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Abstract
Preterm birth is attributed to neonatal morbidity as well as cognitive and physiologi‐
cal challenges. We have previously identified significant differences in mRNA expres‐
sion in whole blood and monocytes, as well as differences in miRNA concentration in 
blood plasma, extracellular vesicles (EV) and EV‐depleted plasma in women undergo‐
ing spontaneous preterm labour (sPTL). The goal of this analysis was to identify dif‐
ferences in miRNA expression within whole blood (WB) and peripheral monocytes 
(PM) from the same population of women undergoing sPTL compared with non‐la‐
bouring controls matched by gestational age. We performed single‐end small RNA 
sequencing in whole blood and peripheral monocytes from women undergoing sPTL 
with active contractions (24‐34 weeks of gestation, N = 15) matched for gestational 
age to healthy pregnant non‐labouring controls (>37 weeks gestation, N = 30) who 
later delivered at term as a part of the Ontario Birth Study (Toronto, Ontario CA). 
We identified significant differences in expression of 16 miRNAs in PMs and nine 
miRNAs in WB in women undergoing sPTL. In PMs, these miRNAs were predicted 
targets of 541 genes, including 28 previously associated with sPTL. In WB, miRNAs 
were predicted to target 303 genes, including nine previously associated with sPTL. 
These genes were involved in a variety of immune pathways, including interleukin‐2 
signalling. This study is the first to identify changes in miRNA expression in WB and 
PMs of women undergoing sPTL. Our results shed light on potential mechanisms by 
which miRNAs may play a role in mediating systemic inflammatory response in preg‐
nant women that deliver prematurely.
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1  | INTRODUC TION

Premature birth, defined as delivery before 37 weeks of gestation, 
occurs in 11.1% of pregnancies worldwide and is associated with 
neonatal morbidity and mortality.1 Pregnancies characterized by 

pathological changes including placental insufficiency, subclinical 
infections, disruptions in maternal immune tolerance to pregnancy 
and decidual senescence often result in spontaneous preterm la‐
bour (sPTL). There is a paucity of research examining transcrip‐
tomic changes that occur during sPTL,2 which have the potential to 

www.wileyonlinelibrary.com/journal/jcmm
https://orcid.org/0000-0002-6065-9398
https://orcid.org/0000-0002-6084-8156
mailto:﻿
http://creativecommons.org/licenses/by/4.0/
mailto:lye@lunenfeld.ca


6836  |     PAQUETTE et al.

transform our understanding of the molecular mechanisms under‐
lying this heterogeneous syndrome.3 Therefore, there is a crucial 
research need for robust and multi‐dimensional characterization of 
transcriptomic changes relating to sPTL.

Throughout pregnancy, maternal blood circulates through the 
in‐utero environment and responds to foetal cues. At the beginning 
of gestation, the number of monocytes in maternal blood drastically 
increases,4 which regulate placental invasion, angiogenesis and tis‐
sue remodelling.5 After infiltration into uterine tissues, monocytes 
differentiate into macrophages characterized by an immunosuppres‐
sive (M2) phenotype in normal pregnancies and an inflammatory 
(M1) state in complicated pregnancies.5 Maternal immune cells play 
a crucial role in normal pregnancy maintenance and provide insight 
into changes that occur in pregnancies complicated by preterm birth.

Micro(mi)RNAs are a subtype of small, non‐coding RNAs which 
are transcriptional regulators of gene expression in all human or‐
gans. MiRNAs are expressed within the placenta throughout preg‐
nancy and are involved in foetal and maternal signalling. Placental 
miRNA expression profiles have been associated with preeclamp‐
sia6,7 and sPTL.8 Like other organs, the placenta releases miRNAs 
into the circulation, and unique placenta‐derived miRNAs (from 
the C19MC and C14MC miRNA cluster) are detectable within 
maternal plasma.9-12 Differential miRNA expression in plasma 
has been detected in pregnancies complicated by foetal growth 
restriction preeclampsia13 and preterm birth.14,15 Circulating pla‐
centa enriched miRNAs are detectable in whole blood and have 
been associated with foetal hypoxia.16 MiRNAs may also play a 
role in monocyte differentiation throughout pregnancy, as there 
are differences in miRNA concentrations in different monocyte 
subpopulations (CD16+ vs CD16−).17 miRNAs have emerged as im‐
portant transcriptional regulators and signalling molecules during 
pregnancy with the potential to play a role in the underlying mo‐
lecular perturbations that occur during pregnancy‐related compli‐
cations such as sPTL.

