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A B S T R A C T

Introduction: Early onset preeclampsia is linked to abnormal trophoblast invasion, leading to insufficient re-
casting of uterine spiral arteries and shallow placental implantation. This study investigated ELABELA (ELA)
expression and its involvement in the pathogenesis of early onset preeclampsia.
Methods: We used immunohistochemistry, quantitative PCR and Western blot to calculate ELA levels in the
placentas. Transwell assays were utilize to assess the invasion and migration of trophoblastic Cells. Western blot
was used to identify the concentrations of vital kinases in PI3K/AKT/mTOR pathways and invasion-related
proteins in trophoblast cells.
Results: ELA was expressed in villous cytotrophoblasts and syncytiotrophoblasts in placental tissue. Compared
with the normal pregnancies, ELA mRNA and protein expression was significantly reduced in early onset pre-
eclampsia placentas. In the HTR-8/SVneo cells, when ELA was knocked down, the invasion and migration
capability of cells decreased significantly, with MMP2 and MMP9 expression downregulated and the expression
of important kinases in the PI3K/AKT/mTOR pathways being significantly decreased compared to the control
group. Overexpression of ELA was on the contrary. Besides, while PI3K was blocked, the invasion and migration
capability of HTR-8/SVneo cells and the expression of key kinases in PI3K/AKT/mTOR pathways were decreased
significantly.
Discussion: ELA stimulates the invasion and migration of trophoblastic cells through activation of downstream
PI3K/AKT/mTOR pathway and is complicit in early onset preeclampsia pathogenesis. Our research offers a
potential novel treatment for PE.

1. Introduction

Preeclampsia (PE) is a serious systemic disease occurring during
pregnancy in which proteinuria and hypertension are observed after 20
weeks of pregnancy. The incidence rate of preeclampsia is approxi-
mately 3%–8% annually [1–3]. It is a serious complication that en-
dangers the health of both the mother and child [3–5]. Preeclampsia is
a multifactorial disease that is caused by maternal, fetal and environ-
mental factors without an effective treatment at present, although the
pathogenesis remains unclear. Early onset preeclampsia was proposed
by European and American researchers in the 1980s as a disease
manifesting before 34 weeks of gestation [6,7]. This form of the disease
has attracted much attention due to its potential for causing severe

maternal complications and adverse perinatal consequences [8,9]. It is
largely thought that insufficient infiltration of trophoblast cells and
disordered remodeling of the uterine spiral artery can lead to superficial
placental implantation, causing insufficient uterine and placental blood
flow that leads to early onset preeclampsia [10–12]. The migration and
invasion of trophoblastic cells are influenced by multiple factors and
the precise molecular mechanisms underlying the pathogenesis of the
disease remain unclear.

ELA, also known as Apela or Toddler, is a recently discovered 54
amino acid peptide hormone which binds and activates the APJ re-
ceptor. ELA is highly conserved among different species, suggesting that
it is a key regulator of essential physiological functions [13,14]. It is
known to be involved in the development of zebrafish embryos via
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promotion of APJ receptor signaling-mediated endoderm differentia-
tion [13,14]. ELA regulates mammalian circulation and embryonic
development [15]. Human ELA is detectable in adult kidneys, prostate
and embryonic stem cells in addition to placental tissue [13,16]. The
ELA/APJ axis can effectively protect the heart and kidneys, and induces
vasodilation in adults [17–19]. ELA promotes the growth and self-re-
newal of human embryonic stem cells via activation of the PI3K/Akt
pathway [16]. ELA has a critical role in the development of the placenta
and heart and promotes angiogenesis during embryonic development
[20,21]. It has been reported that Elabela-deficient mice develop pre-
eclampsia [22], suggesting it has a role in the pathogenesis of pre-
eclampsia, but the specific mechanism remains unknown.

ELA is highly expressed in human placental trophoblasts. The pla-
centa lacks innervation [23]. Both ELA and APJ have been found to be
simultaneously expressed in the placenta, suggestive of potential au-
tocrine regulation of placental memory via the ELA/APJ pathway.
Exogenous ELA has also been shown to significantly increase the in-
vasiveness of trophoblasts, suggesting that ELA has a paracrine effect on
trophoblast differentiation [20]. ELA can induce cell invasion through
both autocrine and paracrine signaling and may promote subsequent
spiral artery reconstruction that prevents the development of pre-
eclampsia [20], although further research is required to confirm the
underlying mechanisms.

Many investigations have demonstrated that the PI3K/AKT pathway
is involved in the pathogenesis of preeclampsia [24,25], with ab-
normalities being implicated in the abnormal development of the pla-
cental labyrinth [26,27]. Downregulation of p-AKT in extravillous tro-
phoblasts affects trophoblast proliferation and invasion [28]. Together,
these observations suggest that the PI3K/AKT pathway is involved in
trophoblast invasion, performing an important role in preeclampsia.

It is generally accepted that cell invasion and migration are closely
related to the activity of the two proteases, matrix metalloproteinase-2
(MMP-2) and matrix metalloproteinase-9 (MMP-9) [29–31]. Both MMP-
2 and MMP-9 promote cell invasion by degrading collagen type IV
[32,33], the principal component of the extracellular matrix and basal
membrane of the endometrium [34,35], and are proteases closely re-
lated to trophoblast invasion [36–38].

In this study we aimed to study the hypothesis that ELA plays a role
in the mechanism of trophoblast invasion and migration through the
PI3K/AKT/mTOR pathway. To test this hypothesis, the expression of
ELA in placental villi was measured and then ELA expression in the
placentas of women with early onset preeclampsia was compared with
that in healthy pregnant women. Finally, the migration and invasion of
trophoblasts in response to different ELA concentrations were measured
in vitro, in addition to assessing the levels of related signaling cascade
and invasion-related proteins, with the goal of ascertaining the poten-
tial role of ELA in the pathogenesis of early onset preeclampsia.

