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Abstract

Maternal and fetal pregnancy outcomes related to placental function vary based on fetal sex, which may be due to sexually dimorphic epigenetic
regulation of RNA expression. We identified sexually dimorphic miRNA expression throughout gestation in human placentae. Next-generation
sequencing identified miRNA expression profiles in first and third trimester uncomplicated pregnancies using tissue obtained at chorionic villous
sampling (n = 113) and parturition (n = 47). Sequencing analysis identified 986 expressed mature miRNAs from female and male placentae at first
and third trimester (baseMean>10). Of these, 11 sexually dimorphic (FDR < 0.05) miRNAs were identified in the first and 4 in the third trimester,
all upregulated in females, including miR-361-5p, significant in both trimesters. Sex-specific analyses across gestation identified 677 differentially
expressed (DE) miRNAs at FDR < 0.05 and baseMean>10, with 508 DE miRNAs in common between female-specific and male-specific analysis
(269 upregulated in first trimester, 239 upregulated in third trimester). Of those, miR-4483 had the highest fold changes across gestation.
There were 62.5% more female exclusive differences with fold change>2 across gestation than male exclusive (52 miRNAs vs 32 miRNAs),
indicating miRNA expression across human gestation is sexually dimorphic. Pathway enrichment analysis identified significant pathways that
were differentially regulated in first and third trimester as well as across gestation. This work provides the normative sex dimorphic miRNA atlas
in first and third trimester, as well as the sex-independent and sex-specific placenta miRNA atlas across gestation, which may be used to identify
biomarkers of placental function and direct functional studies investigating placental sex differences.

Summary sentence
Sex dimorphism in miRNA expression is more pronounced in first compared to third trimester placenta, and there are 62.5% more female
exclusive gestational differences, indicating miRNA abundance across human gestation is also sexually dimorphic.

Keywords: stable miRNAs, developmental epigenetics, sexually dimorphic normative miRNA atlas, human transcriptome, miRNome, pregnancy, chorionic
villous sampling, placenta sex differences, microRNA

Introduction

The effects of fetal sex on neonatal and pregnancy outcomes
under varied conditions have been examined for decades
[1–4]. Fetal growth is influenced by fetal sex, with males
heavier at birth [4, 5]. Sexually dimorphic fetal outcomes more
common in males than females include macrosomia, shoulder
dystocia, cord dysfunctions and low Apgar scores [4, 5].
Maternal outcomes more common with male fetuses include
gestational diabetes, placental abruption, dysfunctional labor,
prematurity and assisted or cesarean deliveries [1, 4]. Some

studies have shown an increased risk of preeclampsia and
hyperemesis gravidarum with male fetuses [1, 6], although
this has not been found consistently [7, 8]. The pathophysio-
logic mechanism driving sexually dimorphic outcomes remain
poorly understood. As the primary route of communication
between the fetomaternal unit, the placenta may drive many
of these outcomes. The placental cellular structure, and thus
genome derives from the fetus [9]. Therefore sex-specific out-
comes may derive from sexually dimorphic gene expression
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in the placenta, which has been identified in the placenta [10,
11].

Epigenetic modifications, including post-transcriptional
regulation, control overall gene expression and phenotype.
MicroRNAs (miRNAs) are small, single-stranded, noncoding
RNA molecules, on average 22 nucleotides in length [12]. Of
known miRNAs, approximately half originate from within
introns of the protein coding genes they regulate, and can be
co-transcribed [12]. miRNAs generally cause target messenger
RNA to be degraded, or prevent translation to protein [13];
small changes in miRNA expression can result in multi-fold
changes in gene expression [14]. In the placenta, miRNAs
are important as early as trophectoderm development and
implantation, some through export in exosomes [15–18], but
these miRNA signatures change in the placenta throughout
gestation during normal development [19–20]. In addition,
there are two large miRNA clusters enriched in placenta,
the chromosome 14 miRNA cluster (C14MC) and the
chromosome 19 miRNA cluster (C19MC) [21, 22]. C14MC
is a large, imprinted, maternally expressed miRNA cluster,
with several members predominantly expressed in placenta
and epithelial tissues [23]. C19MC is a large, imprinted,
paternally expressed miRNA cluster whose members have
highest expression in placenta and cancer, with relatively
weak expression in other tissue [22–27]. In addition, two
small clusters on chromosome 13 were recently identified to
be uniquely present in the first trimester placenta [19, 28].
miRNAs have been identified in several pregnancy-related
diseases, including pre-eclampsia [29–34], fetal growth [36–
37] and gestational diabetes [38, 39], all sexually dimorphic
pregnancy complications. However, sex differences and sex-
specific miRNA signatures in normal healthy gestations have
not been defined.

Therefore, to identify potential biomarkers of placental
function, it is imperative to first determine if sex differences
in miRNA signatures exist in the first and third trimester pla-
centa of normal healthy gestations. Furthermore, it is critical
to identify miRNA signatures that are sex independent and sex
specific to develop normative miRNA signatures. Therefore,
we performed next-generation sequencing (NGS) and expres-
sion analysis to identify and compare sexually dimorphic
miRNA expression in first and third trimester placentae of
healthy pregnancies resulting in delivery. Furthermore, we
identified miRNAs that were sex specific across gestation
in either females or males, including common differentially
expressed (DE) miRNAs significant in both, as well as sex
exclusive miRNAs significant in only females or males. These
findings will aid future development of biomarkers for placen-
tal diseases that manifest early in gestation that are sex specific
as well as sex independent.

Materials and methods

Study population

The study population consisted of 157 singleton pregnancies
between 2009 and 2018, including 113 with leftover chorionic
villus sampling (CVS) tissue (58 female and 55 male) and 47
with third trimester placenta collected at delivery (19 female
and 28 male). These numbers include three patients with
matched first and third trimester samples, for 160 samples in
total. All subjects were enrolled with informed written consent
under IRB approved protocols (Pro00006806, Pro00008600).

The cohorts of male and female fetuses were matched for
parental age, maternal medical conditions, and fetal race and
ethnicity at the time of enrollment, to minimize confounding
factors that could impact outcomes. All pregnancies had a
normal karyotype and resulted in the delivery of a viable
infant.

Collection of placental samples

Samples from the first trimester of pregnancy were collected
at 10.0–14.5 weeks gestation during CVS procedures done
for prenatal diagnosis. Samples used for research consisted
of tissue, which is normally discarded once enough tissue
is obtained for prenatal diagnosis. Fetal-derived chorionic
villi were cleaned and separated from any maternally
derived decidua. Samples from the third trimester of
pregnancy were collected between 36.3 and 41.4 weeks
gestation, after delivery of a viable neonate. Samples
used for research consisted of tissue, which would have
otherwise been discarded. One-centimeter cubed placental
tissue samples were obtained immediately after delivery
from the fetal side of the placenta near the site of cord
insertion beneath the amnion, then separated into smaller
pieces. Tissue samples were kept on ice and submerged
in RNAlater RNA stabilization reagent (QIAGEN, Hilden,
Germany) within 30 minutes of collection, and stored in
−80◦C.