Genome‐scale transcriptomic analysis of maternal blood pro‐
vides a window into the changes that occur throughout preg‐
nancy and during parturition. We have previously identified 
differences in mRNA expression between whole blood and pe‐
ripheral monocytes,18 as well as differences in miRNA concentra‐
tion in whole plasma, extracellular vesicles (EVs) and EV‐depleted 
plasma in women undergoing sPTL. The goal for this analysis was 
to identify changes in miRNA expression in maternal whole blood 
and monocytes in the same population (15 women undergoing 
sPTL and 30 pregnant women matched on gestational age not 
undergoing labour) and to integrate these results with our pre‐
vious findings. We hypothesize that there are changes in miR‐
NAs in whole blood and monocytes of women undergoing sPTL 
compared with controls, which are related to the role of these 
miRNAs in transcriptional regulation of labour‐associated genes. 
Through this miRNA analysis and integration with next‐genera‐
tion sequencing mRNA data from the same individuals, we obtain 
a better understanding of the transcriptional regulation that oc‐
curs in the context of PTL.

2  | MATERIAL S AND METHODS

2.1 | Study design

Participants were recruited within the Ontario Birth Study (OBS), a 
continuously enrolling prospective cohort at Mount Sinai Hospital 
(MSH) in Toronto Canada. Inclusion criteria for the OBS are as follows: 
pregnancy diagnosed <17 weeks, maternal age >18, English speaking, 
signed informed consent and intent to deliver and receive antenatal 
care at MSH. Exclusion criteria included non‐viable neonate and/or 
inability to provide consent. Peripheral blood was collected from 15 
patients who were in preterm labour, defined as cervical dilatation 
>4 cm and active uterine contractions, with no other accompanying 
pathology, who delivered prematurely between 24 and 34  weeks 
of gestation (Preterm labour or PTL). They were matched with 30 
healthy asymptomatic pregnant women whose blood was taken at 
the same time‐point during routine clinical visits (gestational age 
24‐34 weeks), who later delivered at full term (TL). A full description 
of this subpopulation is described in other manuscripts.18,19 This study 
was approved by the Research Ethics Board of Mount Sinai Hospital, 
Toronto, Canada (#04‐0024‐E). All patients provided written consent 
as part of the OBS at Sinai Health System, Toronto, Canada.

2.2 | Specimen collection

In PTL patients, peripheral blood samples were collected prospec‐
tively at the point of hospital admission, and in TL controls, blood was 
collected during the regular antenatal visit. Blood was collected into 
both PAXgene tubes (Qiagen) for whole blood isolation and EDTA 
blood collection tubes for monocyte separation. Monocytes were 
separated through the Monocyte RosetteSep cocktail (Stemcell 
Technologies), followed by high‐density gradient centrifugation to 
generate a highly purified monocyte fraction for subsequent mRNA 
isolation.

2.3 | Small RNA sequencing and quantification

Whole blood RNA was isolated using a PAXgene blood miRNA kit 
(Qiagen) and from peripheral monocytes using TRIzol LS reagent 
(Thermo Fisher) following manufacturer's instructions. RNA quality 
was determined using Experion analyzers (BioRad) and sequenced at 
The Center for Applied Genomics at the SickKids Hospital, Toronto, 
Canada. Library preparation was performed following the New 
England Biolabs NEB Next multiplex small library preparation proto‐
col, with 400 ng of total RNA as the input. The 3′ adapter was ligated 
to the small RNA, followed by reverse transcriptase (RT) primer hy‐
bridization to the 3′ adapter, and then, the 5′ adapter was ligated 
to the opposite end. Libraries were generated using first stranded 
synthesis then enriched by PCR. Quality and size were determined 
using the Bioanalyzer 2100 DNA High Sensitivity chip (Agilent 
Technologies), and libraries were quantified by qPCR using the 
Kapa Library Quantification Illumina/ABI Prism Kit protocol (KAPA 
Biosystems) and sequenced on Illumina HiSeq 2500 (Illumina).
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Sequencing data were preprocessed using the RNA analysis 
pipeline sRNAnalyzer (Ref.20, http://srnan​alyzer.syste​msbio​logy.
net/). In the data preprocessing, adaptor sequences were trimmed 
and low‐quality sequences were removed. Processed sequences 
were aligned to all human miRNAs (miRBase Release 2121) with no 
mismatches. We removed miRNAs with 0 read counts in >50% of 
samples or a mean read count <20 producing a final data set of 417 
miRNAs in whole blood and 274 miRNAs in peripheral monocytes, 
CPM (Count Per Million) values were calculated using RNA sequenc‐
ing analysis software ‘edgeR’22 and log2 transformed. Data from this 
analysis are publicly available within the Gene Expression Omnibus 
(GEO) as GSE108876 and GSE108877.