2. Materials and methods

2.1. Patient and placenta information

Ethical approval was granted by the Qingdao Municipal Hospital
and written informed consent was provided by all patients. Placentas
were collected from pregnancies that fulfilled the following criteria: (1)
Normal pregnancy (no complication, no proteinuria, blood pres-
sure < 140/90mm Hg); (2) Early onset preeclampsia (proteinuria and
hypertension) occurring after 20 weeks but before 34 weeks of gesta-
tion, with systolic blood pressure≥ 140mm Hg or/and diastolic pres-
sure≥ 90mm Hg; urine protein levels over 24 h≥ 300mg). All preg-
nant women were non-smokers, nulliparous and gave birth by cesarean
section. Patients with other complications were excluded. Maternal age
and body mass index were matched in both groups.

During cesarean section, placentas were collected under sterile
conditions after delivery. Tissue samples were removed from the central
region of the placenta and processed within 30min. All samples were

repeatedly rinsed with cold phosphate buffered saline (PBS), with one
piece placed in formaldehyde for immunohistochemistry and another
quickly frozen and maintained at −80 °C until required for subsequent
RNA and protein extraction.

2.2. Cell culture, RNA interference and transfection with plasmids

Human HTR-8/SVneo first trimester cytotrophoblast cells [39] were
acquired from the Chinese Academy of Sciences in Shanghai. Cells were
cultured in DMEM (Invitrogen, USA) containing 10% FBS plus peni-
cillin/streptomycin and maintained at 37 °C in an atmosphere con-
taining 5% CO2.

Small interfering RNA (siRNA) sequences used in this study were
transfected into cells for 24 h, in accordance with the manufacturer's
protocol (Shanghai GenePharma Co., Ltd, Shanghai, China). siRNA se-
quences were as follows. Targeting ELA (siRNA-ELA-sense: 5′-GUGAU
UCUCGUGCCUCAACTT-3'; siRNA-ELA-antisense: 5′-GUUGAGGCACGA
GAAUCACTG-3′) and control siRNA (scramble-sense; 5′-GAGUGGGUC
UGGGUCUUCCCGTT-3'; scramble-antisense; 5′-CGGGAA GACCCAGAC
CCACUCTG-3′).

HTR-8/SVneo cells were transfected with over-expressed ELA or
blank control plasmids for 24 h following the manufacturer's protocols
(Shanghai GenePharma Co., Ltd, Shanghai, China).

2.3. Histology, H&E staining and immunohistochemical analysis

Polyclonal antibodies against ELA were produced as previously
described [13] by BGI, Beijing, China. The placental tissue samples
were cut into 5mm pieces, fixed in formaldehyde, paraffin embedded,
dewaxed in xylene, then hydrated through a rising gradient of alcohol
concentrations.

H&E staining: Some sections were stained with hematoxylin, blue
color developed in ammonia water, dyed with eosin, then dehydrated,
cleared, sealed with neutral gum then observed using light microscopy.

Antigens were retrieved by boiling unstained sections in citrate
buffer then cooling naturally. Endogenous peroxidase activity was ter-
minated by incubating sections at room temperature for 10min in 3%
hydrogen peroxide. A polyclonal rabbit anti-human ELA antibody (di-
lution 1:200) was used as a primary antibody to stain sections overnight
at 4 °C. A Goat anti rabbit antibody was then added as a secondary
antibody (dilution 1:10,000, Cell Signaling Technology, Danvers, MA,
USA) at room temperature or 37 °C for 30min. After rinsing in PBS,
DAB (Beijing, China) was applied for color development for 5–10min,
followed by sample dehydration, clearing, sealing then examination
using a light microscope.

2.4. qRT-PCR

Total placental RNA was isolated using an RNAiso Plus kit (TaKaRa,
China), then cDNA generated using a 1 μL reaction system (TaKaRa,
China) which was then stored at −20 °C until required for experi-
mentation. The following primers were used: 5'-

CTGAGGTTTGTCACTAGAATGTGAA-3' (forward) and 5'-
TAAGCAATCACGCTGTTGGCATCA-3' (reverse) (360 bp) for ELA,

5′-ACTGCCACCCAGAAGACT-3' (forward) and 5′-GCTCAGTGTAGCCCA
GGAT-3' (reverse) (292 bp) for GAPDH. Real time amplification was
performed in a 20 μl volume by mixing 10 μl of SYBR Green Master Mix
(TaKaRa, China) with 2 μl forward and reverse primers, 0.5 μl of tem-
plate cDNA and 7.5 μl water. Ninety six well plates were then placed in
the ABI7500 sequence detector (Applied Biosystems, CA, USA). After
analysis using real-time PCR, relative expression of PCR products was
calculated from the Ct values of the target gene in comparison with
values for the GAPDH endogenous control using the ΔΔCt method. Melt
curves were used to ascertain whether amplification had been suc-
cessful.
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2.5. Western blot analysis

One hundred μg placental tissue were cut into small fragments and
300 μl of protein lysis buffer (PIC/PMSF) added. Samples were then
homogenized on ice, centrifuged at 12,000 g for 15min at 4 °C and the
supernatants recovered and stored at −20 °C. For the HTR8/Svneo
cells, RIPA lysis buffer (Beyotime, Shanghai, China) was used to lyse the
cells on ice while agitating for 30min, followed by centrifugation at
12,000 g at 4 °C for 20min. A Bradford assay was utilized to quantify
protein concentrations in all samples. Equal quantities of each sample
(20 μg of protein) were then separated on 15% SDS-PAGE gels for
30min at 80 V, then for 1 h at 120 V on ice. Proteins were subsequently
transferred onto PVDF membranes for 1 h which were then washed
with PBS-Tween (PBST) and incubated with primary antibodies at 4 °C
overnight. Primary antibodies used in Western blotting were: rabbit
polyclonal anti-ELA, MMP2, MMP9, PI3K, phospho (p)-PI3K, AKT,
pAKT, mTOR (all diluted 1:1,000, Abcam, Cambridge, MA, USA) and
anti-GAPDH (diluted 1:2,000, Abcam, Cambridge, MA, USA).
Membranes were then washed with PBST three times for 10min each.
HRP conjugated goat anti-rabbit secondary antibody (diluted 1:2000,
Abcam) was then added to blots for 1 h, and membrane protein levels
assessed using enhanced chemiluminescence (Amersham Life Science,
USA) by analysis using comparative protein band densitometry as as-
sessed using an MSF-300G scanner (Microtek Laboratory, United
States).

