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ORIGINAL ARTICLE

Maternal whole blood mRNA signatures identify women at risk of early
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ABSTRACT
Purpose: To determine whether previously established mRNA signatures are predictive of early
preeclampsia when evaluated by maternal cellular transcriptome analysis in samples collected
before clinical manifestation.
Materials and methods: We profiled gene expression at exon-level resolution in whole blood
samples collected longitudinally from 49 women with normal pregnancy (controls) and 13 with
early preeclampsia (delivery <34weeks of gestation). After preprocessing and removal of gesta-
tional age-related trends in gene expression, data were converted into Z-scores based on the
mean and standard deviation among controls for six gestational-age intervals. The average
Z-scores of mRNAs in each previously established signature considered herein were compared
between cases and controls at 9–11, 11–17, 17–22, 22–28, 28–32, and 32–34weeks of gestation.
Results: (1) Average expression of the 16-gene untargeted cellular mRNA signature was higher in
women diagnosed with early preeclampsia at 32–34weeks of gestation, yet more importantly,
also prior to diagnosis at 28–32weeks and 22–28weeks of gestation, compared to controls (all,
p< .05). (2) A combination of four genes from this signature, including a long non-protein coding
RNA [H19 imprinted maternally expressed transcript (H19)], fibronectin 1 (FN1), tubulin beta-6 class
V (TUBB6), and formyl peptide receptor 3 (FPR3) had a sensitivity of 0.85 (0.55–0.98) and a specifi-
city of 0.92 (0.8–0.98) for prediction of early preeclampsia at 22–28weeks of gestation. (3) H19,
FN1, and TUBB6 were increased in women with early preeclampsia as early as 11–17weeks of ges-
tation (all, p< .05). (4) After diagnosis at 32–34weeks, but also prior to diagnosis at 11–17weeks,
women destined to have early preeclampsia showed a coordinated increase in whole blood
expression of several single-cell placental signatures, including the 20-gene signature of extravillous
trophoblast (all, p< .05). (5) A combination of three mRNAs from the extravillous trophoblast sig-
nature (MMP11, SLC6A2, and IL18BP) predicted early preeclampsia at 11–17weeks of gestation
with a sensitivity of 0.83 (0.52–0.98) and specificity of 0.94 (0.79–0.99).
Conclusions: Circulating early transcriptomic markers for preeclampsia can be found either by
untargeted profiling of the cellular transcriptome or by focusing on placental cell-specific
mRNAs. The untargeted cellular mRNA signature was consistently increased in early preeclampsia
after 22weeks of gestation, and individual mRNAs of this signature were significantly increased
as early as 11–17weeks of gestation. Several single-cell placental signatures predicted future
development of the disease at 11–17weeks and were also increased in women already diag-
nosed at 32–34weeks of gestation.
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Introduction

Early identification of patients at risk of obstetrical dis-
ease is required to improve health outcomes and
develop new therapeutic interventions. Notwithstanding
the progress made in the screening and treatment of
women at risk for preterm delivery [1] and preeclampsia
[2], a large proportion of pregnancies at risk to develop
any of the “great obstetrical syndromes” [3] are still not
detected by the current screening methods. Moreover,
current screening procedures may require Doppler ultra-
sound measurements [4], a technique not readily avail-
able in all clinical settings; hence, more affordable
alternatives are needed to better serve the at-risk
patient population.

Studies aiming to develop molecular markers for
early prediction of obstetrical syndromes were based
on “omics” methods, such as transcriptomics [5,6], pro-
teomics [7–15], and metabolomics [16–20]. Given that
the gestational age when biomarkers may be predict-
ive of an obstetrical syndrome is not known a priori,
and that this may also vary among different bio-
markers and syndromes, the collection of omics data
in longitudinal, minimally invasive samples in large
cohorts would be most suited for the discovery and
validation of biomarkers [14,21,22].

The obstetrics literature showcases several strategies
for the selection of candidate molecular markers that
can predict obstetrical disease. An initial approach is
the use of untargeted molecular profiling techniques
to assess the transcriptome, proteome, or metabolome
in samples collected by minimally invasive methods
(e.g. maternal whole blood) from patients at the time
of disease diagnosis and from gestational age-matched
women who had a normal pregnancy [5,6]. A second
approach is to narrow the search for molecules that
are placental or fetal organ-specific, for which previous
evidence of association with obstetrical disease was
reported [23–25]. A third emerging strategy is a refine-
ment of the latter approach: defining candidate
markers among those molecules specific to subpopula-
tions of placental cells identified by single-cell tran-
scriptomics and for which there is evidence of
significant changes in maternal plasma (cell-free RNA)
at the time of disease diagnosis [26]. The assumption
is that the latter two approaches will capture mecha-
nisms specific to disorders of deep placentation
[27–30] and, hence, are less susceptible to spurious
findings that can affect untargeted studies.

