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Abstract
Background: Novel high-resolution tools for pregnancy monitoring, including early detection of prenatal
disorders, are needed. Changes in circulating microRNAs (c-miRNAs) during pregnancy could potentially
inform about the functional status of the mother, the placenta and/or the fetus. However, whether c-
miRNA pro�les actually re�ect distinct pregnancy-speci�c events at all stages remains unclear.

Methods: Longitudinal large-scale RNAseq c-miRNA pro�les at early, middle and late pregnancy, and after
birth derived from eight women with healthy term pregnancies (n=32 plasma samples) were compared
against corresponding circulating pro�les derived from age-matched non-pregnant women (n=10). Data
of fetal sex and growth indicators obtained during pregnancy evolution of the same women, were used to
identify speci�c c-miRNA correlates in circulation.

Results: 1449 c-miRNAs were detected in circulation in both pregnant and non-pregnant women with only
48 c-miRNAs differentially expressed relative to non-pregnant controls in at least one of the four studied
stages (FDR<0.05). Surprisingly, c-miRNA subpopulations with reported prominent expression in various
pregnancy-associated compartments (placenta, amniotic �uid, umbilical cord plasma and breast milk)
were found collectively under-expressed in maternal circulation throughout pregnancy (p<0.05).
Furthermore, we found a bias in global miRNAs expression in direct association with fetal sex right from
the �rst trimester, in addition to a speci�c c-miRNA signature of fetal growth (R = 0.7, p < 0.01).

Conclusion: Our results demonstrate the existence of temporal changes in c-miRNAs populations
associated to distinct aspects of pregnancy, including correlates of placental function and lactation, as
well as fetal gender and growth, revealing a wider potential of c-miRNAs as biomarkers of speci�c
aspects of maternal health and fetal growth.

Background
MicroRNAs (miRNAs) are a class of non-coding short sequence ribonucleic acids (ncRNAs)
approximately 22 nucleotides long, involved in gene expression regulation at the post-transcriptional level
[1]. They play a fundamental role in almost all cellular processes including proliferation, differentiation,
metabolism, growth, apoptosis, among others [2]. To date, more than 39,000 miRNAs have been
described in 271 different organisms. In humans, 1,984 are reported as precursors of 2,693 mature
miRNAs [3].

Although the function of miRNAs has been greatly characterized in the intracellular environment [4],
several of these molecules have also been detected in the extracellular environment in a wide variety of
body �uids, such as serum, plasma, tears, urine, breast milk, bronchoalveolar lavage, cerebrospinal �uid,
semen, and amniotic �uid [5, 6]. While the source of miRNAs in body �uids and their function in the
extracellular environment remains unclear, these circulating transcripts have attracted growing interest as
potential, easily accessible biomarkers of physiological alterations and pathological events. Along these
lines, altered patterns of circulating miRNAs (c-miRNAs) in peripheral blood have been documented in a
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range of pathological conditions including cancer, heart and neuropathic diseases and perinatal
complications, among others [7–12]. However, the use of c-miRNAs in clinical practice remains
controversial due to challenges associated with detecting reliable signatures associated with speci�c
physiological conditions. Important methodological caveats include the relative lack of longitudinal
approaches involving temporal pro�ling of miRNA expression throughout the physiological condition of
interest, and the scarce use of time-matched physiological data derived from the exact same subjects [11,
13].

Pregnancy is an extraordinarily complex process with important morphological, metabolic, physiological,
and immunological changes involving three interacting systems, the woman, the placenta and the fetus,
which maintain a complex crosstalk simultaneously aimed at maintaining women homeostasis, promote
fetal growth and development, as well as preparing the mother for labor and lactation [14]. Imbalance
and/or dysregulation of these processes can directly affect maternal-fetal health, putting them at risk of
an ample array of perinatal complications and future effects on the health of women and offspring [15].
Pregnancy care and the capability to prevent, diagnose, and treat complications during gestation are
important challenges for the clinical specialists, demanding the continuous development and
improvement of accessible diagnostic tools.

Physiological evolution of pregnancy in eutherians has been associated with changes in miRNA pro�les
in several models [16]. In humans for instance, expression pro�les of c-miRNAs clusters encoded on
chromosome 14 (C14MC) and primate-speci�c chromosome 19 (C19MC) have been identi�ed in the
blood of pregnant women [17] and some of them have been described as footprints of maternal
imprinting, as well as trophoblast and placental function [18, 19]. Circulating expression imbalances in
C14MC and C19MC members have been reported in preeclampsia, preterm delivery, or intrauterine growth
retardation, suggesting some of them as potential biomarkers of these perinatal complications [20–22].
However, out of a limited set of c-miRNAs associated with placental expression and perinatal pathologies,
the extent to which global pro�les of circulating miRNAs in pregnant women actually re�ect speci�c
aspects related to the normal course of pregnancy remains unknown.

