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ABSTRACT

Preeclampsia is a hypertensive pregnancy disorder, in which generalized systemic inflammation 
and maternal endothelial dysfunction are involved in the pathophysiology. MiRNAs are small 
non-coding RNAs responsible for post-transcriptional regulation of gene expression and involved 
in many physiological processes. They mainly downregulate translation of their target genes. We 
aimed to compare the plasma miRNA concentrations in preeclampsia, healthy pregnancy and 
non-pregnant women. Furthermore, we aimed to evaluate the effect of three highly increased 
plasma miRNAs in preeclampsia on endothelial cell function in vitro. 
We compared 3,391 (precursor) miRNA concentrations in plasma samples from early-onset 
preeclamptic women, gestational age matched healthy pregnant women and non-pregnant women 
using miRNA 3.1. arrays (Affymetrix) and validated our findings by real-time quantitative PCR (RT 
qPCR). Subsequently, endothelial cells (human umbilical vein endothelial cells) were transfected 
with microRNA mimics (we choose the three miRNAs with the highest fold change and lowest false 
discovery rate in preeclampsia vs. healthy pregnancy). After transfection, functional assays were 
performed to evaluate if overexpression of the microRNAs in endothelial cells affected endothelial 
cell function in vitro. Functional assays were the wound healing assay (which measures cell migration 
and proliferation), the proliferation assay and the tube formation assay (which assesses formation of 
endothelial cell tubes during the angiogenic process). To determine if the miRNAs are able to decrease 
gene expression of certain genes, RNA was isolated from transfected endothelial cells and gene 
expression (by measuring RNA expression) was evaluated by gene expression microarray (Genechip 
Human Gene 2.1 ST arrays [Life Technologies]). For the microarray we used pooled samples, but 
the differently expressed genes in the microarray were validated by RT qPCR in individual samples.
No significant differences (fold change < -1.2 or > 1.2 with a false discovery rate < 0.05) were 
found in miRNA plasma concentrations between healthy pregnant and non-pregnant women. 
The plasma concentrations of 26 (precursor) miRNAs were different between preeclampsia and 
healthy pregnancy. The 3 miRNAs which were increased with the highest fold change and lowest 
false discovery rate in preeclampsia vs. healthy pregnancy were miR-574-5p, miR-1972, and 
miR-4793-3p. Transfection of endothelial cells with these miRNAs in showed that miR-574-5p 
decreased (p<0.05) the wound healing capacity (i.e. decreased endothelial cell migration and/or 
proliferation) and tended (p<0.1) to decrease proliferation, miR-1972 decreased tube formation 
(p<0.05) and also tended (p<0.1) to decrease proliferation and miR-4793-3p tended (p<0.1) 
to decrease both the wound healing capacity and tube formation in vitro. Gene expression 
analysis of transfected endothelial cells revealed that miR-574-5p tended (p<0.1) to decrease 
the expression of the proliferation marker MKI67.
We conclude that in the early-onset preeclampsia group in our study different concentrations 
of plasma miRNAs are present as compared with healthy pregnancy. Our results suggest that 
miR-574-5p and miR-1972 decrease the proliferation (probably via decreasing MKI67) and/or 
migration as well as the tube formation capacity of endothelial cells. Therefore, these miRNAs 
may be anti-angiogenic factors affecting endothelial cells in preeclampsia. 
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Introduction

Preeclampsia is a hypertensive pregnancy disorder affecting 2-8% of all pregnancies1. The poorly 
established2 and/or perfused placenta3 produces pro-inflammatory and anti-angiogenetic 
factors which are released into the maternal circulation4–7. These factors induce generalized 
systemic inflammation8 and endothelial cell activation9 and dysfunction9,10, resulting in clinical 
signs of preeclampsia, such as hypertension and proteinuria4,11.
MiRNAs are small (~22 nucleotides) non-coding RNAs responsible for post-transcriptional 
regulation of gene expression by targeting mRNAs for cleavage or inhibiting their translation12. 
MiRNAs play a critical role in many (patho)physiological cell processes, such as cell 
differentiation and proliferation13,14. In the circulation, miRNAs are often bound to proteins15 
or located inside microvesicles16 which causes high stability of these small RNAs17. Circulating 
miRNAs serve as a communication system between cells18 and circulating miRNAs may be 
involved in inflammation and endothelial function19. MiRNAs have been associated with many 
disorders, including atherosclerosis20 and chronic kidney disease with proteinuria21.
Other studies showed that the concentrations of certain miRNAs in the circulation before the 
onset of preeclampsia or during preeclampsia are different compared to healthy pregnant 
women22–26. Since miRNAs can target endothelial cells18, we hypothesized that miRNAs which 
differ in concentrations during preeclampsia might contribute to maternal endothelial 
dysfunction. To examine this, (precursor) miRNA concentrations were measured in plasma 
samples of pregnant women with early-onset preeclampsia, healthy pregnant and non-
pregnant women by microarray. Subsequently, endothelial cells were transfected with mimics 
of the miRNAs which were most highly elevated in preeclampsia vs. healthy pregnancy and 
endothelial cell function was evaluated by wound healing assay (to assess the effects of 
the miRNAs on endothelial cells migration and proliferation), cell proliferation assay and 
tube formation assays (to assess the effects of the miRNAs on tube formation properties of 
endothelial cells) in vitro. Finally we investigated which genes were affected by the miRNA 
mimics by microarray and real-time quantitative PCR.
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Materials and Methods
Study design and rational

