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Long noncoding RNAs (IncRNAs) are key mediators of biological
regulation with diagnostic value as disease biomarkers. We
explored serum IncRNA levels in early pregnancy as potential bio-
markers of pregnancy-induced hypertension (PIH), including
gestational hypertension (GH) and preeclampsia (PE). We per-
formed a two-phase nested case-control study in pregnant women
before 20 weeks’ gestation (before clinical diagnosis). The
screening phase assessed IncRNA expression profiles with a hu-
man IncRNA microarray in 5 pairs of serum samples (5 PE pa-
tients and 5 matched controls). The second phase validated levels
of 8 candidate IncRNAs selected via the random walk method by
quantitative real-time polymerase chain reaction (qRT-PCR).
Serum levels of the 8 IncRNAs were markedly increased in women
with PIH compared with matched normotensive pregnant (NP)
women (p < 0.001), consistent with the microarray results. In
addition, 7 candidate IncRNAs were correlated with PIH severity.
Logistic regression analysis revealed that serum levels of
ENST00000527727 (odds ratio [OR], 1.113; 95% confidence in-
terval [CI], 1.024-1.209; p = 0.0113) and ENST00000415029
(OR, 1.126; 95% CI, 1.000-1.267; p = 0.0496) were associated
with adverse pregnancy outcomes, such as fetal growth restriction
(FGR) and placenta accreta of PTH. Nine pathways associated with
the candidate IncRNAs had confirmed associations with PIH.

INTRODUCTION

Pregnancy-induced hypertension (PIH), a pregnancy-specific disor-
der that includes both gestational hypertension (GH) and preeclamp-
sia (PE), is one of the primary causes of maternal and perinatal mor-
tality and morbidity worldwide and complicates 4.1%-19.4% of all
pregnancies.'

Women with PIH have new onset of hypertension after the first 20 weeks
of pregnancy (GH) or new hypertension with features of multi-organ
involvement (PE) and are not only at a greater risk of adverse pregnancy
outcomes™” but also at increased risk (approximately 1.5-3 times) of
developing cardiovascular disease later in life.>> Although the clinical
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symptoms of PIH present after 20 weeks of gestation, the molecular
events resulting in its onset have been suggested to occur early in preg-
nancy.’ To date, there is neither proper treatment to cure PIH nor an
ideal early clinical biomarker for the prediction of PTH.” The prediction
of PIH, including PE, is one of the meaningful studies in maternal-fetal
medicine due to the lack of an effective therapy for this specific disorder,
which affects the mother and the fetus, frequently requiring a premature
delivery. Without appropriate and timely prevention, PIH may progress
toa more serious stage known as eclampsia, which is combined with sei-
zures and other severe complications. Therefore, it is of great signifi-
cance for this disease to discover non-invasive and reliable biomarkers
in the early stage of pregnancy for the prediction of PIH. Although many
factors such as soluble fms-like tyrosine kinase-1 (sFlt-1), placental
growth factor (PLGF) and ELABELA (ELA) have been used as bio-
markers for predicting PTH,” "' these biomarkers for predicting or diag-
nosing PIH are subject to nonspecific prediction and poor accuracy dur-
ing the early stage of gestation.'* ">

Long noncoding RNA (IncRNA), defined as transcripts longer than
200 nucleotides, has been increasingly thought to be correlated with
various physiological and pathological processes of diseases.'®'” In
addition, previous studies on placental IncRNAs in PIH, including
GH and PE, have indicated the involvement of IncRNAs in the path-
ophysiology of PTH. He et al.'® first conducted a IncRNA microarray
study in 2013 and compared placentas from PE and healthy pregnan-
cies and found 738 differentially expressed IncRNAs. Jin et al."” re-
vealed that the overexpression of the IncRNA uc.187 could induce
PE-like symptoms in a pregnant rat model by affecting the distribu-
tion of B-catenin in the nucleus and cytoplasm.
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Table1. Participant characteristics

Characteristics NP (n =97) PIH (n =97) ZItly? p value
Maternal age, years 29 (27-31) 30 (28-32) —1.8949  0.0581
Height, cm 164.55 + 494  162.7 £ 5.25 1.8723 0.0637
Smoking, n (%) 1(1.03) 2 (2.06) 0.0000 1.0000
Alcohol ion,

cohol consumption, 0 4 4(4.12) 08212 0.3648
(%)
Primipara, n (%) 94 (96.91) 81 (83.51) 9.8605 0.0017
At sampling gestational age <20 weeks
Gestational age, weeks 16 (16-17) 16 (16-17) 1.6325 0.1026
Weight, kg 58 (54-64) 65 (57-77) —4.2557  <0.0001

