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Abstract 

Background Circulating extracellular vesicles (EVs) are increased in preeclampsia (PE) and are associated with sever-
ity and progression. We examined in this exploratory cohort study if the mRNAs and long noncoding RNAs (lncRNAs) 
in plasma-derived EVs were dysregulated in PE compared to normal pregnancy and display different temporal pat-
terns during gestation.

Methods We isolated EVs from plasma at weeks 22–24 and 36–38 in women with and without PE (n=7 in each 
group) and performed RNA-seq, focusing on mRNAs and lncRNAs. We validated highly expressed mitochondrial 
and platelet-derived RNAs discovered from central pathways in 60 women with/without PE. We examined further one 
of the regulated RNAs, noncoding mitochondrially encoded tRNA alanine (MT-TA), in leukocytes and plasma to inves-
tigate its biomarker potential and association with clinical markers of PE.

Results We found abundant levels of platelet-derived and mitochondrial RNAs in EVs. Expression of these RNAs 
were decreased and lncRNAs increased in EVs from PE compared to without PE. These findings were further validated 
by qPCR for mitochondrial RNAs MT-TA, MT-ND2, MT-CYB and platelet-derived RNAs PPBP, PF4, CLU in EVs. Decreased 
expression of mitochondrial tRNA MT-TA in leukocytes at 22–24 weeks was strongly associated with the subsequent 
development of PE.

Conclusions Platelet-derived and mitochondrial RNA were highly expressed in plasma EVs and were decreased 
in EVs isolated from women with PE compared to without PE. LncRNAs were mostly increased in PE. The MT-TA in leu-
kocytes may be a useful biomarker for prediction and/or early detection of PE.
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Background
Extracellular vesicles (EVs) play a key role in cell-to-cell 
communication between the mother and fetus [1, 2]. 
EVs have a wide range of functions such as immuno-
logical regulation and maternal vascular adaptions to 
pregnancy [3, 4]. The circulating concentration of EVs 
is increased in preeclampsia (PE) and has been associ-
ated with severity and progression of the disease [5]. 
EVs from women with PE and in particular exosomes 
may promote cytokine production from endothe-
lial cells as well as hyperactivity of the clotting system 
[6]. Thus, whereas a fine-tuned function of placenta-
derived vesicles, exhibiting a myriad of functions like 
suppression of immune reaction to the developing fetus 
and promoting a balanced inflammatory responses to 
combat infectious intruders, the EV release, their com-
position, and bioactivities may be harmful and used as 
diagnostics for pregnancy disorders [7–11].

EVs are defined as heterogeneous particles, natu-
rally released from the cells that are delimited by a lipid 
bilayer and cannot replicate, including exosomes, apop-
totic bodies, ectosomes or shedding microvesicles, large 
oncosomes, migrasomes, and exomeres [12]. These vesi-
cles carry a rich cargo content, including lipids, proteins, 
RNA (mRNA, micro [mi]RNA, long noncoding RNA 
[lncRNA]), and DNA, that often mirrors the cell of ori-
gin. EVs in maternal blood may be derived from differ-
ent sources, including various tissues, including placenta, 
and cells, such as platelets, endothelial cells, and vari-
ous immune cells [13]. Notably, uptake of placental EVs 
in vitro has been demonstrated to occur in nearly every 
cell type [13]. Based on the protein markers identified on 
plasma EVs, the increased concentrations of EVs in PE 
seems to primarily be released by endothelial cells pro-
cessing pro-coagulant properties [6].

Platelets are another important source of circulating 
EVs in pregnant women [6]. Pregnancy and especially 
PE decreases the counts of platelet-derived EVs [14] 
and some of the theories is that lower platelet counts in 
PE may contribute to lower concentrations of platelet-
derived EVs or partly be due to increased trapping or par-
ticipation of platelet-derived EVs in thrombin generation 
and fibrin clot formation or due to their association or 
binding with leukocytes [15]. The activation of platelets 
in PE is well known and EV associated P-selectin seem to 
reflect platelet activation in PE [16].

EVs may play important roles in determining the physi-
ological changes during pregnancy, including formation 
of the fetal-maternal circulation. This process begins 
with extravillous trophoblast (EVT) invasion and com-
pleted around 18 weeks of gestation, being central for the 
remodeling of the spiral arteries, as well as preventing 
contact with the maternal blood flow in the intervillous 
space. Formation of the maternal blood flow towards the 
end of the first trimester occurs when cytotrophoblasts 
fuse to form layers of multinucleated syncytiotropho-
blasts. These layers are bathed in soluble proteins and 
nutrients and cover the majority of the surface of the 
placenta. The release of EVs by EVTs in early pregnancy 
has been shown through the detection of soluble pro-
teins such as human leukocyte antigen (HLA-G), which 
is only expressed in EVTs. Several studies have found 
increased circulating concentration of placental-derived 
EVs during PE [17, 18]. Thus, a cross-talk between the 
placenta and the maternal immune system is established 
via EVs, as placenta-derived EVs could modulate or even 
be incorporated by neighboring and distant maternal 
immune cells, while EVs produced by maternal immune 
and endothelial cells could modulate placental responses 
[3, 4, 19, 20]. During early stages of pregnancy, EVs 
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derived from endometrium and trophoblasts can influ-
ence the maternal immune response, whereas towards 
the advanced stages of gestation, the EVs released by the 
placenta, mainly syncytiotrophoblast-derived EVs, are 
the main players [4, 21]. The molecular cargo of syncytio-
trophoblasts varies in PE pregnancies, but an augmented 
expression of tissue factor, endoglin and fms-like tyros-
ine kinase (Flt-1) which are key mediators of pathological 
response in PE has been reported in EVs [22].

PE is a pregnancy-specific hypertensive syndrome, 
which seriously threatens the safety of mother and infant. 
However, there is still no accurate early biomarker for the 
diagnosis of preeclampsia, and its etiology and patho-
genesis have not been fully elucidated. Previous studies 
have shown that a large number of differently expressed 
lncRNA are present in the placental tissue in PE [23, 
24] potentially playing a vital role in the pathogenesis 
of PE [25, 26], but these issues are far from clear. While 
several studies have investigated the role of circulating 
miRNAs in PE [27], studies on the RNA cargo, and espe-
cially lncRNA, within plasma EVs in the setting of PE are 
scarce or lacking.

