were
used in downstream data processing and statistical analyses. Sequencing data have been
submitted to National Center for Biotechnology Information (NCBI) Gene Expression
Omnibus repository [32].

2.4 Data processing and statistical analysis to identify miRNAs and mRNAs associated
with neonatal BW

miRNA and mRNA sequencing data were processed separately using R (v3.6.2). Count data
were first filtered to exclude universally lowly expressed transcripts, requiring that > 25%

of the samples be expressed at signals above the overall median signal intensity, similar to
our previous genome-wide mRNA and miRNA analyses [33-36]. This resulted in panels

of 10,412 mRNA transcripts and 1,130 miRNA transcripts available for further evaluation.
Potential sample outliers were identified through principal component analysis, in which
principal components were calculated and visualized using the prcomp function within the R
stats package (v3.6.2) [37]. Potential outliers were also evaluated via hierarchical clustering,
in which distance metrics were calculated and visualized using the hclust function within the
R stats package. The same outliers were identified using both approaches and thus excluded
from the analysis. Count data were then normalized by median signal intensity using
algorithms enabled within the DESeq2 package (v1.24.0), resulting in variance stabilized
expression values [38]. Batch effects and potential sources of sample heterogeneity were
accounted for using surrogate variable analysis (SVA) within the SVA R package (v3.32.1)
[37]. Using default parameters to estimate control probes, three significant surrogate
variables were calculated and included as covariates in the final statistical model [39].

To identify potential confounders, variables associated with BW and gene expression

were identified via literature review. Statistical tests were performed to identify significant
(0 < 0.05), plausible associations between variables and BW. A directed acyclic graph
(DAG) approach was then used to model causal associations between variables. To capture
potential sources of bias without substantial losses in precision, a parsimonious model
was constructed from covariates that were significantly associated and/or had known
relationships with miRNA and/or mRNA expression levels and BW: multiple-gestation
pregnancy (no/yes), gestational age (days), first or secondhand smoke exposure (no/yes),
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and sex of the fetus (male/female). Note that additional covariates demonstrated substantial
collinearity with the included variables and were thus excluded from the analysis (e.g.,
maternal age). The final model evaluated BW as a continuous, log-transformed variable.

Negative binomial generalized linear models within the DESeq?2 package were used to
identify miRNAs and mRNAs differentially expressed in association with infant BW,

while adjusting for aforementioned covariates [38]. This method, based on the Wald

test, calculated shrunken logarithmic fold changes in expression, which were divided by
their standard error values to produce z-statistics. Resulting z-statistics were compared
against standard normal distribution curves to generate Wald test p-values. To account for
multiple testing, these p-values were then adjusted using the Benjamini and Hochberg (BH)
procedure [40]. All differentially expressed miRNAs and mRNAs were defined as those with
false discovery rate (FDR) < 0.1, based on a BH-adjusted p-value. miRNA- and mRNA-seq
data were first analyzed for statistical relationships with infant BW using all placental data
from all newborns. Then, sex-stratified approaches were implemented, analyzing placenta
data derived from male newborns separate from female newborns.

2.5 Predicting miRNA-mRNA interactions

The mRNAs found to be associated with BW were evaluated for potential regulation via
miRNAs using an /n sifico approach based on experimentally observed miRNA-mRNA
interactions curated from literature coupled with computational predictions. Specifically,
miRNAs identified with expression levels significantly associated with BW were queried
using the Ingenuity Knowledge Database (Ingenuity Systems®, Redwood City, CA) for
mMRNA targets predicted based on experimental observation or high predicted confidence.
Experimental observations represented those gathered from TarBase, which contains
approximately 670,000 unique miRNA-mRNA interactions shown through published
literature [41]. Computationally predicted interactions represented those derived using
algorithms generated through TargetScan Human v7.2, which identifies miRNA-mRNA
interactions based on potential base pairing homologies between the 3’ untranslated

mRNA regions and miRNA seed sequences [42]. The resulting potential MiIRNA-mMRNA
interactions were filtered to only include those with high predicted confidence, defined as
those with cumulative weighted context scores <—0.4. These scores represent an aggregation
of factors that influence the likelihood of MiIRNA-mRNA interactions, including binding
site type and location, local adenine and uracil content, target site abundance, seed-pairing
stability, and supplementary pairing [43]. To further evaluate the relationships between
BW-associated miRNAs and their predicted mRNA targets, correlation analyses were carried
out based on the Spearman Rank Correlation test (R Software). Correlations with p < 0.05
were identified as significant.