21.68 (20.55-  24.09 (22.1-
BMI, Kg/m* —4.042 .0001
g/m 23.63) 28.73) 0428~ 0.000

At delivery
Gestational age at 39.71 (38.86—  38.57 (37.43-

5.5139 0.0001
delivery, weeks 40.29) 39.57) <
Weight at de]ivery, kg 72.16 + 8.98 81.67 £ 12.6 —5.7267  <0.0001

. 26.62 (24.8- 30.11 (27.66-
BMI at delivery, Kg/m® —52219  <0.0001
at delivery, Kg/m™ ¢ a1 33.44) <
ABMI 12.5 (10-16) 14 (11-19) —2.1087  0.0350

Systolic blood pressure,

—11.7098 <0.0001
mm Hg

117 (109-122) 150 (142-159)

Diastolic blood pressure,

76 (69-80) 96 (90-104) —11.3651 <0.0001
mm Hg
6.29 (5.39- 6.14 (5.42-
CHOL, /L 0.4824 0.6295
mmol/ 7.16) 7.09)
2.75 (2.32- 3.61 (2.62-
TG, 1/L —4.2394 0. 1
‘G, mmol/ 3.41) 455) 39 000
Cesarean delivery, n (%) 43 (44.79) 76 (78.35) 22.9845 <0.0001
Preterm birth, n (%) 2 (2.06) 20 (20.62) 15.8167 <0.0001
(F;t)al growth restriction, n ) 5 11 (11.34) 88828  0.0029
0

Fetal distress, n (%) 4 (4.12) 8 (8.25) 1.4212 0.2332

145 (140.5-

Fetal heart rate, bpm 145 (140-149) 148)( 0.3507 0.7258

Infant

Birth length, cm 50 (50-51) 50 (48-50) —3.9184 0.0001
. . 3,345 (3085- 3145 (2712.5-

Birth ht, —2.1226  0.0338
i wight- 8 3545) 3600)

Sex, male, n (%) 43 (48.31) 52 (54.17) 0.6331 0.4262

BMI, body mass index; ABMI, BMI at delivery — BMI at sampling; SBP, systolic blood
pressure; DBP, diastolic blood pressure; CHOL, total cholesterol; TG, triglyceride; FGR,
fetal growth restriction; NP, normotensive pregnancy; PIH, pregnancy-induced hyper-
tension.

Circulating IncRNAs have emerged as novel potential biomarkers
for a large number of diseases due to their stability and presence
in the circulation.”® A recent study showed that the circulating
IncRNA BC030099 can be used as a diagnostic marker for PE.”'
However, these reports were conducted using serum/plasma/
placenta samples from a more advanced stage of gestation (third
trimester), and the expression and potential role of circulating

IncRNAs in the early stage of pregnancy in women who later
develop PIH have yet to be clarified.

In this study, to identify potential IncRNAs as early circulating bio-
markers for PIH, including PE, we sought to determine the IncRNA
expression profiles in the serum of patients with PE before the 20th
week of gestation and evaluated the efficacy of IncRNAs for diagnosing
PIH before the onset of clinical symptoms. Moreover, we ran univariate
and multivariate logistic regression analyses for predicting the preg-
nancy outcomes of PTH to further assess the effects of IncRN As, gaining
new insight into the role of IncRNAs in the pathogenesis of PIH.

RESULTS

Participant characteristics

The demographic characteristics of the screening phase participants
are presented in Table S1. The clinical characteristics of the validation
phase participants are shown in Table 1. There were no significant dif-
ferences between the study groups in terms of maternal age, height,
rate of smoking, rate of alcohol consumption, gestational age at sam-
pling, fetal distress, or fetal heart rate during pregnancy.

Compared with patients in the NP group, patients in the PIH group
had a lower gestational age at delivery, delivered infants with a signif-
icantly lower birth weight, had higher rates of primipara, caesarean
delivery, preterm birth, fetal growth restriction (FGR), and fetal
distress, higher blood pressures (BPs; both systolic [SBP] and diastolic
[DBP]) and triglyceride (TG) levels, a higher weight and body mass
index (BMI) at both sampling and delivery, and a higher ABMI be-
tween sampling and delivery.