In this exploratory study, we examined if the mRNAs 
and lncRNAs in plasma EVs are dysregulated in PE com-
pared to normotensive pregnancies, processing immune-
modulatory effects on the maternal immune system 
that could be used for prediction of PE development, as 
well as progression. All examinations were performed 
in the previously described STORK study, a prospec-
tive longitudinal cohort study [28]. From this cohort, we 
isolated EVs from plasma at weeks 22–24 and 36–38 in 
women with and without PE, and performed RNA-seq 
on selected samples (discovery cohort). We classified the 
RNAs, focusing on mRNAs and lncRNAs, and investi-
gated which biological pathways they were involved in. 
We then validated highly expressed RNAs in EVs from 
a separate subsample of 60 women with/without PE. 
Finally, we assessed one of the regulated RNA, the non-
coding mitochondrially encoded tRNA alanine (MT-TA), 
in leukocytes (PBMC) and plasma to investigate its bio-
marker potential and association with clinical markers of 
PE pathology.

Material and methods
The STORK study, a prospective longitudinal cohort 
study in which 1031 women of Scandinavian heritage 
with low-risk singleton pregnancies who gave birth at 
Oslo University Hospital, Rikshospitalet, Oslo, Norway, 
between 2002 and 2008, were followed throughout preg-
nancy [28]. Exclusion criteria included the presence of 
one or more severe chronic diseases (such as pre-gesta-
tional diabetes, lung, cardiac, gastrointestinal, and/or 
renal disease). None of the included individuals had any 

symptoms of acute infections and none were using anti-
biotics or anti-viral agents when included into the study, 
although asymptomatic infection cannot be excluded. 
Each woman had four study-related antenatal visits at 
14–16, 22–24, 30–32, and 36–38 weeks’ gestation. In the 
current study, additional exclusion criteria included ges-
tational diabetes mellitus. A flow chart showing inclusion 
and sample collection is shown in Additional file 1: Fig. 
S1. We included 7 women with PE and 7 age- and BMI-
matched women without PE in the RNA-seq discovery 
experiment of plasma EVs and 28 women with PE and 32 
women without PE in the validation of some of the dif-
ferentially expressed (DE) RNAs in EVs. Patients from 
the discovery study were excluded in the EV validation 
study. For the DE RNAs in leukocytes, we used samples 
from 38 women with PE and 215 women without PE and 
in plasma 35 women with PE and 35 women without PE 
(Table  1). These samples were chosen from a sub-study 
including 38 women with PE and 215 normal pregnan-
cies, described and published previously [29]. For PE 
women, we used all available samples in our study while 
control samples in the EV validation study and for direct 
isolation from plasma were randomly selected.

Preeclampsia
PE was diagnosed by new-onset hypertension (sustained 
elevation in BP ≥140/90 mmHg) and significant pro-
teinuria (urinary total protein/creatinine ratio >30 mg/
mmol or +1 on urine dipstick) using old criteria since 
the cohort was collected between 2002 and 2008. Almost 
all women developing PE were diagnosed after 34 weeks’ 
gestation (only 3 women before week 34). No women 
were treated with aspirin as this recommendation was 
not yet implemented in Norway during the period of 
inclusion (2002–2008).

Uterine artery pulsatility index
The ultrasound examinations were done using the same 
equipment for all participants (Acuson Aspen, Moun-
tain View, CA, USA). The mean uterine artery pulsatility 
index (PI) was obtained by bilateral Doppler flow velocity 
measurements using an abdominal approach. The meas-
urements were performed close to the crossing of the 
external iliac arteries. The insonation angle was as low 
as possible. Pulsatility index (PI) is defined as the differ-
ence between the peak systolic flow and minimum dias-
tolic flow velocity, divided by the mean velocity recorded 
throughout the cardiac cycle. The formula for PI = (peak 
systolic velocity − end diastolic velocity)/mean flow 
velocity. The pulsatility index was calculated as the mean 
of three heart cycles on each side. For each woman, we 
used the mean values of the right and left side. Some of 
the uterine artery PI data was missing (approximately 
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10 PE and 40 normal pregnancy in the largest validation 
(leukocyte) cohort).

Collection, storage, and RNA extraction of EVs
Whole blood (8 ml) was drawn (after an overnight fast) 
directly into BD Vacutainer CPT Tubes (Becton Dickin-
son Vacutainer Systems, Franklin Lakes, NJ, USA) with 
sodium citrate additives at weeks 22–24 and 36–38. The 
tubes were centrifuged at room temperature in a hori-
zontal rotor (swing-out head) for 20 min at 1800 RCF 
(Relative Centrifugal Force) with the use of a FICOLL™ 
Hypaque™ gradient centrifugation and maternal plasma 
were collected from the top and above the mononucle-
ated cell layer and stored at −80 °C. The plasma was not 
depleted for platelets before EV isolation. The unthawed 
plasma stored at −80  °C was thawed at room tempera-
ture centrifuged at 3000g for 5 min (to eliminate residual 
cellular material, including thrombocyte fragments, but 
still retain the vast majority of EVs) and total RNA from 
EVs was isolated from 800µL plasma using the exoRne-
asy serum/plasma kit (Qiagen), as previously published 
[29]. Briefly, the total procedure for isolating RNA from 
EVs consisted of two phases: EV purification and RNA 
isolation. In the EV purification stage, precentrifuged 
sample was mixed with Buffer XBP and bound to an 
exoEasy membrane affinity spin column (500g, 1min). 
The bound EVs was washed with Buffer XWP (5000g, 5 
min), and then lysed with QIAzol (5000g, 5 min). In the 
RNA extraction step, chloroform was added to the QIA-
zol eluate, and the aqueous phase was recovered and 
mixed with ethanol. Total RNA binds to the spin column, 
where it was washed three times and eluted. The RNA 
yield was from 100 to 2000ng (median 340ng) in 20 µl 
total. Purity and concentration of isolated total RNA was 
measured using Nanodrop ND-1000 Spectrophotometer 
(Thermo Fisher Scientific Inc., USA) and RNA integrity 
was investigated using Agilent 2100 Bioanalyzer (Agilent 
Technologies, USA). When investigating the RNA yield 
of the EVs in the plasma we found the RNA yield to be 
lower at weeks 22–24 in the PE samples compared to 
controls; however, no difference at weeks 36–38 between 
the groups were found.