However, it is unknown which of these approaches,
based on evidence collected at the time of disease
diagnosis, will lead to biomarkers predictive of obstet-
rical disease prior to clinical manifestation. To provide

insight into this important question, we selected early
preeclampsia (delivery <34weeks of gestation) as a
case study and profiled the cellular transcriptome in
maternal circulation in longitudinal samples of women
who subsequently were diagnosed with early pree-
clampsia and those with a normal pregnancy.

The goal was to determine whether a previously
reported cellular mRNA signature of early preeclamp-
sia defined at the time of diagnosis (untargeted cellular
RNA signature) [5] is predictive of the disease before
clinical manifestation. Moreover, we aimed at assess-
ing whether single-cell placental signatures, such as
that of extravillous trophoblast shown to be increased
in maternal plasma at the time of a diagnosis of early
preeclampsia [26], have predictive value prior to clin-
ical manifestation.

Materials and methods

Study design

We conducted a prospective longitudinal study that
enrolled pregnant women attending the Center for
Advanced Obstetrical Care and Research of the
Perinatology Research Branch, NICHD/NIH/DHHS, the
Detroit Medical Center, and Wayne State University.
Based on this cohort, we designed a retrospective
study of 49 women with a normal pregnancy who
delivered at term and had 4–6 whole blood samples
collected before 40weeks of gestation (median num-
ber of samples¼ 6, interquartile range¼ 6–6). The
study also included 13 women who developed early
preeclampsia (delivery <34weeks of gestation) and
had 3–7 whole blood samples collected before
34weeks of gestation (median number of samples¼ 5,
interquartile range¼ 4–6). All patients provided writ-
ten informed consent for the use of biological speci-
mens as well as clinical and ultrasound data for
research purposes. The analysis presented in this
manuscript is based on data and specimens collected
under the protocol entitled Biological Markers of
Disease in the Prediction of Preterm Delivery,
Preeclampsia, and Intra-Uterine Growth Restriction: A
Longitudinal Study. The study was approved by the
Wayne State University Institutional Review Board
(WSU IRB#110605MP2F) and by the Institutional
Review Board of NICHD/NIH (OH97-CH-N067).

Clinical definitions

Preeclampsia was defined as new-onset hypertension
and proteinuria after 20weeks of gestation [31].
Hypertension was defined when systolic blood
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pressure was �140mmHg and/or diastolic blood pres-
sure �90mmHg, measured on at least two occasions,
4 h to 1week apart [31]. Proteinuria was defined as
�300mg of protein in a 24-h urine collection, or two
random urine specimens obtained 4 h to 1week apart
demonstrating protein �1þ by dipstick or one dip-
stick demonstrating �2þ protein) [31]. Early pree-
clampsia was defined as preeclampsia diagnosed and
delivered before 34weeks of gestation [32]. Small-for-
gestational-age neonate was defined as birthweight
percentile <10th according to the Alexander birth-
weight standard [33].

RNA extraction

RNA was isolated from a PAXgeneVR Blood RNA collec-
tion tube (BD762165) as described in the PAXgeneVR

Blood miRNA Kit Handbook (December 2015). Purified
RNA was quantified by UV spectrophotometry using
the DropSense96VR microplate Spectrophotometer
(Trinean) and quality-assessed by microfluidics using
the RNA ScreenTape on the Agilent 2200 TapeStation.

Microarray analysis

One hundred nanograms of RNA was reverse-
transcribed and amplified using the Affymetrix (Santa
Clara, CA) GeneChipVR WT Plus Reagent Kit, following
the manufacturer’s suggested protocol. A 5.5mg sense-
strand of cDNA was fragmented and labeled using the
Affymetrix GeneChipVR WT terminal Labeling Kit. A total
of 200ml of labeled targets were hybridized to the
Affymetrix GeneChipVR Human transcriptome Array 2.0
in an Affymetrix hybridization oven at 45 �C, 60 rpm for
16h. Wash and stain steps were performed on an
Affymetrix GeneChipVR Fluidics Station 450 and scanned
on an Affymetrix GeneChipVR Scanner 3000. Raw inten-
sity data were generated from array images using
Affymetrix GeneChipTM Command Console Software.