In the present study, using next generation sequencing-mediated pro�ling of peripheral blood miRNAs at
four de�ned stages in a cohort of healthy pregnant women, in addition to non-pregnant controls in
combination with detailed clinical data derived from the exact same subjects, we investigate individual
longitudinal temporal changes in c-miRNA signatures, and their association with distinct aspects of
normal pregnancy. Our results demonstrate the existence of temporal changes of miRNA signatures
associated with distinct aspects of pregnancy, including correlates of placental function, fetal gender, and
fetal growth as well as an early lactation-related signature; strongly suggesting the potential of peripheral
miRNAs as biomarkers of healthy pregnancy.

Methods

Study design
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We analyzed samples from a prospective cohort of pregnant women conducted in Mexico City, now
known as “CDMX Perinatal Cohort”, part of a wider study program aimed at improving conditions during
the �rst 1,000 days of life [23].

From November 2017 pregnant women who resided in Alvaro Obregón County in the west side of
metropolitan Mexico City were recruited at Dr. Enrique Cabrera General Hospital, part of the Mexico City
government’s public hospital network. Human subjects’ approval for the study was obtained from the
Instituto Nacional de Medicina Genómica Institutional Review Board (register 07/2018/I) and the Ethics
in Human Subjects and Research Committees of Mexico City’s Secretaría de Salud (register number:
210/010/31/17).

Inclusion criteria for women entering the cohort were: 1) less than 16 weeks of gestation; 2) reliable recall
of last menstruation; 3) agreement to prenatal visits every 4-6 weeks throughout their current pregnancy;
and 4) written consent for their inclusion in the study. Exclusion criteria were: 1) previous presence of any
medical or obstetric complication during the current pregnancy; and 2) presence of multiple fetuses.

After screening for eligibility and written informed consent, given at the �rst visit or at health clinics
during recruitment, women were seen every 4 to 6 weeks over the course of their pregnancies. Information
on pregnancy evolution, maternal nutritional status, and fetal health, as well as biological samples were
collected at each visit by a dedicated team composed of certi�ed medical specialists and nutritionists
with standardized training.

For this study, 32 plasma samples collected at early, middle, late pregnancy and after birth from eight
women (PW) were selected based on the following inclusion criteria: 1) completing entire follow-up with
at least three visits during pregnancy and one after birth; 2) without medical or obstetrical complications
during pregnancy; 3) delivering after 38 weeks of gestation with spontaneous labor.

Plasma samples from selected cases were grouped according to gestational age: 7.4-13.6 weeks of
gestation (1T), 19.5- 25.1 (2T) and 32.4-35.2 weeks of gestation (3T), and after birth (AB). In addition,
plasma blood of ten healthy age-matched non-pregnant women were collected as a control group.
Clinical data was collected from the associated medical records including maternal age, weight, height,
weight gain during pregnancy, blood pressure, obstetric history, type of delivery, and fetal
ultrasonographic measurements (gestational age, head and abdominal circumferences, femur length,
and fetal weight).

Plasma samples processing and RNA isolation
Ten mL of peripheral blood from each subject (in fasting conditions) were collected in tubes containing
EDTA and centrifuged at 1,500 x rpm for 10 minutes. Plasma was transferred into fresh RNAse-free 1.5
mL tubes and stored at -75°C until used.

Prior to total RNA isolation, 2 mL of plasma were centrifuged at 12,000 x g for 10 minutes at 4°C and
transferred to new tubes, to fully eliminate cellular debris. Total RNA was isolated following the
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manufacturer's procedure. Brie�y, TRI Reagent Solution (Ambion, Thermo Fisher Scienti�c, USA) was
added to plasma samples, in a 3:1 sample volume ratio, mixed and incubated for 5 minutes at room
temperature. Then chloroform (0.2 mL per mL of TRI Reagent) was added and thoroughly mixed. Once
centrifuged at 12,000 g x g for 10 minutes at 4°C, the aqueous phase was transferred to fresh tubes,
glycogen (Roche) and isopropanol (0.5 mL per mL of TRI Reagent) were added, mixed, and incubated
overnight at -75°C. After incubation samples were centrifuged at 12,000 x g for 15 minutes at 4°C. RNA
pellet was resuspended in 75% ethanol and centrifuged at 7,500 x g at 4°C for 5 minutes. Finally, washed
RNA pellet was resuspended in 10 𝜇L of RNase-free water and stored at -75°C.