RNA-seq and data analysis
The samples chosen for RNA-seq were matched on 
maternal age and BMI between normal pregnancy and 
PE groups (n=7 in each group). To remove residual DNA 
in the samples, they were first digested with Heat&Run 
DNase (ArticZymes Technologies, Tromsø, Norway) 
according to manufacturer`s instruction. Sequencing 
libraries were prepared from 10 ng of total RNA using 
the SMARTer Stranded Total RNA-seq Kit v2-Pico Input 
Mammalian (Takara Bio, San Jose, CA, USA), according 

to the manufacturer’s instructions, without fragmenta-
tion (with or without fragmentation were tested in two 
samples before analysis of all the samples) and employed 
16 cycles PCR amplification. Libraries were indexed 
with UDI indexes from the SMARTer RNA UDI set A 
set (Takara). The libraries were sequenced together on 
an SP flowcell, with 150 bp paired-end sequencing on 
a NovaSeq 6000 instrument (Illumina, San Diego, CA, 
USA). Reads containing adapter sequences and low-
quality reads were trimmed/removed using BBDuk (part 
of BBMap v34.56; parameters: ktrim=r k=23 mink=11 
hdist=1 tbo tpe qtrim=r trimq=15 maq=15 minlen=36 
forcetrimright=149) [30]. Clean reads in fastq format 
were aligned against the ENSEMBL Human GRCh38 
release 104 genome using HISAT2 v2.1.0 (parmater: 
--rna-strandness RF) [31]. Reads mapping to the genes 
were counted using featureCounts v1.4.6-p1 (parameter: 
-p -s 2) [32]. DE genes in the RNA-seq data were calcu-
lated by DESeq2 V1.34.0 using recommended default set-
tings/parameters by the tool authors [33] using SARTools 
v1.7.4 R v4.1.1 packages (Additional file 1: Table S1) [34]. 
Outlier detection (Cook distance cut-off) and filter-
ing out low expressed genes was performed using the 
default method in DESeq2. Gene set enrichment analysis 
among the significantly DE genes against the gene ontol-
ogy (GO) and KEGG databases were performed using 
the web-based g:Profiler (https:// biit. cs. ut. ee/ gprofi ler/ 
gost) [35]. We included up to 14 main pathways (signifi-
cantly) in each of the source programs in the Additional 
file  1: Fig.S2 and Fig.S3, while all significantly pathways 
are included in the Additional file 2.

Collection, storage, and total RNA extraction from plasma
Whole blood was drawn in CPT tubes and plasma col-
lected and stored as described above. Total RNA was 
isolated from 200µL plasma using the miRneasy serum/
plasma kit (Qiagen). The spike-in control utilized C. ele-
gans miR-39 miRNA was used based on recommenda-
tion from the kit instruction. After addition of QIAzol 
lysis reagent, 3.5 µl of 1.6×10^8 copies/µl of mir-39 was 
added to the mix of QIAzol and plasma. The RNA yield 
was from 300ng to 4µg (median 900ng) in 20 µl total.

Collection, storage, and RNA extraction of maternal 
leukocytes
Whole blood was drawn in CPT tubes as described 
above, and leukocytes (peripheral blood mononuclear 
cells, PBMC) were collected by pipetting the mononucle-
ated cell layer and stored at −80 °C. RNA was extracted 
using Magnapure Isolation Kit (Roche Life Science, Pen-
zberg, Germany) at weeks 22–24 and Magmax Isola-
tion Kit (Applied Biosystems, Carlsbad, CA) at weeks 
36–38, due to change in instruments at the laboratory, as 

https://biit.cs.ut.ee/gprofiler/gost
https://biit.cs.ut.ee/gprofiler/gost
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previously published [36]. Both automated methods used 
magnetic-bead technology to extract RNA. The RNA 
yield was from 400ng to 10µg (median 1500ng) in 50 µl 
total.

Quantitative real-time polymerase chain reaction
Reverse transcription was performed using High Capac-
ity cDNA Archive Kit (Applied Biosystems, Foster City, 
CA) for leukocytes RNA (100ng RNA input),  RT2 First 
Strand Kit (Qiagen for EV RNA) (150ng RNA input), and 
miScript II RT Kit (Qiagen) for RNA from plasma (Qia-
gen) (400ng RNA input). RNA quantification was per-
formed using SYBR Green PCR Fast Mix (Quantabio, 
Beverly, MA) for leukocytes, RT2 lncRNA SYBR Green 
qPCR kit (Qiagen) for EVs, and miScript SYBR Green 
PCR Kit (Qiagen) using the standard curve method on 
an ABI Prism 7900 (Applied Biosystems). Primers for 
Ce_miR-39_1 miScript Primer Assay were from Qiagen. 
Sequence-specific intron spanning oligonucleotide prim-
ers for PF4, PPBP, MT-TA, MT-CYB, MT-ND2, RPLP0, 
GAPDH and ACTB were designed by NCBI Primer Blast 
(Additional file  1: Table  S2). The miRNAs mir-515-p 
(cat.no.YP00204431) and mir-518b (cat.no.YP00204405) 
primers were bought from Qiagen (Netherlands). Tran-
script expression levels were normalized to ACTB and 
GAPDH and expressed as relative RNA levels in leuko-
cytes, miR-39 for plasma-derived RNA, and RPLP0 in 
EVs (ACTB and GAPDH were regulated between PE and 
normal pregnancy when investigating the RNA-seq data 
from EVs).

Biochemical analysis
Peripheral venous blood was drawn in the morning 
between 07:30 and 08:30AM after an overnight fast, 
collected in tubes with citrate additives, centrifuged for 
25  min at 3000g at 4°C, separated, and stored at −80°C 
until analysis. Levels of P-selectin (catalog# DY137), PF4 
(catalog#DY795), sFlt1 (catalog# DY321B) and PlGF 
(catalog#DY264) were measured in duplicate by enzyme 
immuno-assay with antibodies obtained from R&D Sys-
tems at weeks 14–16, 22–24, 30–32 and 36–38. The 
markers were analyzed in a set-up that combined a CyBi 
SELMA (CyBio, Jena, Germany), an EL406washer/dis-
penser (Biotek, Winooski, VT), and a Synergy H1 micro-
plate reader (Biotek).