Analysis of demographic data

For demographic analyses, three patients with matched
first and third trimester samples were omitted, resulting
in N = 110 (57 female and 53 male) first trimester and
N = 44 (18 female and 26 male) third trimester samples
for this analysis. Demographic data were collected including
parental ages, races, and ethnicities, maternal pre-pregnancy
body mass index (BMI), fetal sex, maternal medical history
and medication use, pregnancy complications, mode of
delivery, gestational age at delivery, and birth weight. Means
and standard deviations were reported for continuous
variables. T-test was used for normally distributed continuous
variables, and the Wilcoxon rank-sum test for non-parametric
data. Fisher’s exact test was also used as appropriate.
Chi-square test was used for comparison of categorical
variables.

RNA extraction from chorionic villi

RNA extraction was performed from the 113 first trimester
placental samples utilizing a method optimized for extracting
DNA and total RNA including small RNAs [10]. Briefly,
tissue samples were thawed on ice with 600 μl of RLT Plus
lysis buffer (QIAGEN) and 1% β-mercaptoethanol added to
each sample, then homogenized by passing the tissue through
progressively thinner needles (22G, 25G and 27G) attached
to an RNase-free syringe. Homogenates were loaded onto
AllPrep spin columns and the remainder of sample processing
was performed following manufacturer instructions using the
AllPrep DNA/RNA/miRNA Universal Kit (QIAGEN). RNA
was eluted with 30–45 μl of RNase-free water at room
temperature and the elution was passed through the column
twice to improve yields, as previously described [10, 40].
Equal numbers of male and female samples were processed
each time to reduce batch effects. The average RNA integrity
number (RIN) for sequenced samples was 8.87.
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RNA extraction from third trimester placenta

RNA extraction was performed from the 47 third trimester
placenta samples utilizing a method similar to that used
for the RNA extraction from chorionic villi. However, to
homogenize third trimester placental tissue, the tissue was
sonicated in ice-cold RLT + 1% beta-mercaptoethanol buffer,
using 5-s pulses on a low setting (#2) until tissue fragments
were small enough to complete homogenization with RNase-
free needles. The average RIN for sequenced samples was
8.84.

Library preparation and miRNA sequencing

All 160 samples were sequenced. A miRNA sequencing library
was prepared using the QIASeq miRNA Library Kit (QIA-
GEN, Hilden, Germany) from total RNA. A pre-adenylated
DNA adapter was ligated to the 3′ ends of miRNAs, followed
by ligation of an RNA adapter to the 5′ end. A reverse-
transcription primer containing an integrated Unique Molecu-
lar Index (UMI) was used to convert the 3′/5′ ligated miRNAs
into cDNA. After cDNA cleanup, indexed sequencing libraries
were generated via sample indexing during library amplifica-
tion, followed by library cleanup. Libraries were sequenced
on a NextSeq 500 (Illumina, San Diego, CA) with a 1 × 75 bp
read length and an average sequencing depth of 10.64 million
reads per sample.

Differential expression analysis of miRNAs

The demultiplexed raw reads were uploaded to GeneGlobe
Data Analysis Center (QIAGEN) at https://www.qiagen.co
m/us/resources/geneglobe/ for quality control, alignment and
expression quantification. Briefly, 3′ adapter and low-quality
bases were trimmed off from reads first using cutadapt v1.13
[41] with default settings, then reads with less than 16 bp
insert sequences or with less than 10 bp UMI sequences were
discarded. The remaining reads were collapsed to UMI counts
and aligned sequentially to miRBase v21 mature, hairpin
and piRNA (piRNABank) databases using Bowtie v1.2 [42,
43]. The UMI counts of each miRNA category were quan-
tified, and then normalized by a size factor-based method
in the R package DESeq2 version 1.22.2 (Bioconductor)
[44]. Four separate differential expression analyses were per-
formed: female vs male expression in first trimester, female vs
male expression in the third trimester, first vs third trimester
expression in all female samples and first vs third trimester
expression in all male samples. In each analysis, data were
averaged across all samples in each comparison group for
each miRNA and were reported as baseMean, with miRNAs
with baseMean = 0 removed from the analyses. Next, the
R package FactoMineR release 1.41 was used to conduct
principal components analysis (PCA), which was used to
investigate clustering and potential outliers. Each miRNA was
fitted into a negative binomial generalized linear model, and
the Wald test was applied to assess the differential expres-
sions between two sample groups. Benjamini and Hochberg
procedure was applied to adjust for multiple hypothesis test-
ing, and significantly DE miRNA candidates were selected
as those with a false discovery rate (FDR) less than 0.05.
The chromosomal location of DE miRNAs was ascertained
as previously described using miRBase v21 and biomaRt
v2.45.8 R package with Ensembl release 91 [45–47]. For
miRNAs derived from more than one chromosome, each
miRNA precursor was counted separately in order to capture

all chromosome sources (e.g. in barplots, miR-514a-3p is
encoded by three different precursors on chromosome X, and
thus was counted three times). To avoid variable copy number
regions, precursor duplications on the same chromosome
were not included. For scatter plots, each mature miRNA
was plotted only once per chromosome. Venn diagrams were
created with the R package VennDiagram v1.6.20. Finally, the
R package ggplot2 v3.3.5 was used to plot chromosome dis-
tributions, all bar plots, mean expression against fold change
(FC) and FDR distributions.

Thresholds for expression

A threshold of mean baseMean>10 (reached by either
comparison group) was selected to define “all expressed”
miRNAs and applied throughout. A threshold of mean
baseMean>2000 (either group) was selected for “highly
expressed” miRNAs.

Predictive analysis of RNA targets for miRNAs with
highest expression

Ingenuity Pathways Analysis (IPA) software’s microRNA
Target Filter application (QIAGEN, Redwood City, CA,
USA, http://www.qiagenbioinformatics.com/IPA) was used
to generate a list of predicted target mRNAs based on
sequence and experimental confirmation. Each sex and
trimester was analyzed individually. For all RNA target
lists except the cluster miRNAs, RNA targets were only
included if biochemically confirmed using human tissue
or non-species-specific methods (sourced from QIAGEN’s
curated Ingenuity Knowledge Base [48], or the publicly
available miRecords [49] or TarBase [50]), based on the
TargetScan algorithm previously described [51]. For the
cluster miRNAs, RNA targets included both experimentally
confirmed and high confidence targets (based on sequence)
to increase target numbers to IPA-recommended levels
for analysis. IPA’s Core Analysis function was then used
to identify enriched canonical pathways, as previously
described. The Comparison Analysis function was used to
generate ranked lists of Canonical Pathways from IPA’s
Core Analysis output. The procedure described above was
applied for highly expressed female and male miRNAs of
both trimesters (baseMean>2000), sexually dimorphic first
and third trimester miRNAs (FDR < 0.05, baseMean>10
in either sex), female-specific DE miRNAs across gestation
(FDR < 1 × 10−5, baseMean>100 in either trimester, and
FC > 2 in either direction), male-specific DE miRNAs
across gestation (FDR < 1 × 10−5, baseMean>100 in either
trimester and FC > 2 in either direction), and sex-specific
DE miRNAs in placenta miRNA clusters across gestation
(FDR < 0.05, baseMean>10 in each trimester), with each sex
and trimester analyzed separately.