In the first part of this study, plasma miRNA concentrations of early-onset preeclamptic patients 
are compared with plasma microRNA concentrations of healthy pregnant and non-pregnant 
women. This was done by miRNA microarray technologies. Three miRNAs with the highest fold 
change (fold change > 1.8) and with a false discovery rate < 0.01 in preeclamptic as compared 
to healthy pregnant plasma were validated by real-time quantitative PCR. These three miRNAs 
were also selected for further investigation in the second part of the study.
In the second part of the study we examined the effects of increasing the concentrations of the 
selected miRNAs in endothelial cells. To increase miRNA concentrations in endothelial cells, 
endothelial cells were transfected with miRNA mimics (chemically modified RNAs that mimic 
endogenous miRNAs). Subsequently, assays were performed to assess endothelial cell function 
in vitro. These assays include a tube formation assay, a wound healing assay and a proliferation 
assay. The tube formation assay is a well-established model for measuring formation of 
endothelial cell tubes, which is part of the angiogenesis process in vitro27. The other two assays 
also assess processes that are important for angiogenesis28. The wound healing assay assesses 
migration/proliferation of cells after insertion of a linear scratch in the cell monolayer29. The 
proliferation assay measures proliferation of the cells, by measuring metabolic activity of the 
transfected cells over time. 
Since miRNAs functions by decreasing mRNA expression, in the last part of this study it was 
investigated if the miRNAs were able to indeed modify gene expression pattern in the transfected 
endothelial cells. To do so, mRNA expression of the endothelial cells was characterized by gene 
expression microarray and validated by real-time quantitative PCR. 

Patient recruitment and plasma collection

The sample size of 10 subjects in each group was decided using power calculations described in 
the article of Liu et al30. Preeclampsia was defined according to the definition from the Practice 
Bulletin #203 “Chronic Hypertension in Pregnancy”: a systolic blood pressure of ≥ 140 mmHg 
or a diastolic blood pressure ≥ 90 mmHg on two or more occasions at least 4 h apart after 20 
weeks of gestation in women with a previously normal blood pressure, and proteinuria ≥ 300 
mg/24 h31. Samples included in this study were from early-onset preeclampsia, these women 
all delivered before week 34 of gestation and did no show comorbidities, such as autoimmune 
diseases (i.e. diabetes, antiphospholipid syndrome, SLE) or chronic hypertension. Non-pregnant 
women included were personnel at the UMCG, and healthy pregnant women were recruited 
from the midwifery antenatal clinics at the UMCG. PE patients were recruited from patients 
admitted in the UMCG. Blood was drawn from the antecubital vein into tubes containing 
EDTA (BD Biosciences). healthy pregnant women and PE were matched for gestational age at 
sampling. For non-pregnant women, samples were obtained within 10 days from the start of 
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last menstruation. Within 1 h, samples were centrifuged at 4°C, 130 g for 10 min followed by 
700 g for 10 min. Plasma was stored at  -80°C until further use. The medical ethical committee 
of the UMCG approved this study, and informed consent was signed by all participants.

RNA isolation

Total RNA was isolated from the plasma samples with TRIzol reagent (Invitrogen), followed by 
RNA purification with the miRNeasy Serum/plasma kit (Qiagen) according to manufacturer’s 
instructions. RNA quality was assessed by the Qubit Fluorometer using the Qubit microRNA 
Assay Kit (Life Technologies).

MicroRNA array

Total RNA (1 µg) was labelled with the use of the Affymetrix FlashTag Biotin HSR RNA Labeling 
kit (P/N 901911, Affymetrix) and hybridized to miRNA 3.1 arrays targeting 3,391 human 
(precursor) microRNAs ((pre-)miRNAs) (P/N 90215, Affymetrix). The miRNAs targeted by this 
array were all (precursor) miRNAs known at that moment (100% miRBase v17 coverage). 
Sample labelling, hybridization to chips and image scanning was performed according to 
the manufacturer’s instructions (for detailed protocols: Affymetrix FlashTag Biotin HSR RNA 
Labeling Kit User Manual (P/N 703095, Revision 2)).
Before statistical analysis, the quality of the datasets obtained from the scanned Affymetrix 
arrays was determined. Quality control of the data was performed using Bioconductor 
packages32 integrated in an on-line pipeline33. Various advanced quality metrics, diagnostic 
plots, pseudo-images and classification methods were applied34. Background correction, 
normalization and summation of the miRNA arrays was performed as described before35 with 
minor modifications. In brief: background was corrected by a robust normal-exponential 
convolution model that takes into account the intensities of the negative control probes present 
on the array. This was followed by weighted cyclic loss normalization for all probes. To this 
end, all control probes (except the negative controls) were assigned weight 100, and all other 
probes, including those detecting (pre-)miRNAs, 5.8 rRNA and small nucleolar RNAs (including 
small Cajal body-specific RNAs and C/D box and H/ACA box small RNAs) were attributed a 
weight of 0.001. Finally, probes were summarized into probe set expression estimates35.

MicroRNA array data analysis

The differentially expressed probe sets were identified using linear models, applying moderated 
t-statistics that implemented intensity-dependent empirical Bayes regularization of standard 
errors36,37. The moderated t-test statistic has the same interpretation as an ordinary t-test 
statistic, except that the standard errors have been moderated across genes, i.e. shrunk to 
an intensity-dependent common value, using a Bayesian model. P-values were corrected for 
multiple testing using a false discovery rate method38. Probe sets with a fold change of > 1.2 
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or < -1.2 and a false discovery rate < 0.05 were considered significantly different. For further 
analysis, the miRNAs with the highest fold change (fold change > 1.8 with a false discovery rate 
< 0.01) in PE vs. healthy pregnant women were chosen (miR-574-5p, miR-1972 and miR-4793-
3p). 