2.6 Pathway and network enrichment analysis of genomic and epigenomic profiles
associated with BW

To further understand the biological implications of the BW-associated mRNAs and
miRNAs, canonical pathway and network enrichment analyses were carried out, as enabled
through the Ingenuity Knowledge Database. Over-represented canonical pathways were
defined as those containing more BW-associated mRNAS than expected by random
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chance, as based on a BH-corrected p-value calculated from a right-tailed Fisher’s

Exact Text [40,44]. Pathways with enrichment BH-corrected p-values <0.05 were
considered significant. Similarly, networks were constructed based on known protein-protein
interactions and other molecular interactions to further elucidate biological signaling that
may influence infant BW. Networks were ranked based on right-tailed Fisher’s Exact test
p-values, indicating the likelihood of observing a network containing at least the same
number of proteins encoded by BW-associated genes by chance in comparison to random
selections of other genes within the genome [44]. miRNAs that were predicted to regulate
the expression of BW-associated mMRNAs mapped within these networks were overlaid onto
resulting network visualizations. These methods parallel previous publications [33-35,45].

3. Results

3.1 Study cohort characteristics

The overall demographic characteristics of this study cohort are largely representative of
the full ELGAN cohort [26]. Subject information was included and summarized from the
390 placentas available for the current study, derived from women aged 14 to 45 years old
(Table 1). Most women identified as White (61.4%), had a normal BMI ranging from 18.5
to 25.0 kg/m? (52.8%), were not exposed to first- or second-hand smoking (76.4%), and
completed between 12 and 16 years of education (48.8%). The average pregnhancy ended
at 26 completed weeks of gestation, and the average infant BW was 831 grams, ranging
from 420 to 1418 grams. All 390 subjects were considered to have low BW as expected
for children born extremely preterm. Placentas were derived from 205 (52.6%) male infants
and 185 (47.4%) female infants. A total of 103 (26.4%) pregnancies represented multiple-
gestations.

A total of 378 placentas were included in the final mMRNA analysis and 376 in the final
miRNA analysis. Subjects were removed from the mRNA and/or miRNA analyses due to
the following criteria: (i) low expression values (i.e., non-detection across all genes) (n

= 2 for the mRNA analysis); (ii) identified as sample outliers, based on criteria defined

in the methods section (n = 2 for the mRNA, n = 2 for the miRNA analyses); and (iii)
demographic data were missing for the included covariates (n = 8 for the mRNA, n =12
for the miRNA analyses). Similar demographic distributions were apparent across all 390
evaluated placentas in comparison to the final sets of subjects included in the mRNA and
miRNA analyses (Table 1).

3.2 Differential expression of placental mMRNAs associated with infant BW

Changes in genome-wide gene expression profiles were evaluated for associations with
infant BW. A total of 254 genes were identified with expression levels significantly (FDR
< 0.1) associated with BW (Figure 1A, Supplemental Table S1). Of these, 164 showed
increased expression and 90 showed decreased expression in relation to increasing BW.
Notable genes identified as associated with infant BW include Janus Kinase 1 (JAKZ, B
=4.08, FDR = 0.02), Signal Transducing Adaptor Molecule 2 (STAMZ, B = 6.35, FDR

= 0.09), and Nuclear Cap-Binding Protein Subunit 3 (VCBP3, p = 11.00, FDR = 0.02).
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Here, the B estimate associated with each gene is interpreted as the change in expression
associated with each one-unit increase in infant BW (log-scaled, in grams).

Placentas are fetally-derived, and there is evidence for placental gene expression profiles

to be highly dependent upon infant sex [22,46,47]. As such, we carried out analyses

to test whether BW-associated mRNAs exhibit trends that are sex-specific (also referred

to as sexually dimorphic). Stratifying data derived from male placentas separate from
female placentas, we identified 42 mRNAs associated with BW in males and 31 associated
with BW in females (Figure 2A, Supplemental Table S2). When compared to the global
analysis, 35 (83%) of the male-derived mMRNAs and 21 (68%) of the female-derived mRNAs
associated with BW were also identified when analyzing all placentas collectively. Seven
MRNAs overlapped between the two sex-stratified analyses, representing 17% of the male-
derived mRNAs and 23% of the female-derived mRNAs associated with BW. Of these,

all 7 mRNAs showed consistent directionality of change across sexes. Taken together, the
results suggest that the majority of genes associated with infant BW identified through
sex-stratification were also identified in the collective analysis, indicative of minimal sexual
dimorphism, and thus are important to further investigate.

