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Aim: The contribution of miRNAs as epigenetic regulators of sexually dimorphic gene expression in the pla-
centa is unknown. Materials & methods: 382 placentas from the extremely low gestational age newborns
(ELGAN) cohort were evaluated for expression levels of 37,268 mRNAs and 2,102 miRNAs using genome-
wide RNA-sequencing. Differential expression analysis was used to identify differences in the expression
based on the sex of the fetus. Results: Sexually dimorphic expression was observed for 128 mRNAs and 59
miRNAs. A set of 25 miRNA master regulators was identified that likely contribute to the sexual dimorphic
MRNA expression. Conclusion: These data highlight sex-dependent miRNA and mRNA patterning in the
placenta and provide insight into a potential mechanism for observed sex differences in outcomes.
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Sexual dimorphism of perinatal, infant and later-in-life outcomes is well documented. For example, fetal sex-specific

responses to maternal stress, maternal immune status and exposure to environmental toxicants have been observed [1-

5]. Pregnancy complications such as preterm birth and preeclampsia also display sexually dimorphic trends [6-8].

Additionally, later-in-life infant/child health outcomes including neurologic conditions such as cerebral palsy and

autism spectrum disorder have sexually dimorphic rates (9-11]. Generally, these differential responses highlight a

propensity for male infants to have increased disease risk [5,12,13]. While sexual dimorphism is commonly observed,  Fyture =
the underlying biological mechanisms for sex-based differences are understudied. Med iciné
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Sex-specific functioning of the placenta may be a key driver of observed sexual dimorphism [14-16]. The placenta
modulates the uterine environment, transports nutrients to the fetus, secretes hormones and removes waste. Thus,
the placenta is critical to healthy fetal growth and survival and as such, it sets the foundation for later-life health
trajectories [17,18]. Placentas are also known to vary physiologically and morphologically based on sex. For example,
human placentas derived from pregnancies of male fetuses (male placenta, herein) or female fetuses (female placenta,
herein) display variation in the early placentation process as well as expression of genes involved in immune-disease,
the renin-angiotensin system and glucocorticoid receptor genes [19-22]. In fact, an analysis of the transcriptome of 37
late first trimester placentas revealed 58 genes with significantly different expression between sexes where ~30% of
these genes were located on autosomes [23]. Additionally, a meta-analysis of 11 placental gene expression microarray
datasets identified over 140 genes that are differentially expressed between male and female term placentas [24]. In
this study, the majority (>60%) of these genes were located on autosomes [24]. Given that at the genome-level
only sex chromosomes vary between male and female placentas, epigenetic control of the placental transcriptome
likely plays a significant role in sex-dependent gene expression [15]. In fact, evidence suggests that indeed epigenetic
regulators are key in sex-specific placental gene expression. For example, sexually dimorphic CpG methylation
patterns in the placenta have been observed [25]. However, to our knowledge, no studies have assessed the role
of miRNAs, another epigenetic regulator, in regulating the sexual dimorphism of placental gene expression. For
clarity, herein sexual dimorphism refers to the difference in epigenomic or genomic profiles between placentas
derived from a male or female fetus.

miRNAs are a class of single-stranded, noncoding RNA molecules, usually 20-24 nucleotides in length. These
molecules play an important role in post-transcription control of gene expression. Specifically, miRNAs induce
mRNA degradation or repress translation by binding to the 3’ untranslated region of the target mRNA [26].
Therefore, an often-observed relationship between a miRNA and its target genes is that an increase in miRNA
expression corresponds to a subsequent decrease in mRNA levels. However, it is worth noting that in some cases
miRNAs may activate gene expression and be positively associated with mRNA expression [26,27]. One proposed
mechanism for this positive association is through miRNA-driven chromatin remodeling in enhancer regions [27,28].
A growing body of research has demonstrated the importance of placental miRNAs during pregnancy, including
associations between specific miRNAs and preeclampsia, early pregnancy loss and fetal growth restriction as well as
response to environmental stressors [29-35). Therefore, miRNAs are potentially critical regulators of the sex-specific
placental functioning that contributes to sex-differences in adverse pregnancy and later-life outcomes.

We hypothesized that sexually dimorphic patterns of mRNAs would be observed in comparing male and female
placentas from the extremely low gestational age newborn (ELGAN) cohort. We also anticipated that miRNAs may
underlie some of the gene expression changes and that levels of sexually dimorphic miRNAs would correlate with
those of mRNA for known gene targets. In order to test these hypotheses, we investigated whether genome-wide
mRNA and miRNA expression in the placenta differed based on the sex of the fetus in the ELGAN cohort, which
is one of the largest placental multi-OMICS birth cohorts in the USA. This study provides key insights into
epigenetic regulation of sexual dimorphism in the placenta.