Data analysis

Preprocessing

Data for 348 arrays, each containing >6.0 million
probes, were preprocessed (background correction,
normalization, and summarization) using the Robust
Multi-array Average (RMA) approach [34] implemented
in the oligo package [35]. Probes were assigned to
transcript clusters using annotation from the hta20-
transcriptcluster.db package of Bioconductor [36]. Given
that the samples were profiled in several batches as a
part of a larger study, correction for potential batch

effects was performed using the removeBatchEffect
function of the limma [37] package in Bioconductor
[36]. Duplicate transcript clusters to unique genes
were resolved by retaining the transcript cluster with
the highest average expression across all samples.

Data transformation

Log2 expression data in the control group were fit as
a function of the gestational-age continuum using lin-
ear mixed-effects models. The adequate polynomial
function was selected by minimizing the Akaike’s
information criterion for each gene. Data for all sam-
ples were then converted into log2 multiples of the
mean (MoM) for gestational age by subtracting the
predicted trend in the control group. Further, control
samples (n¼ 78) collected after 34weeks were
excluded. The gestational-age continuum was then
divided into intervals (9–11, 11–17, 17–22, 22–28,
28–32, 32–34weeks) so that each interval included a
comparable number of samples from cases while the
number of duplicate samples from each woman in a
given interval was minimal. In the few instances when
there were duplicate samples from the same woman
in a given gestational-age interval, the most recent
sample (highest gestational age) was retained. The
log2 MoM gene expression data for the remaining
samples (n¼ 257) were transformed into a Z-score for
each gene by subtracting the mean and dividing by
the standard deviation calculated among controls in
each gestational-age interval separately, hence
accounting for the differences in expression variance
among genes, as it was suggested by others [38].

Gene signatures

Two previously defined mRNA signatures were of pri-
mary interest in this study in relation to early
preeclampsia:

Untargeted cellular RNA signature. The first signa-
ture considered was the set of 16 mRNAs present on
the microarray platform from the 18 mRNAs reported
by Chaiworapongsa et al. [5] to be significantly
increased in whole blood of women diagnosed with
early preeclampsia. The mRNAs included in this signa-
ture were ANKRD28, CRIP1, ECT2, EFHC1, EMP1, FN1,
FOSB, FPR3, H19, LMNA, S100A10, SERPINI2, TRNP1,
TSHB, TUBB6, and VSIG4.

Single-cell placental signature. The second mRNA
signature of primary interest comprised 20 mRNAs
deemed as specific to extravillous trophoblast cells by
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single-cell RNA-Seq analysis [26]. The average expres-
sion of this signature was demonstrated to be
increased in maternal plasma (cell-free RNA) at the
time of diagnosis of early preeclampsia [26]. The mem-
ber genes included in this signature were AIF1L,
BCAR4, CERCAM, CLDN19, EGLN3, GDPD3, HLA-G,
IL18BP, INHA, ITGA5, LAIR2, LVRN, LY6D, MMP11,
NOTUM, PAPPA2, PYCR1, RRAD, SLC6A2, and UPK1B. We
also considered secondary single-cell placental mRNA
signatures specific to cytotrophoblasts, syncytiotropho-
blast, decidual cells, dendritic cells, endothelial cells,
erythrocytes, Hofbauer cells, stromal cells, and vascular
smooth muscle cell populations described by Tsang
et al. [26].

Differential expression of mRNA signatures. The
expression of each mRNA signature in a given sample
was determined as the average Z-score overall mem-
bers’ genes. Data were compared between cases and
controls in each gestational-age interval using two-
tailed equal variance t-tests, with p< .05 considered as
a significant result.

Reduced mRNA signatures. To identify parsimonious
sets of mRNAs that predict early preeclampsia with
minimal or no loss of accuracy when compared to the
full signatures, combinations of the genes part of the
signatures were evaluated as predictors in linear dis-
criminant analysis (LDA) models. To limit the chance
of overfitting, only combinations of up to 4 mRNAs
were tested. The sensitivity, specificity, and likelihood
ratios (positive and negative) were obtained based on
a posterior probability for early preeclampsia of .5 or
greater. Such parsimonious LDA models were shown

to lead to accurate predictions on independent test
sets, as shown in multiple systems biology inter-
national initiatives [39–41].

Results

Clinical characteristics of the study population

We profiled the maternal blood cellular transcriptome
in longitudinal samples collected in 49 women with a
normal pregnancy and 13 women diagnosed with
early preeclampsia. Demographic characteristics for
this longitudinal case-control study population are
shown in Table 1. There were no significant differen-
ces in maternal race, age, body mass index, or parity
between the groups; however, women with early pre-
eclampsia delivered earlier and had a lower custom-
ized estimated fetal weight and a lower birthweight
percentile [42] (for all, p< .001). Among women
with early preeclampsia, the rate of small-for-gesta-
tional-age (SGA; customized percentile <10th), deter-
mined based on last available ultrasound scan during
the second or early third trimester, was 42% and the
rate of SGA at birth was 77% (Table 1). Either a second
or early third trimester Doppler measurement was
available in 12 of the 13 early preeclampsia cases; of
those cases, 16% had an abnormal umbilical artery
pulsatility index, while 66% of the cases had an abnor-
mal mean uterine artery pulsatility index, based on
cutoff values reported elsewhere [43,44].