3.3 Differential expression of placental miRNAs associated with infant BW

Changes in genome-wide miRNA expression profiles were evaluated for associations with
infant BW. A total of 268 miRNAs were identified with expression levels significantly (FDR
< 0.10) associated with BW (Figure 1B, Supplemental Table S3). Of these, 163 showed
increased expression and 105 showed decreased expression in relation to increasing BW.
Notable miRNAs identified as associated with infant BW include miR-6773-5p (B = 35,
FDR =0.005), miR-6081 (B = 134, FDR = 0.01), and miR-519¢-3p (B = 26,739, FDR =
0.04). Here, the B estimate associated with each miRNA is interpreted as the change in
expression associated with each one-unit increase in infant BW (log-scaled, in grams).

Similar to the gene expression analysis, we carried out separate statistical analyses to test
whether BW-associated miRNAs exhibit trends that are sexually dimorphic. Stratifying

data derived from male placentas separate from female placentas, we identified 120
miRNAs associated with BW in males and 187 associated with BW in females (Figure

2B, Supplemental Table S4). When compared to the global analysis, 113 (94%) of the male-
derived miRNAs and 163 (87%) of the female-derived miRNAs associated with BW were
also identified when analyzing all placentas collectively. Many of these miRNAs overlapped
between the two sexes. Specifically, 76 miRNAs overlapped between the two sex-stratified
analyses, representing 63% of the male-derived miRNAs and 41% of the female-derived
miRNAs. Of these, 34 (45%) miRNAs showed consistent directionality of change across
sexes. Similar to the mRNA analysis, these results suggest that the majority of miRNAs
associated with infant BW show largely consistent trends, independent of sex, and thus
represent consistent epigenetic changes that might influence BW regardless of infant sex.

3.4 Comparing placental mMRNAs and miRNAs associated with BW to previous cohorts

There are a limited number of studies that have previously evaluated relationships between
mRNA and miRNA expression profiles in the placenta and infant BW in human cohorts
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[4,8,9,11,19,20,48]. A recent study by Cox et al. (2019) carried out a transcriptome-wide
analysis of 183 placental samples collected as part of the ENVIRONAGE birth cohort
study in Belgium [20]. This cohort included infants that had an average gestational age
of 38.9 weeks, though 24 of the infants were born at preterm (gestational age < 37
weeks). Investigators reported 85 mRNAs associated with BW that also overlapped with
those associated with pre-pregnancy BMI. Though this investigation’s cohort and analysis
focus differed from the current study, it is important to highlight that four mRNAs were
identified as associated with BW across studies. Specifically, EGF like domain multiple
6 (EGFL6), nuclear receptor subfamily 2 group F member 1 (NR2F1), protein tyrosine
phosphatase receptor type D (PTPRD), and spondin 1 (SPONI) all showed increased
expression associated with increased BW across cohorts.

Select studies have also employed gene-specific approaches to identify miRNAs in the
placenta that are associated with infant BW [4,8,9,11,19]. Some of the miRNAs identified
by these studies were also identified in the current investigation as associated with

BW, including miR-105-5p, miR-1290, miR-27a, miR-193b-3p, miR-195, miR-335-3p,
miR-324-5p, miR-328, and miR-517a [8,9,19]. Of these, miR-105-5p, miR-195, and
miR-335-3p showed consistent directional changes in expression, all showing increased
expression associated with increasing BW across studies.

3.5 Placental miRNAs predicted to regulate mRNAs associated with BW

To evaluate which of the BW-associated mMRNAs were predicted to be regulated by miRNAs,
miRNA-mRNA interactions were identified based on known, published interactions as

well as computationally predicted interactions, largely based on base pairing homologies.
Analyses focused on the lists of mMRNAs/miRNAs identified as associated with BW using all
subject data, as opposed to sex-stratified results, since sex-specific responses were limited.
From this global analysis, a total of 172 BW-associated miRNAs were predicted to regulate
the expression levels of 161 BW-associated mRNAS that have either been experimentally
observed and/or predicted with high levels of confidence (Supplemental Table S5). As a
result, 63% of the mMRNAs associated with BW were predicted as possibly under miRNA
mediation.