Statistical analysis
Data are expressed as mean ± SD when normally distrib-
uted and median (25th, 75th percentile) when skewed. 
Comparison of demographics between women with/
without PE was performed using t-test or Mann-Whitney 
U test, depending on distribution, and chi-square test 
for categorical variables. Temporal changes in EV RNA 

expression, leukocytes, and plasma during pregnancy 
between normal pregnancy and women with PE were 
assessed using linear mixed model analysis with sub-
ject as random effect and time and PE diagnosis as fixed 
effects (also as interaction) adjusted for age and BMI 
14–16 weeks (considered pre-pregnancy). Associations 
at individual time points within normal pregnancy and 
PE groups were also assessed by Spearman correlation 
analysis. The discriminatory properties of RNAs in EV 
and leukocytes at 22–24 weeks and subsequent develop-
ment of PE was assessed by ROC analysis. Cut-offs were 
determined using Youden’s index and we specify likeli-
hood ratios (LHR) based on these. Two-tailed p-values 
<0.05 were considered significant. Statistical analyses 
were conducted using SPSS for Windows, version 28.0 
(Chicago, IL, USA). A gene in RNA-seq was considered 
as differently expressed when the false discovery rate 
(FDR) was <0.1. FDR was calculated according to Benja-
mini and Hochberg.

Results
Study population
The clinical and demographic characteristics of the 
study cohorts are presented in Table 1. In the discovery 
population (n=7 in each group), where the groups were 
matched, there were no significant differences in demo-
graphics between the PE and normotensive populations. 
In the EV validation cohort (n=28 PE and 32 controls, 
excluding the 7 from the discovery group), women with 
PE were younger, had lower gestational age at delivery, 
and higher uterine artery PI (Table  1). The same differ-
ences were seen in the plasma/leukocyte cohort (normal 
pregnancy, n=35/n=215; PE, n=35/n=38, respectively); 
in addition, more multiparous women were present in 
the normal pregnancy group. Moreover, women with PE 
had higher BMI, systolic blood pressure, diastolic blood 
pressure and MAP throughout pregnancy, except in the 
discovery (i.e. RNA-seq).

Platelet and mitochondria derived RNA is most abundantly 
expressed RNAs in EVs based on RNA-seq analysis
EVs carry a rich cargo that mirrors the cell of origin. 
Investigating the 100 most abundant RNAs in normal 
pregnancies (Fig.  1A), we found some patterns. RNAs 
identified in a recent study of healthy blood donors to be 
a signature for platelets (including B2M, PPBP, TMSB4X, 
ACTB, FTL, CLU, PF4, F13A1, GNAS, SPARC, PTMA, 
TAGLN2, and OST4) [37] were found in the top 100 
expressed RNAs in our RNA-seq data, suggesting that 
platelets are a major source of plasma EVs during normal 
pregnancy. Mitochondrial RNAs, both noncoding (MT-
RNR1,2) and mRNA (MT-ND1,2,4,5, MT-CO1,2,3, MT-
CYB, MT-ATP6,8), were also highly expressed in EVs.
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Differentially expressed RNAs identified in the RNA-seq 
analysis
We next compared RNA expression between and within 
the PE and control groups in the discovery population. 
Using RNA-seq analysis, we found 904 DE RNAs between 
PE and normal pregnancy at weeks 36–38 (FDR<0.1) 
(shown in the volcano plot, Fig. 1B). Of these, 265 were 
significantly downregulated and 639 were significantly 
upregulated in PE (Fig. 1C). Classifying these DE RNAs 
into groups based on biological processes revealed a large 

amount of lncRNA where 2.3 % (n=6) were downregu-
lated and 33% (n=214) were upregulated in PE. No DE 
(FDR<0.1) RNAs at 22–24 weeks were detected between 
women with PE and normal pregnancy.

When assessing DE RNAs (FDR<0.1) from weeks 
22–24 to 36–38 in women with PE, we found 4506 DE 
RNAs (FDR<0.1) (shown in the volcano plot, Fig.  1D). 
Of 414 significantly downregulated and 4092 signifi-
cantly upregulated RNA (Fig. 1E), 2.4% (n=10) and 33.9% 
(n=1388) were lncRNA, respectively. No changes were 

Fig. 1 A The 100 most abundant RNAs in plasma EVs in normotensive controls (n=7) from the RNA-seq analysis at 22–24 weeks and 36–38 
weeks gestation. B Volcano plot and distribution of differentially expressed RNAs from plasma extracellular vesicles are shown between women 
with preeclampsia (PE) (n=7) and normotensive controls (n=7) at gestational weeks 36–38 (B), and between gestational weeks 22–24 and 36–38 
in women who subsequently developed PE (D). The distribution (number and percentage) of the different classes of differentially regulated 
RNA and lncRNA are shown between PE and normotensive pregnancies (C) and between gestational weeks 22–24 and 36–38 in women who 
subsequently developed PE (E). *divergent/overlapping/intronic
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observed in the normal pregnancy group from 22–24 to 
36–38 weeks.

The lncRNA can be further classified as novel followed 
by antisense, long intergenic nc (linc), other, and diver-
gent /overlapping /intronic ncRNA. Most of the lncRNA 
were expressed at low levels (the most abundant lncRNA 
was expressed at approximately the same level as the low-
est of the 100 most abundant RNA [Fig. 1A]).

Differentially expressed RNAs from platelet-derived EVs 
and mitochondrial RNA
To further explore the RNA-seq data, we character-
ized them in relation potential sources. We found that 
RNAs known to be a signature of platelets (PF4, PPBP, 
TMSB4X, F13A1, TAGLN2, CLU and SPARC ) [37] were 
present at significantly lower levels in EVs from PE com-
pared to normal pregnancy at 36–38 weeks (Fig. 2A). The 
integrins ITGA2B, ITGB3 and chemokine CCL5, known 
to be platelet-derived, were also significantly decreased 
in EVs from PE compared to normal pregnancy (log2fold 
−2.3, −2.2, and −1.7; FDR adjusted p=0.014, p=0.024, 
and p=0.048, respectively). Mitochondrial RNA was 
also abundant and downregulated in PE compared to 
normal pregnancy based on the RNA-seq analysis at 
36–38 weeks. Of the mitochondrial RNAs, we found 13 
mRNA (MT-ND1-6, MT-ND4L, MT-CYB, MT-CO1-3, 
MT-ATP6,8), 1 rRNA (MT-RNR1) and 11 tRNA (MT-
TA, MT-TL1, MT-TI, MT-TW, MT-TD, MT-TG, MT-TT, 
MT-TR, MT-TP, MT-TS1, MT-TQ) significantly lower in 
EVs from PE compared to normal pregnancy (Fig.  2B). 
Evaluating the DE RNAs from weeks 22–24 to 36–38 
in women who subsequently developed PE showed that 

most of the platelet-derived RNAs significantly decreased 
during that time period (Additional file 1: Fig. S4) as did 
some of the mitochondrial RNAs (Additional file 1: Fig. 
S5).