After microarray data preprocessing and transform-
ation into MoM expression for gestational age values,
data were converted into Z-scores and averaged over

Table 1. Demographic characteristics of the women included in the transcriptomics study.
Normal pregnancy (n¼ 49) Early preeclampsia (n¼ 13) p-Value

Age 25 (21–28) 21 (19–27) .35
Body mass index 25.8 (22.5–30.9) 31.8 (25.8–34.2) .12
Nulliparity 16/49 (32.7%) 8/13 (61.5%) .11
Race 1.00
African American 45/49 (91.8%) 13/13 (100%)
Caucasian 2/49 (4.1%) 0/13 (0%)
Other 2/49 (4.1%) 0/13 (0%)

Gestational age at delivery 39.3 (38.6–39.9) 32.3 (30.4–33.4) <.001
Birthweight (g) 3285 (3050–3495) 1395 (1255–1760) <.001
Customized birthweight (percentile) 48.2 (31.8–63.4) 4.8 (1.3–9.9) <.005
Customized birthweight (percentile) <10th 1/49 (2%) 10/13 (76.9%) <.001
Customized EFW (percentile)a 63.40 (28.6–76.8) 10.7 (6.98–20.4) <.001
Customized EFW (percentile) <10tha 1/47 (2.1%) 5/12 (41.7%) <.001
Delivery route .53
Vaginal 26/49 (53.1%) 5/13 (38.5%)
Cesarean 23/49 (46.9%) 8/13 (61.5%)

Continuous variables were compared between groups using Welch’s t-test and are summarized as medians (interquartile range). Categorical variables are
shown as number (%) and were compared using Fisher’s exact test. EFW: Estimated Fetal Weight. aFor 1 control and 2 cases, the customized EFW per-
centile could not be determined since the standard only applies after 22weeks, while the last available scan for these three women was performed
at 17–19weeks.
Note. The one patient in the normal pregnancy group with customized EFW and birthweight percentile < 10th was considered to be appropriate-for-
gestational-age according to non-customized standards used in clinical care.
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member genes of the untargeted cellular RNA signature
and each single-cell placental signature.

Changes in the expression of the untargeted
cellular RNA signature in early preeclampsia

Figure 1 shows the distribution of the expression of
the untargeted cellular RNA signature as a function of
the gestational-age interval and pregnancy outcome.
As expected from our previous study [5]; after the
diagnosis of early preeclampsia at 32–34weeks of ges-
tation, the average expression of this signature was
increased compared to that of women with a normal
pregnancy (p< .0001). When assessed in samples col-
lected earlier in pregnancy at 28–32 and 22–28weeks
of gestation, the average expression of this signature
was also significantly increased (for both intervals,
p< .005). The differences between cases and controls
remained significant at 22–28weeks when only 11 of

the 13 cases that were not already diagnosed by
28weeks were included in the analysis (p< .05).

The sensitivity and false-positive rate for prediction
of early preeclampsia by the untargeted cellular RNA
signature at 22–28weeks of gestation are shown by a
Receiver Operating Characteristic (ROC) curve in
Figure 2, with the area under the ROC curve (AUC)
of 75%.

To determine whether the untargeted cellular RNA
signature can be reduced to a smaller subset of genes
without loss in prediction performance, we fitted lin-
ear discriminant models, using up to 4 of the original
set of 16 genes, by analyzing data collected at
22–28weeks of gestation. Ten 4-gene combinations
were found to predict early preeclampsia with a posi-
tive likelihood ratio (LRþ) >10.0 and a negative LR
(LR�) <0.5 (Table 2). A majority of these gene combi-
nations included H19 imprinted maternally expressed
transcript (H19), a long nonprotein coding RNA.