2.4 | Statistical analyses

Differentially expressed miRNAs were identified using edgeR.22 
miRNAs were considering significantly associated with PTL if they 
exhibited a Benjamini‐Hochberg (BH)–adjusted q value of <.05 and a 
log2 fold change of >1. In order to mitigate batch effects, we elimi‐
nated differentially expressed miRNAs which were correlated with 
order they were loaded onto the array (N = 3 miRNAs in whole blood 
and monocytes), identified using Spearman's correlation tests with 
a statistical cut‐off of FDR‐adjusted q value <.05. We compared ex‐
pression of miRNA in whole blood and peripheral monocytes to pre‐
viously published data from the same patient population, including 
miRNA data from matched plasma and EVs (GSE106224),19 as well 
as mRNA expression from whole blood and peripheral monocytes 
(GSE96097).18

Putative miRNA targets were detected using the quantitative 
model TargetScan (V. 7.0, targe​tscan.org), which characterizes ca‐
nonical targeting of miRNAs based on 14 features, and has the best 
predictive performance compared with comparable tools.23 MiRNA 
target gene relationships were identified in whole blood and periph‐
eral monocytes by examining correlations between each miRNA and 
its proposed target genes. For each miRNA, we used only mRNA tar‐
gets with an absolute value of ‘context++’ score (a metric of miRNA 
target prediction accuracy used by TargetScan) which was higher 
than the median, ensuring only highest quality relationships were 
validated. miRNA and target relationships were considered statisti‐
cally significant using a Spearman correlation coefficient <−0.3 and a 
P < .05. These mRNAs were then matched to the list of Differentially 
Expressed Genes (DEGs) previously identified in whole blood and 
monocytes from the same individuals.18

Gene set enrichment analysis was performed for mRNA targets 
using two‐sided hypergeometric tests conducted on Gene Ontology 
(GO) biological process gene sets using GO gene set visualization 
application ‘ClueGO’ within the cytoscape environment.24 GO gene 
sets with more than five genes were included in the analysis and 
were considered significant with a Benjamini‐Hochberg–adjusted 
q  <  .05. These GO gene sets were clustered into ClueGO groups 
based on the similarity in the number of genes in the gene sets cal‐
culated by a Kappa score within ClueGO. Data were analysed and 
visualized in R (Version 3.3.1) and Cytoscape (Version 3.6.0).24

3  | RESULTS

3.1 | Population characteristics

Demographic characteristics of women undergoing sPTL (defined as 
active uterine contractions with cervical dilation followed by deliv‐
ery between 24 and 34 weeks) were compared with healthy women 
not in labour that went on to deliver at full term (Table 1). There 
were no significant differences in delivery method, ethnicity or foe‐
tal sex between sPTL cases and controls (P > .05, Fisher's exact test). 
Women who delivered prematurely were more likely to be younger, 
although this relationship was borderline statistically significant 
(P = .06).

3.2 | Differences in miRNA expression in whole 
blood and monocytes

We identified miRNAs with significantly different concentrations 
in peripheral monocytes and whole blood of women undergoing 
PTL using generalized linear models within edgeR.22 In monocytes, 
11 miRNAs were higher and five miRNAs were lower in women 
undergoing PTL compared with women who delivered at term 
(Figure 1A,B, Table S1). In whole blood, six miRNAs were higher and 
three miRNAs were lower in women undergoing PTL compared with 
controls (Figure 1C,D, Table S1). Two of these miRNAs (mIR‐495‐3p 
and miR‐381‐3p) were from the C14MC MC miRNA cluster, a region 
of chromosome 14 which encodes miRNAs which are substantially 
enriched in placental tissue. Overall, there was a higher number of 
significant miRNAs and larger concentration changes in relation to 
sPTL in monocytes compared with whole blood.