Differential expression analysis in the PIH dataset

In the screening phase, to assess the differential expression of
IncRNAs and mRNAs between the 5 samples from women before
the 20" week of gestation who later developed PE and 5 paired NP
control samples, a human IncRNA microarray was utilized. We
used unpaired t test and the FC method to obtain differentially ex-
pressed IncRNAs and mRNAs. Finally, there were 417 upregulated
and 167 downregulated IncRNAs and 510 upregulated and 226 down-
regulated mRNAs (Figures 1A and 1B), scatter points marked with
red and blue are up- and downregulated IncRNAs/mRNAs). By
applying the hierarchical clustering method, both the disease and
normal samples can be clustered together using the differentially ex-
pressed IncRNAs/mRNAs we detected (Figures 1C and 1D). These
significantly dysregulated IncRNAs/mRNAs may play a role in PTH
formation or treatment. Besides, we observed that IncRNAs have bet-
ter performance to separate disease and normal samples, which indi-
cates the important role of IncRNAs in PIH. In the following study, we
focused on these identified differentially expressed IncRNAs/mRNAs.

Detection of PIH-related IncRNA biomarkers based on network
analysis

First, we performed Pearson correlation tests between each pair of
differentially expressed IncRNAs and mRNAs and selected significantly
correlated IncRNA-mRNA pairs (p < 0.001), which constituted a large
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Figure 1. Differential expression analysis in PIH
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In total, 417 upregulated and 167 downregulated INcRNAs and 510 upregulated and 226 downregulated mRNAs were identified; the scatter points marked in red and blue
correspond to up- and downregulated INcRNAs/mRNAs. (A) Volcano plot of IncRNAs. (B) Volcano plot of mRNAs. (C) Cluster heatmap of differentially expressed IncRNAs. (D)
Cluster heatmap of differentially expressed mRNAs. (Statistics: unpaired t test, p < 0.05).

network. This network comprised 1,311 nodes and 65,114 edges (Data
S1). Next, we obtained experiment-supported biomarkers of PIH in the
DISEASE database™ and intersected these markers with the differen-
tially expressed IncRNAs/mRNAs we identified. In total, there were
31 mRNAs and 1 IncRNA in both sets (Table S2). We defined them
as seed nodes in the network and applied a random walk algorithm
to identify candidate IncRNA biomarkers. The 8 top-ranked IncRNAs,
NR_002187, ENST00000415029, ENST00000398554, ENST0000058
6560, TCONS_00008014, ENST00000546789, ENST00000610270,
and ENST00000527727, were used as potential biomarkers and were
retained for subsequent analysis. The ranked candidate IncRNAs are
presented in Table S3.

418 Molecular Therapy: Nucleic Acids Vol. 24 June 2021

Validation of IncRNAs by quantitative real-time PCR

In the validation phase, quantitative real-time PCR was performed to
confirm the expression of the 8 IncRNAs in serum samples obtained
from women before the 20™ week of gestation who later developed
PIH (n = 97) and NP women (n = 97). As shown in Figures 2A-
2H, the 8 IncRNAs were markedly increased in women with PIH
compared with matched NP women (p < 0.001), and the results
were highly consistent with the data derived from the microarray.
This finding demonstrated that the 8 IncRNAs play a potential role
in disease progression, so we further divided the PIH patients into
the GH group (n = 47) and PE group (n = 50) and then analyzed
the IncRNA expression characteristics between the two groups. Of
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Figure 2. Expression of serum IncRNAs in the validation phase

(A—-H) Circulating expression levels of IncRNAs were determined by quantitative real-time PCR with serum samples from pregnant women at an early stage of gestation who
later developed PIH (n = 97) compared to women with normotensive pregnancy (n = 97). (A) NR_002187 (p = 4.60E-05). (B) ENSTO0000415029 (p = 4.87E-06). (C)
ENST00000398554 (p = 1.52E-04). (D) ENST00000586560 (p = 9.79E-04). (E) TCONS_00008014 (p = 9.79E-04). (F) ENST00000546789 (p = 8.74E-06). (G)
ENST00000610270 (p = 5.90E-05). (H) ENST00000527727 (p = 6.28E-04). The expression of the 8 INncRNAs was significantly higher in pregnant women who later developed

PE than in NP women (statistics: Wilcoxon rank sum test, ***p < 0.001).

the 8 IncRNAs, 7 IncRNAs (NR_002187, ENST00000398554,
ENST00000586560, TCONS_00008014, ENST00000546789, ENST
00000610270, and ENST00000527727) had elevated expression levels
in the PE group compared to the GH group (p < 0.05); the exception
was ENST00000415029 (p = 0.0770). These results emphasized that
these 7 IncRNAs are underlying markers of disease development (Fig-
ures 3A-3G).