Figure 1. Cellular mRNA expression of the untargeted cellular mRNA signature in women with a normal pregnancy and in those
who developed early preeclampsia. Log2 gene expression data were corrected for gestational age and possible batch effects and
then converted into Z-scores for each gene, using the mean and standard deviation calculated for the controls in each gesta-
tional-age interval separately. The distributions of the average Z-scores over genes in the untargeted cellular mRNA signature are
shown using box plots; n1 refers to the number of controls while n2 refers to the number of cases. All case samples from the last
interval (32–34weeks of gestation) were taken at or after the diagnosis of preeclampsia. Only 2 of the 13 samples from cases at
22–28weeks and 3 of the 8 samples at 28–32weeks were collected after the diagnosis of early preeclampsia, respectively.
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The combination of H19, fibronectin 1 (FN1), tubulin
beta-6 class V (TUBB6), and formyl peptide receptor 3
(FPR3) had a sensitivity of 85% and a specificity of
92% for prediction of early preeclampsia at
22–28weeks of gestation. Of interest, H19, FN1, and
TUBB6 were each significantly increased in women
with early preeclampsia as early as 11–17weeks of
gestation (for all, p< .05).

Changes in the expression of placenta-targeted
RNA signatures in early preeclampsia

The cellular expression of the extravillous trophoblast
mRNA signature is shown in Figure 3 as a function of
gestational age-interval and pregnancy outcome. Not
only was this signature increased in samples collected
from women already diagnosed with early

preeclampsia at 32–34weeks (p< .05), but more
importantly, it was also increased prior to the disease
diagnosis at 11–17weeks of gestation (p< .05). This
increasing pattern (both at the time of disease diagno-
sis and at 11–17weeks) was also true for gene signa-
tures specific to other subpopulations of placental
cells, including syncytiotrophoblast, decidual-, endo-
thelial-, vascular smooth muscle-, and stromal cells
(Supplementary Figure 1).

The ROC curves for prediction of early preeclampsia
at 11–17weeks of gestation by changes in single-cell
placental signatures are shown in Figure 4. The area
under the ROC curve ranged from 71% for the extra-
villous trophoblast signature to 81% for the dendritic
cell signature. Table 3 provides additional prediction
performance indices of these mRNA signatures.

To determine whether the extravillous trophoblast
single-cell signature can be reduced from 20 mRNAs
to a smaller subset without loss in prediction perform-
ance, we fitted linear discriminant analysis models
using up to 4 of the original set of 20 genes. We
found 11 3-gene combinations that predicted early
preeclampsia at 11–17weeks with a LRþ >10.0 and a
sensitivity >60%. Most of these 11 extravillous tropho-
blast-specific mRNA combinations included MMP11
(matrix metallopeptidase 11). For example, the com-
bination of MMP11, SLC6A2 (solute carrier family 6
member 2), and AIF1L (allograft inflammatory factor 1-
like) mRNAs had a LRþ of 21.3 and a LR� of 0.34 for
prediction of early preeclampsia at 11–17weeks of
gestation (see Table 3).

Comment

Principal findings of the study

(1) The average expression of the 16-gene untargeted
cellular mRNA signature was higher in women already
diagnosed with early preeclampsia at 32–34weeks,
but more importantly, also prior to diagnosis at

Figure 2. Prediction of early preeclampsia by untargeted cel-
lular RNA signature at 22–28weeks of gestation. Receiver
Operating Characteristic (ROC) curve for the untargeted cellular
RNA signature at 22–28weeks of gestation. AUC: area under
the ROC curve.

Table 2. Prediction performance for early preeclampsia at 22–28weeks of gestation by combinations of 4 mRNAs part of the
untargeted cellular mRNA signature.
Predictors Sensitivity Specificity Likelihood ratio (þ) Likelihood ratio (�)

H19þ EFHC1þ TUBB6þ FPR3 0.85 (0.55–0.98) 0.94 (0.83–0.99) 13.5 (4.4–41.5) 0.16 (0.05–0.59)
H19þ FN1þ TUBB6þ FPR3 0.85 (0.55–0.98) 0.92 (0.8–0.98) 10.2 (3.9–26.7) 0.17 (0.05–0.6)
CRIP1þ VSIG4þ EFHC1þ FPR3 0.77 (0.46–0.95) 0.96 (0.86–0.99) 18.5 (4.6–74) 0.24 (0.09–0.65)
FOSBþH19þ FPR3þ ANKRD28 0.77 (0.46–0.95) 0.94 (0.83–0.99) 12.3 (4–38.3) 0.25 (0.09–0.67)
FOSBþH19þ FPR3þ TRNP1 0.77 (0.46–0.95) 0.94 (0.83–0.99) 12.3 (4–38.3) 0.25 (0.09–0.67)
EFHC1þ FN1þ TUBB6þ FPR3 0.77 (0.46–0.95) 0.94 (0.83–0.99) 12.3 (4–38.3) 0.25 (0.09–0.67)
EFHC1þ FN1þ FPR3þ ANKRD28 0.77 (0.46–0.95) 0.94 (0.83–0.99) 12.3 (4–38.3) 0.25 (0.09–0.67)
S100A10þH19þ VSIG4þ ANKRD28 0.62 (0.32–0.86) 0.96 (0.86–0.99) 14.8 (3.6–61.3) 0.4 (0.2–0.8)
S100A10þ LMNAþ VSIG4þ ANKRD28 0.62 (0.32–0.86) 0.96 (0.86–0.99) 14.8 (3.6–61.3) 0.4 (0.2–0.8)
H19þ VSIG4þ FN1þ ECT2 0.62 (0.32–0.86) 0.96 (0.86–0.99) 14.8 (3.6–61.3) 0.4 (0.2–0.8)

