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MicroRNAs 363 and 149 
are differentially expressed 
in the maternal circulation 
preceding a diagnosis 
of preeclampsia
Carole‑Anne Whigham1,2*, Teresa M. MacDonald1,2, Susan P. Walker1,2, Richard Hiscock2, 
Natalie J. Hannan1,2, Natasha Pritchard1,2, Ping Cannon1,2, Tuong Vi Nguyen1,2, 
Manisha Miranda2, Stephen Tong1,2 & Tu’uhevaha J. Kaitu’u‑Lino1,2

Preeclampsia is a pregnancy complication associated with angiogenic dysbalance, maternal 
endothelial dysfunction and end-organ injury. A predictive test to identify those who will develop 
preeclampsia could substantially decrease morbidity and mortality. MicroRNAs (miRs) are small 
RNA molecules involved in post-transcriptional gene regulation. We screened for circulating 
miRs differentially expressed at 36 weeks’ gestation in pregnancies before the development 
of preeclampsia. We used a case–control group (198 controls, 34 pre-preeclampsia diagnosis) 
selected from a prospective cohort (n = 2015) and performed a PCR-based microarray to measure 
the expression of 41 miRs. We found six circulating miRs (miRs 363, 149, 18a, 1283, 16, 424) 
at 36 weeks’ had significantly reduced expression (p < 0.0001–0.04). miR363 was significantly 
downregulated at 28 weeks’ gestation, 10–12 weeks before the onset of clinical disease. In the 
circulation of another cohort of 34 participants with established preterm preeclampsia (vs 23 controls), 
we found miRs363, 18a, 149 and 16 were significantly down regulated (p < 0.0001–0.04). Combined 
expression of miRs149 and 363 in the circulation at 36 weeks’ gestation provides a test with 45% 
sensitivity (at a specificity of 90%) which suggests measuring both miRs may have promise as part of a 
multi-marker test to predict preeclampsia.

Preeclampsia is a hypertensive disorder of pregnancy associated with poor placental implantation and remodel-
ling of the maternal spiral arteries. There is angiogenic dysbalance with increased antiangiogenic factors released 
from the placenta. These circulate widely in the maternal circulation, inciting maternal endothelial dysfunction1,2. 
Preeclampsia is a major cause of maternal and fetal morbidity and mortality, affecting 3–8% of pregnancies, and 
is directly associated with 15% of maternal deaths around the world3.

While recent studies have identified screening tests that have good sensitivity in identifying women at risk 
of developing preterm preeclampsia4, there are currently no diagnostic tests that predict those who will develop 
term preeclampsia. Late onset disease represents the most common form and women who are affected can rapidly 
develop preeclampsia with severe features. Earlier detection of women at risk could have significant impact on 
maternal–fetal wellbeing5.

MicroRNAs (miRs) are short, non-coding RNA molecules which have important functions in the post tran-
scriptional regulation of gene expression6. It is thought that miRs regulate 60% of protein coding genes in the 
human body7, which highlights their central roles in driving cellular function. MiRs can be packaged inside 
vesicles or exosomes8 where they are protected from degradation by enzymes. Therefore, they are incredibly 
stable, making them ideal candidates for biomarker discovery9.

In this study we hypothesised that circulating miRs might be predictive biomarkers of late-onset preeclampsia, 
measured at 28 or 36 weeks’ of pregnancy. Furthermore, we suggest that there might be a common, overlapping 
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abnormal expression of these miRs in both late onset preeclampsia and early onset preeclampsia, and investigate 
this further by measuring the expression of miRs in a preterm cohort.

In choosing which miRs to include in our screening panel, we first selected those from the primate specific 
C19MC cluster as they are primarily expressed in the placenta10. Given preeclampsia is principally a disease of 
placental dysfunction it is plausible that the expression profile of these miRs in the maternal circulation may 
be different in those who will go onto develop preeclampsia. We chose to investigate 32 miRs from the C19MC 
cluster, based on their detectability in maternal circulation and/or placental tissue11.

Besides the C19MC cluster, we identified three additional miRs reported to be altered in the circulation of 
patients with established preeclampsia12–15.

We measured circulating levels of a further five miRs reported as altered in preeclamptic placentas16–18, and 
finally miR144 based on evidence it is altered very early in the maternal circulation, in first trimester, before the 
onset of preeclampsia19 (see Supplementary Table S1).

These miRs were measured in a case control set of blood samples obtained at 36 weeks’ gestation using PCR 
based microarray technology. The miRs that were found to be differentially expressed at 36 weeks’ were then 
measured in samples obtained at 28 weeks’ gestation (10–12 weeks before the onset of clinical disease), and in 
both the blood and placentas in key cohorts of women with an established diagnosis of preeclampsia.