Heatmaps

Heatmaps with dendrograms of miRNAs vs samples were
generated with matrices of log2(baseMean) data scaled
and centered by rows. The plots were then generated with
hierarchical clustering using the R package gplots v3.1.1.
Heatmaps of gene enrichment data were generated using
the R package pheatmap v1.0.12 with matrices of −log10(P)
output from IPA Core Enrichment Analysis. For comparisons
of −log10(P) values across rows in gene enrichment heatmaps
of experimentally confirmed targets only, a difference of 2 or
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greater was considered the threshold at which visually distinct
results were achieved, and was thus defined as “different.”
A P-value difference of less than two orders of magnitude
(−log10P difference less than 2) was defined as “similar.” For
the placenta miRNA clusters in which highly predicted data
targets were added, due to the different scales of the data,
a −log10P value difference of 0.3 or greater was defined as
“different,” and less than 0.3 was defined as “similar.”

Validation with qRT-PCR

Expression of 11 selected miRNAs was quantitatively re-
analyzed in a subset of 32 Caucasian sequencing samples with
remaining RNA (n = 8/group) by qRT-PCR using the miR-
CURY LNA miRNA PCR system (QIAGEN). The 11 mRNAs
were selected (miR-361-5p, miR-9-5p, miR-1-3p, miR-143-
3p, miR-20b-5p, miR-486-5p, miR-934, miR-125b-5p, miR-
218-5p, miR-144-5p and miR-451a) based on high expression
and significant differences (FDR < 0.05, baseMean>1000)
in the sequencing cohorts. Two internal reference miRNAs
were selected for each type of comparison after using
sequencing data to identify stably and highly expressed
miRNAs (baseMean>1000, P-value>0.95). References for
female vs male analysis were miR-532-5p and miR-146a-5p.
References for first vs third trimester analysis were miR-532-
5p and miR-130a-3p. Power calculations were performed
using sequencing data and methods described by Cohen [52]
to determine sample size requirements, using power = 0.8 and
alpha = 0.05. Total RNA was used to synthesize cDNA with
universal primers in the miRCURY LNA RT Kit (QIAGEN).
Expression was quantified by qRT-PCR using the miRCURY
LNA SYBR Green PCR Kit (QIAGEN) and a BioRad MyIQ
instrument. Analysis was performed using the ��Ct method
and Wilcoxon rank-sum tests were performed on the �Ct
values to determine significance.

Results

Cohort demographics and birth outcomes

Female and male singleton pregnancies in the first (N = 113,
58 female and 55 male) and third trimester (N = 47, 19
female and 28 male fetuses) were matched for maternal age,
race, ethnicity, and pre-existing medical conditions. Princi-
pal component analysis (PCA) of placenta miRNA expres-
sion shows no distinct segregation by sex, although PCA
by trimester shows a distinct segregation by first and third
trimester placenta divided by principal component 1 (Sup-
plemental File 1). Parental and fetal race and ethnicity were
not significantly different between sexes in either first or third
trimester (Table 1A). Maternal pre-pregnancy BMI was not
significantly different between the sexes in either trimester. All
pregnancies resulted in live births and there were no signifi-
cantly different pregnancy complications between the sexes
in either trimester cohort. Males were larger than females at
birth in both sequencing cohorts, though only significant in
the first trimester cohort.

When comparing sexes across gestation, there were no
significant differences in parental ages but there were sig-
nificant differences in parental and fetal race and ethnicity
(Table 1B). Pre-pregnancy BMI was greater in mothers of
males in the third trimester cohort compared to the first
trimester cohort. Maternal pre-existing medical conditions
were not significantly different among the groups but there

were three mothers who developed hypertension in the third
trimester female cohort (some of which required magnesium)
and five mothers in the third trimester male cohort, compared
to none in the first trimester cohorts, which was significantly
different.

MiRNAs expressed by male and female placentae
throughout gestation

Human placenta expressed 986 mature miRNAs combined
from females and males across gestation (baseMean>10)
(Supplemental File 2AB). In first trimester, female placenta
expressed 863 mature miRNAs derived from 958 precursors
(baseMean>10), and male placenta expressed 864 mature
miRNAs derived from 958 precursors (baseMean>10),
from all 22 autosomes and the X chromosome (Figure 1Ai,
Supplemental File 2A). No annotated miRNAs from the Y
chromosome were identified in miRBase release 21. The
majority of expressed miRNAs in both sexes originate with
similar distribution from chromosome 19 (female, 123/958
[12.84%]; male, 123/958 [12.84%]), chromosome 14 (female,
103/958 [10.75%]; male, 104/958 [10.86%]), chromosome
X (female, 93/958 [9.71%]; male, 91/958 [9.50%]) and chro-
mosome 1 (female, 67/958 [6.99%]; male, 64/958 [6.68%])
(Figure 1Ai). Among the most highly expressed miRNAs
(baseMean > 2000), females expressed 159 mature miRNAs
from 189 precursors, and males expressed 155 mature
miRNAs from 185 precursors, both also predominantly from
chromosome 19 (female, 61/189 [32.28%]; male, 61/185
[32.97%]) (Figure 1Aii, Supplemental File 2A).

The number of expressed miRNAs in third trimester
was similar to first with 898 mature miRNAs expressed
in the third trimester female placenta derived from 1001
precursors (baseMean > 10), and 918 mature miRNAs
expressed in the third trimester male placenta derived from
1022 precursors (baseMean > 10) (Figure 1Bi, Supplemental
File 2B) from all 22 autosomes and the chromosome X
but not Y. Among the expressed miRNAs, the majority
originate with similar sex distribution from chromosome
19 (female, 123/1001 [12.29%]; male, 125/1022 [12.23%]),
chromosome 14 (female, 102/1001 [10.19%]; male, 104/1022
[10.18%]), chromosome X (female, 98/1001 [9.79%]; male,
97/1022 [9.49%]), and chromosome 1 (female, 73/1001
[7.29%]; male, 74/1022 [7.24%]). Among the most highly
expressed miRNAs (baseMean>2000), females and males
each expressed 173 mature miRNAs encoded by 205
precursors, predominantly from chromosome 19 (female,
61/205 [29.76%]; male, 62/205 [30.24%]) (Figure 1Bii,
Supplemental File 2B).