Small RNA sequencing and miRNA pro�ling
Library construction for small RNA sequencing analysis was performed with the NextFLEX small RNA-
Seq kit v3 (Bioo Scienti�c, USA), bands in an acrylamide gel, ranging from 50 to 150 bp were processed.
Libraries were sequenced for 150 cycles, single-end, on an Illumina NextSeq 500 at the Institute´s
Sequencing Core Unit.

For data analysis, fastq �les were downloaded from BaseSpace Hub (Illumina). Preliminary quality
control analysis of these �les was performed with FastQC v0.11.4 [24], then cutadapt v1.17 [25] was used
to trim 3’ adapters and �lter sequences by phred quality score of 30, length -minimum of 18 bp and
maximum of 100 bp, and only those sequences where the 3’ adapter was trimmed were kept for further
analysis. After this, a second quality control analysis was performed on �ltered sequences with FastQC.
Sequences were aligned to the human genome (Hg38p12) with BWA v0.7.12 [26] and miRNA pro�le was
determined using miRDeep2 [27] and miRBase v.22 [3] as annotated references of mature miRNAs.
Finally, reads were tallied to generate total counts for each miRNA.

Data normalization and differential expression analysis
An expression database was compiled with the total read counts from each group (pregnant and non-
pregnant women) and stage (�rst, second and third month of pregnancy as well as after birth). A cutoff
of ≥ 5 read counts was applied before quantile normalization using the R Bioconductor v3.11
preprossCode package v1.50.0 [28]. Normalized read counts were analyzed by multidimensional scaling
(MDS) to assess the similarity of global expression patterns between groups. miRNA expression levels
were quanti�ed carrying out the optimal discovery procedure and generalized likelihood ratio tests by R
Bioconductor EdgeR package v3.30.3 [29].

Processing of externally sourced expression data
Available miRNA-seq expression data in placenta, umbilical cord plasma, amniotic �uid, and early breast
milk (48h post-partum) were obtained from the NCBI Gene Expression Omnibus (GEO) (accession
numbers: GSE114349, GSE112343, GSE107524) [6, 30, 31]. Expression values were quantile normalized
as described above and sorted by average expression level to identify the miRNAs comprising the top
quartile most prominently expressed in each source tissue or �uid. The identi�ed sets of miRNAs, in
addition to miRNAs belonging to the C19MC and C14MC [22], were then extracted from our circulating
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miRNA expression data and Wilcoxon signed-rank tests were used to asses signi�cant collective changes,
of these sets, between each pregnancy stages and non-pregnant women.

Programming and statistical software
Large-scale data handling and calculations, coding, numerical simulations and statistical analyses were
carried out in R.

Results

Characteristics of participants
Clinical characteristics of pregnant women and non-pregnant control groups in this study are listed in
Table 1. Pregnant women had healthy pregnancies ending at term without complications, normal ranges
for pregnancy weight gain, blood pressure, and metabolic parameters according to gestational age.
Indicators of fetal growth showed normal ranges, according to the World Health Organization fetal
growth charts [32]. Non-pregnant women were paired for age and body mass index, showing a normal
state of health.

Table 1. Pregnancy and non-pregnancy characteristics of healthy women.
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Data are the median (interquartile range) or n (%). Mann Whitney test were performed to analyze
statistical difference between NPW and PW at 1T (asterisk, *) and Kruskal Wallis test were used to
analyze differences between stages of pregnancy (different letters). NPW: non-pregnant women, PW:
pregnant woman, 1T: 1st trimester of pregnancy, 2T: 2nd trimester, 3T: 3rd trimester, AB: after birth, w:
weeks, SBP: systolic blood pressure, DBP: diastolic blood pressure, MAP: mean arterial pressure, WG:
weight gain, FW: fetal weight, FL: femur length, CC: cephalic circumference, AC: abdominal
circumference.

c-miRNA expression pro�les in pregnant and non-pregnant
women
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Plasma-derived small RNA sequencing was carried out for each subject at each pregnancy stage using
an Illumina Next sequencing platform. After quality control and genome annotation, a total of 1,449
mature microRNAs were detected overall in the studied samples. Raw read count data (for ≥ 5 reads per
sample) for each individual sample and corresponding metadata is available. To determine the level of
similarity or difference in the global c-miRNA expression pro�les in plasma between pregnant and non-
pregnant women, as well as between individuals and pregnancy stages (1T, 2T, 3T, and AB), we
conducted a multidimensional scaling analysis after quantile normalization of the expression data. As
shown in Figure 1A, minor gross global differences in expression pro�les were observed between
individuals or stages, strongly suggesting small differences overall in the collective expression of c-
miRNAs across individuals and stages.