Results
Expression of miRs 18a, 363, 1283, 149, 16 and 424 at 36 weeks’ gestation are reduced among 
women who will go on to develop preeclampsia at 36 weeks’ gestation.  To determine whether 
any of the 41 miRs we selected were differentially expressed in the maternal circulation at 36 weeks’ gestation 
among those who will develop preeclampsia, their expression was measured in samples obtained from the FLAG 
study.

We identified six miRs that were differentially expressed at 36 weeks’ gestation among those who will go 
onto develop preeclampsia compared to controls: miR18a, miR363, miR1283, miR149, miR16 and miR424 
(Fig. 1A–F).

We next measured the expression of the same six miRs in patients at 28 weeks’ gestation: 43 participants 
who will develop preeclampsia and 91 controls. Of the six measured, only circulating levels of miR363 were 
significantly reduced at 28 weeks’ gestation among participants who later develop preeclampsia (Fig. 2A), with 
an area under the ROC curve of 0.61 (Fig. 2B).

Expression of miRs 18a, 363, 149 and 16 are reduced among women with established severe 
early onset preeclampsia.  We also compared the expression of the same six miRs in the circulation from 
a cohort of 32 women diagnosed with severe early onset preeclampsia and 22 gestation matched controls. We 
confirmed that four miRS were significantly decreased in the maternal circulation; miR18a, miR363, miR149 
and miR16 (Fig. 3A, B, D, E). The others were not differentially expressed (Fig. 3C,F).

Expression of miRs 363 and 149 are significantly reduced in preeclamptic placentas.  In order 
to investigate whether the altered expression observed in the maternal circulation of these six miRs originates 
from altered placental expression, we measured their expression in 34 preeclamptic placentas and 12 gestation 
matched controls. Of these, miRs 363 and 149 were significantly decreased within preeclamptic placental tissue 
(Fig. 4B,D). The others were not differentially expressed (Fig. 4A, C, E, F).

Measurement of miRs in placental explants exposed to hypoxia.  Placental hypoxia may be part of 
the pathology of preeclampsia20. Therefore, we exposed placental explants to hypoxia and assessed whether this 
altered the expression of any of the six miRs that we observed to be associated with preeclampsia. None of the six 
miRs examined displayed altered expression with placental hypoxia (Supplementary Fig. S1A–F)

Similarly, we isolated primary trophoblasts and exposed them to hypoxia. We measured the expression of the 
six miRs that were associated with preeclampsia. Of the six, only miR16 was significantly altered (Supplementary 
Fig. S2A–E). In contrast to the circulation at 36 weeks’ gestation expression of miR 16 was in fact increased in 
primary trophoblasts that were rendered hypoxic (Supplementary Fig. S2E).

Circulating miR149 has a weak association with maternal blood pressure. miR363 levels do 
not correlate with maternal blood pressure at 36 weeks’ gestation, or BMI.  We next sought to 
ascertain whether there were any significant associations between miR363 and miR149 expression, and mater-
nal characteristics that were differentially regulated between groups, including mean arterial blood pressure 
(MABP) and BMI. Linear regressions were undertaken with the miR delta delta CT . As shown in supplementary 
Fig. S3, miR 149 had a weak association with MABP. There were no significant associations between miR149 and 
BMI. Further there was no association between miR363 and MABP or BMI”.

Combining miRs 149 and 363 in the prediction of Preeclampsia.  Using logistic regression analysis, 
we found that the combination of miRs 149 and 363 derived a candidate screening test with a sensitivity of 45% 
(at specificity of 90%), and an area under the ROC curve of 0.79 (Fig. 5) at a cut-off of 0.2985. At a prevalence of 
5%, this gives a positive predictive value of 19% and negative predictive value of 97%.
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Figure 1.   Circulating miRs are reduced in maternal whole blood in women at 36 weeks’ gestation who will go 
on to develop term preeclampsia. miR18a (A), miR363 (B), miR1283 (C), miR149 (D), miR16 (E) and miR424 
(F) were all significantly reduced in the whole blood of women who will go on to develop preeclampsia relative 
to control women. Area under the receiver operator curve (AUC ROC) are shown on each graph. *p < 0.05, 
**p < 0.01, ***p < 0.001, ***p < 0.0001. Data expressed as mean ± SEM, individual symbols represent individual 
patients. PE n = 34, controls n = 196.
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Discussion
Developing a test to predict which patients will develop preeclampsia in pregnancy has been a hot topic in repro-
ductive biology. Combining maternal risk factors, first trimester uterine artery pulsatility index and maternal 
mean arterial pressure, alongside multiple of the median (MoM) values for maternal serum pregnancy associated 
plasma protein-A (PAPP-A) and placental growth factor (PlGF), yielded a sensitivity of 76% in identifying those 
who would develop preterm preeclampsia4,21. However, this algorithm was far less successful at predicting those 
who will develop the disease at term, with a sensitivity of 43%21.