A total of 405 miRNA-mRNA interactions were predicted from this analysis, representing
160 interactions with the expected inversely correlated relationships. To elaborate, 160
miRNA-mRNA predicted interactions represented either miRNAs with increased expression
predicted to regulate MRNAs with decreased expression associated with BW, or miRNAs
with decreased expression predicted to regulate mRNAs with increased expression
associated with BW. These directional trends are important to note, as miRNAs are
classically understood to regulate mRNA expression through silencing interactions [8,17];
although there have been instances when miRNAs have shown to induce/increase mMRNA
expression [4,8]. Of the 160 inversely related interactions that were predicted, 104 showed
significant (p<0.05) correlation between expression profiles (Figure 3, Supplemental Table
S5). Of the 245 positively related interactions that were predicted, 176 showed significant
(p<0.05) correlation between expression profiles (Figure 3, Supplemental Table S5).
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3.6 Canonical pathways and networks enriched within genomic profiles associated with

BW

To further understand the functional implications of placental genomic alterations associated
with BW, canonical pathway and network analyses were carried out on the BW-associated
mRNAs. Several canonical pathways were identified as significantly associated with the
BW-associated genes (Supplemental Table S6), with the glycoprotein VI (GP6) pathway as
being one of the pathways identified with the most significant enrichment (BH p-value

= 0.002), alongside nine other pathways. GP6 is a glycoprotein receptor for collagen

[49], and the GP6 pathway enriched here included the following BW-associated genes:
Calmodulin 2 (CALM]I), Collagen Type VI Alpha 3 (COL6A3), Laminin Subunit Beta

1 (LAMBI), Laminin Subunit Gamma 1 (LAMCYI), Phosphatidylinositol-4,5-Bisphosphate
3-Kinase Catalytic Subunit Beta (P/IK3CB), Protein Kinase C Alpha (PRKCA), Protein
Kinase C Eta (PRKCH), and Protein Kinase D3 (PRKD?3). These genes are notably involved
in the collagen complex, laminin family, calmodulin complex, phosphoinositide 3-kinases
(PI3K) complex, and the protein kinase C (PKC) complex (Figure 4).

Other notable pathways related to GP6 signaling included those relevant to growth signaling,
including Hepatocyte Growth Factor Signaling (HGF) (BH p-value = 0.005) and Growth
Hormone (GH) Signaling (BH p-value = 0.01). Protein-protein interaction networks were
also constructed to illustrate known and predicted molecular interactions associated with the
BW-associated genes and related pathways. A network was identified to contain a portion of
the GP6-relevant signaling, as well as other signaling relevant to growth signaling. A portion
of the genes encoding proteins in the network were also predicted to be regulated by the
BW-associated miRNAs (Figure 5). These data therefore highlight the potential novel role of
GP6, HGF, and GH signaling involved in placental-mediated influences on infant BW.

4. Discussion

This study set out to evaluate molecular signatures associated with infant BW, focusing

on transcriptomic (MRNA) and epigenomic (miRNA) signatures within placentas derived
from extremely premature infants. We hypothesized that genes involved in critical placental
cell signaling are associated with infant BW, and are regulated, in part, through epigenetic
mechanisms based on miRNA mediation. Reduced fetal growth resulting in low BW

is specifically linked to placental insufficiency, and is associated with multiple chronic
conditions in adulthood [50-52]. Therefore, identifying mechanisms that regulate placental
health and relate to changes in BW is of vital importance. Our study provides novel evidence
that the placental genome and epigenome is highly linked to infant BW. Specifically, we
identified 254 mRNAs and 268 miRNAs associated with infant BW, the majority of which
showed consistent associations across placentas derived from both males and females. Gene
expression patterns associated with BW were identified as enriched for critical pathways,
including GP6, GH, and HGF signaling. A portion of these signaling alterations were
predicted to be regulated by miRNAs that were also identified as associated with infant
BW; specifically, 161 of the BW-associated mMRNAs were predicted as regulated by 172
miRNAs. Together, these data highlight important mechanisms potentially regulating infant
BW through the placenta.
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In this study, we found that the majority of mMRNA and miRNA signatures associated

with BW were largely consistent across infant sexes. These data suggest that, unlike

other infant outcomes, BW may be regulated by placental transcriptomic mechanisms

that are largely consistent across infant sex. Furthermore, these genomic and epigenomic
alterations were enriched for other biological processes besides oxidative stress; a notable
finding given that sexually dimorphic phenotypes have been attributable to oxidative

stress [53,54]. For example, males have been shown to have fewer antioxidant defense
mechanisms contributing to poorer health outcomes in preterm infants [55-57]. The current
study highlighted other mechanisms besides oxidative stress as being sex-independent and
associated with infant BW.