To identify potential expression differences at the level of individual c-miRNAs, we carried out a
differential expression analysis across all 1,449 c-miRNAs detected in the maternal plasma. We
compared the expression between each of the four pregnancy stages of study and corresponding
expression in non-pregnant controls. As shown in Figure 1B, an increasing number of statistically
signi�cant (FDR<0.05) differentially expressed c-miRNAs between pregnant and non-pregnant women
were detected for each successive trimester of pregnancy, from 10 c-miRNAs in the 1T, through to 43 in
the 3T followed by a reduction after birth (AB). By examining the overlap between subsets of differentially
expressed c-miRNAs at each period (Figure 1C), we found a statistically signi�cant overlap throughout
pregnancy (Figure 1C, Fisher exact test p value 0.0014, 0.0004 and 0.0003, respectively) indicating a
single core of c-miRNAs displaying increasing differences in expression as pregnancy progresses, with
the number of differentially expressed c-miRNAs virtually vanishing after birth. When analyzing the
changes in expression of the pulled set of differentially expressed transcripts across all four pregnancy
stages (n=46), we found a rapid increase in collective expression, from a 16 fold increase in median
expression during the �rst trimester (log2 FC = 4), through to a 250 fold increase during the third trimester
(log2 FC = 8). Maximal increases ranged from 250 fold during the �rst trimester to over 2000 fold change
during the third trimester, with all differences drastically dropping after birth (Figure 1D and Table 2).
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Table 2
Differential expression of c-miRNAs between pregnant and non-pregnant women.

  Log2FC   Log2FC

miRNA-ID 1T 2T 3T AB miRNA-ID 1T 2T 3T AB

hsa-miR-
122-5p

2.19* 3.04* 2.56* 3.13* hsa-miR-
501-3p

0.86 1.36 1.55* 0.74

hsa-miR-
518e-5p

9.50* 9.50* 12.28* 0.00 hsa-miR-
524-5p

6.80 6.06 10.12* 0.00

hsa-miR-
519a-5p

9.50* 9.50* 12.28* 0.00 hsa-miR-
525-5p

7.00 0.00 9.99* 0.00

hsa-miR-
519b-5p

9.50* 9.50* 12.28* 0.00 hsa-miR-
518f-5p

4.41 0.00 9.44* 0.00

hsa-miR-
519c-5p

9.50* 9.50* 12.28* 0.00 hsa-miR-
518d-5p

4.41 0.00 9.44* 0.00

hsa-miR-
522-5p

9.50* 9.50* 12.28* 0.00 hsa-miR-
526a-5p

4.41 0.00 9.44* 0.00

hsa-miR-
523-5p

9.50* 9.50* 12.28* 0.00 hsa-miR-
520c-5p

4.41 0.00 9.44* 0.00

hsa-miR-
1323

7.22* 7.93* 10.48* 1.07 hsa-miR-
518b

7.65 6.49 9.21* 0.00

hsa-miR-
519a-2-5p

8.65* 6.53 9.88* 0.00 hsa-miR-
498-5p

6.77 5.90 8.92* 0.00

hsa-miR-
520b-5p

8.65* 6.53 9.88* 0.00 hsa-miR-
1283

3.36 0.00 8.13* 0.00

hsa-miR-
516b-5p

7.12 9.16* 11.09* 0.00 hsa-miR-
519d-5p

2.85 0.00 8.38* 0.00

hsa-let-7b-
3p

1.35 1.25* 2.51* 0.71 hsa-miR-
520d-3p

4.12 0.00 8.09* 0.00

hsa-miR-
516a-5p

7.61 8.11 11.00* 2.78 hsa-miR-
520a-5p

0.00 0.00 7.86* 0.00

hsa-miR-
4748

4.19 6.12 9.00* 2.22 hsa-miR-
4485-3p

6.61 6.18 7.64* 2.42

hsa-miR-
522-3p

5.19 7.67 9.12* 0.00 hsa-miR-
518e-3p

3.25 0.00 7.64* 0.00

hsa-miR-
518a-3p

3.59 4.61 8.42* 0.00 hsa-miR-
518f-3p

4.06 0.00 7.41* 0.00

Differential expression analysis between fold changes of each stage of pregnancy and after birth, and
non-pregnant women using R package “EDGAR” (FDR <0.05). 1T: �rst trimester of pregnancy, 2T:
second, 3T: third, AB: after birth.
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  Log2FC   Log2FC