Methods

The ELGAN study cohort

The ELGAN cohort comprises infants born prior to completing 28 weeks’ gestation and its design, recruitment
and sample collection methods have been detailed extensively previously [36]. Briefly, from 2002 to 2004, pregnant
women at one of 14 participating institutions were recruited for participation and consent was provided either
prior to hospital admission or soon after delivery. A trained research nurse measured demographic and pregnancy
variables after delivery using a structured questionnaire. The study was approved by the Institutional Review Board
at each of the 14 participating ELGAN sites. A total of 1249 mothers were recruited, resulting in a cohort of 1506
infants. Due to occasional unavailability of research assistants, 1365 placentas were collected. The current study
is based on a subsample of 390 placentas in which miRNA and mRNA had been analyzed; though incomplete
demographic data and quality assessment/quality control (QA/QC) steps (as detailed below) resulted in a subset
of n = 382 placentas included for final statistical analysis of miRNA and mRNA expression. A total of n = 201
placenta samples were derived from a male fetus (male placentas) and n = 181 placentas were derived from a female
fetus (female placentas).
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Placental tissue collection

Placental tissue collection was carried out using methods previously described [25,57,38]. In brief, placentas were
collected upon delivery, placed in a sterilized basin and taken to the sampling room for biopsy. The amnion was
pulled back to expose the underlying chorion, representing fetally derived tissue. A sample (<1 g) from the base of
the chorion was removed by applying traction to the chorion and underlying trophoblast tissue. Collected samples
were immediately placed into a sterile 2 ml cryovial that was quickly submerged in liquid nitrogen, then transferred
to a -80°C freezer for long-term storage. The placental samples were processed by first placing the cryotubes
containing the placental biopsies on dry ice. Frozen tissue samples were sliced into approximately 0.025 g segments
using a sterile dermal curette and washed in phosphate-buffered saline (PBS) (Thermo Fisher Scientific, MA, USA)
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, MD, USA) in RLT —+ lysis buffer (Qiagen) with the TissueLyserII instrument
(Qiagen). Then samples were clarified by spinning to collect the bead and cellular debris. Homogenated samples
were stored at -80°C until nucleic acid extraction.

mRNA & miRNA extraction & sequencing

RNA molecules 18 nucleotides and greater were extracted using the AllPrep DNA/RNA/miRNA Universal kit
(Qiagen). RNA quality was determined using LabChip (Perkin Elmer, MA, USA) instrument to generate RNA
integrity numbers (RIN), which ranged from 1 to 3, and DV200 values, which were in acceptable range. Genome-
wide mRNA expression was determined using QuantSeq 3" mRNA-Seq Library Prep Kit (Lexogen, Vienna, Austria),
chosen because it can quantify transcripts with lower range RINs (39]. Library preparation was completed according
to Lexogen recommendation for lower RIN samples. RNA-sequencing libraries were pooled and sequenced (single-
end 50 bp) on one lane of the lllumina Hiseq 2500 (Illumina, CA, USA). Libraries were prepared by automation on
Sciclone G3 (Perkin Elmer) to avoid potential batch to batch artifacts. The counts of sequencing reads were aligned
to the GENCODE database v30 and organized using Salmon (version 0.11.3) resulting in a total of n = 37,268
unique human RNA transcripts, including protein-coding and non-coding RNAs [40,41]. The aligned count data
were used in downstream data processing and statistical analyses as described below.

Genome-wide miRNA expression profiles were assessed using the HTG EdgeSeq miRNA Whole Transcriptome
Assay (HTG Molecular Diagnostics, AZ, USA). This assay uses next-generation sequencing to measure the expres-
sion of n = 2102 human miRNA transcripts. The counts of sequencing reads per miRNA were extracted and used
in the analysis. The counts of sequencing reads were aligned to miRBase v20 and organized using Parser (HTG
Molecular Diagnostics) [42].

In order to mitigate the potential impacts of RIN scores on the final results, additional quality control steps
were included: 1) filtering out universally lowly expressed transcripts (detailed below); 2) including additional
surrogate variables in the statistical modeling approach to account for sources of heterogeneity (detailed below); 3)
confirming whether published placental miRNA and mRNA transcripts were recapitulated in the data. Specifically,
the miRNA data from the present study were compared with the placenta-specific miRNA clusters, C1I9MC and
C14MC, and mRNAs within the list of 50 most abundant mRNAs in an independent placental whole genome
RNA-sequencing study by Saban ez a/. [23,43]. To detail the results of this final QC step, of the 50 mRNAs found
to be the most abundant in placenta tissue according to Saban ez /., there was a 96% overlap with the transcripts
found in this cohort (46 of 50 mRNA transcripts) (Supplementary Table 1). For the miRNAs, there was coverage
within our data of 82.3% across both the C1I9MC and C14MC clusters (79 of 95 miRNAs) (Supplementary Table
1).

Data processing & statistical analysis

To identify miRNAs and mRNAs associated with fetal sex, miRNA and mRNA sequencing data were processed
separately using R (v 3.6.2) (cran.r-project.org/). 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 prior genome-wide mRNA and miRNA analyses [44-48]. This resulted in a total of n = 10,408 mRNA
transcripts and n = 1131 miRNA transcripts included in analyses. Of the 390 placentas evaluated, two samples were
removed due to having all zero mRNA counts and four samples were removed for missing data on race (n = 384).
QA/QC was conducted on the count data using both calculation and visualization of principal components via
the prcomp function, and hierarchical clustering, including calculation of distance metrics and visualization, using
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the hclust function. Two subjects deemed as outliers were removed in quality control on the mRNA data and were
therefore removed from both datasets. Following removal of these outliers, the final analysis sample of the same
n = 382 subjects for both mRNA and miRNA was constructed.