Our results yielded several canonical pathways significantly associated with mRNA
expression profiles related to BW, including GP6 signaling. Specific genes involved in GP6
signaling that were identified with expression levels associated with BW included those
within the collagen complex (e.g., COL6A3), laminin family (e.g., LAMBI1 and LAMC]),
and PKC complex (e.g., PRKCA, PRKCH and PRKD?3), among others. GP6 plays a role

in inducing platelet activation and thrombus formation and is the major signaling receptor
for collagen [49]. In the placenta, collagen is essential for the construction of its underlying
structure and is primarily supported by collagen providing tensile strength [58]. A decrease
in placental collagen content has been found to contribute to remodeling of the extra
cellular matrix, resulting in cervical softening and fetal membrane activation [58]. Collagen-
degrading enzymes have specifically been identified as active during labor, promoting the
separation of the placenta from the uterus during delivery [59]. Though the role of collagen
is known in terms of influencing placental structure, what remains understudied is the
potential role of collagen and GP6 signaling on fetal outcomes, such as BW.

Growth signaling pathways were also identified as enriched within the BW-associated
genes, including GH and HGF signaling. GH is secreted by the placenta during gestation
and is well recognized for its role in regulating fetal development [60,61]. For example,

a clinical study identified lower levels of placental GH levels in infants born at lower

BW; and levels of placental GH, insulin-like growth factor I, and insulin-like growth
factor-binding protein-3 accounted for a total of 40% of the variance in infant BW

[61]. Interestingly, these proteins were also linked to maternal glycemic status, indicating
potential cross-talk between maternal metabolic processes and fetal BW via placental

GH signaling [61]. Animal studies have also shown relationships between circulating GH
levels during pregnancy and altered BW in offspring (e.g., mouse and bovine models)
[60]. Additionally, HGF is strongly expressed in the placenta, particularly in the amnionic
epithelium, extravillous trophoblast, and villous syncytium, and is known to act in concert
with its tyrosine kinase receptor, Met, to regulate cell proliferation, migration, and
morphogenesis [62,63]. A study in nonhuman primates found that blocking HGF signaling
through Onartuzumab treatment during pregnancy resulted in decreased BW in offspring
[64]. Our study highlights an enrichment for BW-associated genes involved in GP6, GH, and
HGF pathways, a portion of which were predicted as regulated by miRNAs.

Though this study has several advantages, including a robust dataset of transcriptomic and
epigenomic human placental signatures derived from 390 infants, this study is not without
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limitations. When interpreting findings from this analysis, it is important to consider that
study participants included infants from the ELGAN cohort, representing infants born at
extremely low gestational age. Future studies should evaluate whether these findings are
apparent within placentas from infants born at full-term. However, comparing our findings
against previous studies that have evaluated mRNA and miRNA expression alterations
through gene-specific approaches within placentas of full-term newborns identified a
portion of expression changes associated with BW consistent across cohorts. In addition,
analyses from human cohorts have inherent limitations surrounding potentially unmeasured
confounding. For example, select socioeconomic factors, maternal nutrition, and level of
prenatal healthcare may have influenced lower BW [65-67], representing factors that

may not be fully captured in the covariates that were collected and tested. Still, this

study contributes valuable information towards advancing our understanding of placental
mechanisms associated with the critical outcome, infant BW. Future studies could further
evaluate the impact of these placental genomic and epigenomic alterations using controlled
in vitro and/or animal models [7] and test potential strategies for therapeutic intervention to
enhance the health of newborns at risk for low BW.