The poor sensitivity for tests performed in the first trimester detecting4,21 preeclampsia at term leaves a gap in 
prediction models. Term preeclampsia affects around 3% of pregnancies whereas the preterm condition affects 
0.4%. Many diagnosed with term disease can also develop preeclampsia with severe features, that is significant 
maternal organ injury. As such, term disease can also be associated with significant morbidity22. Moreover, there 
has been a plethora of evidence demonstrating that inducing labour at term conveys no significant adverse out-
comes to the mother or fetus5,23–25. Thus, if a test were able to identify the women at risk of developing term (or 

Figure 1.   (continued)
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post-partum) preeclampsia, clinicians could increase antenatal and postnatal surveillance and provide tailored 
care to avoid the development of maternal preeclampsia, and potential severe adverse outcomes to both mother 
and baby.

In this study, we screened 41 miRs in the circulation of pregnant women at 36 weeks’ gestation to identify 
miRs that are dysregulated prior to the onset of preeclampsia. We identified six miRs that are down regu-
lated among those who will develop term preeclampsia compared to controls. Of particular interest, circulating 
miR363 was consistently downregulated preceding disease diagnosis (as early as 10–12 weeks before), in women 
with established disease and in the placentas of women with severe early onset preeclampsia. The combination 
of miRs 149 and 363 derived a candidate screening test with a sensitivity of 45% (at specificity of 90%), and an 
area under the ROC curve of 0.79 (Fig. 5).

It is now well established that preeclampsia is a disease of severe endothelial dysfunction26. miR363 has 
been previously shown to regulate some endothelial cell properties via its post transcriptional regulation of 
tissue inhibitor of metalloproteinases-118 (TIMP-1) and thrombospondin 327. Thus, our identification of this 
‘endothelial miR’ being dysregulated in the circulation of women preceding their diagnosis of preeclampsia and 
also within preeclamptic placentas suggests that it may regulate mRNAs important to both endothelial function 
and placental function. Identification of its target mRNAs within both these areas may indeed provide further 
insight into the disease pathogenesis.

Three other miRs were also selected for the microarray on the basis that previous studies have demonstrated 
that they are important in the regulation of endothelial cell function—miRs 149, 424 and 18a. MiR18a has 
demonstrated anti-angiogenic properties on endothelial cells and thus its downregulation may also contribute 
to the endothelial cell dysfunction apparent in preeclampsia28. miR149 has also been shown to regulate genes 
associated with endothelial dysfunction29 and its expression decreases from pre- to post-pregnancy, indicating 
it may be important during gestation or be produced from gestational tissues. As term preeclampsia is thought 
to be a disease of dysfunctional maternal endothelium and less so of poor initial placentation, it is perhaps 
unsurprising that we found a significant difference in these ‘endothelial dysfunction’ miRs in those who would 
go on to develop term preeclampsia.

Figure 2.   Expression of miR 363 expression at 28 weeks’ gestation in women who will go on to develop 
term preeclampsia. miR363 was significantly reduced in the maternal whole blood of women who will go on 
to develop term preeclampsia (A) AUC 0.61 (B). PE n = 43, control n = 91. *p < 0.05, **p < 0.01, ***p < 0.001, 
***p < 0.0001. Data expressed as mean ± SEM, individual symbols represent individual patients.
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In our studies we also identified circulating miR16 as significantly down-regulated in those who would go on 
to develop preeclampsia, and in those with established disease. Interestingly, miR16 targets vascular endothelial 
growth factor-A (VEGFA), a pro-angiogenic molecule that regulates placental angiogenesis and is important in 
normal vascular function30. miR 16 has previously been shown to be increased in the placentas of patients with 
preeclampsia31 and down regulated in those with a baby that is small for gestational age32. Thus, we hypothesise 
that its down regulation in the circulation may relate to the anti-angiogenic state of preeclampsia, for which 
further impairment of pro-angiogenic molecules is not needed, or indeed may be detrimental.