MicroRNA array validation by real-time quantitative PCR

Validation of the array was done by real-time quantitative PCR (RT qPCR) using miRNAs which 
were found to change with the highest fold change and with tha false discovery rate < 0.01 in 
preeclampsia (miR-574-5p, miR-1972 and miR-4793-3p). From total RNA, which was also used 
on the miRNA array, cDNA was prepared with the TaqMan Advanced miRNA cDNA synthesis 
Kit (Applied Biosystems) following manufacturer’s instructions. To measure miRNA expression, 
TaqMan advanced miRNA assays (Applied Biosystems) were used (Supplementary Table 1). RT 
qPCR was performed using 2.5 µL of 10x diluted cDNA, 2 µL RNase-free water, 0.5 µL TaqMan 
Advanced miRNA assay, and 5 µL TaqMan Fast Advanced Master Mix (Applied Biosystems). 
Samples were run in triplicates on a StepOnePlus™ Real-Time PCR System machine (Applied 
Biosystems) with the following protocol: 20 s 95°C, followed by 40 cycles of 3 s 95°C and 30 
s 60°C. Relative expression levels were calculated by the 2-∆CT method and normalized against 
expression levels of the relatively stable endogenous control hsa-miR-191-5p.

Human umbilical vein endothelial cell culturing 

Isolation of human umbilical vein endothelial cells was performed in the endothelial cell 
facility of the UMCG using umbilical veins from term pregnancies without complications (such 
as autoimmune diseases, preeclampsia and intra uterine growth restriction) and cells were 
pooled from at least 2 donors and cultured as described before39. The cells were cultured on 
1% gelatin coated flasks at 37°C, 5% CO2 in endothelial cell medium (ECM). ECM consisted 
of RPMI 1640 (Lonza) supplemented with 20% heat inactivated fetal calf serum (Sigma), 2 
mM L-glutamine (Lonza), 1% gentamicin (Lonza), 5 U/mL heparin (Leo Pharma), and 50 µg/mL 
endothelial cell growth factors supplement extracted from bovine brain (which was prepared 
using the method of Maciag et al.40). endothelial cells were used at passage 3.

Transfection of endothelial cells with miRNA mimics

50% confluent endothelial cells (passage 3) were transfected with mirVana miRNA mimics 
(miR-574-5p, miR-1972 or miR-4793-3p) or the mirVana miRNA mimic negative control #1 
(Ambion) in 12-wells and 96-wells plates. Transfected endothelial cells in 12-wells plates 
were used for the tube formation assays,  the wound healing assays and RNA isolation, and 
transfected endothelial cells in 96-wells plates were used for the proliferation assays. 
For 12-wells plates: 9 µL Lipofectamine RNAiMAX transfection reagent (Invitrogen) was diluted 
in 150 µL Opti-MEM Medium (Life Technologies) and 30 pmol miRNA mimic was diluted in 150 
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µL Opti-MEM medium. The two solutions were mixed and incubated for 5 min. Then, 100 µL 
miRNA-lipid mixture was added (dropwise) to each well. Cells were incubated for 48 hours at 
37°C, 5% CO2.
For 96-wells plates: 1.5 µL Lipofectamine was diluted in 25 µL Opti-MEM medium and 5 pmol 
miRNA mimic was diluted in 25 µL Opti-MEM medium. The two solutions were mixed and 
incubated for 5 min. Then, 10 µL miRNA-lipid mixture was added to each well. Cells were 
incubated for 48 hours at 37°C, 5% CO2. 
 
Tube formation assay

The tube formation assay is a well-established model for measuring tube formation, i.e. 
the ability of the endothelial cells to form capillary-like structures in vitro. This is part of the 
angiogenic process27. Matrigel basement membrane matrix (Corning) was defrosted at 4°C 
overnight. 10 µL of matrigel was pipetted with precooled pipet tips into the inner wells of 
the µ-Slide Angiogenesis (Ibidi). Slides were incubated for 45 min at 37°C. The transfected 
endothelial cells were collected after 48 h of incubation following trypsin (Gibco) treatment. 
10,000 endothelial cells dissolved in 50 µL ECM were seeded into each well of the µ-Slide 
Angiogenesis on top of the matrigel. After 12h of incubation at 37°C, 5% CO2, pictures were 
taken with the Leica MC120 HD (Leica Microsystems). Tube formation was quantified as 
total amount of loops (i.e. numbers of capillaries formed), total tube length (length of the 
capillaries) and total branching points (number of interconnections between the tubules, 
which gives information on how endothelial cells organize themselves) by using Wimasis, 2017 
(n=5). (WimTube: Tube Formation Assay Image Analysis Solution. Release 4.0. Available from: 
https://www.wimasis.com/en/products/13/WimTube).

Wound healing assay

Endothelial cell migration and/or proliferation potential was assessed by the wound healing 
assay of the transfected endothelial cells in a 12-wells plate. A linear scratch was made using 
a sterile 200 µL pipet tip. The wells were washed twice with PBS to remove debris followed 
by ECM replacement. The microscope was used to confirm scratches were comparable in all 
groups and wells did not contain cell debris. Pictures were taken with the Leica MC120 HD 
(Leica Microsystems) of the same area of the scratch after 0, 4, 8, 12, and 24 h of incubation at 
37°C, 5% CO2. To measure how long it takes to close the wound, the surface area of the scratch 
was measured using ImageJ (n=5).