MiR‐1291‐5p expression was significantly increased in whole 
blood of women undergoing sPTL (Log fold change 1.12, FDR‐ad‐
justed q = 2.22 × 10−4), but decreased in monocytes of women un‐
dergoing sPTL (Log fold change −1.32, FDR‐adjusted q = 2.45 × 104). 
We observed a significant negative correlation between expression 
of this miRNA in whole blood and in monocytes (P = .02, ρ = −.02, 
Spearman's correlations, Figure S1). This higher level in whole blood 
suggests that other subpopulations of blood cells (such as erythro‐
cytes, platelets, lymphocytes or granulocytes) may have the opposite 
expression profile compared with monocytes and also contribute to 
the miRNA pool in women undergoing sPTL.

3.3 | Comparison of expression differences across 
blood compartments

In our prior analysis of plasma from same patients from the OBS co‐
hort, we identified significant differences in concentration of 132 
miRNAs in whole plasma, EVs and EV‐depleted plasma.19 Five of 
these miRNAs were also significantly different in monocytes, and 
three miRNAs were significantly different in whole blood (Table S2). 
We examined correlations of these eight miRNAs that were signifi‐
cantly up‐regulated in plasma samples as well as in whole blood and 
monocytes from the same patients (Figure S2, N = 44 samples with 
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plasma and whole blood RNAseq data, N = 42 samples with mono‐
cyte and whole blood sRNA sequencing data, and N = 14 samples 
with RNAseq data in EVs and monocytes/whole blood).

Two miRNAs (miR‐183‐5p and miR‐331‐3p) were increased, 
and one miRNA (miR‐328‐3p) was decreased in both plasma and 
monocytes of women undergoing sPTL compared with TL controls. 
The concentration/expression of these miRNAs was not signifi‐
cantly correlated between whole plasma and monocytes (P  >  .05, 
Spearman's correlations). MiR‐181b‐5p was increased in monocytes 
and decreased in the plasma of women undergoing sPTL, and the 
expression/concentration of these miRNAs was inversely correlated 
in plasma and monocytes (ρ = −.28, P =  .07). MiR‐378c‐5p was in‐
creased in both monocytes and in extracellular vesicles of women 
undergoing sPTL. We observed significant positive correlations 
(P < .05) between whole blood miRNA levels and the levels in plasma 
and EVs in the three miRNAs significantly associated with sPTL in 
the previous studies: (a) miR‐374a‐5p was decreased in both plasma 
and whole blood of women undergoing sPTL, (b) miR‐381‐3p was 
decreased in plasma but increased in whole blood of women un‐
dergoing sPTL and (c) miR‐495‐5p was decreased in the plasma and 
extracellular vesicles but increased in the whole blood of women 
undergoing sPTL compared with controls. This indicates that there 
is some overlap in signal related to sPTL that is detectable across 
different components of the blood within the same individuals.

3.4 | Confirmation of target mRNAs of miRNAs 
associated with sPTL

We identified the putative mRNA targets of the differentially ex‐
pressed miRNAs using the TargetScan database. TargetScan incor‐
porates 14 features to predict miRNA‐mRNA interactions and has 

TA B L E  1  Participant characteristics

A. Categorical 
variables

N % N %

P*Term (N = 30) Preterm (N = 15)