2.6. Cell migration and invasion assays

Invasion assays were conducted using 24-well transwell plates
(Costar; Corning, NY, USA). Transwell chambers were initially coated
with Matrigel. HTR8/SVneo cells were then suspended in serum-free
medium and 104 cells placed into the upper chamber and 600 μl
medium containing 10% FBS into the lower chamber. After 24 h of
routine culture, the non-invasive cells on the surface were gently re-
moved with a cotton swab. The invading cells were fixed with methanol
for 30min, and the chamber dried then stained with 0.5% crystal violet
for 20min. Cells in 5 random fields (× 100) were counted. The cell
migration assay was conducted using the same protocol except that the
Matrigel pre-coating was omitted.

2.7. LY294002 inhibition

LY294002 (10 μmol/L) was dissolved in DMSO (0.5%) (Abmole
Bioscience, USA). HTR-8/SVneo cells cultured in normal medium for
24 h were denoted the control group. LY294002 group cells were cul-
tured in medium containing 10 μmol/L LY294002 for 24 h.
LY294002 + ELA group cells were cultured in medium containing
10 μmol/L LY294002 for 24 h then transfected with over-expressed ELA
plasmids for 24 h. The migration and invasion of the cells were com-
pared across the three groups. Western blot analysis was used to de-
termine protein expression of ELA, pAKT and mTOR in the three
groups.

2.8. Statistical analysis

Each experiment was repeated three times. The data are represented
as means ± SD and assessed using SPSS v22.0 statistical software.
Differences between groups were calculated using a one-way analysis of
variance or non-paired two-tailed t-test, as appropriate. P < 0.05 was
considered statistically significant.

3. Results

3.1. Clinical findings

Patient clinical characteristics are displayed in Table 1. Thirty early

onset preeclampsia patients displayed a significant increase in systolic
and diastolic blood pressure and were administered magnesium sulfate
to prevent eclampsia and dexamethasone to promote fetal lung ma-
turation. In these patients, the incidence of placental abruption was
6.67%, fetal growth restriction 20% and premature delivery was
83.33%. No such events occurred in the normal group.

3.2. ELA expression was decreased in early onset PE placentae

H&E staining and immunohistochemistry were used to evaluate
tissue sections (Fig. 1), and qRT-PCR and Western blotting (Fig. 2A and
B) to locate and quantify ELA levels in placental samples. Im-
munohistochemistry revealed that ELA was strongly expressed in tro-
phoblasts and syncytial trophoblasts in the placenta. The expression of
ELA in placental tissue from normal full-term pregnancies was higher
than that in tissue associated with early onset preeclampsia (Fig. 1). As
shown in Fig. 2A, the expression of ELA in the placental tissue of pa-
tients with early onset preeclampsia (EOPE) was significantly lower
than that of normal pregnant women. In addition, we measured the
expression of ELA protein in placentae using Western blotting. The
expression of ELA protein in placental tissue of normal full-term preg-
nant women was significantly greater than in the early onset pre-
eclampsia group (Fig. 2B). These results are consistent with the im-
munohistochemistry findings, suggesting that ELA is significantly
reduced in early onset preeclampsia patients.

3.3. Knock down of ELA inhibits cell migration and invasion

ELA expression was found to be lower in early onset preeclampsia
placentae and so the biological roles of ELA in trophoblast migration
and invasion were next evaluated, investigating whether it plays a
crucial role in the progression of early onset preeclampsia. HTR8/
SVneo cells were transfected with ELA-specific siRNA for 24 h. ELA
protein expression was significantly reduced in these cells compared
with cells transfected with scrambled control siRNAs, as confirmed by
Western blotting (Fig. 3A). Transwell migration assays revealed that the
migratory capability of the HTR8/SVneo cells was significantly sup-
pressed after ELA knock-down (Fig. 3B). The number of ELA-silenced
HTR8/SVneo cells that penetrated the membrane was significantly re-
duced relative to numbers of cells treated with scrambled siRNA
(Fig. 3C). In summary, knock-down of ELA lessened the ability of
HTR8/SVneo cells to invade and migrate.

MMP2 and MMP9 expression was found to be closely related to
invasion and migration. The influence of ELA on MMP2 and MMP9
expression in HTR8/Svneo cells was measured. Western blot analysis
demonstrated that knockdown of ELA significantly reduced MMP2 and
MMP9 protein expression, an effect not observed in the scramble group
(Fig. 3D). These observations are consistent with the results of ELA
knock down in which reduced invasion and migration by HTR8/Svneo
cells were observed.

3.4. ELA overexpression promotes cell migration and invasion in HTR-8/
SVneo cells

To further corroborate the role of ELA in trophoblast invasion, ELA
was overexpressed in HTR-8/SVneo cells. As shown in Fig. 4A, ELA
protein concentration was significantly up-regulated in the ELA group
compared with controls. As expected, the invasive and migratory cap-
abilities of HTR-8/SVneo cells were significantly enhanced following
ELA overexpression (Fig. 4B and C). As shown in Fig. 4D, MMP2 and
MMP9 levels increased markedly in the ELA overexpressed group
compared with the control group. Together these results support the
hypothesis that ELA promotes invasion and migration in HTR8/Svneo
cells.
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3.5. ELA modulates the PI3K/AKT/mTOR signaling pathway in HTR8/
SVneo cells

Various factors regulate trophoblastic invasion via the PI3K/AKT
pathway [40,41]. In order to explore the mechanisms by which ELA
promotes trophoblast invasion, the activation of key kinases in the
PI3K/AKT/mTOR pathway was assessed in HTR8/SVneo cells. Western
blot analysis was employed to establish protein expression. As shown in
Fig. 5A, knockdown of ELA significantly decreased the expression of
pPI3K, pAKT and mTOR as opposed to the scramble group. As shown in
Fig. 5B, overexpression of ELA significantly upregulated pPI3K, pAKT
and mTOR. No differences in total PI3K or AKT levels between groups
were detected in the HTR8/SVneo cells. These data suggest that ELA
operates through the PI3K/AKT/mTOR signaling pathway in HTR8/
SVneo cells.