We were surprised to find that only one of the miRs that were selected from the C19MC cluster was signifi-
cantly altered in those who would go on to develop preeclampsia, given their distinct expression within placenta33. 
miR1283 has been shown to be vital for trophoblast proliferation during the first trimester34. However, miR1283 

Figure 3.   Circulating miRs in the maternal whole blood of patients with an established diagnosis of 
preeclampsia. miR18a (A), and miR363 expression (B) are significantly reduced in the blood of patients with 
an established diagnosis of preeclampsia compared with gestation matched controls. miR 1283 (C) expression 
is unchanged. miR149 (D), and miR16 (E) expression are significantly reduced in women with preeclampsia 
whilst miR424 (F) expression is unchanged. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. Data expressed as 
mean ± SEM, individual symbols represent individual patients. PE n = 22, controls n = 32.
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also regulates activating transcription factor 4 (ATF4) which is important in maintaining function in primary 
human umbilical vein endothelial cells. So, although the C19MC cluster are primarily expressed in the placenta, 
it is clear that members of the cluster are expressed in other tissues. Thus, potentially it is the endothelial cell 
dysfunction characteristic of term preeclampsia, rather than placental release, that is responsible for the change 
in miR1283 expression in patients who would go on to develop preeclampsia.

Our second hypothesis is that there might be common, overlapping abnormal expression of these miRs in 
both late onset preeclampsia and early onset preeclampsia. In our cohort of patients with an established diagno-
sis of early onset preeclampsia we found that four of the miRs were differentially expressed. This indicates that 

Figure 4.   Expression of miRs in the placentas of women with an established diagnosis of preeclampsia. miR18a 
(A) expression was unchanged in placental tissue from women with established preeclampsia compared 
with gestation matched controls. Expression of miR363 (B) was significantly reduced in the placentas from 
the preeclampsia cohort. Expression of miR1283 (C) expression is unchanged. miR149 (D) expression is 
significantly reduced in the preeclampsia cohort, whilst miR16 (E) and miR424 (F) expression are unchanged. 
*p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. Data expressed as mean ± SEM, individual symbols represent 
individual patients. PE n = 12, controls n = 34.
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the pathology leading to the imbalance of these miRs is occurring in both early and late onset disease. In late 
onset disease, it has been suggested that the main pathophysiological process is endothelial dysfunction with a 
lesser emphasis on abnormal placentation as it seen in the early onset form of the disease35. However in early 
onset disease there exists significant endothelial dysfunction36. This may suggest that endothelial dysfunction is 
a contributing factor to the abnormal expression of these miRs. However, we note that we were unable to find 
any correlation between circulating miR363 expression and MABP at 36 weeks’ gestation. We found an inverse 
correlation between with miR149 and MABP at 36 weeks gestation. The very modest positive association between 
miR149 and MABP is not in keeping with this miR playing a significant role in BP changes in preeclampsia.

We have screened a large panel of circulating miRs at 36 weeks’ gestation in those who will go on to develop 
preeclampsia. Interestingly, the miRs found to be most consistently dysregulated were those that are implicated 
in endothelial cell dysfunction, in particular miR363 which was down-regulated as early as 28 weeks’ gestation. 
Importantly, we show that miRs363 and 149 at 36 weeks’ gestation are significantly associated with a future 
diagnosis of clinical preeclampsia and provide a test with a better sensitivity and specificity than others for term 
disease. In the future, we hope to combine these miRs with other analytes, including possibly sFlt-1 and PlGF, to 
formulate a sensitive and specific test to predict those patients who are predicted to develop term preeclampsia. 
In addition, identification and understanding of the mRNAs that are regulated by these miRs may provide further 
insight into the pathogenesis of this disease.

Methods:
Blood and tissue collection ethical approval.  This study was approved by the Mercy Health Research 
Ethics Committee (Ethics Approval Number R14/12, R11/34) and written informed consent was obtained from 
all participants. All methods were performed in accordance with the relevant guidelines and regulations37.

FLAG study design overview38.  This study is part of the Fetal Longitudinal Assessment of Growth (FLAG) 
study Women carried out at the Mercy Hospital for Women, a tertiary maternity hospital in Melbourne with 
approximately 6000 births annually. The FLAG study, designed to identify biomarkers to detect small for gesta-
tional age (SGA) fetuses, included prospective collection of 2015 blood samples from pregnant women at 28 and 
36 weeks’ gestation (collected Feb 2015-May 2016). 3.9% of patients developed preeclampsia37.

We performed a case–control study using blood samples chosen from the first 1000 FLAG participants. 
We compared the 36 and 28 week miR values from women who subsequently developed preeclampsia after 
36 weeks’ gestation, to the analyte levels in gestation matched blood samples from a cohort of randomly selected 
controls. We chose controls from those with a well grown fetus (i.e. birthweight > 10th%) where the mother had 
no preeclampsia at any point during the antenatal or postnatal period. At 36 weeks’ gestation, we analysed 198 
control samples (Demographics Supplementary Table S2) and 34 samples from women who will go on to develop 
preeclampsia. Six women had a pregnancy complicated by fetal growth restriction as well as preeclampsia. Of 

Figure 5.   Combining miRs 149 and 363 is associated with a future diagnosis of clinical preeclampsia. At 
36 weeks’ gestation, miR149 and miR363 combined give a predictive test with a sensitivity of 45%, specificity 
90% and AUC 0.79.
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the samples collected at 28 weeks (Demographics Supplementary table S3), 91 controls were compared to 43 
samples from those who will go on to develop preeclampsia37.