WST-1 assay for cell proliferation

Since the wound healing assay evaluates both migration and proliferation, but does not allow 
discrimination between these processes, we also performed a proliferation assay, which 
specificallymeasures proliferation of the cells. To do so, the metabolic activity of transfected 
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endothelial cells was measured by colorimetric WST-1 assays (4-[3-(4-Iodophenyl)-2-(4-
nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) (cat. no. 05015944001; Roche Applied 
Science). 50% confluent endothelial cells in a 96-wells plate were transfected in triplicates 
as described above. 48 hours after transfection, 10 µl WST-1 solution was added to culture 
medium in all wells. As a blank, culture medium (without cells) was incubated with WST-1 
solution. The samples were incubated for 2h at 37°C. Subsequently, the plate was thoroughly 
shaken for 1 min and absorbance was measured at 450 and 750 (background) nm. The WST-1 
assay measures the number of viable cells. An increase in the number of viable cells indicates 
proliferation, a decrease of the number of viable cells indicates cell death. This was calculated 
with the use of the following formula: (Absorbance 450 nm – Absorbance 750)/(Absorbance 
control 450 nm – Absorbance control 750 nm)*100. N=5

RNA isolation and gene expression microarray of transfected endothelial cells

To identify miRNAs targets in endothelial cells, total RNA was isolated from transfected 
endothelial cells and gene expression was evaluated by microarray. Total RNA was isolated 
with the use of AllPrep DNA/RNA Mini Kit (Qiagen) according to manufacturer’s instructions. 
RNA quality was assessed using RNA 6000 nanochips on the Agilent 2100 bioanalyzer (Agilent 
Technologies, Amstelveen, the Netherlands).
Gene expression microarray was performed with pooled samples from 6 independent 
experiments. Four pooled samples were tested: endothelial cells transfected with the control 
miRNA and endothelial cells transfected with the miR-574-5p, miR-1972 or miR-4793-
3p mimics. Total RNA (100 ng) was labelled using an Affymetrix WT plus reagent kit and 
hybridized to whole genome Genechip Human Gene 2.1 ST arrays coding 25.088 genes and 
transcripts, (Life Technologies, the Netherlands). Sample labelling, hybridization to chips and 
image scanning was performed according manufacturer’s instructions. Microarray analysis was 
performed using MADMAX pipeline for statistical analysis of microarray data32. Quality control 
was performed and all arrays met our criteria. For further analysis a custom annotation was 
used based on reorganized oligonucleotide probes, which combines all individual probes for a 
gene41. Expression values were calculated using robust multichip average (RMA) method, which 
includes quantile normalisation42. Since the array was performed with one pooled sample per 
group, no further statistics were performed.

RT qPCR of potential miRNA targets

To confirm the potential targets of the miRNAs identified by microarray, RT qPCR was used. 
Total RNA (up to 1 µg in 10 µL) was reverse transcribed using M-MLV Reverse Transcriptase 
(Invitrogen) and random nonamers (Sigma), following manufacturer’s instructions. cDNA was 
diluted 1:10 and stored at -20°C until further use. RT qPCR was performed using 2 µL cDNA, 
5 µL PowerUpTM SYBRTM Green Master Mix (Life Technologies), 0.125 µL µL (10 µM) forward 
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and reverse primer mix, and 2.875 µL RNAse free water. Samples were run in triplicates on a 
StepOnePlus™ Real-Time PCR System machine (Applied Biosystems) with the following protocol: 
2 min 50°C, 2 min 95°C, followed by 40 cycles of 3 sec 95°C, 30 sec 60°C. Primers (Invitrogen) 
were designed using Primer3 and BLAST (Supplementary Table 2). Relative expression levels 
were calculated by the 2-∆CT method and normalized against expression levels of 36B4.

Statistics

The data were analyzed with Graphpad Prism 5.0. Normality of the data was examined by 
the D’Agostino-Pearson normality test. Patient information analysis of continuous variables 
are presented as mean ± SD and significance was determined by unpaired t-statistics, and 
analysis of categorical variables were presented as numbers (percentages) and significance 
was determined by chi-square and Fisher’s exact test. Correlations between microRNA array 
and RT qPCR expression values were determined by Pearson correlation. RT qPCR data of 
microRNA array data validation are presented as scatterplots including all data points and 
significance was determined by the one-tailed Mann Whitney test. Tube formation, the AUC of 
the wound healing, WST-1 and RT qPCR data of transfected endothelial cells are presented as 
scatterplots including all data points and significance was determined by one-tailed Wilcoxon 
statistics. P < 0.05 was considered significant and p < 0.1 was considered a trend.
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Results
Patient characteristics

All PE patients included were diagnosed with early-onset preeclampsia, i.e. they all delivered 
before 34 weeks of gestation. Since blood sampling of healthy pregnant women was matched 
for gestational age with the PE group, there were no differences in gestational age at sampling. 
There were also no differences in maternal age, parity and smoking between the pregnant 
groups (Table 1). However, the PE patients delivered earlier and the newborns weighed less 
compared to the healthy pregnant group (Table 1). The non-pregnant women did not differ in 
age or smoking from the pregnant groups (Table 1). 