Pathway enrichment analysis was performed using exper-
imentally confirmed targets of the most highly expressed
miRNAs. Of the overall most significantly enriched pathways,
there were no observable differences between females and
males in either trimester (-log10P value differences of <2)
(Figure 1C, Supplemental File 3). Of the top 10 pathways, all
were more significantly enriched in the first compared to the
third trimester in females (-log10P value differences of ≥2).
In males, the majority were also more significantly enriched
in the first compared to the third trimester, except “hepatic
fibrosis signaling pathway” and “role of macrophages,
fibroblasts and endothelial cells in rheumatoid arthritis,”
which were similarly enriched in the first and third trimester.
Among the top 30 pathways, immune function-related
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Table 1. Demographics of study patient cohorts.

(A) Comparison of male and female fetuses in each gestation
First trimester (N = 110) Third trimester (N = 44)

Female Male P Female Male P

N 57 53 18 26
Maternal age, years 37.8 (2.9) 37.5 (3.1) 0.61 37.2 (2.5) 37.3 (3.4) 0.45
Paternal age, years 39.5 (4.6) 39.4 (5.1) 0.96 39.4 (4.8) 38.0 (4.8) 0.51
Maternal race/ethnicity
Caucasian 53 (93.0%) 53 (100%) 0.12 13 (72.2%) 22 (84.6%) 0.45
Non-Hispanic 55 (96.5%) 52 (98.1%) 1 14 (77.8%) 21 (80.8%) 1
Paternal race/ethnicity
Caucasian 54 (94.7%) 50 (94.3%) 1 15 (83.3%) 22 (84.6%) 1
Non-Hispanic 56 (98.3%) 51 (96.2%) 0.61 15 (83.3%) 21 (80.8%) 1
Fetal race/ethnicity
Caucasian 53 (93.0%) 50 (94.3%) 1 12 (66.7%) 20 (76.9%) 0.51
Non-Hispanic 55 (96.5%) 51 (96.2%) 1 13 (72.2%) 20 (76.9%) 0.74
Maternal pre-pregnancy BMI, kg/m2 22.0 (3.4) 21.8 (3.4) 0.54 23.9 (4.6) 24.0 (4.8) 0.98
Maternal preexisting medical conditions
Hypertension 0 (0%) 0 (0%) - 0 (0%) 0 (0%) -
Diabetes 0 (0%) 0 (0%) - 0 (0%) 0 (0%) -
Pregnancy complications
Hypertension 0 (0%) 0 (0%) - 3 (16.7%) 5 (19.2%) 1
Diabetes 1 (1.8%) 2 (3.8%) 0.42 0 (0%) 1 (3.9%) 1
Placenta previa 0 (0%) 0 (0%) - 0 (0%) 1 (3.9%) 1
Placental abruption 0 (0%) 0 (0%) - 0 (0%) 0 (0%) -
Hypertension management in pregnancy
Anti-hypertensives 0 (0%) 0 (0%) - 1 (5.6%) 2 (7.7%) 1
Any magnesium use (ante- or
postpartum)

0 (0%) 0 (0%) - 2 (11.1%) 4 (15.4%) 1

Mode of delivery- Cesarean section 19 (33.3%) 14 (26.4%) 0.45 (chi2) 7 (38.9%) 8 (30.8%) 0.59 (chi2)
Gestational age at delivery, days 276.2 (7.0) 276.3 (7.0) 0.95 278.8 (5.2) 275.0 (9.3) 0.13
Birthweight, g 3342.0 (430.1) 3536.0 (481.3) 0.03∗, (ttest) 3397.6 (409.5) 3525.5 (504.1) 0.48

(B) Comparison of sex-specific first and third trimester samples
Female (N = 75) Male (N = 79)

First Third P value First Third P value

N 57 18 53 26
Maternal age, years 37.8 (2.9) 37.2 (2.5) 0.34 37.5 (3.1) 37.3 (3.4) 0.87
Paternal age, years 39.5 (4.6) 39.4 (4.8) 0.79 39.4 (5.1) 38.0 (4.8) 0.27
Maternal race/ethnicity
Caucasian 53 (93.0%) 13 (72.2%) 0.03∗ 53 (100%) 22 (84.6%) 0.01∗
Non-Hispanic 55 (96.5%) 14 (77.8%) 0.03∗ 52 (98.1%) 21 (80.8%) 0.01∗
Paternal race/ethnicity
Caucasian 54 (94.7%) 15 (83.3%) 0.15 50 (94.3%) 22 (84.6%) 0.21
Non-Hispanic 56 (98.3%) 15 (83.3%) 0.04∗ 51 (96.2%) 21 (80.8%) 0.04∗
Fetal race/ethnicity
Caucasian 53 (93.0%) 12 (66.7%) 0.01∗ 50 (94.3%) 20 (76.9%) 0.053
Non-Hispanic 55 (96.5%) 13 (72.2%) 0.007∗ 2 (3.8%) 6 (23.1%) 0.014∗
Maternal pre-pregnancy BMI, kg/m2 22.0 (3.4) 23.9 (4.6) 0.11 21.8 (3.4) 24.0 (4.8) 0.03∗
Maternal preexisting medical conditions
Hypertension 0 (0%) 0 (0%) - 0 (0%) 0 (0%) -
Diabetes 0 (0%) 0 (0%) - 0 (0%) 0 (0%) -
Thyroid disorder 1 (1.8%) 2 (11.1%) 0.14 2 (3.8%) 4 (15.4%) 0.087
Pregnancy complications
Hypertension 0 (0%) 3 (16.7%) 0.012∗ 0 (0%) 5 (19.2%) 0.003∗
Diabetes 1 (1.8%) 0 (0%) 1 2 (3.8%) 1 (3.9%) 1
Placenta previa 0 (0%) 0 (0%) - 0 (0%) 1 (3.9%) 0.55
Placental abruption 0 (0%) 0 (0%) - 0 (0%) 0 (0%) -
Hypertension management in pregnancy
Anti-hypertensives 0 (0%) 1 (5.6%) 0.24 0 (0%) 2 (7.7%) 0.11
Any magnesium use (ante- or
Postpartum)

0 (0%) 2 (11.1%) 0.055 0 (0%) 4 (15.4%) 0.003∗

Mode of delivery- Cesarean section 19 (33.3%) 7 (38.9%) 0.67 (chi2) 14 (26.4%) 8 (30.8%) 0.72 (chi2)
Gestational age at delivery, days 276.2 (7.0) 278.8 (5.2) 0.099 276.3 (7.0) 275.0 (9.3) 0.84
Birthweight, g 3342.0 (430.1) 3397.6 (409.5) 0.77 3536.0 (481.3) 3525.5 (504.1) 0.93
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Figure 1. Expressed miRNAs in male and female placentae. (A) Chromosome frequency of precursor miRNAs in male and female placentae at first
trimester, (i) all expressed miRNAs (baseMean>10) and (ii) the highest expressed miRNAs (baseMean>2000). Similarly, (B) chromosome frequency at
third trimester. (C) Comparison of the pathways targeted by highly expressed miRNAs (baseMean>2000) in first and third trimester female and male
placenta.

pathways were more enriched in the first vs third trimester:
“wound healing signaling pathway”and “neuroinflammation
signaling pathway” in both sexes. “IL-6 signaling” was
significantly enriched in first vs third trimester in females
only. Nine different cancer signaling pathways were also more
significantly enriched in the first vs third trimester in both
sexes among the top 30 pathways (Figure 1C, Supplemental
File 3A).