FLAG recruitment.  Women were screened for eligibility and invited to participate at their oral glucose 
tolerance test, offered to all women around 28 weeks’ gestation to diagnose gestational diabetes (part of routine 
care). English-speaking women aged over 18 years, carrying a well-dated singleton pregnancy with normal mid-
trimester morphology ultrasound were eligible to participate. Whole blood was collected in a PAXgene RNA 
tube at the time of enrolment, i.e. 27+0–29+0 weeks and/or at 35+0 to 37+0 weeks’ gestation inclusive38.

Outcomes and diagnostic criteria.  Maternal characteristics and pregnancy outcomes were obtained by 
review of each participant’s medical record, investigation results and hospital database entry (Supplementary 
table S2 for 36 week PE characteristics and demographics, and Supplementary Table S3 for 28-weeks’ gestation 
sample demographics).

Preeclampsia was diagnosed as defined by The American College of Obstetricians and Gynecologists’ 
Taskforce on Hypertension in Pregnancy39, new onset hypertension (blood pressure ≥ 140 mmHg systolic, 
or ≥ 90 mmHg diastolic on two occasions ≥ 4 h apart after 20 weeks’ gestation); plus one or more of the follow-
ing: proteinuria, thrombocytopaenia, renal insufficiency, impaired liver function, pulmonary oedema or cerebral 
symptoms37.

Established preeclampsia—cases and controls: blood collection.  We obtained 22 blood samples 
from women with preterm pregnancies not complicated by preeclampsia, and 32 samples from women with 
severe early-onset preeclampsia. Preeclamptics were diagnosed in accordance with the American College of 
Obstetrician and Gynecologists (ACOG) guidelines 201339. All samples were obtained from cases of early-onset 
preeclampsia (< 34  weeks’ gestation). Preterm controls were selected from women with pre-term rupture of 
membranes, placenta praevia or antepartum haemorrhage without any evidence of infection (histopathologi-
cal examination of the placentas), hypertensive disease or maternal co-morbidities. Whole blood was collected 
in a PAXgene RNA tube at the time of consent. All methods were performed in accordance with the relevant 
guidelines and regulations37. All patients delivered by caesarean section. Patient characteristics are shown in 
Supplementary Table S4.

Established preeclampsia—cases and controls: placental tissue collection.  We obtained preterm 
placentas from 12 pregnancies not complicated by preeclampsia and 34 placentas from those with established 
severe early-onset disease to examine miR expression.

miRNA extraction from PAXgene tubes.  PAXgene blood RNA tubes were incubated for at least 2 h at 
room temperature after blood collection, before storage at − 80 °C according to the manufacturers instructions. 
For extraction, tubes were thawed and then centrifuged for 10 min at 3000–5000g. Supernatant was discarded 
and the pellet resuspended in RNase free water before another centrifuge for 10 min at 3000–5000g. The QIA-
cube (Qiagen, Valencia, CA) shaker was used as per manufacturer’s instructions to extract RNA. RNA was 
subsequently snap frozen and stored at – 80 °C37.

Extraction of miRNA from placental tissue.  The Qiagen miRNeasy mini kit, combined with the Min-
Elute kit, were used to extract miRNA from placental tissue as per manufacturers guidelines.

cDNA and RT‑PCR.  miRNA was converted to cDNA using the miScript II RT kit (Qiagen), as per manu-
facturer guidelines.

For the microarray, the miScript SYBR green PCR kit (Qiagen) was used. Housekeeping reference miR191, 
SNORD44 and SNORD48 were included in the qRT-PCR microarray, as well as 4 quality controls. Supplementary 
Table S1 lists the microRNAs included in the microarray. Thirty-six microRNAs were selected from the C19MC 
cluster and nine others from a literature search as detailed in the introduction. The microarray was designed by 
Qiagen and custom made for this project. Primers for the PCR were also provided by Qiagen and were designed 
for detected mature miRs. Housekeeper values were analysed and found to be invariable between groups.

The following conditions were used to carry out the PCR reactions:
Activation step: 95 °C for 15 min, followed by 40 cycles of: 94 °C for 15 s, 55 °C for 30 s, 70 °C for 30 s. Data 

were analysed using the ΔΔCT method of analysis.