IncRNAs can serve as biomarkers for PIH and risk factors for
pregnancy outcomes of PIH

First, receiver operating characteristic (ROC) curves and the areas un-
der the ROC curves (AUCs) were used to confirm the relationship be-
tween the IncRNAs and PIH (Figures 4A-4H). The AUCs of the 8
IncRNAs (NR_002187, ENST00000415029, ENST00000398554, ENS
T00000586560, TCONS_00008014, ENST00000546789, ENST000
00610270, and ENST00000527727) were 0.6694 (95% confidence in-
terval [CI] = 0.5918-0.7471), 0.6900 (95% CI = 0.6138-0.7662),
0.6575 (95% CI = 0.5804-0.7345), 0.6370 (95% CI = 0.5577-
0.7164), 0.6490 (95% CI = 0.5706-0.7273), 0.6848 (95% CI =
0.6077-0.7619), 0.6670 (95% CI = 0.5883-0.7457), and 0.6422 (95%
CI = 0.5634-0.7209).These results indicated that the 8 serum
IncRNAs could be used as potential early biomarkers for predicting
PIH.

Moreover, multivariate logistic regression analysis revealed that
ENST00000527727 (odds ratio [OR], 1.113; 95% CI, 1.024-
1.209; p = 0.0113) and DBP (OR, 1.095; 95% CI, 1.028-1.167;
p = 0.0051) were independent risk factors for FGR of PIH. More-
over, ENST00000415029 (OR, 1.126; 95% CI, 1.000-1.267; p =
0.0496) and SBP (OR, 1.059; 95% CI, 1.013-1.108; p = 0.0119)
were the independent risk factors for placenta accreta of PIH (Ta-
ble 2).

Functional annotation results show IncRNA biomarkers are
associated with hypertension in pregnancy

To explore the biological functions of the identified candidate
IncRNAs, we extracted the neighbors of these IncRNAs in the
network. In this step, we obtained 335 nonredundant mRNAs and
used these mRNAs to perform functional annotation in the Enrichr
web server. Of the 335 mRNAs, 40 could map into Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathways. We identified 18 sig-
nificant pathways. Among them, 9 had been suggested to be associ-
ated with PIH or PE (marked as red text in Figure 5A). Of these
pathway-related genes, only 15 genes participate in one pathway,
and most of the genes are involved in at least two pathways (Fig-
ure 5B). In particular, EGFR, PLA2G4F, and PLA2G4D are multi-
functional genes that participate in 6 or 7 pathways.

DISCUSSION

In this nested case-control study, we obtained four novel findings.
First, the serum IncRNAs of early pregnancy can serve as novel poten-
tial biomarkers for PIH, including PE. Second, we found that the
severity of PIH increased as the differences in serum expression levels
of 7 of the candidate IncRN As were more pronounced, suggesting that
changes in IncRNA expression can effectively reflect the extent and
intensity of damage to patients owing to PIH. Third, we assessed
the association between serum IncRNA levels and the individual risks
of adverse pregnancy outcomes. Finally, functional enrichment anal-
ysis was performed to evaluate the possible biological effects of the
candidate IncRNAs in PTH.

This present study, for the first time, demonstrated the IncRNA
expression profiles of serum before the 20" week of gestation in
women with PIH, including GH and PE. Our data have revealed novel
dysregulated IncRNAs at the early stages of gestation (before

Molecular Therapy: Nucleic Acids Vol. 24 June 2021 419


http://www.moleculartherapy.org

Molecular Therapy: Nucleic Acids

36 1 20 | 36 36 1
o 4 "aalieaat L T ANE n® 4 o= 4 . ']
2 o0 @ °R 4
o 4 >0 4 . 29 4 >3 .
52 . 23 2g : =8 : 4
58 N §3 : §8 : T 55 e 1.
29 . 28 - B @S - o 22 T
g% 2 T op 2 S 2 95
@ e 50 Jde B g b £8 - )
g HH w 3 X Z e 3 E Xr 3=
g & & Z I} B u §
- = . T ? N - : N B -
GH PE GH PE GH PE GH PE
E * F G R
36 — 36 1 36 H
. ! - 201 i 5 201 -
1} . ~ e -
: g 4]. e @ E 4 oQ 4 i
Po 4 oo 4 . oN 4 .
>3 . 25 [ .
25 29 . 28
c 8 c o - co
o es R=] 28 capt
5 S o 1. 33 a3 I
ge 2 il o e 2 I NGB 8 2 H
52 |- H 7] B N 20 - =
52 2 sz |- ol &
i x i - w 1 -
GH