Results are shown for linear discriminant analysis models with 4 mRNAs from the original 16-gene signature reported by Chaiworapongsa et al. [5].
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28–32weeks and 22–28weeks of gestation, compared
to controls (all, p< .05). (2) A combination of 4 genes
from this signature, including H19, a long nonprotein
coding RNA, FN1, TUBB6, and FPR3 had a sensitivity of
0.85 (0.55–0.98) and a specificity of 0.92 (0.8–0.98) for
prediction of early preeclampsia at 22–28weeks of
gestation. (3) H19, FN1, and TUBB6 were also separ-
ately increased in women with early preeclampsia as
early as 11–17weeks of gestation (all p< .05). (4) After
diagnosis at 32–34weeks, but also earlier at
11–17weeks prior to diagnosis, women destined to
have early preeclampsia showed a coordinated
increase in whole blood expression of several single-
cell placental signatures, including the 20-gene
extravillous trophoblast signature (all, p< .05). (5) A
combination of three mRNAs from the extravillous
trophoblast signature (MMP11, SLC6A2, and IL18BP)
predicted early preeclampsia at 11–17weeks of gesta-
tion with a sensitivity of 0.83 (0.52–0.98) and specifi-
city of 0.94 (0.79–0.99). Collectively, these findings

Figure 3. Cellular mRNA expression of the single-cell extravillous trophoblast signature. Log2 gene expression data were corrected
for gestational age and possible batch effects and then converted into Z-scores for each gene, using the mean and standard devi-
ation calculated for the controls in each gestational age interval separately. The distribution of the average Z-scores overall 20
genes specific to extravillous trophoblast are shown using box plots; n1 refers to the number of controls while n2 refers to the
number of cases. All samples from the cases in the last interval of 32–34weeks were taken at or after the diagnosis. Only 2 of
the 13 samples from cases at 22–28weeks and 3 of the 8 samples at 28–32weeks were collected after diagnosis with early
preeclampsia, respectively.

Figure 4. Prediction of early preeclampsia at 11–17weeks of
gestation by single-cell placental signatures in maternal whole
blood. The area under the ROC curves (AUC) is shown in the
legend. See Table 3 for other prediction performance metrics.
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indicate that early preeclampsia can be predicted
before clinical manifestation, using information from
the maternal cellular transcriptome.

Importance/significance of the study

Despite advances in prediction [45–47] and treatment
[2] of preeclampsia, molecular markers that can pre-
dict early in pregnancy all women at risk of the differ-
ent phenotypes of this syndrome are still lacking.
Although most widely used maternal blood biochem-
ical markers of preeclampsia are proteins, such as pla-
cental growth factor and pregnancy-associated plasma
protein [48], transcriptomics has always been an
important tool in understanding the etiology of pree-
clampsia [7,49–54]. The challenge of finding reliable
transcriptomic markers of preeclampsia in maternal
circulation was approached by different investigators
using various strategies, as follows:

Untargeted transcriptomics approach to discover
maternal blood biomarkers of preeclampsia

Our group previously compared the cellular transcrip-
tome in maternal circulation at the time of diagnosis
of preeclampsia to that of women who had a normal
pregnancy, using gene expression microarrays [5]. This
approach identified 18 genes increased in expression
in early preeclampsia at the time of disease diagnosis,
and four of these (ANKRD28, ECT2, TSHB, and EMP1)
were also elevated in women with late preeclampsia.
We, therefore, hypothesized that this mRNA signature
may also have predictive value prior to clinical mani-
festation of the disease. Of note, of the genes
included in this signature, FOSB [55,56], FN1 [57,58],
VZIG4 [59], and ANKRD28 [55] were also reported to
be increased in placental tissue or in the maternal cir-
culation of women with preeclampsia.