Differentially expressed miRNAs between male and
female placentae

Differences in individual miRNAs between female and male
placentae were identified despite lack of subject clustering on
PCA plots and heatmaps of all expressed miRNAs (Supple-
mental Files 1, 4). In the first trimester, there were 94 differ-
entially expressed miRNAs, with 58 upregulated in females

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab221#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab221#supplementary-data
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and 36 upregulated in males (P-value<0.05, baseMean>10);
however, only 11 miRNAs were differentially expressed fol-
lowing adjustment for multiple comparisons (FDR < 0.05,
baseMean>10), all upregulated in females (Figure 2Ai). Of
the 11 differentially expressed miRNAs (FDR < 0.05), the
majority had high baseMeans>500, except miR-429 (female
136.3; male 82.5 baseMeans) and miR-95-3p (female 166.7;
male 77.2 baseMeans). The most sexually dimorphic miRNA
was miR-200a-3p with an FC of 3.49 and baseMeans of 927.5
in females and 525.5 in males. Four of eleven miRNAs were
expressed on chromosome X (36.4%), two on chromosome 1
(18.2%) and one each on five other autosomes (9.1% each)
(Figure 2Bi, Supplemental File 2A).

In the third trimester, there were 114 DE miRNAs, with
64 upregulated in females and 50 upregulated in males (P-
value<0.05, baseMean>10); however, only 4 miRNAs were
differentially expressed following adjustment for multiple
comparisons (FDR < 0.05, baseMean>10), all upregulated in
females (Figure 2Aii). Of the four DE miRNAs (FDR < 0.05),
the most sexually dimorphic miRNA was miR-204-5p with
2.98-fold higher expression in females (682.2 female; 229.1
male baseMean). The DE miRNAs in the third trimester
originated from chromosome X (2 miRNAs), 9 (1 miRNA)
and 21 (1 miRNA) (Figure 2Bii). The miRNA, miR-361-5p
was sexually dimorphic and upregulated in females in both
trimesters (Supplemental File 2B).

Pathway enrichment analysis was performed using experi-
mentally confirmed targets of the 11 and 4 sexually dimorphic
miRNAs in the first and third trimester, respectively.
Among the top 10 significant pathways, these were more
significantly enriched by sexually dimorphic miRNAs in the
first trimester compared to the third trimester (−log10P-value
differences of ≥2): “pulmonary fibrosis idiopathic signaling
pathway,” “hepatic fibrosis signaling pathway,” “wound
healing signaling pathway,” “regulation of the epithelial mes-
enchymal transition by growth factors pathway,” “colorectal
cancer metastasis signaling,” “pulmonary healing signaling
pathway” and “glioblastoma multiforme signaling.” The
following pathways were enriched by sexually dimorphic
miRNAs, with similar significance (−log10P value differences
of <2) in first and third trimester: “molecular mecha-
nisms of cancer,” “regulation of the epithelial-mesenchymal
transition pathway” and “macropinocytosis signaling.”
The “GP6 signaling pathway” was enriched by sexually
dimorphic miRNAs only in the first trimester (Figure 2C,
Supplemental File 3B).

Sex-specific differential miRNAs expression
across gestation

In order to identify sex-specific differences throughout
gestation, differential expression analysis of first vs third
trimester placenta was performed separately with the female
and male placentae. There was sample separation by trimester
in both sexes on PCA plots and heatmaps of all expressed
miRNAs (Supplemental Files 1, 4). In female placentae, 580
mature miRNAs were significantly differentially expressed
between first and third trimester placentae (FDR < 0.05,
baseMean>10), with 308 miRNAs upregulated in the first
trimester and 272 miRNAs upregulated in the third trimester
placentae (Figure 3Ai-ii, Supplemental File 2C). Of the 580
miRNAs derived from 637 precursors in female placenta

throughout gestation, the majority originate from chromo-
somes 19 (first trimester, 34/330 [10.30%]; third trimester,
33/307 [10.75%]), 14 (first trimester, 26/330 [7.88%]; third
trimester, 36/307 [11.73%]), and X (first trimester, 34/330
[10.30%]; third trimester, 31/307 [10.10%]) (Figure 3Aii).
Of the differentially expressed miRNAs in females across ges-
tation, those with the greatest FC (>8) had lower to moderate
expression (baseMean 16.18–1643.77) and were primarily
elevated in the first trimester, whereas those with the highest
expression (baseMean>10,000) had lower fold changes (FC
1.17–4.08) and were predominantly elevated in the third
trimester. The DE miRNA with greatest fold change was
miR-4483, with 42.5-fold higher expression in first trimester
placenta (FDR = 4.32 × 10−166) and a base mean decrease
from 1030.93 to 24.24 in first to third trimester placentae
(Figure 3Aiii).

In the male cohort, 605 mature miRNAs were significantly
differentially expressed between first and third trimester
placentae (FDR < 0.05, baseMean>10), with 315 miR-
NAs upregulated in the first trimester and 290 miRNAs
upregulated in the third trimester placentae (Figure 3Bi-ii,
Supplemental File 2D). Chromosomal distribution was similar
for males across gestation with 605 miRNAs derived from
673 precursors. The majority of male miRNAs originate
from chromosomes 19 (first trimester, 33/338 [9.76%];
third trimester, 38/335 [11.34%]), 14 (first trimester, 47/338
[13.91%]; third trimester, 22/335 [6.57%]), and X (first
trimester, 31/338 [9.17%]; third trimester, 36/335 [10.75%])
(Figure 3Bii). Of the DE miRNAs in males across gestation,
those with the greatest FC (>8) ranged from low to high
expression (baseMean 37.90–7090.23) and were primarily
elevated in the first trimester, whereas those with the highest
expression (baseMean>10,000) had lower FC (1.13–4.68)
and were predominantly elevated in the third trimester.
Similar to females, the DE miRNA with greatest FC was
also miR-4483, with 35.5-fold higher expression in first
trimester placenta (FDR = 1.22 × 10−182) and a baseMean
decrease from 936.26 to 26.33 in first to third trimester
placentae (Figure 3Biii). Of the 580 DE miRNAs in females
and 605 DE miRNAs in males, there were also 508 miRNAs
that overlapped between females and males (common DE)
across gestation. Of these common DE miRNAs, 269 were
upregulated in first trimester and 239 were upregulated in
third trimester (Supplemental Files 2CD, 5A).