The DESeq2 package (v 1.24.0) was used to normalize the count data using median signal intensity, resulting
in variance stabilized counts [49,50). The SVA package (v 3.32.1) was used to account for potential batch effects
and sources of sample heterogeneity with control probes empirically estimated using default parameters. Three
significant surrogate variables were calculated and included as covariates in the statistical model, along with the
three other covariates identified in methods described below (Supplementary Figure 1).

To capture potential sources of bias without substantial loss in precision, a parsimonious model was constructed
from covariates that were significantly associated (p < 0.05) or had known relationships with placental miRNA
and/or mRNA expression levels and fetal sex. This resulted in the inclusion of the following covariates: maternal
age (years), maternal race (white/ nonwhite) and newborn gestational age at delivery (days). Statistical methods
utilizing negative binomial generalized linear models within DESeq2 were used to identify miRNAs and mRNAs
with differential expression according to fetal sex, controlling for covariates listed previously. This method calculated
shrunken logarithmic fold changes in expression, which were then 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 (51]. All differentially expressed miRNAs and mRNAs were defined as those with false discovery rate
< 0.1. miRNAs and mRNAs identified as showing sexually dimorphic expression were evaluated for chromosomal
location, according to the GRCh38 genome reference assembly or the 30 gencode hg19 reference genome assembly,
respectively. The distribution of miRNAs and mRNAs across chromosomes was evaluated, and the number of
sexually dimorphic miRNAs/mRNAs per chromosome was tested for correlation against the total number of
miRNAs/mRNAs evaluated per chromosome using the Spearman Rank correlation test. Sex chromosomes were
included in this analysis as pseudo-positive controls and to mirror previous studies assessing epigenomic and
transcriptomic sexual dimorphism [24,25].

In order to gauge the influence of this cohort being composed of placentas from pregnancies of <28 weeks
gestational age on results obtained, significantly sexually dimorphic mRNAs and miRNAs were compared with lit-
erature detailing known differences in mRNA expression and miRNA expression over the course of gestation. To
briefly detail the studies used for the comparison, Morales-Prieto ez al. assessed trophoblast cells isolated from first
and third trimester placentae and found n = 46 miRNAs changing over gestation and Gu ez 4/. compared placental
villous tissues between first and third trimester placentas and found n = 208 differentially expressed miRNAs [52,53].
For mRNAs, Winn ez /. identified 418 genes differentially expressed when comparing basal plate biopsy specimens
from mid-gestation (14-24 weeks) to term (37-40 weeks) and Mikheev ¢z a/. found n = 764 genes that varied
between third and second trimester placenta villous tissue [54,55].

Identification of gene targets of miRNA & correlation between miRNA and mRNA expression

An in silico approach based on experimentally-observed miRNA-mRNA interactions curated from literature
coupled with computational predictions was used to identify miRNA-regulators of sexually dimorphic mRNA
expression, following methods utilized previously [45,56]. Sexually dimorphic miRNAs were queried within the
Ingenuity Knowledge Database (Ingenuity Systems®, CA, USA) for gene targets predicted based on experimental
observation or high predicted confidence (cumulative weighted context scores -0.4). Cumulative weighted context
scores summarize factors, including binding site type and location, local adenine and uracil content, target site
abundance, seed-pairing stability and supplementary pairing, that influence the likelihood of miRNA-mRNA
interactions [57]. The gene targets identified were filtered to include only genes for which mRNA was found to be
sexually dimorphic as well. The remaining set of miRNAs and mRNAs were deemed to be predicted miRNA-
mRNA expression pairs. Thus, an expression pair is defined as a miRNA and a mRNA in which the mRNA is a
predicted gene target of the miRNA and both miRNA and mRNA were found to be sexually dimorphic.

In order to test if the predicted expression pairs had correlated expression levels, correlations between the
expression level (variance stabilized counts) of the miRNA and mRNA were calculated using the Pearson correlation
coefficient and a significance of p < 0.05. The expression pairs that exhibited significant positive or negative
correlation between miRNA and mRNA expression were deemed to be those in which the mRNA is likely under
miRNA control.
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Table 1. Summary of the ELGAN study demographics for the sub cohort used in this analysis (n = 382) consisting

of mothers that contributed placentas that were analyzed for sexually dimorphic miRNA and mRNA expression
profiles. Subjects with missing data were not included in the percentage calculation.