Validation of some differentially expressed RNAs using 
qPCR
We next validated selected transcripts from the discov-
ery RNA-seq data in the remaining PE women and ran-
domly selected controls (n=60, Table  1, EV validation). 
We chose transcripts that were abundantly expressed 
and were differently expressed between PE and controls 
at weeks 36–38. As shown in Fig. 3A, we confirmed that 
mitochondrial tRNA MT-TA as well as the mRNAs MT-
CYB and MT-ND2 were significantly downregulated in 
PE (at weeks 22–24) prior to diagnosis and decreased sig-
nificantly further as gestational age progressed.

Alterations in waveforms in the uterine artery as 
reflected by Doppler indices are associated with the 
increased risk of developing PE [38]. As shown in Fig. 3B, 
mitochondrial tRNAs were significantly negatively corre-
lated with uterine artery PI in women with PE, but not 
in normal pregnancy, at 22–24 weeks. Conversely, these 
mitochondrial tRNAs were positively correlated, how-
ever not significant, with uterine artery PI in normal 
pregnancy at 36–38 weeks. No correlation was seen at 
this time point in PE.

The platelet-derived mRNAs PF4, PPBP, and CLU 
showed a similar pattern as the mitochondrial tRNAs 
(i.e. they were significantly decreased in women with 
PE before the diagnosis and decreased significantly dur-
ing gestation) (Fig.  3C), but were not correlated with 

Fig. 2 Differentially regulated RNAs at 36–38 weeks between women with PE and controls from platelet-derived extracellular vesicles (A) 
and mitochondria (B) as characterized by the RNA-seq analysis. Numbers are log-2 fold change (adjusted p-value) in PE vs. normal pregnancy 
samples. Created with BioRender.com
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uterine artery PI, except for CLU, PPBP and PF4 in PE at 
22–24 weeks (PF4 normal pregnancy; correlation coeffi-
cients 22–24 weeks r=−0.16 p=0.44, 36–38 weeks r=0.17 
p=0.413 and PE 22–24 weeks r=−0.43 p=0.047, 36–38 
weeks r=−0.08 p=0.782, PPBP normal pregnancy; corre-
lation coefficients 22–24 weeks r=−0.09 p=0.662, 36–38 
weeks r=0.01 p=0.975, and PE 22–24 weeks r=−0.49 
p=0.021, 36–38 weeks r=0.05 p=0.849, CLU normal 
pregnancy; correlation coefficients 22–24 weeks r=−0.14 
p=0.493, 36–38 weeks r=0.18 p=0.404 and PE 22–24 
weeks r=−0.47 p=0.026, 36–38 weeks r=0.06 p=0.832).

Assessment of discriminatory abilities of RNAs
Finally, we tested if the RNAs validated to be DE in 
PE (i.e. MT-TA, MT-ND2, MT-CYB, CLU, PF4 and 
PPBP) could give relevant clinical information and pre-
dict the subsequent development of PE by evaluating 
their discriminatory properties when assessed at 22–24 
weeks. As shown in Fig. 4A, based on ROC analyses the 

discriminatory properties of EV-derived RNAs was mod-
est with AUCs between 0.6 and 0.7 when comparing PE 
(n=35) and normal pregnancies (n=35). As leukocytes 
may be a relevant, and readily obtainable, source and 
target of circulating EVs, we evaluated the most abun-
dantly expressed target in leukocytes isolated in a pre-
vious study from this population [29]. The noncoding 
tRNA MT-TA. MT-TAPBMC at 22–24 weeks gave a better 
discrimination for PE (Fig. 4A, AUC=0.82, p<0.001). As 
shown in Fig.  4B, leukocyte MT-TA (MT-TAPBMC) was 
significantly markedly lower in women who subsequently 
developed PE (n=38) compared to normal pregnancy 
(n=215) at weeks 22–24 and 36–38, but increased sig-
nificantly during gestation. The same result was found 
for MT-TAPBMC between PE and controls and prediction 
of PE when tested in a random-selected smaller control 
group (n=38) from the 215 controls (data not shown). 
We also measured MT-TA RNA directly in plasma, and 
in contrast, plasma levels of MT-TA, although detectable, 

Fig. 3 PCR validation of data from the EV RNA-seq analysis and their association with uterine artery doppler pulsatility index (PI). Samples 
from women with preeclampsia (PE)/normal pregnancy (NP), n=28/n=32 at 22–24 weeks and n=20/n=32 at 36–38 weeks, respectively, were used. 
A Validation of the mitochondrial RNAs MT-TA, MT-ND2 and MT-CYB at weeks 22–24 and 36–38 between women who subsequently developed PE 
and controls (NP), adjusted for age and BMI. B Scatter plot showing the correlation between mitochondrial RNAs and uterine artery PI at weeks 
22–24 and 36–38 between women who subsequently developed PE and controls (NP). C Validation of the platelet-derived RNAs PF4, PPBP and CLU 
at weeks 22–24 and 36–38 between women who subsequently developed PE and controls (NP), adjusted for age and BMI. r=correlation coefficient, 
*p-value<0.05, ** p<0.01, ***p<0.001
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were very low and showed no regulation in PE or tempo-
ral change during gestation (Fig. 4B). Furthermore, MT-
TAPBMC and MT-TA in EVs were significantly negatively 
correlated in women with PE (Fig. 4C), but not in normal 
pregnancy. This association was not observed at 36–38 
weeks. Furthermore, in logistic regression using the cut-
off determined by Youden’s index, MT-TAPBMC gave a 
15.3 times higher risk of developing PE (Fig. 4D), and this 
association was only modestly attenuated when adjusting 
for more established PE risk predictors.