Comparison of sex-specific differentially expressed
miRNAs

There were sex exclusive DE miRNAs in first vs third trimester
analyses, defined as sex-specific DE miRNAs with FC >2 in
first vs third trimester analyses either in females or males
only, suggesting sexually dimorphic miRNA regulation across
gestation. Of the sex-specific DE miRNAs (Figure 3), the
female cohort had more DE miRNAs across gestation (FC
>2) that were not present in the male analysis (Figure 4A,
Supplemental File 5B). There were 52 miRNAs DE across
gestation only in females, including 28 upregulated in first
trimester and 24 upregulated in third trimester (FDR < 0.05,
FC > 2, baseMean>10 in either trimester), whereas there
were 32 DE only in males, including 16 upregulated in first
trimester and 16 upregulated in third trimester (FDR < 0.05,
FC > 2, baseMean>10 in either trimester) (Figure 4A,
Supplemental File 5B). Of the sex exclusive DE miRNAs,

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab221#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab221#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab221#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab221#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab221#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab221#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab221#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab221#supplementary-data
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Figure 2. Sexually dimorphic miRNAs in first and third trimester. (A) 94 differentially expressed (DE) miRNAs (58 up in female and 36 in male,
baseMean>10, P-value<0.05) listed based on increasing expression (log10 baseMean). Red stars and red labels: DE miRNAs that remain significant
after multiple comparisons (FDR < 0.05) in (i) first and (ii) third trimesters. (B) Significant miRNAs at FDR < 0.05 in (i) first and (ii) third trimesters are
tabulated with chromosome (Chr) location(s), average baseMeans of female (BM-F) and male (BM-M) samples, fold change (FC, female:male) and FDR.
(C) Comparison of the pathways targeted by differentially expressed (FDR < 0.05) and female-upregulated miRNAs reveals sexually dimorphic
differences between first (1) and third (3) trimesters.

female exclusive DE miRNAs upregulated in the first trimester
had greater FC than male exclusive DE miRNAs upregulated
in the first trimester (Figure 4A). Among female exclusive
DE miRNAs which had FC < 2 in males, miR-610 had the
greatest FC across gestation, 5.22-fold higher in first trimester

(FDR = 4.21 × 10−4) with a baseMean decrease of 11.38–
2.21 from first to third trimester (Supplemental File 2E).
Among male exclusive DE miRNAs, which had FC < 2 in
females, miR-144-3p had the greatest FC across gestation
with 4.16-fold higher expression in third trimester placenta

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab221#supplementary-data
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Figure 3. Sex specific expression differences in miRNAs across gestation. DE miRNAs in (A) females and (B) males. (i) Scatter plot of expression (log10
baseMean) distribution across chromosomes for all DE miRNAs at FDR <0.05, baseMean>10. (ii) Chromosome frequency of precursor miRNAs
encoding the upregulated mature miRNAs for each trimester at FDR <0.05, baseMean>10. (iii) Scatter plots of expression (log10 baseMean) vs Absolute
Fold Change for DE miRNAs (FDR <0.05). Dotted lines are at baseMean = 10 (horizontal) and FC = 2 (vertical). For all scatter plots, point shape indicates
direction of upregulation.

(FDR = 3.75 × 10−16) and a baseMean increase of 1142.11–
4752.80 from first to third trimester placentae (Supplemental
File 2E).

Among the 252 DE miRNAs in females and 232 DE
miRNAs in males that reached FC >2, there were 200
common DE miRNAs including 105 upregulated in first
trimester and 95 upregulated in third trimester (Figure 4A,

Supplemental File 5B). Common DE miRNAs in both sexes
with high FC (>8 in both sexes) include miR-4483, miR-
600, miR-7705, miR-5692b, miR-922, miR-187-3p, miR-
383-3p and miR-9-3p upregulated in first trimester, and
miR-137 and miR-139-5p upregulated in third trimester.
The common DE miRNA most upregulated in first trimester
placenta (compared to third trimester) was miR-4483

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab221#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab221#supplementary-data
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with a 42.52-fold difference in female placenta and a
35.47-fold difference in male placenta (Figure 4Ai). The
common DE miRNA most upregulated in third trimester
placenta (compared to first trimester) was miR-137 with a
26.49-fold difference in female placenta and a 31.52-fold
difference in male placenta (Figure 4Aii, Supplemental File
2E).

Pathway enrichment analysis on experimentally confirmed
targets of the sex-specific DE miRNAs across gestation identi-
fied “pulmonary fibrosis idiopathic signaling pathway” to be
the most significantly enriched in the third trimester for both
sexes, and in males the difference in significance of this path-
way across gestation was greater (−log10P value difference
of ≥2). Of the top 10 pathways, the majority of pathways
were more significant in the third trimester in both sexes
with “hepatic fibrosis signaling,” “regulation of the epithelial
mesenchymal transition by growth factors pathway,” “senes-
cence pathway” and “glioblastoma multiforme signaling,” the
most significantly enriched in the third trimester in males
(Figure 4B, Supplemental File 3C).

Sex differences in the placenta-specific C14MC
and C19MC miRNAs

The placenta-specific miRNA clusters on chromosomes 14
and 19 were evaluated. There were 83 mature miRNAs
expressed from C14MC and 62 mature miRNAs expressed
from C19MC total from females and males across gesta-
tion (baseMean>10 any group) (Supplemental File 2FG).
Female-specific first vs third trimester analysis (FDR < 0.05,
baseMean>10) identified 50 DE mature miRNAs from
C14MC (20 upregulated in first and 30 upregulated in third
trimester) and 33 DE miRNAs from C19MC (22 upregulated
in first and 11 upregulated in third trimester) (Figure 5A,
Supplemental File 2F). Male-specific first vs third trimester
placenta analysis (FDR < 0.05, baseMean>10) identified 54
DE mature miRNAs from C14MC (38 upregulated in first
and 16 upregulated in third trimester) and 35 DE miRNAs
from C19MC (20 upregulated in first and 15 upregulated
in third trimester) (Figure 5B, Supplemental File 2G). From
C14MC, miR-1197 was the most significant DE miRNA
across gestation in both sexes and over 6-fold upregulated in
the first trimester (FDR = 1.52 × 10−49 females, 9.16 × 10−68

males). From C19MC, miR-520c-3p was the most significant
DE miRNA across gestation in both sexes and over 2.7-
fold upregulated in the third trimester (FDR = 1.32 × 10−46

females, 4.83 × 10−63 males) (Figure 5A-B, Supplemental
File 2FG). There were few sex exclusive DE miRNAs across
gestation (FDR < 0.05, baseMean>10, FC > 2 only in females
or only in males), 12 from C14MC and only 2 from C19MC
(Supplemental File 2). From C14MC, there were 4 female
exclusive DE miRNAs all upregulated in third trimester (miR-
154-3p, miR-485-3p, miR-495-3p) and 8 male exclusive DE
miRNAs all upregulated in first trimester (miR-323a-3p, miR-
323b-3p, miR-370-3p, miR-370-5p, miR-412-5p, miR-431-
5p, miR-1185-1-3p and miR-1247-3p). From C19MC, there
were two female exclusive DE miRNAs both upregulated in
first trimester (miR-520d-5p, miR-520 g-5p) and no male
exclusive DE miRNAs.