GH

Figure 3. Expression of serum IncRNAs in PIH patients

PE GH PE

(A-E) 7 of the 8 INcRNAs were associated with the severity of PIH and showed higher expression levels in the PE group (n = 50) than in the GH group (n = 47), excluding
ENST00000415029 (p = 0.0770). (A) NR_002187 (p = 0.0414). (B) ENST00000398554 (p = 0.0004). (C) ENST0O0000586560 (p = 0.0015). (D) TCONS_00008014 (p =
0.0060). (E) ENST00000546789 (p = 0.0262). (F) ENST00000610270 (p = 0.0093). (G) ENST00000527727 (p = 0.0162). (Statistics: Wilcoxon rank sum test, *p < 0.05, **p <

0.01, **p < 0.001).

20 weeks) in the serum of pregnant woman who developed PIH in the
third trimester of pregnancy by using a IncRNA microarray. All 8
candidate IncRNAs identified in our study show an upregulated state,
which may be because the majority (23/32, 72%) of seeds used in
random rank are upregulated in our PIH samples. We expect more
downregulated disease markers to be validated, which could enable
the identification of IncRNAs that potentially have the opposite effect
in PIH. In particular, we selected 8 candidate upregulated IncRNAs
based on network analysis for validation by quantitative real-time
PCR, which showed that the expression levels of NR_002187,
ENST00000415029, ENST00000398554, ENST00000586560, TCON
$_00008014, ENST00000546789, ENST00000610270, and ENST
00000527727 were increased significantly in women with PIH
compared with NP women. Moreover, the AUCs for these 8 IncRNAs
were more than 0.6, indicating that they are suitable as potential early
biomarkers for predicting PIH. Interestingly, for the PIH group, we
further found that 7 of the 8 IncRNAs, NR 002187, ENST000
00398554, ENST00000586560, TCONS_00008014, ENST000005
46789, ENST00000610270, and ENST00000527727, showed higher
levels in the serum of pregnant women who later developed PE
than in those with GH, suggesting that these 7 IncRNAs could also
be used to stratify the severity of PIH.

In pregnant women, a higher BP level is associated with multiple
adverse maternal and perinatal outcomes. Recent studies have shown
a continuous relationship between BP level and adverse maternal out-

23-25
comes,””

as we demonstrated in our analyses here. In our study,
univariate and multivariate regression analyses indicated that patients
with PIH with higher DBP and elevated expression of
ENST00000527727 were at higher risk of combined FGR. With the
rise in research on IncRNA function, IncRNAs have been confirmed

to be associated with some diseases and developmental processes,

420 Molecular Therapy: Nucleic Acids Vol. 24 June 2021

including PIH and FGR. Koukoura et al.”° found increased H19
expression in placentas from pregnancies complicated with FGR,
consistent with the results of our study. Moreover, increased expres-
sion of ENST00000415029 and increased SBP are independent risk
factors for placenta accreta in patients with PIH. This is the first
time that IncRNA in PIH patients has been demonstrated to be asso-
ciated with placenta accreta. In brief, these results underpin antenatal
care, in which a key component is related to the measurement of BP
and detection of hypertension. In addition, detection of IncRNAs in
early pregnancy may be a new method to prevent adverse pregnancy
outcomes.

Based on our microarray data, we finally obtained 18 significant path-
ways by KEGG that may be associated with the biological functions of
the 8 candidate IncRNAs. 9 of the 18 pathways had been confirmed to
be relevant to PTH.”” > Among the 9 pathways, the MAPK pathway
was the most significant. Moreover, there were 3 upregulated mRNAs
(PTPN7, DUSP7, and PPP5C) that encode inhibitors (PTP, MKP,
and PP5) of the MAPK pathway. Some previous studies have verified
that IncRNAs participate in the progression and development of PTH
by modulating the MAPK signaling pathway.’®*” Therefore, we
further speculate that patients with PIH were in a compensatory
phase in early pregnancy and that the MAPK pathway was in an in-
hibited state. With the progression of the disease, the MAPK pathway
was decompensated under the regulation of IncRNAs, and pregnant
women subsequently developed PIH after the 20™ week of gestation.
In the future, we will carry out experiments to confirm these
hypotheses.