Table 1. Patient information

Non-pregnant women 
(n=10)

Healthy pregnancy 
(n=10)

Early-onset preeclampsia 
(n=10)

Age (years) 27.6 ± 4.5 28.0 ± 4.4 31.5 ± 5.7

Smoker (n) 0 (0%) 0 (0%) 1 (10%)

Nulliparous (n) NA 8 (80%) 8 (80%)

Systolic blood  
pressure (mmHg)

NA NR 168.0 ± 19.52 

Diastolic blood  
pressure (mmHg)

NA NR 104.3 ± 10.72 

Urinary protein  
excretion (g/24h)

NA NR 1.32 ± 1.71 

Gestational age at sampling 
(weeks)

NA 29.8 ± 1.2 29.7 ± 2.8 

Gestational age at delivery 
(weeks)

NA 40.3 ± 1.0 30.5 ± 2.6 *** 

Newborn weight (g) NA 3586 ± 291.6 1098 ± 368.0 ***

Perinatal mortality (n) NA 0 (0%) 1 (10%)

Data are shown as mean ± SD or numbers (percentages). *** p < 0.0001 compared to healthy pregnancy  with unpaired 

t-statistics. NA = not applicable; NR = within normal ranges but not routinely recorded. 
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Differences in microRNA concentrations

No precursor (pre) miRNAs were significantly (fold change < -1.2 or > 1.2 with a false discovery 
rate < 0.05) increased in healthy pregnant compared to non-pregnant women. In PE, 26 (pre-)
miRNAs were detected in different concentrations compared to healthy pregnant women, 
which included an increase in concentrations of six precursor miRNAs and 19 miRNAs and the 
decrease in concentrations of one miRNA (Table 2). 

Table 2. Differentially expressed (precursor) miRNAs in early-onset preeclampsia vs. healthy pregnancy.

Fold change False Discovery Rate

hsa-miR-1972_st 2.821007 1.58E-09

hsa-miR-574-5p_st 2.327063 6.99E-06

hsa-miR-1246_st 1.961194 0.048174

hsa-miR-4793-3p_st 1.860032 7.95E-05

hsa-miR-574-3p_st 1.761949 0.012838

hsa-miR-4745-5p_st 1.719226 0.019111

hsa-miR-4484_st 1.692787 0.036335

hsa-miR-1290_st 1.683642 0.036335

hsa-miR-1268_st 1.654545 0.012838

hsa-miR-3665_st 1.641798 0.0241

hsa-miR-4787-5p_st 1.600838 0.029235

hsa-miR-4436b-5p_st 1.494193 0.009999

hsa-miR-4440_st 1.431718 1.77E-05

hsa-miR-1910_st 1.417769 0.012838

hp_hsa-mir-1299_st 1.390918 3.13E-06

hsa-miR-4767_st 1.382612 0.024187

hsa-miR-1268b_st 1.366834 1.16E-05

hsa-miR-1207-5p_st 1.326744 0.02257

hp_hsa-mir-5095_st 1.303841 0.002187

hp_hsa-mir-4730_st 1.2653 0.0003

hsa-miR-4734_st 1.255385 0.040037

hp_hsa-mir-550b-2_s_st 1.250968 0.003634

hp_hsa-mir-4525_st 1.221849 0.003239

hsa-miR-3935_st 1.221763 0.030878

hp_hsa-mir-550b-1_s_st 1.206412 0.004849

hsa-miR-548a-3p_st -1.32324 0.024187

MiRNA expression was measured by microarray
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Validation of the three mostly increased microRNAs in PE by RT qPCR

As a microarray may give false positive, we validated the array data with RT qPCR. Expression 
levels of the three miRNAs with the highest increase in concentrations (and a false discovery 
rate < 0.01) in PE vs. healthy pregnant women (miR-574-5p, miR-1972, miR-4793-3p) were 
evaluated. For all three miRNAs, a significant linear correlation was found between array and 
RT qPCR data (Fig. 1A-C). Concentrations of miR-574-5p (Fig. 1D) and miR-1972 (Fig. 1E) were 
increased compared to both healthy pregnancy and non-pregnant women. The miR-4793-3p 
concentrations were increased in both PE and non-pregnant compared to healthy pregnant 
women (Fig. 1F).

Figure 1. Validation of the miRNA microarray. Real time quantitative PCR (RT qPCR) was performed to validate the 

miRNA expression values of the array data. Expression values of the three miRNAs which were mostly increased in 

concentrations were evaluated and the correlation between array and RT qPCR data was determined by Pearson 

correlation (A-C). Additionally, relative expression values of the miRNAs by RT qPCR were compared between PE (n=10), 

Pr (n=10) and NPr (n=10) groups (D-F). PE = early-onset preeclampsia; Pr = healthy pregnant; NPr = non-pregnant 

women. Data are presented as scatterplots including all data points. * p < 0.05, ** p < 0.01, *** p < 0.001 by the Mann 

Whitney test. 
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MiR-1972 attenuates tube formation in vitro

Endothelial cells were transfected with miRNA mimics to examine if the miRNAs, with the 
biggest change in preeclampsia vs. healthy pregnancy, affected endothelial cell function. 
Endothelial cell function was assessed by the tube formation assay (Fig. 2), which assesses the 
capability of the endothelial cells to form capillary-like structures. All transfected endothelial 
cells were able to form tubes (Fig. 2A). Transfection with miR-1972 significantly (p = 0.049) 
reduced the amount of loops formed as compared with the control. Transfection with miR-
4793-3p tended (p = 0.068) to reduce the amount of loops formed as compared with the 
control, while miR-574-5p did not affect loop formation (Fig. 2B). No differences were detected 
in total tube length between the groups (Fig. 2C). The total branching points were significantly 
reduced after miR-1972 transfection as compared with control (p = 0.029) and tended to be 
reduced after miR-4793-3p transfection as compared with control (p = 0.085), while miR-574-5 
did not affect the total branching points (Fig. 2D).