Pathways enrichment analysis was performed using
both the experimentally confirmed and highly predicted
targets of the sex-specific cluster miRNAs (FDR < 0.05,
baseMean>10). C14MC analysis identified top pathways

“IL-17 signaling”“role of tissue factor in cancer”and “HIF1α

signaling.” “IL-17 signaling” was more significantly enriched
in third trimester in females whereas it was more significantly
enriched in first trimester in males (-log10P value differences
of ≥0.3). Other top immune related pathways that were
differentially regulated across gestation in a sex-specific
manner include “Gαi signaling,” “oncostatin M signaling,”
“granulocyte adhesion and diapedesis”and “role of JAK1 and
JAK3 in γ c cytokine signaling,”all more significantly enriched
in third trimester in females whereas they were more enriched
in first trimester in males. The “IL-8 signaling” pathway was
the most highly enriched pathway in the first trimester in
males. The “wound healing signaling pathway” and “G-
protein coupled receptor signaling” pathway were more
highly enriched in first trimester females but only enriched
in the first trimester in males. The “angiopoietin signaling”
pathway was also only enriched in females, predominantly in
the third trimester. The C19MC pathways were less sexually
dimorphic across gestation with most of the pathways more
significant in third versus first trimester, including top path-
ways “estrogen-mediated S-phase entry,” “prostate cancer
signaling” and “pancreatic adenocarcinoma signaling.” Of
the top 20, few pathways were highly significant in first
trimester compared to third, with “coronavirus pathogenesis
pathway” and “cell cycle regulation by BTG family proteins”
enriched in the first trimester only in males. “Hepatic fibrosis
signaling pathway” and “glioblastoma multiforme signaling”
were more significantly enriched in the first trimester in both
sexes (Figure 5C, Supplemental File 3DE).

Validation of miRNAs

qRT-PCR was performed to validate miRNA-seq results. In
the sex differences qRT-PCR comparison, one miRNA was
tested at each trimester. Expression of miR-361-5p was higher
in females than males at both trimesters, consistent with
our sequencing data, however it was only statistically signif-
icant in the first trimester (3.26-fold higher, P-value = 0.034)
(Figure 6A). In the female-specific DE across gestation, two
miRNAs upregulated in the first trimester and three miRNAs
upregulated in the third trimester were selected. All miRNAs
were upregulated in the direction consistent with our sequenc-
ing data; however, only miR-1-3p was statistically significant
(2.21-fold higher in third trimester, P-value = 0.022). In the
male-specific DE across gestation, three miRNAs upregu-
lated in the first trimester and three upregulated in the third
were selected. All miRNAs were upregulated in the direction
consistent with our sequencing data. MiR-20b-5p (2.44-fold
higher in first trimester, P-value = 0.029), miR-486-5p (5.03-
fold higher in third trimester, P-value = 0.021), miR-144-5p
(2.26-fold higher in third trimester, P-value = 0.029) and miR-
451a (5.53-fold higher in third trimester, P-value = 0.021)
were statistically significant (Figure 6B).

Discussion

We identified the sex-specific miRNA signature of the first
and third trimester placenta in pregnancies resulting in live
births. To our knowledge, this is the largest normative sex
dimorphic and sex-specific placenta miRNA atlas across
gestation. There were similar numbers of miRNAs expressed
in both sexes in each trimester, with similar chromo-
some distributions and peaks at chromosomes 1, 14, 19
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Figure 4. Common and sex-specific miRNA expression changes across gestation. (A) Scatter plots of first vs third trimester DE miRNA fold changes in
females compared to males, highlighting miRNAs upregulated in (i) first and (ii) third trimester (FDR < 0.05, baseMean>10, FC > 2). Colors: common DE
miRNAs, which reach FC > 2 in both sexes (aqua/turquoise), female exclusive DE miRNAs (green), male exclusive DE miRNAs (purple), or neither (gray).
(B) Comparison of the pathways targeted by the most upregulated miRNAs (FDR < 1 × 10−5, baseMean>100 in either group, FC > 2) for each sex cohort
in the first vs third trimester analysis.

and X as previously described [47]. Overall, the majority
of miRNAs were not sexually dimorphic at FDR < 0.05, with
11 DE miRNAs in first and 4 in third trimester placentae,
all upregulated in females. However, greater differences were
seen in sex-specific differential expression analyses between
first and third trimester, which may better explain pregnancy
outcomes affected by fetal sex. Chromosomal distributions
were sexually dimorphic in chromosomes 14 and 19, with
chromosome 14 more representative in the third trimester

in females but more representative in the first trimester in
males, likely due to C14MC and C19MC. There were first vs
third trimester DE miRNAs common to females and males,
including miR-4483 upregulated in the first trimester and
miR-137 and miR-139-5p upregulated in third trimester.
There were 62.5% more female exclusive differences across
gestation as male exclusive (52 miRNAs vs 32 miRNAs),
indicating that gestational changes of miRNA expression
in human placenta are sexually dimorphic. A subset of DE
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Figure 5. Expression differences in C14MC and C19MC clusters. Scatter plots for (Ai) female and (Bi) male cohorts show mature DE miRNAs
(FDR < 0.05, baseMean>10) that are upregulated in first or third trimester (color/shape) and highly expressed (size) for each cluster. (Aii-Bii)
Corresponding frequency plots count the upregulated miRNAs (FDR < 0.05, baseMean>10) for each trimester (color). (Ci-ii) Comparison of the pathways
targeted by these upregulated miRNAs (FDR < 0.05, baseMean>10), by cluster.

miRNAs was validated using qRT-PCR, all results were
consistent with miRNA-seq results, with 7 of 13 miRNAs
tested to be statistically significant.

Sex differences in the first and third trimester miRNAs
were small, but differences were more prevalent in the
first trimester placenta. Greater sexual dimorphism in first
trimester may also account for more significant upregulated

pathways identified in the first compared to the third trimester
placenta, suggesting miRNAs have an impact on placental
development early in gestation in a sex-specific manner, a
result consistent with previous studies [10, 53–55]. The only
miRNA that was sexually dimorphic across both trimesters
examined was miR-361-5p. This miRNA has been minimally
studied, with no references to placental development;
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Figure 6. miRNA validation data for all cohorts. Bar plots of absolute fold change (FC) data from RNAseq (points) compared to qPCR (bars) for miRNAs
tested in validation for (A.) Sexually dimorphic miRNAs, in which the Reference is the average of miR-532-5p and miR-146a-5p. (B.) Sex-specific miRNAs,
in which the Reference is the average of miR-532-5p and miR-130a-3p. Point shape in each: RNAseq absolute FC direction. Bar color in each: qPCR
absolute FC direction. Asterisks: denote those miRNAs that achieved significance (P-value<0.05) in qPCR.

however, Tsamou et al. report that this miRNA was also
sexually dimorphic in newborns, with higher expression in
girls [56].