Delivery method         .09

C Section 12 27 2 13  

Vaginal 17 38 13 87  

Foetal sex         1.00

Female 13 43 6 40  

Male 16 53 9 60  

Maternal 
ethnicity

        .71

Non‐white 8 27 4 27  

White 20 67 7 47  

Previous preterm 
delivery

        1.00

No 26 87 13 87  

Yes 3 10 2 13  

Multiple 
pregnancies

        .38

Yes 0 0 10 67  

No 29 97 5 33  

APH         .59

No 28 93 13 87  

Yes 2 7 2 13  

Corticosteroids         .04

No 30 100 3 20  

Yes 0 0 12 80  

Antibiotics         4.29E‐04

No 23 77 3 20  

Yes 7 23 12 80  

Magnesium 
sulphate

        .04

No 30 100 3 20  

Yes 0 0 12 80  

Gestational 
diabetes

        1.00

No 26 87 13 87  

Yes 4 13 2 13  

Pregnancy smok‐
ing status

        1.00

Yes 0 0 0 0  

No 30 100 15 100  

B. Continuous 
variables Min Mean Max

Std 
deviation P**

Maternal age         .06

Term 21 35.60 47 5.65  

Preterm 21 31.33 46 7.64  

Maternal pre‐
pregnancy 
BMI

        .53

B. Continuous 
variables Min Mean Max

Std 
deviation P**

Term 20 27.87 35 3.79  

Preterm 19 27.64 39 6.03  

Gestational 
age at blood 
collection

        .19

Term 24.14 27.81 29.00 1.15  

Preterm 23.29 28.78 33.29 2.97  

Gestational age 
at delivery

        6.39E‐08

Term 36.29 39.33 41.71 1.32  

Preterm 23.29 28.78 33.29 2.97  

Gravidity         .52

Term 1 2.13 5 1.07  

Preterm 1 2.07 6 1.44  

Parity         .61

Term 0 0.63 2 0.72  

Preterm 0 0.53 2 0.74  

*fishers exact test, cases vs. controls. 
 **t‐test, cases vs. controls. 

(Continues)
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shown to have the highest predictive value compared with similar 
tools.23 From the TargetScan database, we included only the top 
50% of predicted mRNA based on the ‘context ++’ score (a metric of 
accuracy used by the database). We then compared mRNA expres‐
sion of these predicted targets with the miRNA concentration within 
matched samples (GSE96097,18). We constrained miRNA‐mRNA 
predicted interactions to only those which had a Spearman correla‐
tion coefficient ρ < −.3 and a P <  .05, which represented 7.29% of 
the predicted genes in monocytes and 4.26% in whole blood (Table 
S3, Figure S3). In monocytes, 541 genes were associated with 16 
miRNAs, and in whole blood, 303 genes were associated with seven 
miRNAs. Based on this criterion, there were two miRNAs in whole 
blood with no confirmed mRNA targets.

In previous transcriptomic analyses from the same patients, 
we identified 262 genes in monocytes and 181 genes in whole 
blood which were associated with sPTL.18 Here, we compared 
the changes in mRNA expression related to sPTL and the con‐
firmed miRNA target genes we have identified in this current 
study (Figure 2). In whole blood, nine of the 181 DEGs were con‐
firmed miRNA targets of three differentially expressed miRNAs 
in whole blood (Shown in Figure 2A). Among these three miRNAs 
in whole blood, miR‐4742‐3p emerged as the strongest regulator, 
since it was negatively associated with five genes which were 
positively associated with sPTL, including SPH, CD177, CYP1B1, 
ELOVL7 and GRB10. In monocytes, 28 of these 262 genes were 
confirmed mRNA targets of seven differentially expressed miR‐
NAs. In monocytes, MiR‐1291‐5p emerged as the strongest reg‐
ulator and was negatively associated with 11 of the 28 genes 
which are positively associated with sPTL, including IL1B, IL1R1 
and CD177 (Figure 2B). In both whole blood and monocytes, the 
direction of the associations with PTL is congruent with the di‐
rectionality in mRNAs (ie if a miRNA is positively associated with 
PTL, the miRNA is negatively correlated with mRNAs that are 
negatively associated with PTL). We also examined mRNAs which 
were in the same genomic region as the miRNAs in our study, 
but found that none of the associated mRNAs were statistically 
significantly associated with sPTL in monocytes and whole blood 
leucocytes. This integrated analysis suggests that the miRNAs 
identified here may play a role in the transcriptional regulation 
of genes associated with sPTL in monocytes and whole blood 
leucocytes.