Placenta-targeted transcriptomics approach to dis-
cover maternal blood biomarkers of preeclampsia

Since preeclampsia is thought to be a disease of the
mother, fetus, and placenta [3,25,60], we and other
investigators sought to focus the search for transcrip-
tomic markers of preeclampsia to placental-specific
transcripts [25] or to those found to be dysregulated
in the placental tissues at the time of delivery with
preeclampsia [61]. Placental-specific transcripts are
often defined based on higher placental expression
compared to expression in other tissues [25,62], using
the BioGPS Gene Expression Atlas (http://biogps.org).
Yet, a novel approach to define placental specific tran-
scripts has emerged based on the work of Tsang et al.
[26] who used single-cell RNA sequencing in placental
tissues from women with a normal pregnancy and
those affected by early preeclampsia. The authors
identified mRNAs highly expressed in subpopulations
of cells, including some akin to extravillous tropho-
blasts, villous cytotrophoblasts and syncytiotropho-
blast, decidual-, dendritic-, endothelial-, T-, and B-cells
among others. Tsang et al. [26] reported that the
maternal plasma expression of such single-cell signa-
tures are modulated with gestational age and, hence,
could be of value for noninvasive placental function
monitoring. Interestingly, using 4 different transcrip-
tomics platforms [63], we have shown that the gesta-
tional age-related trajectories of T-cell and B-cell
signatures were similar in maternal whole blood (cellu-
lar RNA) to those reported in plasma (cell-free RNA).
Since the extravillous trophoblast single-cell signature
was shown to be significantly increased in the plasma
of women diagnosed with early preeclampsia, we
hypothesized that the cellular RNA counterpart could
also be increased not only at the time of diagnosis
but also earlier in gestation. Other studies have impli-
cated mRNAs part of the extravillous trophoblast sin-
gle-cell signature in the pathophysiology of
preeclampsia, including INHA [56,64–67], PAPPA2

Table 3. Prediction performance for early preeclampsia at 11–17 weeks of gestation by cellular mRNA signatures defined by
Tsang et al. [26]
Predictor Sensitivity Specificity Likelihood ratio (þ) Likelihood ratio (�)

Syncytiotrophoblast signature 0.67 (0.35–0.9) 0.75 (0.57–0.89) 2.7 (1.3–5.5) 0.44 (0.19–1.01)
Dendritic cell signature 0.83 (0.52–0.98) 0.75 (0.57–0.89) 3.3 (1.7–6.4) 0.22 (0.06–0.8)
Stromal cell signature 0.58 (0.28–0.85) 0.81 (0.64–0.93) 3.1 (1.3–7.4) 0.51 (0.26–1.02)
Decidual cell signature 0.67 (0.35–0.9) 0.78 (0.6–0.91) 3 (1.4–6.6) 0.43 (0.19–0.97)
Endothelial cell signature 0.58 (0.28–0.85) 0.81 (0.64–0.93) 3.1 (1.3–7.4) 0.51 (0.26–1.02)
Extravillous trophoblast signature 0.58 (0.28–0.85) 0.81 (0.64–0.93) 3.1 (1.3–7.4) 0.51 (0.26–1.02)
Reduced extravillous trophoblast signature�
MMP11þ SLC6A2þ AIF1L 0.67 (0.35–0.9) 0.97 (0.84–1) 21.3 (3–153) 0.34 (0.15–0.77)
MMP11þ SLC6A2þ IL18BP 0.83 (0.52–0.98) 0.94 (0.79–0.99) 13.3 (3.4–52.2) 0.18 (0.05–0.63)

�A parsimonious set of 3 mRNAs part of the original extravillous trophoblast signature identified herein by linear discriminant analysis.
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[56,64,66,68], MMP11 [56], HLAG [55], EGLN3 [55], and
ITGA5 [55,58].

Prediction of early preeclampsia by previously
derived mRNA signatures

The result that our previously derived cellular mRNA
signature of early preeclampsia [5] was increased in
women already diagnosed with preeclampsia at
32–34weeks of gestation confirms our initial report,
yet the fact that this signature has predictive value as
early as 22–28weeks is novel. Although the average
expression of all genes part of this signature was not
significantly increased before 22weeks, individual
genes in this signature (H19, FN1, and TUBB6) were
significantly increased in expression in women with
early preeclampsia as early as 11–17weeks of gesta-
tion. Of note, both FN1 and H19 were reported to
have increased expression in the placental tissue of
women with preeclampsia [69,70], while the latter was
proposed to reduce cell viability but promote invasion
and autophagy in trophoblast cells along with the
activation of the PI3K/AKT/mTOR pathways [70].