Figure 2. Tube formation was assessed of endothelial cells transfected with miRNA mimics. Light microscopy pictures 

were taken after 12 h. Tube formation was quantified in the amount of loops formed (A), the total tube length (B) and 

total branching points (C). N=5. Data are presented as scatterplots including all data points. * p < 0.05 as compared 

with the control determined by one-sided Wilcoxon statistics.
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MiR-574-5p negatively affects wound healing in vitro

The wound healing assay was used to assess migration and/or proliferation of the endothelial 
cells. Therefore, a scratch was made in the wells with transfected endothelial cells and pictures 
were taken after 0, 4, 8, 12 and 24 h (Fig. 3A) to evaluate wound healing. Wound healing was 
quantified by measuring the percentage of wound closure in time (Fig. 3B). The area under 
the curve revealed that miR-574-5p overexpression in endothelial cells significantly reduced 
wound closure as compared with control (p = 0.031), while miR-4793-3p overexpression 
tended to reduce wound closure as compared with the control (p = 0.062)(Fig. 3C). MiR-1972 
did not influence wound closure.

Figure 3. Wound healing was assessed of endothelial cells transfected with miRNA mimics. Light microscopy pictures 

were taken after 0, 4, 8, 12, and 24 h after the monolayer of cells had been scratched. Lines were drawn at the border 

of the scratch to clearly distinguish the wound area. Wound healing was quantified by the percentage of surface area 

closure (A) and the area under the curve (AUC) was calculated (B). N=5. Surface area closure is presented as median 

and interquartile range and the AUC is presented as a scatterplot including all data points. * p < 0.05 as compared with 

the control determined by one-sided Wilcoxon statistics.
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MiR-574-5p and miR-4793-3p tend to decrease proliferation of endothelial cells in vitro

To further examine which factor, decreased proliferation or migration, was responsible for 
the reduced wound healing capacity after miR-574-5p transfection, a proliferation assay was 
performed. It appeared that miR-574-5p (p = 0.063) and miR-1927 (p = 0.063) tended to 
reduce proliferation of endothelial cells as compared with control endothelial cells, while miR-
4793-3p did not affect proliferation in endothelial cells (Fig. 4).

Figure 4. Proliferation was assessed of endothelial cells transfected with miRNA mimics by the WST-1 assay. N=5. Data 

are presented as scatterplots including all data points. Significance was determined by one-sided Wilcoxon statistics.

MiR-574-5p suppresses the proliferation marker MKI67 

To investigate which genes in endothelial cells are regulated by the three miRNAs, gene 
expression of transfected endothelial cells was evaluated by gene expression array and validated 
by RT qPCR. Array data of pooled samples of miR-574-5p transfected endothelial cells showed 
potential silencing (a decreased expression > 50%) of 1,034 genes (Supplementary Table 3). 
SLC31A1 was downregulated with the highest fold change (fold change = -12.95) and thus 
this gene was chosen for validation with RT qPCR in all samples. MKI67 (fold change = -1.51) 
was also chosen for validation with RT qPCR since MKI67 is a marker for cell proliferation. For 
validation, samples were not pooled, but individual samples were used. RT qPCR validated 
that miR-574-5p overexpression (n=5) significantly decreased the expression of SLC31A1 (p = 
0.031) and tended to decrease the expression of MKI67 (p = 0.094) as compared with control 
endothelial cells (n=5) (Fig. 5). The pooled array data of miR-1972 (Supplementary Table 4) 
and miR-4793-3p (Supplementary Table 5) showed potential silencing of 812 and 840 genes, 
respectively. The mostly downregulated genes in both cases were RSAD2 (fold change miR-
1972 = -8.33 and fold change miR-4792-3p = -10.20) and CXCL10 (fold change miR-1972 = -7.94 
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and fold change miR-4792-3p = -6.69). We validated these genes with RT qPCR on the individual 
samples. This RT qPCR revealed, however, that these were not significantly decreased as 
compared with the control sample (data not shown). The genes encoding ICAM-1, VCAM-1 or 
other pro-inflammatory factors were not altered in expression. It seems therefore that these 
miRNAs do not affect endothelial cell activation and we decided not to focus on genes involved 
in endothelial cell activation.

Figure 5. Targets of miR-574-5p were examined by real time quantitative PCR. Relative gene expression of MKI67 (A) 

and SLC31A1 (B) in endothelial cells transfected with the miR-574-5p mimic were evaluated. N=5. Data are presented 

as scatterplots including all data points. * p < 0.05 as compared with the control by one-sided Wilcoxon statistics.
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Comment
Principal findings 

In this study we identified (pre-)miRNAs with different plasma concentrations in early-onset 
preeclamptic women as compared with healthy pregnant women. We demonstrated that 
preeclampsia is characterized by changes in plasma levels of 26 (pre-)miRNAs as compared 
with healthy pregnancy. Subsequently, we studied the influence of the three miRNAs which 
were increased with the highest fold change (and a false discovery rate < 0.01) in preeclampsia 
vs. healthy pregnancy on angiogenic function of endothelial cells. This was done by transfecting 
endothelial cells with miRNA mimics of these miRNAs followed by assays evaluating processes 
involved in angiogenesis, i.e. the a wound healing assay, a proliferation assay and a tube 
formation assay. We showed that miR-574-5p negatively affected wound healing and tended 
to reduce proliferation of endothelial cells in vitro. MiR-1972 negatively affected tube 
formation and also tended to reduce proliferation of endothelial cells in vitro. MiR-4793-3p 
tended to decrease tube formation and tended to negatively affect wound healing. Thus, the 
early-onset preeclampsia group in our study is characterized with differences in plasma miRNA 
concentrations as compared to healthy pregnancy. We demonstrated that increased miR-574-
5p and miR-1972 showed anti-angiogenic affects. 