3.5 | miRNA target mRNA networks in sPTL

We performed enrichment analysis to identify gene sets which were 
overrepresented by the confirmed mRNA targets of the differentially 
expressed miRNAs identified in whole blood and monocytes. Using 
Cytoscape application ‘ClueGO’, we identified significantly enriched 
GO gene sets which were grouped together based on intersecting 
common genes, which are shown in Figure 3, and in Table S4. In 
whole blood, 59 different GO gene sets were significantly enriched 
for the 303 genes which were mRNA targets for the nine miRNAs 
associated with sPTL in whole blood. These gene sets were grouped 

into 19 ClueGO groups, including eight distinct groups (ie only had 
one GO gene set), and one ClueGO group which contained 22 GO 
gene sets including the five most significant gene sets: ‘positive 
regulation of cytokine production’, ‘positive regulation of adaptive 
immune response’, ‘interleukin‐2 production’, ‘positive regulation of 
adaptive immune response based on somatic recombination of im‐
mune receptors built from immunoglobulin superfamily domains’ 
and ‘T‐cell receptor signalling pathway’. This diversity of GO gene 
sets and strong signal indicates that these miRNAs associated with 
sPTL are involved in a wide variety of biological pathways in whole 
blood, particularly immune pathways.

In monocytes, 30 different gene sets were significantly enriched 
for the 541 genes which were targets for the 16 miRNAs associated 
with sPTL. These gene sets were clustered into 11 groups, including 
eight gene sets, which were distinct (ie only had one GO term), and one 
gene set (Group 10), which had 13 different terms. The top five GO 
terms based on q value were as follows: ‘small GTPase‐mediated sig‐
nal transduction’, ‘negative regulation of protein modification process’, 
‘positive regulation of interleukin 2 production’, ‘positive regulation of 
mononuclear cell proliferation’ and ‘negative regulation of protein ki‐
nase activity’. These terms are reflective of changes associated with 
monocyte proliferation and immune function, indicating that miRNAs 
may play a role in regulation of these pathways in monocytes.

The Gene Ontology gene set ‘positive regulation of interleu‐
kin‐2 production’ was significantly enriched in both whole blood 
and monocytes. This gene set contains 31 genes, and the differen‐
tially expressed miRNAs in both whole blood and monocytes were 
predicted negative regulators of five unique genes within this gene 
set, each representing 17.86% of the total genes in this pathway. In 
whole blood, four miRNAs were identified as regulators of the five 
genes (CCR2, CD4, MALT1, PDE4B and CD28). In monocytes, three 
miRNAs were identified as negative regulators of the five genes 
(SASH3, CD83, IL1B, TNFSF4 and CD28) involved in interleukin sig‐
nalling (Table 2). In this gene set, IL1B was a target of miR‐1291‐5p, 
and IL1B expression was significantly increased in women undergo‐
ing sPTL (FDR‐adjusted q = 4.02 × 10−3, logFC = 2.01). Through this 
analysis, we have identified that miRNA expression within whole 
blood and peripheral monocytes significantly alters genes involved 
in production of interleukin 2.

4  | DISCUSSION

This study is the first comprehensive miRNA profiling of women 
undergoing sPTL using small RNA sequencing within both whole 
blood and peripheral monocytes. Our key findings included (a) iden‐
tification of differentially expressed miRNAs in whole blood and 
peripheral monocytes, which (b) were negative regulators of genes 
associated with sPTL, which we identified using previously gener‐
ated RNA sequencing data on whole blood and monocytes from the 
same individuals and (c) identification of unique and shared gene 
sets enriched for mRNA targets of these differential miRNAs in 
monocytes and whole blood of women undergoing sPTL.
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Overall, we identified a greater number of miRNAs with concen‐
tration changes and more genes related to miRNAs associated with 
sPTL. Additionally, we observed no congruence in the differential 
miRNAs identified in monocytes and whole blood. Maternal blood 
includes three major subsets of immune cells: monocytes, lympho‐
cytes and granulocytes, which circulate through gestational tissues 
including the myometrium, decidua and placenta, and are exposed 
and respond to signals from these tissues. RNA sequencing data 

derived from monocytes exhibit less cellular heterogeneity and thus 
likely has a cleaner signal. We suggest that the signalling we observe 
in monocytes may be related to their functional role throughout 
pregnancy and parturition.4 Altogether, our work suggests that a 
stronger signal related to sPTL can be obtained from monocytes 
compared with whole blood.