To further confirm that ELA affects trophoblast invasion through the
PI3K/AKT/mTOR signaling pathway, HTR8/SVneo cells were treated
with the PI3K inhibitor LY294002 to investigate the invasion and mi-
gration of trophoblasts and the expression of proteins downstream of
PI3K. As shown in Fig. 6A and B, blockade of PI3K(LY) reduced mi-
gration and invasion compared with the control and LY + ELA group
HTR8/Svneo cells. The invasion and migration behavior of control

group and LY + ELA group cells was essentially the same. pAKT and
mTOR protein levels were significantly reduced compared with the
control and LY + ELA group HTR8/SVneo cells (Fig. 6C), while there
were no significant differences in pAKT or mTOR levels in the control or
LY + ELA groups. These results suggest that pAKT and mTOR are
downstream effectors of the PI3K signaling pathway. These results in-
dicate that ELA can inhibit the invasion and migration of trophoblasts
through the PI3K/AKT/mTOR signaling pathway.

4. Discussion

Preeclampsia is the most common complication of pregnancy and
the principal contributor to maternal mortality [42]. At present, there is
no effective treatment for this condition, clinicians generally delivering
the placenta, leading to a premature birth that seriously endangers the
health of the newborn, especially in cases of early onset preeclampsia
[43]. The specific mechanism underlying this condition remains un-
clear. It is generally believed that the pathogenesis of early-onset pre-
eclampsia is linked to inadequate trophoblast invasion [44–46]. In this
study, we found that ELA mRNA and protein levels decreased in early
onset preeclamptic placentas compared with those that were healthy
(Fig. 2). In HTR8/SVneo cells, knockdown of ELA inhibited cell

Table 1
Demographic characteristics of the study population.

Characteristic Normal (n= 30) EOPE(n= 30)

Maternal age (years) 31.50 ± 2.76 32.47 ± 4.52 [p= 0.3221]
Gestational age at delivery (weeks) 39.40 ± 0.73 32.80 ± 3.03 [p < 0.001]
BMI (kg/m2) 28.46 ± 3.75 30.24 ± 3.82 [p= 0.073]
Systolic blood pressure 120.30 ± 7.17 168.37 ± 17.29 [p < 0.001]
Diastolic blood pressure 76.30 ± 6.49 106.87 ± 8.0613 [p < 0.001]
Birth weight (g) 3388.33 ± 368.52 1821.00 ± 742.99 [p < 0.001]

EOPE=Early onset preeclamptic; BMI= body mass index; BP = Blood pressure.

Fig. 1. ELA was expressed and localized in placenta of Normal and EOPE (Early onset preeclampsia) group by HE and immunohistochemistry (IHC) (× 200). Up, HE
detected. Down, IHC detection of ELA expression. Bar= 200 μm.

Fig. 2. ELA mRNA and protein expression in pla-
cental tissue showed significantly decreased in the
early onset PE group opposed to healthy controls
(P=0.0387,< 0.05; P=0.0392,< 0.05). A,
Quantitative Real-time PCR determinated ELA
mRNA in placenta, with quantifcation relative to
GAPDH. B, Western blot determinated the ex-
pression of ELA protein in placenta in EOPE group
and normal group with quantifcation relative to
GAPDH. Relative mRNA and protein levels were
calculated using the mean ± SD of three in-
dependent experiments.
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migration and invasion (Fig. 3) and reduced the activation of PI3K and
Akt (Fig. 5), while overexpression of ELA promoted cell migration and
invasion (Fig. 4) and activation of PI3K and Akt (Fig. 5). In addition,
following blockade of PI3K signaling, the migration and invasion cap-
ability of cells decreased significantly, in addition to the significant
decrease in levels of pAKT and mTOR (Fig. 6). From these results, we
infer that ELA participates in trophoblast invasion and migration via the
PI3K/Akt/mTOR signaling pathway.

ELA was recently found to be the second endogenous peptide ligand
for the APJ receptor [13,14]. It has been found that ELA participates in
the regulation of blood pressure via the binding of APJ [47]. The ex-
pression of ELA was shown to decrease in both hypertension patients
and in a rat model [48]. Animal studies have demonstrated that preg-
nant ELA-, but not Apelin, -knockout mice developed symptoms of
preeclampsia such as proteinuria and hypertension [20]. Abnormal
placental formation is closely related to the onset of preeclampsia [49].

Fig. 3. Reduced expression of ELA affected the invasion and migration in HTR8/SVneo cells. A, ELA protein expression was significantly reduced in HTR8/SVneo
transfected cells with si-ELA, compared to scramble transfected cells. B, In si-ELA cells, cells migration were decreased compared with scramble using the Transwell
migration assay. C. Cells invasion were determined using the Matrigel invasion assay. D Knocking down ELA reduced MMP2 and MMP9 protein expression compared
to the scramble group. (N = 3) (*P < 0.05, **P < 0.01).

Fig. 4. Increased the expression of ELA affected the invasion and migration in HTR8/SVneo cells. A, Overexpress ELA in HTR8/SVneo cells, ELA protein increased
significantly opposed to the vector group (*P < 0.05). B, While overexpress ELA, cells migratory abilities were markedly enhanced compared with vector group
using the Transwell migration assay (**P < 0.01). C, Overexpress ELA, cells invasion were increased using the Matrigel invasion assay (**P < 0.01). D,
Overexpress ELA, the expression of MMP2 and MMP9 protein was raised compared to the vector group (**P < 0.01). N = 3.
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ELA deficiencies have been found to manifest as placental labyrinth and
angiogenesis disorders, with decreased cell proliferation and increased
apoptosis [50]. Contrary to previous opinions, a study of women with
late onset preeclampsia, rather than early onset preeclampsia, found
that ELA levels were significantly reduced [51], another study finding
that Elabela was not significantly associated with the onset of pre-
eclampsia [52]. These inconsistencies may be related to differences in
specimens, the small numbers studied and differences in assay kits and
test environment. In the present study, IHC staining indicated that ELA
was expressed in placental cytotrophoblasts and syncytial trophoblasts
(Fig. 2). Abnormal down-regulation of ELA mRNA and protein levels in
the early-onset PE group (Fig. 2) suggested that ELA is related to early-
onset preeclampsia. Very few pregnant women treated with magnesium
sulfate and dexamethasone experienced no complications, all giving
birth by cesarean section at about 32 weeks. Investigations of such
women will continue through the collection of additional cases as they
arise. In order to further study the possible mechanisms of the in-
volvement of ELA, we measured the migration and invasion of tro-
phoblasts after modulating the expression of ELA levels in HTR8/SVneo
cells.