hsa-miR-
526b-5p

4.48 6.14 8.28* 3.14 hsa-miR-
133a-3p

-3.57 -2.96 -4.02* -1.16

hsa-miR-
518c-3p

0.00 3.30 7.99* 0.00 hsa-miR-
145-5p

-1.57 -1.40 -1.60* -0.67

hsa-miR-
517a-3p

3.76 4.42 6.59* 0.40 hsa-miR-
181d-5p

-1.14 -0.73 -1.83* -0.68

hsa-miR-
517b-3p

3.76 4.42 6.59* 0.40 hsa-miR-
423-5p

1.63 1.65 1.52* 0.69

hsa-miR-
483-5p

2.68 2.82 4.41* 3.77 hsa-miR-
328-5p

6.75 9.98* 0.00 3.91

hsa-let-7d-
3p

1.62 1.69 1.88* 0.87 hsa-miR-
548ag

0.26 -8.76* 0.01 -1.39

hsa-miR-
10b-5p

1.30 1.06 1.89* 1.54 hsa-miR-
6750-5p

0.00 4.69 0.00 10.44*

Differential expression analysis between fold changes of each stage of pregnancy and after birth, and
non-pregnant women using R package “EDGAR” (FDR <0.05). 1T: �rst trimester of pregnancy, 2T:
second, 3T: third, AB: after birth.

These results show that, while global expression pro�les of c-miRNAs in pregnant women show moderate
collective differences, relative to non-pregnant women, there is a gradual and increase in differential
expression in a small population as pregnancy progresses, followed by a pronounced drop at the
immediate post pregnancy period. These results also suggest that changes in c-miRNAs associated with
pregnancy could be restricted to distinct subpopulations.

c-miRNA subsets associated with tissue compartments of
pregnancy
In order to assess if changes in circulating subpopulations of c-miRNAs in pregnant women re�ect events
speci�cally associated to pregnancy, we examined the collective expression of miRNA belonging to the
C14MC and C19MC families, known for their prominent involvement in trophoblast differentiation and
function [22, 33]. For this objective, we carried out a paired comparison (Wilcoxon signed Rank test) for
these signatures between pregnant and non-pregnant women, for each studied period. As shown in Figure
2A and 2B both families display signi�cant expression changes in pregnant women, relative to non-
pregnant controls, with their collective expression returning to control levels after birth. Interestingly, the
observed direction of differential expression was different for each of these families, with the C14MC
family collectively displaying a signi�cantly down-regulated expression during pregnancy, mainly during



Page 11/27

the second trimester. The C19MC family was found up-regulated during pregnancy, especially in the third
trimester and returning to control levels after birth. Together these results show that c-miRNA families
display a signi�cant change in expression in plasma of pregnant women, returning to control (non-
pregnancy) levels within three months after birth.

Using a complementary approach, we obtained miRNA expression data from existing literature for normal
placenta [30], amniotic �uid, umbilical cord plasma [6], and breast milk [31], to de�ne indicative miRNA
subpopulations associated, but not necessarily, speci�c to each of these tissues of �uids. Theses
compartment-associated subsets were de�ned as the topo 25% miRNAs most prominently expressed in
each �uid or tissue also present among the 1,449 c-miRNAs detected in this study (For details see
Additional �le 1).

Accordingly, we compared the expression of four different sets of 362 c-miRNAs in pregnant women
corresponding to the reported top quartile expression in placenta, umbilical �uid, umbilical cord plasma,
and breast milk relative to their expression in non-pregnant women. As shown in Figure 3, all four
signatures display highly signi�cant collective changes in expression in maternal plasma, relative to non-
pregnant women at each stage of pregnancy, with their collective expression dropping to minimal
differences after birth. In every case, the change in median expression revealed a down regulation of
theses miRNA subsets in maternal plasma during pregnancy relative to non-pregnant controls.

We con�rmed that each of the four signatures consist of distinct subpopulations of c-miRNAs with little
overlap between them, and that each signature is associated speci�cally to the �uid or tissues where it
came from (See Additional �le 2). Taken together, these results demonstrate that subpopulations of c-
miRNAs associated with pregnancy-speci�c tissues show signi�cant alterations in their collective level of
expression in maternal plasma throughout all pregnancy stages, returning to near non-pregnant levels
after birth. So far, these results demonstrate that certain pregnancy speci�c events occurring in speci�c
compartments, including breast milk, are re�ected by changes in distinct subpopulations of maternal c-
miRNAs during pregnancy.