We observed a number of miRNAs which were differentially ex‐
pressed in whole blood and monocytes of women undergoing sPTL 

F I G U R E  1  MA plot of log2 fold changes vs the mean of normalized counts in the regularized logarithmic distribution of small RNA 
sequencing data in (A) monocytes and (C) whole blood. miRNAs significantly different in linear models after adjustment for multiple 
comparisons are highlighted in red, and dashed lines indicate log2 fold changes >1. Heatmap of the 16 differentially expressed miRNAs 
identified in monocytes (B) or the nine differentially expressed miRNAs identified in whole blood (D), with white indicating lower expression 
and red indicating higher expression. miRNA expression of women who underwent term labour is on the left and highlighted in grey, and 
miRNA expression of women in sPTL is highlighted in blue on the right

F I G U R E  2  A, Venn diagram in whole blood (A) and monocytes (B) of genes previously associated with sPTL and gene targets of the 
differentially expressed miRNAs identified in this study. In the overlapping genes, we show the log fold change and P values of the miRNAs 
(from Table S1), correlation with mRNA concentration, and log fold change and correlation with sPTL (Results reported in previous study)
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F I G U R E  3  Biomolecular network of miRNA target genes in (A) monocytes and (B) whole blood. Enrichment analysis was performed on 
gene ontology (GO) gene sets and significant gene sets are shown (Benjamini‐Hochberg–adjusted q < .05). Network node layout is based on 
similarity between genes within GO gene sets, where nodes are coloured based on multiple occurrences within different go categories. GO 
terms which were significant in both whole blood and monocytes have a red outer circle
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which also exhibited significant concentration differences previ‐
ously identified in whole plasma, EV‐depleted plasma and EVs in the 
same population of individuals.19 We identified fewer differential 
miRNAs in immune cells compared with the plasma component, but 
overlap in the differentially expressed miRNAs, as well as concur‐
rence in the directionality of associations with sPTL. This suggests 
functional signalling that occurs within blood in context of sPTL. In 
independent populations, increased expression of miR‐223 has been 
identified in plasma of women at 20 weeks who went on to deliver 
prematurely.14 Similarly, we observed increased levels of this miRNA 
in whole blood of women who delivered prematurely compared with 
TL controls, which support the potential of this miRNA as having a 
functional role in PTL.

In whole blood, two of the miRNAs (miR‐495‐3p and miR‐381‐3p) 
with concentration differences in women undergoing sPTL were 
part of the C14MC region, a group of imprinted miRNAs located on 
chromosome 14q32 which is highly produced by the placenta and 
enters maternal circulation.25 In plasma samples from the same pa‐
tients, these miRNA concentrations were negatively associated with 
sPTL,19 and changes in average expression of C14MC miRNAs in 
plasma have also been associated with preterm labour.15 On average, 
C14MC miRNAs have higher expression and lower variance in the 
foetal compartment and the placenta compared with the maternal 
plasma; thus, this signal may be reflecting changes in this compart‐
ment.26 We hypothesize that the changes observed within the whole 
blood and monocyte fraction of leucocytes are reflective of func‐
tional transcriptional changes that occur within the blood or they 
may be reflective of concentration changes related to miRNA signals 
from the developing foetus.

We identified mRNAs which were transcriptionally regulated 
by differentially expressed miRNAs using predicted targets from 
TargetScan, which were filtered using matched mRNA data de‐
rived through RNA sequencing based on negative correlations with 
miRNA.18 Of the targets identified by TargetScan, on average only 
4.26% of these predicted targets passed our filter whole blood 
and 7.29% in monocytes. These target prediction algorithms are 
only designed to reveal gene expression regulation potential, and 

expression can also be altered by post‐transcriptional modifications 
including transcriptional regulation, histone acetylation and DNA 
methylation,27 and are not cell‐type–specific.23 This analysis was 
designed to collect miRNA and mRNA from the same patient, which 
allowed us to perform correlations and obtain a far more accurate 
understanding of miRNA‐mediated regulation of gene expression 
than by relying solely on miRNA prediction algorithms alone.