5. Conclusion

Together, this study represents the largest investigation of genome-wide placental MRNA
and miRNA expression signatures related to infant birth weight, to date. Findings
demonstrated that BW is associated with changes in the placental transcriptome and
epigenome, with many changes known and/or predicted to interact and regulate placental
cell health via critical pathways. These pathways included GP6, HG, and HGF signaling,
which are known to influence cellular growth and tissue development. A portion of the
genes involved in these critical pathways were predicted to be regulated by miRNAs, which
also showed expression levels associated with BW. These miRNA-regulated molecular
patterns are of high importance and should be evaluated in future studies for the potential to
be impacted by internal risk factors and/or external environmental insults that may induce
harm to the growing fetus and impact later-in-life health consequences.
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Highlights
. Placental mRNAs and miRNAs showed birth weight-related differential
expression
. Genomic and epigenomic changes were largely consistent across infant sex
. Associated pathways included glycoprotein VI and growth factor signaling
. Birth weight-associated changes were predicted to be regulated by miRNAs
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Figure 1. MAplots of mean (A) mRNA and (B) miRNA expression levels vs. fold change in
expression associated with infant BW across human placenta tissues.

Beta estimates represent the change in expression associated with one unit increase in BW
and are plotted as log, transformed values. mMRNAs and miRNAs that were identified as
significantly (FDR < 0.10) associated with BW are red, and those that were not significantly
associated are displayed in grey. Only mRNAs and miRNAs expressed above background
are displayed.
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Figure 2.

Females Only
Analysis
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Overlap between (A) mRNAs and (B) miRNAs identified as associated with BW within the

overall, collective analyses, in comparison to the sex-stratified analyses.
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Figure 3. Example BW-associated mRNAs predicted to be regulated by miRNAs.
The four most significantly correlated expression level pairings are shown, specifically

including (A) paternally expressed 10 (PEG10) and miR-6088; (B) transcriptional adaptor
1 (TADAI) and miR-4800-5p; (C) heterogeneous nuclear ribonucleoprotein C (HNRNPC)
and miR-2392; and (D) COMM domain containing 2 (COMMDZ2) and miR-6088. These
graphs were made with variance stabilized normalized counts.
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Figure 4. Proteins encoded by BW-associated genes involved in GP6 signaling in the placenta.
Direct interactions are shown in solid lines and indirect in dashed lines.
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Figure 5. Network showing biological interactions between proteins encoded by mRNAs
associated with infant BW, a portion of which are predicted to be regulated by BW-associated
miRNAs in human placenta tissues.

Molecules with BW-associated changes are colored, and molecules with associated signaling
are white. Direct interactions are shown in solid lines and indirect in dashed lines.
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Subject Characteristics.
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Maternal demographic data, pregnancy characteristics, and data on birth outcomes are presented for the
ELGAN subjects used in this analysis. Data are presented as the number (%) of subjects and mean [range] in

the cohort.
Overall (n=390) mIiRNA subset (n =376) mMRNA subset (n = 378)

Maternal age (years) 29 [14-45] 29 [14-45] 29 [14-45]
Maternal race
White 237 (61.4) 228 (61.3) 229 (61.2)
Non-white 149 (38.6) 144 (38.7) 145 (38.8)
Maternal BMI (kg/m 2)
Underweight (< 18.5) 27(7.2) 26 (7.0) 26 (7.0)
Normal (18.5 — < 25.0) 199 (52.8) 197 (53.1) 199 (53.4)
Overweight or obese (= 25.0) 151 (40.1) 148 (39.9) 148 (39.7)
Smoke exposure *
No 292 (76.4) 287 (76.3) 289 (76.5)
Yes 90 (23.6) 89 (23.7) 89 (23.5)
Multiple-gestation pregnancy
No 287 (73.6) 274 (72.9) 276 (73.0)
Yes 103 (26.4) 102 (27.1) 102 (27.0)
Highest level of educational attainment
Less than 12 years 49 (12.9) 47 (12.6) 47 (12.5)
Between 12 and 16 years 185 (48.8) 182 (48.8) 184 (49.1)
Greater than 16 years 145 (38.3) 144 (38.6) 144 (38.4)
Newborn sex
Male 205 (52.6) 197 (52.4) 198 (52.4)
Female 185 (47.4) 179 (47.6) 180 (47.6)
Newborn birth weight (grams) 831.4 [420-1418] 835.2 [420-1418] 834.2 [420-1418]
Gestational age (weeks) 26 [23-27] 26 [23-27] 26 [23-27]

*
first- or second-hand smoke exposure
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