c-miRNA subsets associated with fetal sex signal
To further probe the kind of information that could potentially be found embedded in the global pro�le of
maternal c-miRNAs during pregnancy, we asked if more speci�c fetal-related variables could be detected.
One such trait would be fetal sex. In order to elucidate if fetal sex-speci�c information could be present in
c-miRNAs at any stage during pregnancy, we conducted a differential expression analysis across all
1,449 miRNAs detected in maternal circulation, comparing to women who eventually gave birth to female
or male babies. Of all the women included in this study, �ve gave birth to a baby girl and three to a baby
boy. This analysis resulted in no individual c-miRNAs displaying statistically signi�cant expression
changes between these two groups of women. While this result suggests that no individual c-miRNAs
carries information on fetal sex during pregnancy, it could still be possible that fetal sex-speci�c
information could be evidenced at the population level.
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We tested this notion by obtaining the total number of c-miRNAs increasing their expression in women
giving birth to female babies relative to women giving birth to male babies and assessing the bias in the
number of up or down regulated transcripts relative to chance expectations. As shown in Figure 4, the
observed number of up (red arrow, 911 for 1T, 978 for 2T, 765 for 3T, and 830 for AB) and down (blue
arrow, 538 for 1T, 471 for 2T, 422 for 3T, and 619 for AB) regulated miRNAs for each indicated trimester,
displayed a highly signi�cant bias when compared with the expected distribution of both up or down
regulated miRNAs, estimated using 10,000 randomizations of expression values per c-miRNA across
samples for each separate time period. This strong bias was apparent right from the �rst trimester only
becoming weaker, but still signi�cant, after birth. This result demonstrates variations in the collective
expression of distinct subsets of maternal c-miRNAs as a function of fetal sex, and that these variations
can be found at each trimester during pregnancy as well as after birth.

c-miRNAs signature associated with fetal growth
We next looked for a potential association between maternal c-miRNAs and fetal growth, as an additional
continuous measure of normal pregnancy progression. To this end, we used indicators of fetal growth
(ultrasonography-estimated fetal weight and femur length) obtained from the exact same women at each
trimester and calculated the Spearman correlation between expression level of each individual c-miRNA
and both indicators. We �rst removed all c-miRNAs with no detectable expression in 50% or more of the
samples (mostly lowly expressed transcripts), resulting in a total 588 c-miRNAs with detectable
expression in at least 50% of the samples. We then selected the top and bottom tenth most positively and
negatively correlated c-miRNAs, respectively. For each of these two top and bottom subpopulations (n=
60, each) we created a series of gradually larger signatures by successively adding one by one each c-
miRNA starting from the one with the highest absolute correlation value, and summarized the collective
expression of the resulting partial signature through their associated eigengene (a vector capturing the
maximum variance of a set of genes [34]).

For each successive partial signature, we calculated the Spearman correlation against fetal weight and
fetal length to identify the subset of c-miRNAs revealing the strongest collective association with fetal
growth. As shown in Figure 5, the correlation of each successive signature’s expression (summarized by
their associated eigengene) and fetal growth shows a peak at the top 56 (Figure 5A) and 43 (Figure 5C),
respectively most positively correlated c-miRNAs, pointing to these subsets as the one displaying the
highest collective association with both fetal growth indicators (R = 0.7, p < 0.01).

To look at how the strength of this signature compares with what could be expected by chance, we
randomized the expression data before repeating the same procedure we followed to detect the above
signature and found that the resulting randomized signatures failed to reach the effect sizes derived from
the actual data (dotted red and blue lines in the short insight of Figure 5). To determine the statistical
signi�cance of this difference, we conducted 10,000 independent randomizations of expression data to
extract, in every case the optimal signature, and determined the probability of obtaining a similar
signature (of the same size and strength). As shown in the inset of Figure 5A and C, the observed real
signatures are highly unlikely to occur by chance (p < 0.05).
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We further con�rmed that the association between the average expression of these c-miRNA signatures
and indicators of fetal growth is not secondary to a concomitant change also taking place during
pregnancy such as maternal body weight (Figure 6). These results demonstrate the existence of a
subpopulation of miRNAs signi�cantly and speci�cally associated with fetal growth present in maternal
circulation during normal pregnancy.

Discussion
In this study, we conduct a large-scale pro�ling of maternal circulating miRNAs at four stages during and
after healthy pregnancies. By comparing with the corresponding expression patterns in healthy non-
pregnant women, our �ndings suggest the existence of subtle variations in miRNA pro�les involving
distinct but small subpopulations of transcripts potentially associated to speci�c pregnancy-related
tissues and �uids at all stages during gestation (from the �rst through to third trimester) and after birth.

We identify 1,449 miRNAs in maternal circulation, which represents one of the largest sets of mature
miRNAs reported in circulation [6], particularly during pregnancy [35]. While no gross differences in the
global pro�les were evident neither between pregnant and non-pregnant women, nor between pregnancy
stages, direct differential expression analysis revealed signi�cant differences in a relatively small number
of individual miRNAs, many of which have also been described in other studies of plasma miRNAs during
pregnancy [36, 37].

Limited changes in miRNA expression have indeed been reported in a variety of body �uids in numerous
conditions [5, 6]. Based on these observations, and our own �ndings in this study, we hypothesized that
changes in c-miRNAs during pregnancy, if any, are more likely to be found at the level of subtle collective
changes in de�ned miRNA subpopulations.