We used our curated, confirmed miRNA target lists generated 
to perform an enrichment analysis of gene sets related to our differ‐
entially expressed miRNAs. In whole blood, we identified immune‐
related gene sets. This may be reflective of the inflammatory and 
immune response that occurs as a breakdown in maternal‐foetal tol‐
erance or inflammation related to preterm labour.28 The target genes 
of the miRNAs differentially expressed within monocytes were en‐
riched for a total of 19 GO gene sets including those related to in‐
terleukin production and activation of the immune system, such as 
‘regulation of interleukin production’ (Interleukins 2, 4 and 6), as well 
as T cell, lymphocyte and monocyte proliferation. The monocyte 
population expands during pregnancy and differentiates into a pro‐
inflammatory phenotype during labour.29 Our work indicates that 
part of this expansion in monocytes may be transcriptionally reg‐
ulated by a subset of miRNAs in monocytes. More work is required 
to understand whether these miRNAs induce monocyte expansion 
and proliferation in vitro, which is beyond the scope of this analysis.

In monocytes, miR‐1291‐5p emerged as a master miRNA regula‐
tor of the highest number of genes associated with sPTL, including 
IL1B and its receptor IL1R1, which have previously been associated 
with sPTL. The positive regulation of interleukin 2 gene set was sig‐
nificantly enriched for miRNA target genes in both whole blood and 
monocytes, which contains IL1B. This gene set is involved in immune 
response and activation of inflammatory cytokines.30 Inflammatory 
cytokines increase at the end of pregnancy as monocytes shift into 
an inflammatory M1 phenotype29 and are implicated in sPTL.31 Our 
work suggests that this may be in part modulated through changes 
in miRNAs expression in whole blood and monocytes.

We are limited in our ability to perform extensive characteri‐
zation, stratification/clustering or any predictive analyses of these 
miRNAs due to inadequate statistical power resulting from a small 
sample size. Additionally, we cannot separate miRNA signals related 
to PTL from those related to the labour process (uterine contrac‐
tions) or to the betamethasone treatment that women delivering 
prematurely received prior to labour, as previously discussed.18 Due 
these limitations, this work was not designed to interrogate miRNAs 
as a potential biomarker for sPTL. Further functional analyses are 
required, including functional validation of miRNA/mRNA targets, as 
well as the functionality of these miRNAs on key tissues involved in 
pregnancy (ie placenta and myometrium). Additionally, our findings 
will need to be validated in independent cohort of pregnant women. 
This work instead focuses on potential mechanisms by which miR‐
NAs may play a role in mediating systemic inflammatory response 
in pregnant women that deliver prematurely, serves as an important 
foundation to subsequent analyses and highlights the importance of 
sample source when performing blood‐related assessments.

TA B L E  2  mRNA targets of differentially expressed miRNAs 
involved in positive regulation of Interleukin‐2 signalling

miRNA
Gene targets in 
GO:0032743

Monocytes

hsa‐miR‐1248‐5p SASH3, CD83

hsa‐miR‐1291‐5p IL1B

hsa‐miR‐378c‐5p CD28, TNFSF4

Whole blood

hsa‐miR‐4742‐3p CCR2

hsa‐miR‐1299‐3p CD4, MALT1

hsa‐miR‐582‐3p PDE4B

hsa‐miR‐1291‐5p CD28
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Our analysis stands out among related studies because it is the 
first to generate high throughput RNA sequencing data of both 
miRNA and mRNA from the same patient source. We have carefully 
selected a reliable methodology to identify potential miRNA tar‐
gets based on experimental data23 and have used novel alignment 
tools to obtain comprehensive coverage of miRNA expression.20 
This robust, multi‐dimensional data have allowed us to confidently 
build mRNA‐miRNA regulation networks related to sPTL in a way 
that has not previously been done, which provides additional insight 
into mechanisms of transcriptional regulation of human labour. This 
type of integrative analysis has been suggested to overcome many 
challenges in performing pregnancy research.3 Our analysis has 
highlighted miRNA‐mediated transcriptional regulatory networks 
of sPTL‐associated genes in monocytes and whole blood, which are 
involved in important biological pathways, including interleukin sig‐
nalling. Further work is needed to validate these data in independent 
populations and elucidate the miRNA mechanisms of signalling in 
whole blood and in a subpopulation of peripheral monocytes.
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