Previous studies have found that ELA activates the APJ receptor and
promotes cell movement during zebrafish gastrulation, regulating me-
sodermal cell migration via Cxcr4a-signaling [53]. It has been sug-
gested the expression of ELA in BeWo and JEG3 cell lines decreases
significantly within hypoxic conditions, associated with a decrease in
the invasiveness of trophoblasts [54]. Consistent with previous studies,
we found that knockdown of ELA prevented trophoblast migration and
invasion in HTR8/SVneo cells (Fig. 3), while over-expression of ELA
promoted trophoblast migration and invasion (Fig. 4). MMP2 and
MMP9 are currently the most widely studied factors that promote tro-
phoblast invasion [55–57]. Many factors, including PI3K, affect the
invasion of trophoblasts through MMP2/MMP9 [58]. The present study
established that knockdown of ELA decreased the expression of MMP2
and MMP9, while over-expression of ELA had the opposite effect in
HTR8/SVneo cells (Figs. 3 and 4). These results indicate that ELA af-
fects the invasion of trophoblasts.

Several signaling pathways play key roles in regulating cellular in-
vasion, including the PI3K/Akt/mTOR signaling pathway which is
considered to be a key regulator of invasive activity [59]. Activated APJ
signaling can activate PI3K [16], and so ELA could be linked to the

Fig. 5. Western blot was employed to assess the expression of crucial proteins complicit in the PI3K/AKT/mTOR pathway in HTR8/SVneo cells. A, The PI3K/AKT/
mTOR pathways were inhibited by ELA knockdown in HTR8/SVneo cells. B, The PI3K/AKT/mTOR pathways were activated by ELA overexpression in HTR8/SVneo
cells. Data are displayed as the mean ± SD of three seperate experiments. (N = 3) (*P < 0.05, **P < 0.01).

Fig. 6. We used PI3K inhibitor LY294002 to treat HTR8/SVneo cells. A, Cells migratory abilities were markedly reduced in LY294002 group compared with control
and LY294002 + ELA group. B, Cells invasion were inhibited in LY 294002 group using the Matrigel invasion assay compared with control and LY294002 + ELA
group. C, We used western blot to determine the Expression of pAKT and mTOR in HTR8/SVneo cells. (N = 3) (*P < 0.05, **P < 0.01).
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pathogenesis of preeclampsia through the PI3K/Akt/mTOR pathway.
Consistent with this hypothesis, we found that levels of pPI3K, pAKT
and mTOR were markedly decreased and migration and invasion also
decreased significantly in HTR8/SVneo cells following ELA knockdown
(Fig. 5). LY294002 is currently the most widely used PI3K blocker
[28,60]. After blockade of PI3K the ability of cells to undergo invasion
and migration was significantly reduced and the expression of pAKT
and mTOR significantly decreased in HTR8/SVneo cells (Fig. 6). Figs. 5
and 6 suggest that Elabela was involved in the trophoblastic migration
and invasion through the PI3K/Akt/mTOR pathway. After blocking
PI3K and adding Elabela, as shown in Fig. 6, the migration and invasion
capability of cells increased, as did expression of AKT and mTOR,
suggesting that overexpression of Elabela would result in a reduction in
inhibition of PI3K, with Akt/mTOR possibly activated through other
pathways, promoting cell migration and invasion, possibilities that will
be studied in more detail in the future. Partially consistent with this
study, Zhou et al. has reported that administration of ELA can lead to an
increase in pAKT and that treatment with ELA can promote trophoblast
invasion and MMP9 mRNA expression [51]. Taken together, our find-
ings indicate that ELA may influence trophoblast migration and inva-
sion by affecting the PI3K/AKT/mTOR pathway.

In summary, ELA mRNA and protein levels were decreased in the
placentas of women suffering early onset preeclampsia. In addition,
ELA affects the invasion and migration of trophoblasts in HTR8/SVneo
cells through the PI3K/AKT/mTOR pathway. This study suggests a
possible mechanism by which ELA can induce early-onset preeclampsia,
rendering ELA a potential target for the prevention and treatment of
this condition.

Conflict of interest

We have no conflicts of interest to declare.

Funding

This work was supported by the grants from Science and
Technology Benefit People Special of Qingdao Science and Technology
Bureau in China [Grant number: 19-6-1-56-nsh].

References

[1] E.C. Miller, H.J. Gatollari, G. Too, A.K. Boehme, L. Leffert, R.S. Marshall,
M.S.V. Elkind, J.Z. Willey, Risk factors for pregnancy-associated stroke in women
with preeclampsia, Stroke 48 (7) (2017) 1752–1759.

[2] B.W.J. Mol, C.T. Roberts, S. Thangaratinam, L.A. Magee, C.J.M. de Groot,
G.J. Hofmeyr, Pre-eclampsia, Lancet (London, England) 387 (10022) (2016)
999–1011.

[3] K. Bibbins-Domingo, D.C. Grossman, S.J. Curry, M.J. Barry, K.W. Davidson,
C.A. Doubeni, J.W. Epling Jr., A.R. Kemper, A.H. Krist, A.E. Kurth, C.S. Landefeld,
C.M. Mangione, W.R. Phillips, M.G. Phipps, M. Silverstein, M.A. Simon, C.W. Tseng,
Screening for preeclampsia: US preventive services task force recommendation
statement, Jama 317 (16) (2017) 1661–1667.

[4] Y. Lee, P. Magnus, Maternal and paternal height and the risk of preeclampsia,
Hypertension 71 (4) (2018) 666–670 Dallas, Tex. : 1979.

[5] T. Garrido-Gomez, K. Ona, M. Kapidzic, M. Gormley, C. Simon, O. Genbacev,
S.J. Fisher, Severe pre-eclampsia is associated with alterations in cytotrophoblasts
of the smooth chorion, Development 144 (5) (2017) 767–777.