Comparison with existing literature

Our study revealed differences in plasma levels of miRNAs in early-onset preeclamptic vs. 
healthy pregnant women, which is in line with various previous studies22–26. Details about these 
studies are presented in Table 3. 
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Table 3. Summary of studies investigating circulating miRNA concentrations before the onset of preeclampsia or 

during preeclampsia as compared to healthy pregnancy

Study 
 
 

Method  
for miRNA 
analysis 

Number 
of PE 
patients 
included

Matrix 
 
 

Type of  
preeclampsia 
 

Main results in PE vs. 
healthy pregnancy 
 

Wu et al. 
201222 

 

Mature miRNA 
microarray anal- 
ysis and validation 
by RT qPCR

10 
 
 

Plasma 
 
 

Late-onset, severe  
preeclampsia 
 

Increased miR-24, miR-
26a, miR-103, miR-130b, 
miR-181a, miR-342-3p, and 
miR-574-5p

Munaut et 
al. 201623 

 

 

MiRNAs were 
selected based 
on other articles 
and investigated 
by RT qPCR

23 
 
 
 

Serum 
 
 
 

Before the onset 
of preeclampsia 
(gestational age: 
32.1 (25.3–36.6) 
weeks)

Increased miR-210-3p,  
miR-210-5p, miR-1233-3p, 
and miR-574-5p

Lu et al.  
201324 

 

SOLiD  
sequencing and 
validation by  
RT qPCR

16 mild 
PE and 
22 severe 
PE

Plasma 
 
 

Mild and severe 
preeclampsia 
 

Increased miR-141 and 
miR-29a in mild PE and 
decreased miR-144 in both 
mild and severe PE

Ura et al.  
201425 

 

 

Microarray  
analysis and 
validation by  
RT qPCR 

24 
 
 
 

Serum 
 
 
 

Before the onset 
of severe  
preeclampsia  
(gestational age: 
12-14 weeks)

Increased miR-1233, 
miR-520, miR-210 and 
decreased miR-144 
 

Jairajpuri et 
al. 201726 

 

 

 

Mature miRNA 
microarray  
consisting of 
miRNA probes 
targeting 84 PE 
associated genes

7 mild 
PE and 
8 severe 
PE 
 

Plasma 
 
 
 
 

Mild and severe 
preeclampsia 
 
 
 

Increased miR-215  
miR-155, miR-650, miR-210 
and miR-21 and decreased 
miR-18a, and miR-19b1 
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We found that the concentrations of 26 (pre-)miRNAs were different in preeclampsia vs. healthy 
pregnancy, the miRNAs which were mostly increased in concentrations being miR-1972, miR-
574-5p and miR-4793-3p. However, our study differs from other studies: For example, miR-
1972 and miR-4793-3p were not mentioned in any of the other studies evaluating miRNA 
expression in preeclampsia vs. healthy pregnancy and which also performed genome-wide 
miRNA profiling22,24–26. Differences between studies might be explained by differences in sample 
collection (serum instead of plasma)25,43, inclusion of early- or late-onset preeclampsia22,23,25, 
gestational age at sampling24,25, profiling methods24 and/or ethnicity of patients43,44. MiR-574-
5p, which was increased in PE in our study, was also found to be increased during or before 
preeclampsia in two other studies22,23. The fact that we are the third study to link this specific 
miRNA with preeclampsia, may indicate an important role of miR-574-5p in the development 
and/or the pathogenesis of preeclampsia. There are several miRNAs predominantly expressed 
in the placenta, including miRNAs located at the chromosome 19 microRNA cluster (C19MC), 
C14MC and the miR-371-3 cluster45. The 26 (pre-)miRNAs did not include any members of the 
C19MC, C14MC or the miR-371-3 cluster. This does not automatically imply that the placenta 
was not the source of the miRNAs. However, the miRNA could also arise from other sources, 
such as activated immune cells or maybe even activated endothelial cells themselves.

Overexpression of miR-574-5p in preeclampsia

We found that overexpression of miR-574-5p in endothelial cells resulted in a decreased 
endothelial wound healing capacity, i.e. a decreased capacity of migration and/or proliferation 
of endothelial cells. The strength of the wound healing assay is that it actively measures cell 
activity in vitro. However, the specific factors involved (migration or proliferation) cannot 
be addressed. In our study, the decreased wound healing capacity is probably (partly) 
induced by decreased proliferation since subsequent experiments revealed that miR-574-5p 
overexpression tended to inhibit proliferation of endothelial cells in vitro. Inhibited migration of 
endothelial cells probably also plays an important role. Furthermore, we also found that miR-
574-5p overexpression tended to decrease the expression of MKI67, which encodes the well-
known proliferation marker Ki-6746. Our data of the effect of miR-574-5p on proliferation are 
in accordance with two other studies47,48. MiR-574-5p overexpression in our study significantly 
reduced the expression of SLC31A1. This gene encodes for a high affinity copper transporter in 
the cell membrane. Copper transport is essential for cell function, including proliferation49. The 
decreased expression of SLC31A1 in our study might contribute to decreased proliferation of 
endothelial cells after miR-574-5p overexpression by limiting copper entry into the cells. Since 
both endothelial cell migration and proliferation are processes involved in angiogenesis28, 
this miR-574-5p has anti-angiogenic properties, and this miRNA may contribute to the anti-
angiogenic environment in preeclampsia. 
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Overexpression of miR-1972 in preeclampsia