The increase in circulating cellular expression of
extravillous trophoblast-specific mRNAs in early pree-
clampsia is consistent also with the overall increase of
extravillous trophoblast-specific gene expression in
placenta [25]. The increase in extravillous trophoblast-
specific mRNA expression with preeclampsia in mater-
nal plasma [26] suggest that either (1) our whole
blood gene expression quantification includes both
cellular and cell-free mRNA fractions, (2) placenta-
derived microparticles are contained by maternal
white blood cells and, therefore, we can detect their
expression in the circulation, or (3) placental-derived
cells or microparticles release cell-free RNA into the
circulation, which is conjugated to the maternal white
blood cells. While Tsang et al. [26] demonstrated a sig-
nificant plasma increase for the extravillous tropho-
blast single-cell signature at the time of disease
diagnosis and reported only a trend of increase for
decidual and endothelial single-cell signatures, the cel-
lular transcriptome analysis herein revealed strong evi-
dence that these and other single-cell placental
signatures are increased at the time of and prior to
the diagnosis of early preeclampsia. The prediction
performance of these signatures at 11–17weeks was
similar (Figure 4). However, unlike with the untargeted
cellular mRNA signature that showed a significant
increase with early preeclampsia in 3 consecutive ges-
tational-age intervals (Figure 1), the changes in placen-
tal single-cell signatures were observed only at
11–17weeks and at 32–34weeks after diagnosis

(Figure 3). This observation is in line with our previous
study demonstrating that the earliest gestational age
when dysregulation of placenta-specific gene expres-
sion can be detected in the maternal circulation at the
protein level is at 11–12weeks after the opening of
the plugged spiral arteries and the start of the mater-
nal circulation of the placenta. Further studies will be
needed to determine whether this window of gesta-
tion centered at the end of the first trimester
(11–17weeks) represents a particular phase in the
development of early preeclampsia when more pla-
cental transcripts are released into the circulation than
at any other time prior to clinical manifestation.

Strengths and limitations

Although gene expression measurements in this study
were performed using genome-wide state-of-the-art
microarrays, this study primarily involved a targeted
hypothesis testing of two mRNA signatures for predic-
tion of early preeclampsia in samples collected longi-
tudinally prior to clinical manifestation and diagnosis.
The moderate sample size and frequent sampling
allowed us to pinpoint the timing when mRNA signa-
tures in early preeclampsia diverge from the level
expected in controls. An additional strength of this
study is the availability of data on 1125 maternal
plasma proteins collected from the longitudinal sam-
ples of all cases and from 39/49 normal pregnancies
included herein (see Tarca et al. [71]). Among the pro-
tein changes previously implicated in the pathophysi-
ology of preeclampsia, also reported in Tarca et al.
[71], we noted the decrease in placental growth factor
(PlGF) and the increase in sialic acid-binding immuno-
globulin-like lectin 6 (siglec-6), fibronectin, and angio-
poietin-1, among others (see Table S2 in Tarca
et al. [71]).

Other important strengths of this work are attrib-
uted to the analytical aspects since data preprocessing
and analysis were conducted to ensure that microarray
batch effects and gestational age were not confound-
ing factors, and that differences in expression variabil-
ity across genes are accounted for when computing
signature expression summaries.

Although the findings herein provided stronger evi-
dence of an association between the cellular placen-
tal-cell mRNA signatures and early preeclampsia
compared to what was presented by Tsang et al. [26]
in maternal plasma, a direct evaluation of the best
approach (cellular versus cell-free transcriptomics)
would require both analyses to be conducted in the
same set of blood samples. Among limitations, we

THE JOURNAL OF MATERNAL-FETAL & NEONATAL MEDICINE 9



acknowledge the potential confounding effect of
treatment, as 12/13 cases received MgSO4, 3/13
received labetalol, and 2/13 received hydralazine and
labetalol. However, such effects may have confounded
only the changes observed in the maternal blood tran-
scriptome after diagnosis, when treatment began, but
not the changes reported herein based on data col-
lected prior to diagnosis.

Summary

We characterized the cellular transcriptomic changes
in maternal circulation associated with early pree-
clampsia prior to and at the time of disease diagnosis.
We demonstrated that circulating early transcriptomic
markers for preeclampsia can be identified either by
untargeted profiling of the cellular transcriptome in
samples collected at the time of diagnosis or by focus-
ing on placental single-cell mRNA signatures dysregu-
lated in plasma at the time of diagnosis. The
untargeted cellular mRNA signature was consistently
increased in early preeclampsia after 22weeks of ges-
tation, with individual mRNAs of this signature being
increased as early as 11–17weeks. Several single-cell
placental signatures predicted future development of
the disease at 11–17weeks and were also increased in
women already diagnosed at 32–34weeks. Future
studies are needed to determine which individual
mRNAs or combinations thereof can add value to cur-
rent prediction models so that more patients can
benefit from treatment.
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