[6] S. A, M. P, A. R, R. W, I. C, Compromised JMJD6 histone demethylase activity
affects VHL gene repression in preeclampsia, J. Clin. Endocrinol. Metab. 103 (4)
(2018) 1545–1557.

[7] E. Lecarpentier, J.C. Gris, E. Cochery-Nouvellon, E. Mercier, C. Touboul,
R. Thadhani, S.A. Karumanchi, B. Haddad, Angiogenic factor profiles in pregnant
women with a history of early-onset severe preeclampsia receiving low-molecular-
weight heparin prophylaxis, Obstet. Gynecol. 131 (1) (2018) 63–69.

[8] A. Bokslag, P.W. Teunissen, C. Franssen, F. van Kesteren, O. Kamp, W. Ganzevoort,
W.J. Paulus, C.J.M. de Groot, Effect of early-onset preeclampsia on cardiovascular
risk in the fifth decade of life, Am. J. Obstet. Gynecol. 216 (5) (2017)
523.e1–523.e7.

[9] U.V. Ukah, B. Payne, J.A. Hutcheon, J.M. Ansermino, W. Ganzevoort,
S. Thangaratinam, L.A. Magee, P. von Dadelszen, Assessment of the fullPIERS risk
prediction model in women with early-onset preeclampsia, Hypertension 71 (4)
(2018) 659–665 Dallas, Tex. : 1979.

[10] E.R. Barnea, F. Vialard, H. Moindjie, S. Ornaghi, M.N. Dieudonne, M.J. Paidas,

PreImplantation Factor (PIF*) endogenously prevents preeclampsia: promotes tro-
phoblast invasion and reduces oxidative stress, J. Reprod. Immunol. 114 (2016)
58–64.

[11] Y. Jia, T. Li, X. Huang, X. Xu, X. Zhou, L. Jia, J. Zhu, D. Xie, K. Wang, Q. Zhou,
L. Jin, J. Zhang, T. Duan, Dysregulated DNA methyltransferase 3A upregulates
IGFBP5 to suppress trophoblast cell migration and invasion in preeclampsia,
Hypertension 69 (2) (2017) 356–366 Dallas, Tex. : 1979.

[12] X. Chen, C. Tong, H. Li, W. Peng, R. Li, X. Luo, H. Ge, Y. Ran, Q. Li, Y. Liu, X. Xiong,
Y. Bai, H. Zhang, P.N. Baker, X. Liu, H. Qi, Dysregulated expression of RPS4Y1
(ribosomal protein S4, Y-linked 1) impairs STAT3 (signal transducer and activator
of transcription 3) signaling to suppress trophoblast cell migration and invasion in
preeclampsia, Hypertension 71 (3) (2018) 481–490 Dallas, Tex. : 1979.

[13] S. Chng, L. Ho, J. Tian, B. Reversade, ELABELA: a hormone essential for heart de-
velopment signals via the apelin receptor, Dev. Cell 27 (6) (2013) 672–680.

[14] A. Pauli, M.L. Norris, E. Valen, G.L. Chew, J.A. Gagnon, S. Zimmerman, A. Mitchell,
J. Ma, J. Dubrulle, D. Reyon, S.Q. Tsai, J.K. Joung, A. Saghatelian, A.F. Schier,
Toddler: an embryonic signal that promotes cell movement via Apelin receptors,
Science 343 (6172) (2014) 1248636.

[15] Z. Wang, D. Yu, M. Wang, Q. Wang, J. Kouznetsova, R. Yang, K. Qian, W. Wu,
A. Shuldiner, C. Sztalryd, M. Zou, W. Zheng, D. Gong, Elabela-apelin receptor sig-
naling pathway is functional in mammalian systems, Sci. Rep. 5 (2015) 8170.

[16] L. Ho, S. Tan, S. Wee, Y. Wu, S. Tan, N. Ramakrishna, S. Chng, S. Nama,
I. Szczerbinska, I. Sczerbinska, Y. Chan, S. Avery, N. Tsuneyoshi, H. Ng,
J. Gunaratne, N. Dunn, B. Reversade, ELABELA is an endogenous growth factor that
sustains hESC self-renewal via the PI3K/AKT pathway, Cell Stem Cell 17 (4) (2015)
435–447.

[17] P. Yang, J. Maguire, A. Davenport, Apelin, Elabela/Toddler, and biased agonists as
novel therapeutic agents in the cardiovascular system, Trends Pharmacol. Sci. 36
(9) (2015) 560–567.

[18] H. Chen, L. Wang, W. Wang, C. Cheng, Y. Zhang, Y. Zhou, C. Wang, X. Miao,
J. Wang, C. Wang, J. Li, L. Zheng, K. Huang, ELABELA and an ELABELA fragment
protect against AKI, J. Am. Soc. Nephrol. 28 (9) (2017) 2694–2707.

[19] K. Kuba, T. Sato, Y. Imai, T. Yamaguchi, Apelin and Elabela/Toddler; double ligands
for APJ/Apelin receptor in heart development, physiology, and pathology, Peptides
111 (2019) 62–70.

[20] L. Ho, M. van Dijk, S. Chye, D. Messerschmidt, S. Chng, S. Ong, L. Yi, S. Boussata,
G. Goh, G. Afink, C. Lim, N. Dunn, D. Solter, B. Knowles, B. Reversade, ELABELA
deficiency promotes preeclampsia and cardiovascular malformations in mice,
Science 357 (6352) (2017) 707–713.

[21] C. Helker, A. Schuermann, C. Pollmann, S. Chng, F. Kiefer, B. Reversade, W. Herzog,
The hormonal peptide Elabela guides angioblasts to the midline during vasculo-
genesis, Elife 4 (2015).

[22] I. Papangeli, H. Chun, A tale of two Elabela null mice, Trends Endocrinol. Metab. 28
(11) (2017) 759–760.

[23] D. Marzioni, L. Tamagnone, L. Capparuccia, C. Marchini, A. Amici, T. Todros,
P. Bischof, S. Neidhart, G. Grenningloh, M. Castellucci, Restricted innervation of
uterus and placenta during pregnancy: evidence for a role of the repelling signal
Semaphorin 3A, Dev. Dynam. 231 (4) (2004) 839–848.