Variables Overall (n = 382) Male (n = 201) Female (n = 181) p-value
n (%), or n (%), or n (%), or Chi-square for
Mean (min-max) Mean (min-max) Mean (min-max) categorical,
Kruskal-Wallis for
continuous

Gestational age (days) 182.5 (161-195) 181.6 (161-195) 183.4 (161-195) 0.04
Maternal age (years) 29.6 (14.0-45.8) 30.0 (14.0-45.8) 29.2 (16.5-45.1) 0.15
Race 0.62

- White 235 (61.5) 126 (62.7) 109 (60.2)

- Non-white 147 (34.5) 75 (37.3) 72 (39.8)
Ethnicity 0.50

— Non-Hispanic 354 (92.7) 188 (93.5) 166 (91.7)

— Hispanic 28 (7.3) 13 (6.5) 15 (8.3)
Smoking status 0.61

- Yes 41 (10.9) 20 (10.1) 21(11.8)

-No 334 (89.1) 177 (89.9) 157 (88.2)

- Not reported 7 4 3
Maternal prepregnancy BMI 0.97

- Underweight 26 (7.1) 13 (6.7) 13(7.4)

— Normal 198 (53.7) 104 (53.6) 94 (53.7)

— Overweight 66 (17.9) 34 (17.5) 32(18.3)

— Obese 79 (21.4) 43 (22.2) 36 (20.6)

— Not reported 13 7 6

ELGAN: Extremely low gestational age newborns.

Pathway enrichment analysis of sexually dimorphic mRNAs under miRNA control

To understand the biological implications of the sexually dimorphic mRNAs, canonical pathway and network
enrichment analyses were carried out via the Ingenuity Knowledge Database and STRING database (v.11.0). Using
Ingenuity Knowledge Database, significantly over-represented canonical pathways were defined as those containing
more sexually dimorphic mRNAs than expected by random chance, using a BH-corrected p-value calculated from
a right-tailed Fisher’s Exact Text (p < 0.05). As an additional methodology to assess for known gene interactions,
the STRING database was used to identify functional association networks ("interactomes") in order to visualize
interactions between sexually dimorphic mRNAs. A functional association is defined as a link between two proteins
that contribute jointly to a specific biological function [58). STRING confidence scores range from 0 to 1 and
demonstrate the confidence that the predicted interaction is true given all available evidence [59).

Results

Study subject characteristics

General characteristics of the study participants are summarized in Table 1. In this subset of 382 women whose
placentas were available for miRNA and mRNA expression analysis, 201 (52.6%) gave birth to male infants and
181 (47.4%) gave birth to female infants. Participating mothers had an overall average maternal age of 29 years.
Infants had an average gestational age of 182.5 days (26 weeks), ranging from a minimum of 161 days (23 weeks) to
a maximum of 195 days (27.85 weeks). The average gestational age differed significantly between male and females
in the cohort (p < 0.05). The majority (89.1%) of study participants were nonsmokers. Other than gestational
age, none of the clinical or demographic variables differed significantly (at p < 0.05) between male and female
infants in the cohort.

Identification of sexually dimorphic mRNA expression profiles in human placentas
Multivariable modeling approaches used to compare genome-wide mRNA expression profiles in the human
placenta resulted in the identification of 128 mRNAs with significant differential expression associated with infant
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Figure 1. MAplot of mean mRNA expression levels versus fold change in expression across the ELGAN placenta
samples. Fold change values represent the ratio of mean normalized mRNA counts in males/females. Fold change
values are log; transformed within the plot (y-axis scale).

BH: Benjamini-Hochberg; ELGAN: Extremely low gestational age newborns.

sex (Supplementary Table 2 & Figure 1). These models adjusted for confounding variables such as gestational age.
Of these 128 mRNAs identified, 37 displayed increased expression in the male placenta and 91 displayed increased
expression in the female placenta. Among the mRNAs increased in the female placenta, the most differentially
expressed mRNA was XIST (BH-adjusted p-value = 2.37 x 107°), known to be expressed exclusively from the
inactive X chromosome. Other highly significant mRNAs increased in the female placenta include HDAC! (BH-
adjusted p-value = 8.09 x 10?) located on chromosome 1 and HDAC8 (BH-adjusted p-value = 3.60 x 107)
located on the X chromosome. Both of these genes are known to be involved in histone-based epigenetic control.
CDKNIB (BH-adjusted p-value = 6.35 x 102), located on chromosome 12, was also differentially expressed
and increased in female placenta; it is known to be involved in cell cycle progression. Collectively, mRNAs with
increased expression in the female placenta were enriched for canonical pathways including E7F2, VEGF and
adipogenesis (p-values for pathway enrichment of 2.80 x 10 and 7.64 x 1074, respectively) (Supplementary
Table 3).

The differentially expressed mRNAs with highest abundance in the male placenta include 7XLNGY (BH-
adjusted p-value = 7.63 x 10, USP9Y (BH-adjusted p-value = 1.47 x 107') and EIFIAY (BH-adjusted
p-value = 7.94 x 10%%), all of which are located on the Y chromosome. Other genes of note that were among
mRNAs highly expressed in the male placenta include EPRS (BH-adjusted p-value = 9.20 x 10%) and LARS (BH-
adjusted p-value = 9.20 x 102), on chromosome 1 and 5, respectively, both of which are involved in the tRNA
charging pathway, an enriched canonical pathway (p-value for pathway enrichment = 1.94 x 1073) (Supplementary
Table 3).