Plasma EV characterization using RNA-seq and qPCR data
The proteins used to characterize EVs are presented in 
the standards for EV research MISEV2018 guideline 
[12]. When investigating RNA-seq data, the RNAs cod-
ing for these proteins (Fig. 5) were found in category 1; 
transmembrane or GPI-anchored proteins associated to 
plasma membrane and/or endosomes, especially MHC 

class I and some of the integrins highly expressed of the 
non-tissue-specific markers. In the tissue-specific mark-
ers, we found the leukocyte marker CD37, the endothe-
lial cell marker PECAM1, platelet marker ITGA2B, some 
MHC class II markers, the neuron marker APP and CD9 
(absent from NK, B and MSCs) relatively high expressed. 
In the category 2 markers, cytosolic proteins recovered in 
EVs, we found some of the lipid or membrane protein-
binding ability CHMP* markers and accessory proteins 
relatively high expressed. For the promiscuous incorpo-
ration in EVs (and possibly exomeres) markers TUBB, 
ACTB and GAPDH were high expressed. In the category 
3 markers, major components of non-EV co-isolated 
structures, we found all markers to be very low expressed.

Investigating markers specific for syncytiotrophoblast-
derived EV, we found Flt-1 to be significantly increased 
during pregnancy, weeks 22–24 to 36–38 (expression 
level 12 to 32, adjusted p=0.05) in PE and elevated but not 

Fig. 4 A ROC analysis to identify the best predictor of preeclampsia (PE) at 22–24 weeks using RNAs from EVs MT-TA, MT-ND2, MT-CYB, CLU, 
PF4 and PPBP (35 PE, 35 normal pregnancy (NP)) and MT-TAPBMC from leukocytes (peripheral blood mononuclear cells, PBMC) (38 PE, 215 NP). 
B Expression of mitochondrial tRNA MT-TA in leukocytes (PBMC) and plasma between women who subsequently developed PE and those 
that did not (NP) at weeks 22–24 and 36–38, adjusted for age and BMI. C Scatter plot showing correlation between MT-TA in leukocytes (PBMC) 
and EVs at weeks 22–24 and 36–38 between women who developed PE and those that did not (NP). r=correlation coefficient, *p<*, ** p<0.01, 
***p<0.001. D Logistic regression analysis of predictors of PE at 22–24 weeks. The top part shows MT-TAPBMC and established risk predictors of PE 
in univariate analysis. The bottom part shows MT-TAPBMC when adjusted for each of the established PE risk predictors. MT-TAPBMC , MAP, Uterine artery 
PI (artUP) and sFlt-1/PlGF ratio were dichotomized according to Youden’s index: MT-TAPBMC cut-off: 0.13, likelihood ratio (LHR): 3.2; MAP cut-off: 85.8, 
LHR: 2,1; artUP cut-off: 0.93, LHR: 1.9; sFlt-1/PlGF ratio cut-off: 9.3, LHR: 1.7
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significantly increased in PE vs controls at weeks 36–38 
(expression level 27 vs 11, adjusted p=0.11). The endoglin 
levels were low, increasing during pregnancy (expression 
level 2 to 9, adjusted p=0.06) in PE and elevated in PE at 
weeks 36–38 compared to controls (expression level 8 vs 
1, adjusted p=0.04). In the validation cohort, we analyzed 
two of the miRNA from the cluster 19, mir-515-p and 
mir-518b, which are specific for the placental-derived 
EVs [39] and found them significantly increasing from 
weeks 22–24 to 36–38 in pregnancy, but with no signifi-
cant differences expressed between PE and controls and 

not expressed in the EVs from the same participants 5 
years after pregnancy (Additional file 1: Fig. S6).

Pathway analysis using the regulated RNAs identified 
by RNA-seq analysis
We used g:Profiler to investigate pathways common to 
RNAs significant (FDR adjusted, <0.1) DE between PE 
and normal pregnancy at weeks 36–38 (Additional File 1: 
Fig. S2 and Additional file  2) and from weeks 22–24 to 
36–38 in women who subsequently developed PE (Addi-
tional file 1: S3 and Additional file 2). Comparing PE and 

Fig. 5 Average normalized counts for RNAs coding for protein used as EV markers (from MISEV2018 standards of EV research) in the controls 
from the RNA-seq analysis. Category 1, use for all EVs: Transmembrane or GPI-anchored proteins associated to plasma membrane and/
or endosomes, 1a non-tissue specific, 1b tissue specific; Category 2, use for all EVs: Cytosolic proteins recovered in EVs, 2a with lipid or membrane 
protein-binding ability, 2b promiscuous incorporation in EVs (and possibly exomeres); Category 3, use for all EVs as purity control, major components 
of non-EV co-isolated structures: 3a lipoproteins (produced by liver, abundant in plasma, serum), 3b protein and protein/nucleic acid aggregates; 
Category 4, use for subtypes of EVs (e.g. large oncosomes, large EVs) and/or pathologic/atypical state, Transmembrane, lipid-bound and soluble 
proteins associated to other intracellular compartments than PM/endosomes: 4a nucleus, 4b mitochondrial, 4c secretory pathway (endoplasmic 
reticulum, Golgi apparatus), 4d others (autophagosomes, cytoskeleton); Category 5, use for functional component of EVs: need to determine 
the mode of association with EVs: 5a Cytokines and growth factors, 5b adhesion and extracellular matrix proteins
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normal pregnancy at 36–38 weeks, we found very few 
pathways significantly upregulated and most were non-
specific (e.g. transporter activity, organismal process, 
cilium). For RNAs significantly upregulated from 22–24 
to 36–38 weeks during pregnancy in women who subse-
quently developed PE, KEGG identified cardiomyopathy, 
calcium signaling, ECM, cAMP, aldosterone and protein 
digestion and absorption as some of the major pathways. 
For the significantly downregulated pathways between 
PE and normal pregnancy and during PE development, 
platelet activation, mitochondrial, cellular senescence, 
infection, leukocyte transendothelial migration, ROS, 
integrin signaling, migration and vesicle biology were the 
major pathways. It is in the downregulated pathways that 
we find the most abundant RNAs.

Circulating platelet activation markers and PlGF/sFlt-1 
ratio
PE is known to have increased platelet activation and to 
further characterize the study population we measured 
P-selectin and PF4 in plasma at four time points during 
pregnancy. We found increasing P-selectin levels dur-
ing pregnancy but no difference in the P-selectin or PF4 
plasma levels between PE and controls (Additional file 1: 
Fig. S7). We also measured sFlt1/PlGF ratio as a marker 
of PE and placental dysfunction, showing higher levels 
in PE compared to controls at all time points (Additional 
file 1: Fig. S7).