In summary, the utilization of a non-invasive, efficient screening
procedure to identify women at risk of PIH would be beneficial
for early goal-directed preventive interventions. Using IncRNA
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Figure 4. ROC analysis of early pregnancy serum IncRNAs for predicting PIH
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(A-H) NR_002187, AUC 0.6694 (95% Cl = 0.5918-0.7471) (A); ENST00000415029, AUC 0.6900 (95% CI = 0.6138-0.7662) (B); ENSTO0000398554, AUC 0.6575 (95%
Cl = 0.5804-0.7345) (C); ENST00000586560, AUC 0.6370 (95% ClI = 0.5577-0.7164) (D); TCONS_00008014, AUC 0.6490 (95% Cl = 0.5706-0.7273) (E);
ENST00000546789, AUC 0.6848 (95% Cl = 0.6077-0.7619) (F); ENST00000610270, AUC 0.6670 (95% CI = 0.5883-0.7457) (G); and ENSTO0000527727, AUC 0.6422

(95% Cl = 0.5634-0.7209) (H).

microarray and quantitative real-time PCR analyses, our data
demonstrate that the maternal circulating IncRNA profiles in serum
samples from early PIH pregnancies are significantly different in
early gestation compared with that from normotensive pregnancies.
This finding indicates a macro predictive and functional pathophys-
iological correlation of circulating IncRNAs during the premature
phase of the disease. Moreover, placing more emphasis on the detec-
tion of IncRNA expression in early pregnancy might reduce some
adverse maternal and fetal outcomes, such as placenta accreta and
FGR.

MATERIALS AND METHODS

Study design and patient characteristics

The present study was approved by the Ethics Committee of the First
Affiliated Hospital of Harbin Medical University. All participating
subjects were informed of the purpose of the study and signed an
informed consent form. The investigation conformed to the princi-
ples outlined in the Declaration of Helsinki.

This is a nested case-control study, and we recruited a total of 3,417
“healthy” pregnant women who underwent prenatal examination and
subsequently delivered at the First Affiliated Hospital of Harbin Med-
ical University, China, between 2015 and 2019. Serum from maternal
whole peripheral blood was collected before the 20" week of gestation
and stored at —80°C until use.

The diagnoses of GH and PE were recognized by an evaluation of the
medical records of all included women.”® GH is defined as SBP >

140 mm Hg or DBP > 90 mm Hg or more or both, measured twice
at least 4 h apart after 20 weeks of gestation, in a woman with an ante-
cedent normal BP. Like GH, PE is a pregnancy-specific disorder, often
with new-onset proteinuria (>300 mg/d or at least +1 on sterile urine
dipstick) or other maternal symptoms (cardiovascular, liver, kidney,
or hematologic dysfunctions), according to the American College of
Obstetricians and Gynecology criteria.”

After excluding women with pre-existing hypertension and cardio-
vascular, liver, kidney, or hematologic disease, patients with PIH
(n = 102), which encompassed both GH (n = 47) and PE (n =
55), were included in the study, and normotensive pregnant (NP)
women (n = 102) were matched at a 1:1 ratio based on maternal
age, sampling gestational age and sample storage date with the
PIH group.

This study contained two phases: the screening phase (IncRNA
profiling research) and the validation phase (biomarker study). In
the screening phase, we finally included patients with PE (n = 5)
and matched NP women (n = 5). The validation phase was the pro-
spective development study of NR_002187, ENST00000415029,
ENST00000398554, ENST00000586560, TCONS_00008014, ENSTO0
0000546789, ENST00000610270, and ENST00000527727 in maternal
serum to predict PTH before 20 weeks’ gestation. The remaining par-
ticipants, including patients with PIH (n = 97; including GH [n = 47]
and PE [n = 50]) and matched normotensive women (n = 97), were
included in the validation phase study. The study design is shown
in Figure 6.
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Table 2. Univariate and multivariate analysis of maternal outcomes for FGR and placenta accreta of patients with PIH