Buckberry et al. conducted a meta-transcriptome analysis of 11 publicly available microarray datasets of near-
term and term placentas in a total n = 303 placenta samples where gestational age ranged from 263 to 280 days
to evaluate sexually dimorphic mRNA expression [24]. Comparing the 128 differentially expressed mRNAs in the
present study with Buckberry e a/’s findings, 19 genes were found to be differentially expressed between sexes in
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Figure 2. MAplot of mean miRNA expression levels versus fold change in expression across human placenta samples. Fold change
values represent the ratio of mean normalized miRNA counts in males/females. Fold change values are log; transformed within the plot

(y-axis scale).
BH: Benjamini-Hochberg.

both studies (Supplementary Table 2). Notably, the Buckberry ez a/. meta-analysis is comprised of placentas at a
later gestational age than the ELGAN cohort, thus a comparison to Gonzalez ¢t al, who evaluated sex differences
in the first trimester placental transcriptome (n = 37, average gestational age of 83 days), was also conducted [60].
Of the 128 genes identified as sexually dimorphic in the present study, 21 were also identified in Gonzalez et al.
(Supplementary Table 2). Overall, 19 genes were identified across all three datasets, although notably each of these
datasets represents a different gestational age range.

Sexually dimorphic mRNA profiles included genes located on all chromosomes exclusive of chromosome 11,
20, 21 and 22. The largest percentage of mRNAs (28%) were located on sex chromosomes with 28 on the X
chromosome and 8 on the Y chromosome. Of the 28 sexually dimorphic genes on the X chromosome, 25 displayed
increased expression in the female placenta and 3 displayed increased expression in the male placenta (Supplementary
Table 2). Of the 128 genes identified herein, 10 (7.8%) were found to significantly vary in expression over the
course of gestation by Winn ez a/. or Mikheev et al; and seven of these increased over the course of gestation
(Supplementary Table 2) [54,55].

Identification of sexually dimorphic miRNA expression profiles in human placenta

Analysis of genome-wide miRNA expression profiles in the human placenta resulted in the identification of 59
miRNAs with significant differential expression associated with fetal sex (Supplementary Table 4 & Figure 2).
Of these, 32 displayed increased expression in male placentas and 27 displayed increased expression in female
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Table 2. A list of placenta-specific and placenta-associated miRNAs found to have higher expression in male or

female placentas in this study.

Increased in male (M) or Known placental or pregnancy function Ref.
female (F) placenta

Placenta-specific miRNA

miR-23a

C14MC cluster

miR-543
miR-495

miR-323a
miR-323b

M Evidence for involvement in pathogenesis of recurrent miscarriage [62]
Increased in maternal plasma of preeclampsia patients [63]
Increased in placental tissues of preeclampsia patients and thought to contribute to [64]

preeclampsia pathogenesis through inducing trophoblast cell apoptosis

Placenta-associated miRNA

miR-15a
miR-30a
miR-155

miR-222
miR-223

Abundant in developing embryo and placenta [43,65,66]
M Plays a role in the embryo implantation process [67]
M Potential biomarker for early detection of preeclampsia [68]
M Potential biomarker of ectopic pregnancy [69,70]
E
F Associated with phenol and paraben exposure in a sexually dimorphic manner [71]
M Involved in immune dysregulation of mesenchymal stem cells during preeclampsia [72]
M Involved in the pathogenesis of preeclampsia through down regulating [73-76]

pro-angiogenic gene targets, regulating endothelial nitric oxide synthase and

inhibiting migration of trophoblast cells
M Increased in preeclamptic placentas compared with controls [35]
F Decreased in preeclamptic placentas compared with controls [34]

Placenta-specific miRNAs are expressed uniquely in placental tissue. Placenta-associated miRNAs are expressed ubiquitously in the placenta. Known function is indicated for the
miRNAs found to be differentially expressed in this cohort.

placentas. Ten of the identified sexually dimorphic miRNAs are known to be placenta-associated (i.e., expressed
ubiquitously in the placenta) or placenta-specific (i.e., expressed uniquely in the placenta) (Table 2) [33]. Literature
presented in Table 2 was derived and expanded upon from a review by Cai et al. [33]. Specifically, these ten
placenta-specific or placenta-associated miRNAs are miR-543, miR-495, miR-323a and miR-323b (all members
of the placenta-specific C14MC cluster) as well as miR-23a, miR-15a, miR-30a, miR-155, miR-222 and miR-223.
Of these, miR-323b, miR-15a and miR-223 were increased in female placentas, the others displayed increased
expression in male placentas. Perhaps surprisingly, no sexually dimorphic miRNAs localized to the CI9MC cluster.
It is noteworthy that 34 of 46 (73.9%) C19MC cluster miRNAs were identified above the low-expression cut-off
and thus were evaluated for sexually dimorphic expression (Supplementary Table 1). In contrast to this, 45 of 49
(91.8%) miRNAs on the C14MC cluster were identified above the low-expression cut-off (Supplementary Table
1).