Discussion
In this study, we analyzed the transcriptomic signature of 
plasma EVs from women with PE, with a specific focus 
on mRNA and lncRNA. We found that (1) levels of plate-
let-derived and mitochondrial RNAs are abundant in 
circulating EVs; (2) expression of platelet-derived RNAs 
and mitochondrial RNAs are decreased and especially 
lncRNAs are increased, in EVs from PE compared to nor-
mal pregnancy as measured by RNA-seq; (3) decreased 
expression of mitochondrial RNAs MT-TA, MT-ND2, 
MT-CYB and platelet-derived RNAs PPBP, PF4, CLU in 
EVs from PE compared to normal pregnancy was con-
firmed by qPCR (n=60); and (4) decreased expression of 
the mitochondrial tRNA MT-TA in leukocytes at 22–24 
weeks was strongly associated with the subsequent devel-
opment of PE.

Evaluation of the most abundantly expressed RNAs in 
EVs revealed many that are considered a signature for 
blood platelets [37]. Indeed, platelets are likely a major 
source of EVs in plasma with some studies reporting 
they represent more than 25% of the content of circulat-
ing EVs [40, 41]. In addition, mitochondrial RNAs was 
abundantly expressed in EVs, which also could be derived 
from platelets as well as a range of cells in the maternal 

circulation or tissues such as the placenta [42]. Further-
more, the decrease in platelet-derived and mitochondrial 
RNAs in patients with PE was validated by qPCR (n=60) 
and importantly, they were decreased (at weeks 22–24) 
even before the diagnosis of PE. Many of the differentially 
upregulated RNAs in PE were novel lncRNA. Unfortu-
nately, expression was so low that it was not feasible to 
measure by qPCR and validate using our current method.

In normal pregnancy a decrease in platelet count and 
an increase in platelet activation occurs, as reflected by 
levels of P-selectin in platelet-derived microparticles 
throughout gestation, supporting our result of increase 
in plasma P-selectin during pregnancy [43]. Plasma 
levels of platelet-derived molecules secreted from 
α-granules and adenosine secreted from dense gran-
ules are also higher in pregnancy, suggesting increased 
platelet activation and release of granule content [43]. 
It has been reported that syncytiotrophoblast-derived 
EVs contribute to thrombotic abnormalities in PE by 
activating platelets leading to its aggregation [44] link-
ing coagulation and inflammation in these women 
[4]. Moreover, changes in platelet function, coagula-
tion, and thrombotic factors are strongly associated 
with PE, and platelets from women with PE aggregate 
more easily and have increased mean platelet volume 
[45]. It has been suggested that, in PE, these maternal 
platelets with their small size can enter the intervillous 
space before uteroplacental blood flow is fully estab-
lished [46] and adherent platelets have been detected 
on the villous surface of first trimester placental tissue 
[47]. Furthermore, activated maternal platelets, char-
acterized by increase P-selectin, could promote endo-
vascular trophoblast invasion in early pregnancy [48, 
49] through secretion of growth factors, cytokines, 
and chemokines that may enhance trophoblast inva-
sion. High levels of CCL5 and PF4, which may come 
from maternal platelets, have been found in placental 
explants [50]. Moreover, CCL5 enhances invasion of 
extravillous trophoblasts by binding to the chemokine 
receptor, CCR1, on extravillous trophoblasts [49]. 
However, early platelets and their cargo represent an 
important regulator of early human placental develop-
ment. Accordingly, the content of placental syncytio-
trophoblast-derived EVs can facilitate inflammatory 
responses and enhance endothelial cell dysfunction 
with effects on spiral artery remodeling and placenta-
tion [51] and we speculate that the lower levels of plate-
let RNA, including CCL5 and P-selectin in the EVs, 
may have similar effects. The invasion of extravillous 
trophoblasts is crucial for the remodeling of the spiral 
arteries [3]. We further speculate that the lower abun-
dance of platelet-derived factors in EVs in women with 
PE could be due to excessive in vivo platelet activation, 
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with diminishing content in secretory granules [52]. 
However, we observed no difference in platelet activa-
tion markers in plasma throughout pregnancy compar-
ing normal and PE pregnancies. The difference could 
also be due to difference in the transcriptomic profile 
between the control and PE group [53]. It has been 
reported that older platelets have a lower RNA content 
[54]. In addition, it was recently reported variability of 
the transcriptome of platelets where the old platelets 
(smaller) have a more varied transcriptome than the 
young platelets (larger) [53, 55]. An upregulation of 
several transcripts involved in platelet activation and 
aggregation in the younger platelets, as prevalent in PE, 
has been reported [45, 56, 57]. Further, excess platelet 
activation, at the maternal-fetal interface, can provoke 
inflammasome activation in the placental trophoblasts 
and trigger formation of circulating platelet-monocyte 
aggregates, resulting in sterile inflammation of the 
placenta and systemic inflammatory response of the 
mother [46]. Importantly, whereas RNA-seq of EVs did 
not reveal any differences between PE and normal preg-
nancies at weeks 22–24, qPCR analyses (n=60) dem-
onstrated lower levels of certain platelet-derived RNAs 
in PE at this time point, even before the diagnosis of 
PE, suggesting a potential pathogenic role of these pro-
cessed in PE development.

Mitochondrial dysfunction has been implicated in the 
pathogenesis of PE [58]. Both intact mitochondria and 
mitochondrial components are found within EVs [59]. 
Their function depends on the donor and target cells [60, 
61]. The reduced levels of mitochondrial RNA in PE could 
represent reduced reserves of mitochondrial components 
during times of increased mitochondrial respiration, 
such as during pregnancy [62]. Dysfunctional placen-
tal mitochondria are a major source of ROS production 
[58]. Recent studies have found decreased platelet mito-
chondrial membrane depolarization (mitochondrial dis-
tress and apoptosis) [63] and a decrease in all respiratory 
parameters in circulating platelets in PE [64]. Our find-
ing that low levels of mitochondrial RNA in PE were 
inversely correlated with uterine artery PI, an established 
predictor of PE [38], may support the hypothesis that low 
(dysfunctional) mitochondrial RNA cargo in EVs could 
contribute to or reflect processes that are involved in 
PE progression. A recent study found the mitochondrial 
fusion protein mitofusin-2 increased in the circulation 
of PE and associated with uterine artery PI [65]. Mito-
chondrial fusion helps to reduce stress by mixing the 
contents of both damaged and undamaged mitochondria 
as a form of complementation potentially representing a 
compensatory mechanism against hypoxia and maternal 
endothelial dysfunction in PE [65]. These data are in line 
with our findings showing mitochondrial dysfunction 

reflected in the circulating EVs that could impact tropho-
blast invasion, and an increase in the fusion of damaged 
mitochondria to compensate and reduce the stress.