Overexpression of miR-1972 in endothelial cells resulted in attenuated tube formation and 
tended to reduce proliferation. The tube formation assay is a well-established in vitro model 
for formation of endothelial cell tubes, a process important in the angiogenic process27. 
Preeclampsia is characterized with increased levels of circulating anti-angiogenic factors 
like soluble fms-like tyrosine kinase 1 (sFlt-1)4 and soluble endoglin (sEng)50. Our data show 
that miR-1972, like miR574-5p, may also contribute to the anti-angiogenic environment in 
preeclampsia. However, as compared with miR574-5p, miR1972 seems to affect a different 
part of the angiogenic process, i.e. endothelial cell tube formation. Another study showed that 
overexpression of miR-1972 in chronic myelogenous leukemia cells inhibited cell division51. 
This might be in line with our results, since miR-1972 overexpression also tended to reduce 
endothelial cell proliferation. Since to our knowledge no previous research mentioned miR-
1972 in relation with preeclampsia, further research is necessary to determine the exact role 
of miR-1972 during preeclampsia.

Overexpression of miR-4793-3p in preeclampsia

The third miRNA, which was increased during preeclampsia vs. healthy pregnancy was 
miR-4793-3p. Previous studies showed that miR-4793-3p concentrations were increased 
in un-ruptured cerebral aneurysm tissues52 and decreased in the circulation during chronic 
thromboembolic pulmonary hypertension53. However, on a functional level not much is known 
about this particular microRNA. In our study, miR-4793-3p overexpression in endothelial cells 
tended to reduce tube formation and tended to negatively affect wound healing in vitro, 
suggesting that this miRNA may potentially reduce angiogenesis in preeclampsia

Strengths and limitations

We extended our observational study on plasma miRNAs in preeclampsia with a mechanistic 
study in which we pinpointed the effects of the increased plasma miRNAs in preeclampsia 
on endothelial cell function in vitro. Using various techniques, we demonstrated that 
preeclampsia-specific miRNAs affected endothelial cell function, especially angiogenic 
function, in vitro. We note that the in vivo miRNA uptake mechanically differs from the in 
vitro transfection method used in this study. However, the transfection method, we used, 
is generally accepted54–56 to enable investigating the effect of increased concentrations of 
specific miRNAs on cells. Moreover, the observed cellular effects are biologically plausible in 
the context of preeclampsia. Although we included non-pregnant, pregnant and preeclamptic 
patients, our study was a relatively small study, with 10 individuals in each group. However, we 
included a relatively homogeneous group of preeclamptic women, which were all early onset 
and gestational age at sampling was perfectly matched with healthy pregnant women.



131

Early-onset preeclampsia, plasma microRNAs and endothelial cell function

5

Clinical implications

The miRNAs which differed in concentrations during preeclampsia maybe modulators of 
endothelial function in preeclampsia. Our findings fit into the current understanding of the 
pathophysiology of preeclampsia. The poorly established placenta in early-onset preeclampsia 
produces many proinflammatory7 and anti-angiogenic factors (which may include the miRNAs 
found in our study)4,6 into the maternal circulation inducing generalized systemic inflammation8 
and endothelial cell activation and dysfunction9,10. If the inflammatory cells or endothelial 
cells also produce the miRNAs identified in our study, then these miRNA may also target the 
endothelial cells, with anti-angiogenic effects. 
If these microRNAs are already present early in pregnancy, these microRNAs may contribute 
to a better biomarker profile for early preeclampsia diagnostics. Existing circulating biomarkers 
profiles (including placental growth factor, sFlt-1 and sEng) are at the moment still limited for 
prediction of preeclampsia57 and would therefore benefit with additional early biomarkers. 
The miRNAs might also be interesting future targets for reducing endothelial dysfunction 
during preeclampsia. Endogenous miRNAs can for example be inhibited using synthetic 
antisense microRNAs which are complimentary to the endogenous miRNA58. At this moment 
the possibilities of such microRNA therapeutics are under extensive investigation and a small 
number of microRNA therapeutics are already at the stage of clinical trials58,59.

Research implications

Future research should demonstrate if the effects of the miRNAs on endothelial cell function 
in vitro also take place in vivo. This could first be tested in animal experiments, in which the 
effects of overexpression of the miRNA in animals could be tested. For example, transgenic 
mice could be developed to overexpress the miRNA of interest by incorporating a transgene60. 
To investigate the effect of the miRNA specifically in the endothelium, expression of the 
transgene could be made tissue specific (e.g. using the Cre-LoxP system)60. Furthermore, miRNA 
concentrations could be examined in preeclamptic animal models to detect if these miRNAs 
are also elevated in these models. If so, these animals could be treated to reduce these miRNA 
levels (by microRNA therapeutics) and investigate if this reduces the preeclamptic features like 
hypertension and proteinuria.
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Conclusion

In conclusion, we demonstrated that early-onset preeclampsia is associated with changes 
in plasma miRNAs compared to healthy pregnancy. If this is also the case for late-onset 
preeclampsia, needs to be further investigated. Two of the most highly elevated miRNAs 
(miR-574-5p and miR-1972) significantly influenced endothelial angiogenic function in 
our in vitro assays. We postulate that, besides the well-established pathways contributing 
to this multifactorial disease (e.g. signaling of sFlt-1, VEGF, inflammatory cytokines such as 
TNFα and the renin-angiotensin system) miRNAs may also contribute to the pathogenesis of 
preeclampsia, by affecting endothelial angiogenic cell function. 
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