Isolation of primary human cytotrophoblast.  Human cytotrophoblasts were isolated from term, cae-
sarean section placentas as previously described40,41. Primary cytotrophoblasts were cultured in DMEM high 
Glutamax (Life Technologies) containing 10% FCS and 1% antibiotic–antimycotic on fibronectin (10 ug/mL; 
BD Biosciences, New South Wales, Victoria) coated wells. Cells were plated and allowed to attach over 12–18 h 
before washing with dPBS (Life Technologies) to remove cellular debris. Primary cytotrophoblasts were main-
tained in a humidified incubator at 8% O2 (to simulate placental normoxia) or 1% O2 (to simulate placental 
hypoxia) and 5% CO2 for 24 h37.

Isolation of placental explants.  Placental tissue explants were collected from healthy term placentas. 
Maternal and fetal surfaces were removed before small (1 mm3) explants of villous tissue were dissected. 3 villous 
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explants were utilized per well in triplicate wells. Placental explants were maintained in a humidified incubator 
at 8% O2 (normoxia) or 1% O2 (hypoxia) and 5% CO2 for 48 h then collected for miR analysis42.

Statistical analysis.  Triplicate technical replicates were performed for in vitro experiments, with a mini-
mum of three independent biological replicates performed for each in vitro study. Data was tested for normal 
distribution and statistically analysed as appropriate using t-tests if parametric or Mann–Whitney test if not. 
When three or more groups were compared, a 1-way ANOVA (for parametric data) or Kruskal–Wallis test (for 
non-parametric data) was used. All data is expressed as mean ± SEM or median with interquartile range for non-
parametric data. P values < 0.05 were considered significant. Statistical analysis was performed using GraphPad 
Prism 7 software (GraphPad Software, La Jolla, CA)37.

The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.

Received: 3 November 2019; Accepted: 21 September 2020

References
	 1.	 Maynard, S. E. et al. Excess placental soluble fms-like tyrosine kinase 1 (sFlt1) may contribute to endothelial dysfunction, hyper-

tension, and proteinuria in preeclampsia. J. Clin. Investig. 111, 649–658 (2003).
	 2.	 Venkatesha, S. et al. Soluble endoglin contributes to the pathogenesis of preeclampsia. Nat. Med. 12, 642–649 (2006).
	 3.	 Duley, L. The global impact of pre-eclampsia and eclampsia. Semin. Perinatol. 33, 130–137.
	 4.	 Akolekar, R., Syngelaki, A., Poon, L., Wright, D. & Nicolaides, K. H. Competing risks model in early screening for preeclampsia 

by biophysical and biochemical markers. Fetal Diagn. Ther. 33, 8–15 (2013).
	 5.	 Koopmans, C. M. et al. Induction of labour versus expectant monitoring for gestational hypertension or mild pre-eclampsia after 

36 weeks’ gestation (HYPITAT): a multicentre, open-label randomised controlled trial. Lancet 374, 979–988 (2009).
	 6.	 Bartel, D. P. MicroRNAs: target recognition and regulatory functions. Cell 136, 215–233 (2009).
	 7.	 Catalanotto, C., Cogoni, C. & Zardo, G. MicroRNA in control of gene expression: an overview of nuclear functions. Int. J. Mol. 

Sci. 17, 1712 (2016).
	 8.	 Valadi, H. et al. Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. 

Nat. Cell Biol. 9, 654 (2007).
	 9.	 Mitchell, P. S. et al. Circulating microRNAs as stable blood-based markers for cancer detection. Proc. Natl. Acad. Sci. 105, 10513–

10518 (2008).
	10.	 Hromadnikova, I., Kotlabova, K., Doucha, J., Dlouha, K. & Krofta, L. Absolute and relative quantification of placenta-specific 

MicroRNAs in maternal circulation with placental insufficiency-related complications. J. Mol. Diagn. 14, 160–167 (2012).
	11.	 Morales-Prieto, D. M., Ospina-Prieto, S., Chaiwangyen, W., Schoenleben, M. & Markert, U. R. Pregnancy-associated miRNA-

clusters. J. Reprod. Immunol. 97, 51–61 (2013).
	12.	 Wu, L. et al. Circulating microRNAs are elevated in plasma from severe preeclamptic pregnancies. Reproduction 143, 389–397 

(2012).
	13.	 Hromadnikova, I. et al. Circulating C19MC microRNAs in preeclampsia, gestational hypertension, and fetal growth restriction. 