[24] C. Zhou, Q.Y. Zou, H. Li, R.F. Wang, A.X. Liu, R.R. Magness, J. Zheng, Preeclampsia
downregulates MicroRNAs in fetal endothelial cells: roles of miR-29a/c-3p in en-
dothelial function, J. Clin. Endocrinol. Metab. 102 (9) (2017) 3470–3479.

[25] Y. Zhang, Z. Liu, M. Tian, X. Hu, L. Wang, J. Ji, A. Liao, The altered PD-1/PD-L1
pathway delivers the 'one-two punch' effects to promote the Treg/Th17 imbalance
in pre-eclampsia, Cell. Mol. Immunol. 15 (7) (2018) 710–723.

[26] M. Laguë, J. Detmar, M. Paquet, A. Boyer, J. Richards, S. Adamson, D. Boerboom,
Decidual PTEN expression is required for trophoblast invasion in the mouse, Am. J.
Physiol. Endocrinol. Metab. 299 (6) (2010) E936–E946.

[27] C. Tong, X. Feng, J. Chen, X. Qi, L. Zhou, S. Shi, K. Kc, J. Stanley, P. Baker,
H. Zhang, G protein-coupled receptor 30 regulates trophoblast invasion and its
deficiency is associated with preeclampsia, J. Hypertens. 34 (4) (2016) 710–718.

[28] Y. Xu, L. Sui, B. Qiu, X. Yin, J. Liu, X. Zhang, ANXA4 promotes trophoblast invasion
via the PI3K/Akt/eNOS pathway in preeclampsia, Am. J. Physiol. Cell Physiol. 316
(4) (2019) C481–C491.

[29] S. Yin, C. Xia, Y. Wang, D. Wan, J. Rao, X. Tang, J. Wei, X. Wang, M. Li, Z. Zhang,
J. Liu, Q. He, Dual receptor recognizing liposomes containing paclitaxel and hy-
droxychloroquine for primary and metastatic melanoma treatment via autophagy-
dependent and independent pathways, J. Control. Release 288 (2018) 148–160.

[30] S.K. Das, A.K. Pradhan, P. Bhoopathi, S. Talukdar, X.N. Shen, D. Sarkar, L. Emdad,
P.B. Fisher, The MDA-9/syntenin/IGF1R/STAT3 Axis directs prostate cancer inva-
sion, Cancer Res. 78 (11) (2018) 2852–2863.

[31] F. Shi, L. Shang, B.Q. Pan, X.M. Wang, Y.Y. Jiang, J.J. Hao, Y. Zhang, Y. Cai, X. Xu,
Q.M. Zhan, M.R. Wang, Calreticulin promotes migration and invasion of esophageal
cancer cells by upregulating neuropilin-1 expression via STAT5A, Clin. Cancer Res.
20 (23) (2014) 6153–6162.

[32] R. Watanabe, T. Maeda, H. Zhang, G.J. Berry, M. Zeisbrich, R. Brockett,
A.E. Greenstein, L. Tian, J.J. Goronzy, C.M. Weyand, MMP (matrix metallopro-
tease)-9-producing monocytes enable T cells to invade the vessel wall and cause
vasculitis, Circ. Res. 123 (6) (2018) 700–715.

[33] S. Ricci, E. Guadagno, D. Bruzzese, M. Del Basso De Caro, C. Peca, F.G. Sgulo,
F. Maiuri, A. Di Carlo, Evaluation of matrix metalloproteinase type IV-collagenases
in serum of patients with tumors of the central nervous system, J. Neuro Oncol. 131
(2) (2017) 223–232.

[34] C.R. Jones-Paris, S. Paria, T. Berg, J. Saus, G. Bhave, B.C. Paria, B.G. Hudson,
Embryo implantation triggers dynamic spatiotemporal expression of the basement
membrane toolkit during uterine reprogramming, Matrix Biol. 57–58 (2017)
347–365.

L. Wang, et al. Placenta 87 (2019) 38–45

44

http://refhub.elsevier.com/S0143-4004(19)30598-3/sref1
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref1
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref1
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref2
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref2
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref2
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref3
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref3
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref3
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref3
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref3
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref4
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref4
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref5
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref5
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref5
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref6
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref6
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref6
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref7
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref7
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref7
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref7
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref8
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref8
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref8
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref8
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref9
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref9
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref9
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref9
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref10
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref10
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref10
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref10
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref11
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref11
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref11
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref11
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref12
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref12
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref12
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref12
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref12
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref13
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref13
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref14
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref14
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref14
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref14
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref15
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref15
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref15
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref16
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref16
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref16
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref16
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref16
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref17
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref17
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref17
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref18
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref18
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref18
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref19
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref19
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref19
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref20
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref20
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref20
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref20
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref21
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref21
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref21
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref22
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref22
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref23
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref23
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref23
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref23
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref24
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref24
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref24
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref25
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref25
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref25
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref26
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref26
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref26
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref27
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref27
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref27
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref28
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref28
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref28
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref29
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref29
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref29
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref29
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref30
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref30
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref30
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref31
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref31
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref31
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref31
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref32
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref32
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref32
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref32
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref33
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref33
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref33
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref33
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref34
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref34
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref34
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref34


[35] C.M. Oefner, A. Sharkey, L. Gardner, H. Critchley, M. Oyen, A. Moffett, Collagen
type IV at the fetal-maternal interface, Placenta 36 (1) (2015) 59–68.

[36] C.Y. Wang, H.L. Tsai, J.S. Syu, T.Y. Chen, M.T. Su, Primary cilium-regulated EG-
VEGF signaling facilitates trophoblast invasion, J. Cell. Physiol. 232 (6) (2017)
1467–1477.

[37] B. Rahat, R. Sharma, R. Bagga, A. Hamid, J. Kaur, Imbalance between matrix me-
talloproteinases and their tissue inhibitors in preeclampsia and gestational tro-
phoblastic diseases, Reproduction 152 (1) (2016) 11–22.