Fetal growth restriction

Placenta accreta

Univariate Multivariate Univariate Multivariate
Variable OR 95% CI p OR 95% CI p OR 95% CI P OR 95% CI p
ENST00000415029 1.0386 0.9401-1.1475 0.4561 - - - 1.1236 1.014-1.245 0.0261 1.126 1.000-1.267 0.0496
NR_002187 0.9023 0.7311-1.1135 0.3378 - - - 0.8142 0.5065-1.3087 0.3959 - - -
ENST00000398554 1.014 0.8451-1.2167 0.8811 - - - 1.0473 0.8325-1.3177 0.6931 - - -
ENST00000586560 1.0378 0.9024-1.1934 0.6031 - - - 1.0632 0.9061-1.2476 0.4523 - - -
TCONS_00008014 1.0958 0.9789-1.2267 0.112 - - - 1.0174 0.836-1.2381 0.8636 - - -
ENST00000546789 1.043 0.9185-1.1845 0.5161 - - - 0.6812 0.2873-1.615 0.3834 - - -
ENST00000610270 1.0051 0.9113-1.1086 0.9184 - - - 0.7534 0.3855-1.4724 0.4075 - - -
ENST00000527727 1.0963 1.0161-1.1829 0.0176 1.113 1.024-1.209 0.0113 0.8622 0.6099-1.219 0.4014 - - -
Age 1.0155 0.8062-1.2793 0.8958 -— -— -— 1.5576 0.9384-2.5854 0.0865 - - -
SBP 1.0357 1.0012-1.0713 0.0421 - - - 1.0625 1.0166-1.1105 0.0071 1.059 1.013-1.108 0.0119
DBP 1.0806 1.0203-1.1444 0.0081 1.095 1.028-1.167 0.0051 1.0554 0.9812-1.1352 0.1471 - - -
GDM (0 as ref) 4.5152 1.3698-14.8827 0.0132 - - - 0.7896 0.0896-6.9585 0.8315 - - -

GDM, gestational diabetes mellitus.

Sample collection and RNA extraction

A total of 3~5 mL of fasting peripheral venous blood samples was centri-
fuged (3,000 RCF ( Reactive Centrifugal Force ) for 10 min at 4°C),
and the serum was separated into a 2-mL RNase-free centrifuge tube
(Axygen, Union City, CA, USA) and immediately stored at —80°C until
assayed. Total RN A was extracted using the RNA Isolation Kit (Axygen,
Union City, CA, USA) according to the manufacturer’s instructions.

Human IncRNA and mRNA microarray

Human LncRNA Microarray V4.0 (Arraystar, USA) procedures and

data analysis were performed by Kangchen Bio-tech (Shanghai,
A

Pathway enrichment

MAPK signaling pathway{ @
Phospholipase D signaling pathway
Calcium signaling pathway

Endocrine and other factor-regulated

calcium reabsorption -logqo (P.value)
Breast cancer
Ras signaling pathway ‘ 3.0
- VEGF signaling pathway B o5
S GnRH signaling pathway 20
§ Glycerophospholipid metabolism 15
§ Long-term potentiation
Melanoma Odds Ratio
Glioma ® 3
Pantothenate and CoA biosynthesis @«

Serotonergic synapse
Glutamatergic synapse
Oxytocin signaling pathway

Malaria

0.00 0.01 0.02 0.03 0.04 0.05
P.value

China) to detect the relative levels of IncRNA and mRNA expression.
Approximately 40,173 IncRNAs and 20,730 coding transcripts could
be detected. Total RNA was extracted from 5 pairs of serum samples
using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA,
USA), and microarray hybridization was performed based on the
manufacturer’s instructions.

Identification of differentially expressed IncRNAs and mRNAs

First, we performed log2 transformation and quantile normalization
for the raw intensity of IncRNAs and mRNAs separately. During this
process, we also did normalization of IncRNAs and mRNAs together

DUSP7 KLK1
PPPSC
RPSGKAL TrPys KLK2
MAPK signaling pathway
PTPN7 .
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GRINI

Endocrine and other factor-regulated
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Figure 5. Functional annotation of the IncRNA biomarkers of hypertension in pregnancy
(A) Bubble chart of significantly enriched KEGG pathways; the bubble size indicates the odds ratio, and the color represents the significance level. (B) The relationship of
genes and pathways. The colors of each gene represent its participating pathways, and the background of each gene set indicates the corresponding pathway. (Statistics:

Fisher’s exact test, p < 0.05.)
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Recruited 3417 “healthy” pregnant women aged
from 20 to 35 whose peripheral serum samples
were collected before 20" week of gestation.