Although other studies have identified sexually dimorphic
miRNA expression in the placenta, these studies were small,
which may lead to subject variability [54], or utilized
microarrays [56] and most of them were in placenta disease
states where differences may be attributed to development

of placental dysfunction possibly due to sexually dimorphic
miRNA regulation of these sexually dimorphic disease states
early in gestation [10, 57]. Recently, sexually dimorphic
miRNA expression was described by Eaves in second trimester
placenta of extremely low gestational age newborns. Of
those identified by Eaves, miR-361-5p, miR-196a-5p and
miR-374b-5p were also sexually dimorphic in the first
trimester in our study [20]. These miRNAs may ultimately
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be sex-specific early markers of extremely low gestational
age. Another recent study by Guo et al. of a small number
of third trimester placentae also found miR-361-3p and
miR-361-5p upregulated in females vs males, in common
with our third trimester results [54], suggesting these may
be specific markers of normal gestational age. In addition,
other miRNAs defined in our study have been previously
shown to be associated with preterm labor, such as miR-
421, miR-374b-5p and miR-155-5p [58]. Other gestational
disease states have been previously studied as well, including
recurrent spontaneous abortion, associated with miR-196a-
5p [59] and pre-eclampsia, associated with miR-374b-5p [29],
and may ultimately become sex-specific markers of these sex
dimorphic placental pathologic states.

There were 508 miRNAs with differential expression across
gestation common in both sexes, with 200 that reached a
FC > 2. These are potentially critical miRNAs, particularly
those that are expressed early in gestation, that can be used
for future biomarker development, since they are independent
of fetal sex. We previously identified miR-4483 as strongly
downregulated in third trimester compared to first trimester
placenta in an analysis adjusted for fetal sex [47], and now
here show that miR-4483 is sex independent. There were
also sex-specific miRNAs that had differential expression
across gestation, including those that were sex exclusive,
suggesting miRNA regulation of placental development
throughout gestation is sexually dimorphic. These miRNAs
are important for sex-specific normal placental development
and may provide a foundation for miRNA expression changes
leading to placental pathology in a sex-specific fashion.

None of the miRNAs that were sexually dimorphic in
the first or third trimester were from the placenta-specific
C14MC and C19MC [21, 22]. However, there were sex-
specific differences across gestation in C14MC and C19MC.
In females, there were more DE miRNAs that were upregu-
lated in the third trimester from C14MC compared to the first
trimester, whereas there were more DE miRNAs that were
upregulated from C19MC in the first trimester, suggesting
these clusters may play different roles throughout gestation
in females, with C14MC potentially having a greater regu-
latory role in the third and C19MC in the first trimester. In
contrast, in males, there were more differentially expressed
miRNAs that were upregulated from C14MC and C19MC
in the first compared to the third trimester, suggesting a
greater regulatory role of C14MC and C19MC in males
in the first trimester. There were six female exclusive DE
miRNAs across gestation, including 4 from C14MC and 2
miR-520 family members from C19MC. There were eight
male exclusive DE miRNAs across gestation from C14MC
including two miR-323 family members, but no male exclusive
DE miRNAs from C19MC. All of the sex exclusive DE miR-
NAs identified from the clusters have been associated with
cancer including reproductive cancers [60–62], which may be
suggestive that these miRNAs are under sex hormone control,
which is fetal sex specific early in gestation during fetal sex
differentiation [63, 64]. The sex-specific differences across
gestation in C14MC and C19MC may account for known
sex differences in placenta development, as these clusters are
placenta specific. There were significant sex differences in
immune-related pathways targeted by the C14MC cluster
miRNAs, while there was less sexual dimorphism in C19MC
overall.

Previous studies have identified miRNAs that are DE in first
versus third trimester in both C14MC and C19MC clusters
that play a role in immune suppressive, anti-inflammatory
responses, as well as innate/adaptive immune responses
[20]. We identified miRNAs in the C14MC cluster to
regulate immune function in a sexually dimorphic fashion.
miRNAs have been identified in regulating immune function,
which may be sexually dimorphic [65] that may also
translate in the placenta. These sexually dimorphic immune
mediated pathways may impact placental function including
malperfusion and subsequent sequela [66]. Furthermore,
this altered intrauterine environment may have long term
impact, including deficient development of the immune system
into childhood [67–69], predisposition to inflammatory
and immune disease states that develop in adulthood [69–
71], including metabolic syndrome and cardiovascular
disease [72–76], which are sexually dimorphic disease
states.

The major strength of this study is the cohort size of normal
healthy pregnancies resulting in delivery and the availability of
detailed demographic information including birth outcomes.
Additionally, the use of high-throughput sequencing, as
opposed to other techniques such as arrays, allows for
greater confidence regarding differential expression, since
all known miRNA species previously annotated in the
human genome are considered. Although other studies
have identified sexually dimorphic miRNA expression
in the placenta, these studies were small, and most of
them were in placenta disease states where differences
may be attributed to development of placental dysfunc-
tion, which may be the result of sexually dimorphic
miRNA regulation of these sexually dimorphic disease
states [56, 57].

Our study has some limitations. Female and male singleton
pregnancies in the first and third trimester were matched
for maternal age, race, ethnicity and pre-existing medical
conditions. However, when comparing sexes across gestation,
differences in parental and fetal race and ethnicity although
small were identified. Maternal pre-existing medical condi-
tions were not significantly different among the groups, but
there were a few mothers that developed hypertension in
the third trimester cohorts. However, we did not control for
outcomes since subjects were enrolled in the first trimester.
Pre-pregnancy BMI was greater in mothers of males in the
third trimester cohort compared to the first trimester cohort.
Although sexual dimorphism in miR-210 expression has been
identified in the placenta associated with maternal obesity
[77], our cohorts were not obese and BMI differences were
only identified in the male-specific cohorts. As a result, miR-
210 was not identified to be different among the groups.
During predictive target enrichment analysis, most of the
mRNA targets used were experimentally validated, but due
to few experimentally validated targets for the C14MC DE
miRNAs, we included additional predicted targets for both
cluster analyses to improve the pathway enrichment predic-
tions, at the cost of some confidence. DE expressed miRNAs
were validated using qRT-PCR, with results consistent with
miRNA-seq. However, not all were statistically significant.
This may be due to the smaller sample size of the validation
cohort.

Overall, our goals were: first, to identify the normative
sex dimorphic miRNA signatures in first and third trimester
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and second, identify and compare the normative sex stable
and sex-specific normative miRNA signature across gestation
in a healthy population. With the identification of these
normative signatures, future studies on placental pathologic
disease states can be performed, controlling for variability
due to fetal sex and gestational age. Furthermore, due to
their small size and stability, these miRNAs may become
potential biomarkers of disease early in gestation, particularly
miRNAs from plasma exosomes [78–80], and utilized as
additional metadata for machine learning models of placental
disease [81].
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