Mediat. Inflam.2013 (2013).
	14.	 Li, Q. et al. Quantification of preeclampsia-related microRNAs in maternal serum. Biomed. Rep. 3, 792–796 (2015).
	15.	 Mouillet, J.-F., Ouyang, Y., Coyne, C. B. & Sadovsky, Y. MicroRNAs in placental health and disease. Am. J. Obstet. Gynecol. 213, 

S163–S172 (2015).
	16.	 Choi, S.-Y. et al. MicroRNA expression profiles in placenta with severe preeclampsia using a PNA-based microarray. Placenta 34, 

799–804 (2013).
	17.	 Guo, L. et al. Differentially expressed microRNAs and affected biological pathways revealed by modulated modularity clustering 

(MMC) analysis of human preeclamptic and IUGR placentas. Placenta 34, 599–605 (2013).
	18.	 Zhu, X.-M., Han, T., Sargent, I. L., Yin, G.-W. & Yao, Y.-Q. Differential expression profile of microRNAs in human placentas from 

preeclamptic pregnancies vs normal pregnancies. Am. J. Obstetr. Gynecol. 200, 661 (2009).
	19.	 Ura, B. et al. Potential role of circulating microRNAs as early markers of preeclampsia. Taiwan. J. Obstetr. Gynecol. 53, 232–234 

(2014).
	20.	 Granger, J. P., Alexander, B. T., Llinas, M. T., Bennett, W. A. & Khalil, R. A. Pathophysiology of preeclampsia: linking placental 

ischemia/hypoxia with microvascular dysfunction. Microcirculation 9, 147–160 (2002).
	21.	 Rolnik, D. L. et al. ASPRE trial: performance of screening for preterm pre-eclampsia. Ultrasound Obstet. Gynecol. 50, 492–495 

(2017).
	22.	 Gestational Hypertension and Preeclampsia. 22ACOG Practice Bulletin No. 202. Obstet. Gynecol. 133, e1–e25. https​://doi.

org/10.1097/aog.00000​00000​00301​8 (2019).
	23.	 Stock, S. J. et al. Outcomes of elective induction of labour compared with expectant management: population based study. BMJ 

344, e2838 (2012).
	24.	 Grobman, W. A. et al. Labor induction versus expectant management in low-risk nulliparous women. N. Engl. J. Med. 379, 513–523. 

https​://doi.org/10.1056/NEJMo​a1800​566 (2018).
	25.	 Wood, S., Cooper, S. & Ross, S. Does induction of labour increase the risk of caesarean section? A systematic review and meta‐

analysis of trials in women with intact membranes. BJOG Int. J. Obstetr. Gynaecol.121, 674–685 (2014).
	26.	 Agatisa, P. K. et al. Impairment of endothelial function in women with a history of preeclampsia: an indicator of cardiovascular 

risk. Am. J. Physiol. Heart Circ. Physiol. 286, H1389–H1393 (2004).
	27.	 Costa, A. et al. miR-363-5p regulates endothelial cell properties and their communication with hematopoietic precursor cells. J. 

Hematol. Oncol. 6, 87 (2013).
	28.	 Bidarimath, M., Khalaj, K., Wessels, J. M. & Tayade, C. MicroRNAs, immune cells and pregnancy. Cell. Mol. Immunol. 11, 538 

(2014).
	29.	 Palmieri, D. et al. TNFα induces the expression of genes associated with endothelial dysfunction through p38MAPK-mediated 

down-regulation of miR-149. Biochem. Biophys. Res. Commun. 443, 246–251 (2014).
	30.	 Burton, G. J., Charnock-Jones, D. & Jauniaux, E. Regulation of vascular growth and function in the human placenta. Reproduction 

138, 895–902 (2009).
	31.	 Hu, Y. et al. Differential expression of microRNAs in the placentae of Chinese patients with severe pre-eclampsia. Clin. Chem. Lab. 

Med. 47, 923–929 (2009).

https://doi.org/10.1097/aog.0000000000003018
https://doi.org/10.1097/aog.0000000000003018
https://doi.org/10.1056/NEJMoa1800566


11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:18077  | https://doi.org/10.1038/s41598-020-73783-w

www.nature.com/scientificreports/

	32.	 Maccani, M. A., Padbury, J. F. & Marsit, C. J. miR-16 and miR-21 expression in the placenta is associated with fetal growth. PLoS 
ONE 6, e21210 (2011).

	33.	 Bentwich, I. et al. Identification of hundreds of conserved and nonconserved human microRNAs. Nat. Genet. 37, 766 (2005).
	34.	 Wang, D., Song, W. & Na, Q. The emerging roles of placenta-specific micro RNA s in regulating trophoblast proliferation during 

the first trimester. Aust. N. Z. J. Obstet. Gynaecol. 52, 565–570 (2012).
	35.	 Zhong, Y., Tuuli, M. & Odibo, A. O. First-trimester assessment of placenta function and the prediction of preeclampsia and 

intrauterine growth restriction. Prenatal Diagn. Publ. Affil. Int. Soc. Prenatal Diagn. 30, 293–308 (2010).
	36.	 Hamad, R. R., Eriksson, M. J., Berg, E., Larsson, A. & Bremme, K. Impaired endothelial function and elevated levels of pentraxin 

3 in early-onset preeclampsia. Acta Obstet. Gynecol. Scand. 91, 50–56 (2012).
	37.	 Whigham, C.-A. et al. Circulating GATA2 mRNA is decreased among women destined to develop preeclampsia and may be of 

endothelial origin. Sci. Rep.9 (2019).
	38.	 MacDonald, T. M. et al. Assessing the sensitivity of placental growth factor and soluble fms-like tyrosine kinase 1 at 36 weeks’ 

gestation to predict small-for-gestational-age infants or late-onset preeclampsia: a prospective nested case-control study. BMC 
Pregnancy Childbirth 18, 354 (2018).