O
\/

Figure 6. Study design

for each IncRNA-mRNA pair and retained the
significantly correlated pairs (p < 0.001). The re-

794 patients were excluded.

® 306 lost to follow-up.

e 103 have miscarriage or still birth.
® 385 have preexising hyperten-
sion, cardiovascular,liver,kidney,or
hematologic disease.

tained IncRNA-mRNA pairs formed the final
interaction network.

PIH-related IncRNA biomarker discovery
We downloaded PIH-related markers from the
DISEASES website (https://diseases.jensenlab.

102 patients with PIH and 2521 normotensive
pregnant women were followed until delivery.
"

102 patients with PIH and 102 normotensive
pregnant women were matched at a 1:1 ratio
based on maternal age,sampling gestational

age and sample storage date.
)

org/Search).”® These markers included genes,
miRNAs, circRNAs, and IncRNAs. We retained
only genes and IncRNAs and intersected them
with the differentially expressed IncRNAs/
mRNAs in the microarray dataset, and the
IncRNAs/mRNAs in both sets were defined as
seed markers. Next, by using the seed markers
and the global network, we applied the random
walk method to discover potential PTH-associ-
ated IncRNAs. Each IncRNA was assigned a
score, and a higher score indicated that the corre-
sponding IncRNA was more important.

o

The remaining unpaired
normotensive samples were
excluded.

Functional enrichment analysis

We explored the biological functions of the iden-
tified candidate IncRNAs by investigating the
functions of the correlated mRNAs. Specifically,

we extracted protein-coding genes that interact
with the 8 IncRNAs in the network and used

. 0, .
the Enrichr web server’™* to perform functional

5 patients with PE and 5 matched
normotensive pregnant women
were included for IncRNA profiling
research.

97 patients with PIH,including PE
and 97 matched normotensive
pregnant women were included for
validation and biomarker study.

enrichment analysis. We selected significantly
enriched KEGG pathways (p < 0.05).

Quantitative real-time RT-PCR

and compared the results derived from two methods. Results show
they have highly consistent value (Figure S1), demonstrating the
expression value used in our study is robust. Next, we applied the un-
paired t test and the fold change (FC) method to obtain differentially
expressed IncRNAs and mRNAs. In this process, those IncRNAs/
mRNAs with a p value < 0.05 and absolute FC statistic >1.5 were
selected as differentially expressed IncRNAs/mRNAs. The samples
were clustered using the differentially expressed IncRNAs or mRNAs
by applying hierarchical clustering method based on euclidean dis-
tance. (GEO: GSE150317)

IncRNA-mRNA interaction network construction

Only those IncRNAs/mRNAs that passed the differential expression
test were used for network construction. We aimed to identify signif-
icantly correlated IncRNA-mRNA pairs, which includes both the pos-
itive and negative pairs. We performed the Pearson correlation test

cDNA was synthesized from total RNA with the
TOYOBO kit (Osaka, Japan). Subsequently, 40
qRT-PCR cycles are preprogrammed to perform the gqRT-PCR pro-
cedure, and qRT-PCR was detected on an Applied Biosystems 7500
instrument by FastStart Universal SYBR Green Master (ROX; Roche,
USA). For each 20 pL reaction, the details of PCR master mix are
demonstrated in Table S4. All reactions were analyzed by using the
2722CT method after normalization for the expression of controls,
and the level of GAPDH served as an endogenous control. The primer
sequences of the IncRNAs and GAPDH are shown in Table S5. The
efficiency of the primers and PCR products are shown in Figures S2
and S3.

Statistical analysis

Normally distributed data are presented as the mean + standard de-
viation, and nonnormally distributed data are presented as the me-
dian (interquartile range). The differences between two groups
were assessed using a two-tailed unpaired t test or the Wilcoxon
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rank-sum test. Categorical data were compared by the chi-square test
and chi-square test of continuity correction. Paired data were
analyzed using paired t test, Wilcoxon matched-pairs signed-ranks
test, and McNemar’s test. ROC curve analysis was performed to
calculate the AUC and then predict PIH. The potential effects of
the clinicopathological variables on clinical outcome were first exam-
ined using univariate analysis. Multivariate logistic regression anal-
ysis was used to further assess the effects of these variables. All statis-
tical analyses were performed using R 3.6.2 software, and a two-sided
p value of less than 0.05 was considered statistically significant.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.0mtn.2021.03.010.
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