The miRNAs showing sexually dimorphic expression were distributed across chromosomes (Supplementary
Figure 2). To detail, the highest numbers of sexually dimorphic miRNAs were present on chromosomes X and
1. Of a possible 151 miRNAs evaluated on the X chromosome, a total of 10 sexually dimorphic miRNAs were
identified (6.6%). Of the 10 miRNAs identified on the X chromosome, five were increased in male placenta and five
were increased in female placenta. Chromosome 1 was also identified to include 10 sexually dimorphic miRNAs
of the 190 total miRNAs evaluated (5.3%), again with five increased in female placenta and five increased in male
placenta. The number of significant sexually dimorphic miRNAs correlated with the number of miRNAs evaluated
per chromosome, demonstrating that there is not a particular enrichment for sexually dimorphic miRNAs on any
one chromosome (Spearman Rank rho = 0.81; p < 0.05). However, notably there were no sexually dimorphic
miRNAs identified on Chromosomes 4, 5, 6, 10, 13, 20 and 21, all of which had miRNAs evaluated on them.
Additionally, three sexually dimorphic miRNAs were identified on Chromosome 7, all with higher expression in
female placenta. Conversely, on Chromosome 9, all five miRNAs identified were found with higher expression in
male placenta. In total, 13 of the 59 sexually dimorphic miRNAs (22.0%) have been found to significantly vary in
expression over the course of gestation by Morales-Prieto e a/ or Gu ez al; nine increased while four decreased over
the course of gestation (Supplementary Table 4) [52,53].
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Identification of miRNA-controlled mRNAs associated with fetal sex

Computational prediction of mMRNA-miRNA expression pairs resulted in the identification of 67 potential miRNA—
mRNA pairs including 54 unique miRNAs and 40 unique mRNAs (Supplementary Table 5, Supplementary Figure
3). The correlation between miRNA and mRNA expression in the placenta among these predicted miRNA-mRNA
expression pairings was then calculated. The majority (50 of the 67 pairs or 74.6%) indeed displayed significant
correlation between miRNA and mRNA expression (Supplementary Table 5). Of these 50 significantly correlated
expression pairs, 32 (64.0%) were found to have a negative correlation coefficient, representative of the expected
inverse association between miRNA and mRNA expression. Positive correlations were also observed. It should be
noted, however, that the associations were stronger among the inversely correlated pairs overall (in terms of p-value
and absolute value of correlation coefficient). The six most significantly negatively correlated expression pairs were:
(1) miR-6738-5p and DCAF7, (2) miR-4649-5p and MLLT1, (3) miR-6738-5p and HDACI, (4) miR-939-5p
and HIPK2, (5) miR-939-5p and ARID3B, and (6) miR-4763-3p and DDX3X (Figure 3).

The 50 significantly correlated mRNA-miRNA expression pairs included 25 unique sexually dimorphic miRNAs
and 29 unique sexually dimorphic mRNAs. Thus, these 29 mRNAs were likely under miRNA-control in the
placenta as they showed sexually dimorphic expression and had expression levels significantly correlated to those
of their targeting miRNAs. Of the 29 miRNA-controlled mRNAs, 23 displayed increased expression in female

placenta, and six displayed increased expression in male placenta.

Identification of a female-specific interactome of mRNAs under miRNA control

To understand the biological implications of the mRNAs likely under miRNA control (n = 29), 23 mRNAs that
were increased in the female placenta were queried for functional associations. mRNAs that displayed increased
expression in the male placenta were not queried for functional association networks due to their low number
(n = 6). Of the 23 mRNAs increased in female placenta that are likely under miRNA control, 15 had known
functional interactions resulting in a 15-node interactome, including HDAC1, HDACS, CDKNIB, PDGFRB and
LRP6. CDKNI1B, PDGFRB and LRP6 are also key genes in the hepatic fibrosis pathway, which was found to be an
enriched canonical pathway among transcripts increased in the female placenta (Figure 4, Supplementary Table 3).