	39.	 Practice, A. C. o. O. ACOG practice bulletin. Diagnosis and management of preeclampsia and eclampsia. Number 33, January 
2002. American College of Obstetricians and Gynecologists. Int. J. Gynaecol. Obstetr.77, 67 (2002).

	40.	 Burton, G. et al. Optimising sample collection for placental research. Placenta 35, 9–22 (2014).
	41.	 Kaitu’u-Lino, T. J. et al. Characterization of protocols for primary trophoblast purification, optimized for functional investigation 

of sFlt-1 and soluble endoglin. Pregnancy Hypertens. 4, 287–295. https​://doi.org/10.1016/j.pregh​y.2014.09.003 (2014).
	42.	 Whigham, C.-A. et al. Circulating adrenomedullin mRNA is decreased in women destined to develop term preeclampsia. Pregnancy 

Hypertens. 16, 16–25 (2019).

Acknowledgements
We thank and acknowledge Anna Middleton, Valerie Kyritsis, Gabrielle Pell, Genevieve Christophers and Rachel 
Murdoch for recruitment and collection of blood samples and placental samples and the technical assistance 
of Sally Beard and Natalie Binder. We also thank Gabrielle Pell, Dr Elizabeth Lockie and Dr Roxanne Hastie 
for their assistance in recruiting participants and blood samples. We also wish to thank the pathology, health 
information services, and antenatal clinic staff at the Mercy Hospital for Women for their assistance in conduct-
ing this research.

Author contributions
C.W. carried out experiments and wrote the manuscript. T.M. and S.W. were principle investigators of the FLAG 
study and responsible for sample collection. R.H. assisted with statistical analysis. N.P. characterized and collated 
patient demographic data. N.H. provided intellectual input and scientific direction. P.C. and T.N. assisted with 
scientific experiments. M.M. assisted with data collection and interpretation. S.T. provided intellectual input and 
scientific direction. T.K.L. conceived the experiments and provided intellectual input and scientific direction. 
All authors reviewed the manuscript.

Funding
This work was supported by the National Health and Medical Research Council (NHMRC of Australia 
(#1065854), Australian Government Training Program Scholarship, and RANZCOG Taylor Hammond Schol-
arship to TM; the Norman Beischer Medical Research Foundation and The Harold Mitchell Foundation Health 
Fellowship to CW. S Tong (#1136418), T.J. Kaitu’u-Lino (#11359261) and N.J. Hannan (#1146128) were supported 
by NHMRC Fellowships. The funders had no role in study design, data collection, analysis, decision to publish 
or the preparation of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https​://doi.org/10.1038/s4159​8-020-73783​-w.

Correspondence and requests for materials should be addressed to C.-A.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1016/j.preghy.2014.09.003
https://doi.org/10.1038/s41598-020-73783-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	MicroRNAs 363 and 149 are differentially expressed in the maternal circulation preceding a diagnosis of preeclampsia
	Results
	Expression of miRs 18a, 363, 1283, 149, 16 and 424 at 36 weeks’ gestation are reduced among women who will go on to develop preeclampsia at 36 weeks’ gestation. 
	Expression of miRs 18a, 363, 149 and 16 are reduced among women with established severe early onset preeclampsia. 
	Expression of miRs 363 and 149 are significantly reduced in preeclamptic placentas. 
	Measurement of miRs in placental explants exposed to hypoxia. 
	Circulating miR149 has a weak association with maternal blood pressure. miR363 levels do not correlate with maternal blood pressure at 36 weeks’ gestation, or BMI. 
	Combining miRs 149 and 363 in the prediction of Preeclampsia. 

	Discussion
	Methods:
	Blood and tissue collection ethical approval. 
	FLAG study design overview38. 
	FLAG recruitment. 
	Outcomes and diagnostic criteria. 
	Established preeclampsia—cases and controls: blood collection. 
	Established preeclampsia—cases and controls: placental tissue collection. 
	miRNA extraction from PAXgene tubes. 
	Extraction of miRNA from placental tissue. 
	cDNA and RT-PCR. 
	Isolation of primary human cytotrophoblast. 
	Isolation of placental explants. 
	Statistical analysis. 

	References
	Acknowledgements