Along this line, we started by looking at subsets of miRNAs known to be associated with speci�c events
of pregnancy. In this regard, miRNAs members belonging to the C14MC and C19MC families have
attracted considerable attention due to their known involvement in placental function and their potential
as biomarkers of placental health and embryo development [13, 22, 38–41]. Our �nding of highly
signi�cant changes in the collective expression of these two signatures during all three stages of
pregnancy, but not after birth, further supports the notion of a key involvement of these c-miRNA
populations in healthy pregnancy.

Signi�cantly increased expression of C14MC and C19MC miRNAs during pregnancy, in placental tissue,
have been documented [20, 42], and it has been suggested that these transcripts are either actively or
passively transported from the placental compartment to the maternal plasma during the natural
progression of pregnancy [22, 43, 44]. This notion, however, is in direct con�ict with our �nding that
C14MC transcripts were collectively down-regulated in maternal circulation during pregnancy; a pattern of
expression that opposed what has been described in placenta. This observation suggests instead that,
far from being passively transported from the placental compartment, C14MC miRNAs are selectively
excluded of maternal circulation and probably maintained inside of the intrauterine compartment,
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suggesting the existence of selective uptake mechanisms exhibited by the placenta and/or their active
down regulation in maternal tissues contributing to c-miRNAs. Consistent with the notion of an active
removal or down regulation of placental miRNAs, transcripts most highly expressed in placenta were also
found collectively reduced throughout pregnancy but not after birth. C19MC miRNAs, on the other hand,
displayed a collective increased expression during pregnancy, suggesting different mechanisms
regulating the presence of C19MC and C14MC miRNAs in maternal plasma during the progression of
normal pregnancy [14, 45].

Following the same approach, we examined the expression of c-miRNAs associated with other speci�c
pregnancy related compartments, such as those present in amniotic �uid, umbilical cord serum and early
breast milk which are related to the normal progression of pregnancy [14]. These reproductive
compartments are involved in a wide range of adaptations to events such as implantation, maintenance,
labor, lactation [16, 46], or even events associated with the control of in�ammation and tolerance at the
maternal-fetal interface [47, 48]. Our �ndings demonstrated a down regulation of the collective expression
of these miRNAs during all stages of pregnancy, again suggesting the possibility that the placenta or
other reproductive tissues may regulate and restrict the passage of these transcripts from the intrauterine
environment to the maternal circulation, or alternatively suggesting the active down regulation of these
transcripts by other maternal tissues.

By looking at �uctuations in the proportions of up and down regulated miRNAs, between women giving
birth to female and male babies, we document, to the best of our knowledge for the �rst time, highly
signi�cant biases in the expected proportions of differentially expressed c-miRNAs as a function of fetal
sex at all stages during pregnancy, as well as after birth. These �ndings suggest possible existence of
speci�c molecular signatures associated to fetal sex, as early as the �rst trimester, and opens the
possibility of detecting fetal sex much earlier than it is currently possible using other methods [49, 50]
and solely based on patterns of c-miRNAs. In this regard, no differential expression of miRNAs has been
detected between male and female derived umbilical cord after a normal pregnancy. However, alterations
in miRNAs between male and female fetuses have been linked to perinatal complications [45, 51].

Finally, by combining our longitudinal transcriptome pro�ling with ultrasonographic measurements of
fetal growth derived from the exact same women and conducted at the exact same stages, we identify a
circulating miRNA signature of fetal growth, occurring in maternal plasma, during normal pregnancy. Our
randomization analyses demonstrate that the observed association between this signature and fetal
growth was signi�cantly higher than expected by chance, and that it was not related to changes in
maternal body weight. To the best of our knowledge, this is the �rst report of a miRNA signature of fetal
growth present in maternal plasma during the normal course of pregnancy.

The functional signi�cance of the observed collective changes in c-miRNA subpopulations remains
unclear. It is also not clear whether these changes re�ect systemic maternal demands or whether they are
secondary to physiological adaptations taking place in other organs or whether this re�ects a new, as yet,
undescribed placental function (i.e., selective take of maternal circulating transcripts). Future additional



Page 15/27

work will be needed to identify the functional roles of these changes as, in general, the functional
signi�cance of extracellular circulating miRNAs in other bio�uids remains unclear.