Evaluating the discriminatory abilities of the RNAs in 
EVs at weeks 22–24 revealed only modest prediction of 
PE. As circulating leukocytes may be a relevant source 
and/or target of EVs, our finding that MT-TA displayed a 
similar pattern of regulation in leukocytes as in EVs with 
lower levels in PE suggest that leukocytes may take up 
EVs from the circulation or that some of the EVs in the 
circulation are leukocyte-derived. Moreover, evidence 
show that placental EVs can interact with a multitude 
of maternal immune cells [4]. The negative correlation 
between EV and leukocyte-derived MT-TA at 22–24 
weeks and opposite temporal pattern with increasing 
levels during gestation support such an interaction. Fur-
thermore, the markedly stronger discriminatory power 
of leukocyte-derived MT-TA suggests that mitochondrial 
function and immune cells in PE deserve further atten-
tion. Placenta-derived EVs or other EVs can be recog-
nized and internalized by immune cells and affect their 
function [66, 67]. Of note, platelet-monocyte aggregation 
is increased in women with PE [46]. Adhesion of platelets 
to monocytes induces the expression of sFlt-1 and may 
contribute to endothelial dysfunction and inflammation 
in PE. Mitochondria from stressed monocytes can also 
be a mediator of endothelial inflammation [68, 69].

The methods for isolating and characterization of EVs 
are of major importance. The commercial exoRneasy 
kit used in the current study has been compared with 
four other EV isolation methods and published in the 
ISEV journal in 2021 [70] and was shown to isolate the 
second most EV proteins, the least plasma proteins and 
contained a higher proportion of large EVs. Although 
there is no established “fingerprint” of RNA that reflect 
EVs, we found most mRNAs for proteins listed in the 
MISEV2018 guidelines [12] for validation of the EVs, 
and low expression for non-EV markers. An important 
technical issue investigating RNA-seq is that ribosomal 
RNA is typically depleted before the RNA-seq analysis, 
to enrich the detection of less abundant RNAs [71]. In 
our RNA-seq study of EVs, we did not deplete for riboso-
mal RNA which could explain the high level of ribosomal 
mitochondrial RNA. Further, using RNA-seq, we found 
an increased level of endoglin and Flt-1 in the PE sam-
ples, which are specific for syncytiotrophoblast-derived 
EVs. The abundant expression of markers specific for pla-
cental-derived EVs (i.e. mir-515-5p and mir-518b) dur-
ing pregnancy, may also support the validity of the EVs 
[22]. However, the MISEV2018 guidelines state that more 
research is needed before specific recommendations can 
be made for using nucleic acids as specific markers of EVs 
or EV subtypes [12]. However, several RNAs have been 
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found in EVs, and a variety of data have been shown on 
specific versus non-specific incorporation of RNAs into 
EVs or subtypes of EVs [72–75].

Despite an abundance of upregulated transcripts in 
women with PE at 36–38 weeks, KEGG pathway analysis 
did not reveal any dominant biological process, probably 
due in part to the presence of a large number of insuf-
ficiently characterized lncRNAs. Gene ontology analysis 
revealed mostly cellular components related to plasma 
membrane function, processes that include EV formation 
and processing. However, cilium is involved in differ-
ent signaling pathways and has been proposed involved 
in PE development where dysfunctional cilia may lead 
to compromised migration, invasion, and endothelial 
remodeling of trophoblastic cells [76]. Conversely, a large 
number of KEGG pathways were identified when assess-
ing transcripts that were upregulated in women who 
subsequently developed PE, including several related to 
the development of cardiomyopathy. Since PE is known 
to be associated with peripartum cardiomyopathy [77] 
and long-term cardiovascular risk [78], future studies are 
needed to investigate whether EV trafficking and signal-
ing during pregnancy may promote cardiovascular dis-
ease [79].

The present study has several limitations. While the 
lncRNAs increased in PE may have important functions, 
most had low expression levels making it difficult to 
validate using our current RT-PCR/qPCR methodology. 
There are many methods for EV isolation [70, 80]. The 
exoRneasy kit, which we used in the current study, iso-
lates large numbers of EV proteins and few non-EV pro-
teins [70]. Compared to other methods, this kit isolates 
larger population of phenotypically larger cup-shaped 
EVs and may indicate that this kit favorably enriches for 
different types of EVs [70]. It might also give opportu-
nities for different biomarker discovery, as stated in the 
comprehensive paper by Veerman et  al. [70]. However, 
we did not include other methods to characterize the EVs 
and EV subpopulations, which is an important limitation 
of the present study. Moreover, samples for EV isolation 
was collected in tubes with sodium citrate additive and 
discussions are ongoing about EDTA additives may be 
better considering platelet activation [81, 82]. Also, post-
collection methodology could influence EVs, and the 
FICOLL™ Hypaque™ gradient centrifugation that was 
used in the present study could have such properties. The 
change in instrument for isolating RNA for the PBMC 
is also a limitation of the study. Also, the controls in the 
validation study could have been better matched with 
regard to age and BMI, although these demographics 
were adjusted for in all statistical comparisons between 
groups as well as in the prediction analysis. Moreover, the 
women with PE in our study developed mostly late-onset 

PE. Finally, infections could influence the EV cargo. EVs 
can promote the replication and dissemination of viruses 
within the organism, through the dysregulation of their 
cargo and the modulation of the innate and adaptive 
immune response, but they can also promote the mitiga-
tion of viral infections [11]. The women included into the 
study did not have any symptoms of acute infections and 
none were using antibiotics or anti-viral agents; however, 
we cannot exclude any asymptomatic infections.

Conclusions
This study identified abundant RNAs in plasma EVs and 
showed that many are differentially expressed in women 
with PE compared to normal pregnancy as well as in 
women who subsequently develop PE. In fact, whereas 
there were no differences in RNA-seq of EVs between 
PE and normal pregnancies at weeks 22–24, there was a 
marked difference in these transcripts at weeks 36–38, 
reflecting a marked change in RNA expression in EVs 
between these time points in PE but not in normal preg-
nancies. Both platelet-derived and mitochondrial RNA 
were highly expressed in EVs and decreased in EVs iso-
lated from women with PE. In contrast, lncRNA sub-
fraction was most significantly increased in PE. The 
mitochondrial RNA MT-TA in leukocytes may be a 
promising biomarker for early detection of PE.
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