Discussion
Sexual dimorphism, where female or male infants differ in their clinical responses/phenotypes, has been observed in
both perinatal and child health outcomes [5-8,12,13]. A growing body of literature is linking these differences in child
health outcomes to sex-specific functioning of the placenta [14-16]. Sexual dimorphism in the placenta at the level
of gene expression has been observed, yet, the role of miRNAs in modulating these expression differences has not
been examined [19-21,24]. In the present study, we set out to investigate the extent to which miRNAs are involved
in the epigenetic control of sexually dimorphic gene expression in placentas collected from the ELGAN study.
There were three major findings: first, the placenta exhibits sexually dimorphic gene expression with a large number
of sexually dimorphic genes located on the X-chromosome. Second, miRNAs also exhibit sexual dimorphism in
expression patterns and associations between miRNAs and mRNAs were observed. Specifically, we identified 29
sexually dimorphic mRNAs likely under the control of 25 sexually dimorphic miRNAs. Third, among the sexually
dimorphic mRNAs under miRNA control, a gene cluster of 15 genes involved in histone modifications and cell-
cycle progression that display increased expression in the female placenta relative to the male was identified. These
data highlight the role of the placenta as a sexually dimorphic organ and miRNAs as mediators of this dimorphism.
Evaluation of genome-wide mRNA expression of the human placenta resulted in the identification of 128 genes
with sexually dimorphic expression. In contrast to the current study where genome-wide RNA sequencing was
used, prior studies of sexually dimorphic gene expression have used microarray-based approaches [19,24]. In support
of the findings, many of the genes identified previously were also identified in the present study. Previous studies also
have found that while a large percentage of sexually dimorphic genes are located on sex chromosomes, autosomes
also contain significant numbers of sexually dimorphic genes [19,24]. A meta-analysis of 11 microarray datasets
conducted by Buckberry et al., overall including n = 303 placenta samples, had similar results as those in the present
study. Both studies identified that sexually dimorphic genes were enriched for VEGF and EIF signaling canonical
pathways, that X/S7 is among the most female-biased genes and that EIFIAY is the most male-biased gene [24].
Notably, the VEGF pathway includes many genes implicated in placentation, angiogenesis and adverse pregnancy
outcomes such as preeclampsia, which has been shown to vary in severity and incidence by fetal sex [8,77,78].
Additionally, the findings presented here are supported by data from Gonzalez e al.’s study of first trimester-derived
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Figure 3. Scatterplots of the most significantly correlated miRNA-mRNA expression pairings. Variance stabilized counts (‘normalized
count’) of miRNA are on the x-axis and variance stabilized counts (‘normalized count’) of mRNA are on the y-axis. Correlation coefficient
and p value located at the top of the plot.

placenta samples, which also found that X/§7 and HDACS were the among the most highly expressed genes in the
female placenta while EJFI1AY was among the most highly expressed genes in the male placenta [60].

In the present study, genes located on the X chromosome constitute a large number of the identified sexually
dimorphic genes. Our data are supported by published studies where the same trend was observed [24,601. The highest

1552 Epigenomics (2020) 12(17) future science group



microRNAs in the epigenetic control of sexually dimorphic gene expression in the human placenta

MLLTAH ZBTB7A
£ £

MYH11

ANGPT2 PDGFRB

CDKN1B

S

Known Interactions Predicted Interactions ~ Others
— from curated databases = gene neighborhood textmining

—— experimentally determined === gene fusions = co-expression
== gene Co-occurrence === protein homology

Figure 4. Interactome of sexually dimorphic mRNAs (n = 23) increased in the female placenta that are under miRNA
control. Only mRNAs with interactions are shown (n = 15). Interactome constructed using STRING database (v.11.0)
showing gene—gene interactions representing joint contribution to a shared function.

percentage of sexually dimorphic genes were found to be located on the X chromosome (n = 28, 21.9%) with 25
of these displaying higher expression in females and three displaying higher expression in males. X chromosome
inactivation (XCI), in which one X chromosome is inactivated in females, is the process through which mammals
compensate for potential unequal dosage of genes between males and females due to XY and XX sex chromosomes,
respectively [15]. Interestingly, XCI can be escaped leading to hyper-expression (biallelic) in females compared with
males of X chromosome genes. While the extent to which this process occurs in the human placenta remains
controversial, our data, in which we observed that the majority (25 of 28 or 89.3%) of X-chromosome genes were
hyper-expressed in the female placenta, are suggestive of the escape of XCI, which also was observed in Gonzales
et al. (15,24,60,79].

When assessing miRNAs, sexual dimorphism was observed in a total of 59 miRNAs in the human placenta.
It is known that several of these miRNAs play roles in the placenta or are associated with pregnancy outcomes
such as preeclampsia (miR-23a, miR-495, miR-222, miR-223) and ectopic pregnancy (miR-323a) (34,35,63,68-70].
Of note, four of the sexually dimorphic miRNAs (miR-543, miR-495, miR-323a, miR-323b) are located in
the C14MC miRNA cluster, a maternally-expressed imprinted gene cluster that is preferentially expressed in the
placenta [65,80,81]. There is a growing interest in using C14MC and another miRNA cluster (C19MC) as potential
biomarkers of pregnancy outcomes such as ectopic pregnancy, preeclampsia and preterm birth, the latter two of
which demonstrate sexual dimorphic rates [7,8,65,66,68-70]. In contrast to the C14MC cluster, no sexually dimorphic
miRNAs localized to the C19MC cluster. This could result from either a lack of sexual dimorphism among CI9MC
miRNAs or to lower global expression of CI9MC miRNAs. In support of the latter hypothesis, we did find a
lower percentage of CI9MC miRNAs detected in the ELGAN samples than C14MC (73.9% versus 91.8%). This
difference may be explained by the fact that C19MC is thought to increase in global expression over the course
of pregnancy, and C14MC is thought to decrease [52]. Thus, the ELGAN placental samples queried in this study
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may have globally lower expression of C19MC than in term placenta, in which sexual dimorphism of CI9MC
expression may be more easily detected.