Conclusions
In summary, our results demonstrate the existence of temporal changes of miRNA signatures and
subpopulations associated to distinct aspects of gestation and pregnancy, including correlates of
placental function, fetal gender, and fetal growth as well as early lactation; strongly supporting a wider
potential of peripheral miRNAs as biomarkers of healthy pregnancy.
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Figures
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Figure 1

Global comparison of c-miRNA expression pro�le throughout pregnancy. A) Global similarity in
normalized c-miRNA expression pro�les between both individual pregnant and non-pregnant women, as
well as across stages, being revealed by multidimensional scaling analysis. B) Bar chart indicating the
total number of differentially expressed c-miRNAs (grey), overexpressed (black) and sub expressed
(white) when comparing pregnant women at each indicated period with non-pregnant control subjects. C)
Venn diagram illustrating overlaps of differentially expressed c-miRNAs across all four stages. Asterisks
indicate signi�cance in overlap (Fisher exact test p <0.005). D) Boxplot charts show increasing
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expression level among differentially expressed c-miRNAs during 1T, 2T, 3T, and a subsequent drop at AB.
(1T: �rst trimester of pregnancy, 2T: second, 3T: third, AB: after birth).

Figure 2

Trophoblast-associated miRNA families expressed in the plasma of pregnant women. A) Bar chart
showing median difference in the expression of C14MC (n= 84) between pregnant and non-pregnant
samples at each indicated stage during and after pregnancy. B) Bar chart showing median difference in
expression of the C19MC (n= 54) between pregnant and non-pregnant samples at each indicated stage
during and after pregnancy. P values for each comparison (paired Wilcoxon paired test) are indicated for
each individual comparison.
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Figure 3

Down regulation of c-miRNAs most highly expressed in placenta, amniotic �uid, umbilical cord plasma,
and breast milk in plasma of pregnant women at four different stages during and after pregnancy. The
expression of the top 25% most highly expressed miRNAs in each of the indicated tissues and �uids was
measured in maternal peripheral plasma and compared against that of non pregnant women by paired
Wilcoxon test. A) Bar chart showing the median difference in expression of c-miRNAs most highly
expressed in placenta (n=362) at each indicated stage. B) Bar chart showing the median difference in
expression of c-miRNAs most highly expressed in amniotic �uid (n=362). C) Bar chart showing median
difference in expression of c-miRNAs most highly expressed in umbilical cord plasma (n=362). D) Bar
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chart sowing mean difference in expression of c-miRNAs most highly expressed in breast milk (n=362) at
each indicated stage. 1T, 2T, 3T and AB: �rst trimester, second trimester, third trimester and after birth,
respectively. P values (paired Wilcoxon signed rank test) are indicated under each bar.

Figure 4

Biased expression in maternal c-miRNAs associated to fetal sex during pregnancy. Differences in
expression in c-miRNAs between women giving birth to female babies relative to women giving birth to
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male babies were calculated and the total number of transcripts increasing their expression was obtained
for each pregnancy period regardless of statistical signi�cance at the level of individual miRNAs. A-D)
Observed number of up (red arrow) and down (blue arrow) regulated miRNAs for each indicated trimester
compared with the expected distribution of both up or down regulated miRNAs estimated using 10,000
randomizations of expression values per gene across samples for each separate time period. Arrows
located outside the expected distribution indicate a p value < 0.0001.

Figure 5
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c-miRNA signatures of fetal growth throughout pregnancy. Spearman correlations between fetal growth
indicators and transcript abundance were calculated for every miRNA present in maternal circulation
across pregnancy samples. A sequence of partial signatures was created by successively adding each c-
miRNA in descending order of correlation with fetal weight and fetal length, starting from the topmost
highly correlated transcript. Expression of each successive signature was summarized by their
associated eigengene and correlated with both fetal growth indicators to quantify its strength of
association. Left column charts show absolute Spearman correlation with fetal weight (A) and femur
length (C) for each successive signature as additional c-miRNAs added in descending order of correlation
starting from the topmost highly correlated transcript (red line). Right column charts show the strength of
association with fetal weight (B) and femur length (D) for each successive signature as additional
miRNAs added in ascending order of absolute correlation starting from the most negatively correlated
transcript (blue line). Dashed lines in charts represent the same analysis carried out after expression was
randomized for each transcript across all samples. The optimal signature is indicated by the vertical line.
Insets show the probability of obtaining a similarly correlated optimal signature after 10,000 independent
randomizations of the original expression data.
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Figure 6

Maternal c-miRNA fetal growth signatures are not associated to maternal changes in body weight.
Optimal signatures of fetal growth (fetal weight (n = 56) and femur length (n = 43)) were summarized by
its mean expression across samples and correlated with either both indicators of fetal growth or maternal
body weight data obtained from the exact same women. Scatter graphs in the left column display the
association between fetal weight (A) or femur length (C) and the mean expression of the identi�ed
optimal signature. Scatter graphs in the right column display the association between maternal body
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weight and the mean expression of the optimal signature identi�ed in Figure 5A and C. Spearman
Correlation rho and p values for each comparison are indicated.
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