It is also of note that the largest number of sexually dimorphic miRNAs was also found on the X chromosome
(n =10, 16.9%) and five displayed higher expression in female placentas and five displayed increased expression in
male placentas. This is suggestive that miRNA genes may also undergo escape from XCI. There is no consensus as
to which miRNAs do or do not commonly escape XCI, or if miRNAs escape XCI at all [79]. However, approximately
35 miRNAs do exist in the introns of coding genes that are known to escape XCI, suggestive of their potential to
escape [79]. Understanding the mechanisms behind differential expression of these X-linked miRNAs is of particular
importance given their known roles in preeclampsia, specifically miR-223 and miR-222, both of which we found
to be sexually dimorphic. These two miRNAs are known to target key genes involved in preeclampsia and are
differentially expressed in preeclamptic pregnancies [34,35,77,79,82,83]. Interestingly, in the present study, we found
that miR-223 was significantly correlated with a computationally-predicted gene target, 7UBA1B, which has also
been found to be differentially expressed in preeclamptic pregnancies [84]. In sum, sexually dimorphic expression
patterns were observed in miRNAs known to play critical processes in the placenta and during pregnancy.

Interestingly, when the miRNA and mRNA data were integrated, evidence of regulation of sexually dimorphic
mRNAs by miRNAs was found. Specifically, a set of 29 mRNAs were identified where expression was highly
correlated to 25 miRNAs. In total, these represented 50 miRNA-mRNA expression pairs. Both positive and
inverse associations between expression levels of miRNA and their computationally predicted targets were found.
These findings highlight that the assumption regarding the generalized negative association between mRNA targets
and miRNAs is not always observed [26]. Specifically, while an often anticipated relationship between miRNAs
and their gene targets is an inverse correlation, positive correlations have been observed elsewhere as well [26]. Of
particular interest, an interactome among 15 mRNAs upregulated in the female placenta and predicted to be under
miRNA control was identified, including genes such as HDACI and HDACS, involved in histone-based epigenetic
control, and CDKNIB, involved in cell-cycle progression. Thus, through the integration of miRNA and mRNA
expression data and iz silico methods, epigenetic interactions between miRNA and gene expression can be observed.

While this study is novel in its evaluation of sexual dimorphism of placental miRNA expression in relation to gene
expression, it is not without limitations. The placentas in the present study are derived from pregnancies ending
before 28 weeks of gestational age. Placentas collected from pregnancies ending this early likely are pathologically
different than those from later gestational ages. It is also noteworthy that the expression of placental miRNA and
mRNA varies throughout gestation, thus both of these factors may contribute in part to some of the findings
presented here (53,85,86]. For example, extremely preterm placentas are known to have greater inflammation and
more maternal vascular underperfusion compared with placentas derived from other gestational ages, both of which
are states that are likely driven in part by changes in gene expression and epigenetics [s6]. Additionally, 7.8 and 22.0%
of the identified sexually dimorphic mRNAs and miRNAs, respectively, are known to vary in global expression over
gestational age [52-55]. Thus, mRNAs and miRNAs with higher levels of expression during the late second trimester
to the early third trimester are more likely to have be identified in the present study due to an overall higher
signal. Thus, these data may not be generalizable to placentas of all gestational ages. Additionally, it was beyond the
scope of this analysis to investigate the relationship between the sex-based expression of miRNAs and mRNAs and
sexually dimorphic placental functioning on later in life outcomes. This is a critical area of investigation and future
research will aim to relate the findings in the present study with functional and clinical measures in ELGANS.

Future perspective

This research is among the first to identify sexual dimorphism in the expression of miRNAs in the human
placenta and to integrate placental miRNA and mRNA data in order to identify the functional effects of miRNA
expression. We hypothesize that these differences in baseline genomic and epigenomic patterning by sex may impact
susceptibility to exogenous agents such as chemicals in the environment as well as drive later life dimorphism in
health outcomes. With further investigation, sexual dimorphic epigenetic markers, such as miRNAs, may serve as
biomarkers for susceptibility for diseases or health outcomes known to have different incidence by sex.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at:
www.futuremedicine.com/doi/suppl/10.2217 /epi-2020-0062
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Summary points

e Sexual dimorphism of the placenta is thought to be a critical contributor to the sex-based differences observed in
perinatal and later-in-life outcomes.

e miRNAs are known to play critical roles during pregnancy and are key epigenetic regulators that may modulate
sex-specific placental responses to the in utero environment.

e To investigate sex-based differences in mMRNA and miRNA expression in the placenta we evaluated genome-wide
mRNA and miRNA expression in the extremely low gestational age newborns cohort (n = 382).

e 128 mRNAs and 59 miRNAs showed sexually dimorphic expression in the human placenta with some evidence of
escape of X chromosome inactivation.

e Through integration of MRNA and miRNA data, a final set of 25 miRNAs was identified that likely contribute to
the sexual dimorphic mRNA expression in the placenta.

e An interactome of 15 genes likely under miRNA control including HDACT, HDAC8, and CDKN1B, was identified.

e These data provide insight into a potential mechanism for sex differences in infant outcomes and responses to
the perinatal environment at the molecular-level in the human placenta.
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