[38] L. Liu, Y. Wang, C. Shen, J. He, X. Liu, Y. Ding, R. Gao, X. Chen, Benzo(a)pyrene
inhibits migration and invasion of extravillous trophoblast HTR-8/SVneo cells via
activation of the ERK and JNK pathway, J. Appl. Toxicol. 36 (7) (2016) 946–955.

[39] X. Liu, Y. Hu, Y. Zheng, X. Liu, M. Luo, W. Liu, Y. Zhao, L. Zou, EPHB4 regulates
human trophoblast cell line HTR-8/SVneo function: implications for the role of
EPHB4 in preeclampsia, Biol. Reprod. 95 (3) (2016) 65.

[40] G. Gessain, O. Disson, M. Lecuit, [PI3-kinase activation is critical for host barrier
permissiveness to Listeria monocytogenes], Med. Sci. 32 (6–7) (2016) 557–560.

[41] Y. Zhou, M. Gormley, N. Hunkapiller, M. Kapidzic, Y. Stolyarov, V. Feng,
M. Nishida, P. Drake, K. Bianco, F. Wang, M. McMaster, S. Fisher, Reversal of gene
dysregulation in cultured cytotrophoblasts reveals possible causes of preeclampsia,
J. Clin. Invest. 123 (10) (2013) 4541.

[42] J.E. Dominguez, A.S. Habib, A.D. Krystal, A review of the associations between
obstructive sleep apnea and hypertensive disorders of pregnancy and possible
mechanisms of disease, Sleep Med. Rev. 42 (2018) 37–46.

[43] M.F. van Oostwaard, L. van Eerden, M.W. de Laat, J.J. Duvekot, J. Erwich,
K. Bloemenkamp, A.C. Bolte, J. Bosma, S.V. Koenen, R.F. Kornelisse, B. Rethans,
P. van Runnard Heimel, H. Scheepers, W. Ganzevoort, B. Mol, C.J. de Groot,
I. Gaugler-Senden, Maternal and neonatal outcomes in women with severe early
onset pre-eclampsia before 26 weeks of gestation, a case series, Bjog 124 (9) (2017)
1440–1447.

[44] L. Shen, Z. Diao, H.X. Sun, G.J. Yan, Z. Wang, R.T. Li, Y. Dai, J. Wang, J. Li, H. Ding,
G. Zhao, M. Zheng, P. Xue, M. Liu, Y. Zhou, Y. Hu, Up-regulation of CD81 inhibits
cytotrophoblast invasion and mediates maternal endothelial cell dysfunction in
preeclampsia, Proc. Natl. Acad. Sci. U. S. A. 114 (8) (2017) 1940–1945.

[45] A.L. Winship, K. Koga, E. Menkhorst, M. Van Sinderen, K. Rainczuk, M. Nagai,
C. Cuman, J. Yap, J.G. Zhang, D. Simmons, M.J. Young, E. Dimitriadis, Interleukin-
11 alters placentation and causes preeclampsia features in mice, Proc. Natl. Acad.
Sci. U. S. A. 112 (52) (2015) 15928–15933.

[46] X. Song, C. Li, J. Li, L. Liu, L. Meng, H. Ding, W. Long, The long noncoding RNA
uc.294 is upregulated in early-onset pre-eclampsia and inhibits proliferation, in-
vasion of trophoblast cells (HTR-8/SVneo), J. Cell. Physiol. 234 (7) (2019)
11001–11008.

[47] J. Xu, L. Chen, Z. Jiang, L. Li, Biological functions of Elabela, a novel endogenous
ligand of APJ receptor, J. Cell. Physiol. 233 (9) (2018) 6472–6482.

[48] P. Yang, C. Read, R.E. Kuc, G. Buonincontri, M. Southwood, R. Torella, P.D. Upton,
A. Crosby, S.J. Sawiak, T.A. Carpenter, R.C. Glen, N.W. Morrell, J.J. Maguire,

A.P. Davenport, Elabela/toddler is an endogenous agonist of the apelin APJ re-
ceptor in the adult cardiovascular system, and exogenous administration of the
peptide compensates for the downregulation of its expression in pulmonary arterial
hypertension, Circulation 135 (12) (2017) 1160–1173.

[49] J.G. Parchem, K. Kanasaki, M. Kanasaki, H. Sugimoto, L. Xie, Y. Hamano, S.B. Lee,
V.H. Gattone, S. Parry, J.F. Strauss, V.D. Garovic, T.F. McElrath, K.H. Lu, B.M. Sibai,
V.S. LeBleu, P. Carmeliet, R. Kalluri, Loss of placental growth factor ameliorates
maternal hypertension and preeclampsia in mice, J. Clin. Investig. 128 (11) (2018)
5008–5017.

[50] I. Papangeli, H.J. Chun, A tale of two Elabela null mice, Trends Endocrinol. Metab.
28 (11) (2017) 759–760.

[51] L. Zhou, H. Sun, R. Cheng, X. Fan, S. Lai, C. Deng, ELABELA, as a potential diag-
nostic biomarker of preeclampsia, regulates abnormally shallow placentation via
APJ, Am. J. Physiol. Endocrinol. Metab. 316 (5) (2019) E773–E781.

[52] N. Pritchard, T.J. Kaitu'u-Lino, S. Gong, J. Dopierala, G.C.S. Smith, D.S. Charnock-
Jones, S. Tong, ELABELA/APELA levels are not decreased in the maternal circula-
tion or placenta among women with preeclampsia, Am. J. Pathol. 188 (8) (2018)
1749–1753.

[53] M.L. Norris, A. Pauli, Toddler signaling regulates mesodermal cell migration
downstream of Nodal signaling, Elife 6 (2017).

[54] J. Canfield, S. Arlier, E.F. Mong, J. Lockhart, J. VanWye, O. Guzeloglu-Kayisli,
F. Schatz, R.R. Magness, C.J. Lockwood, J.C.M. Tsibris, U.A. Kayisli, H. Totary-Jain,
Decreased LIN28B in preeclampsia impairs human trophoblast differentiation and
migration, FASEB J. 33 (2) (2019) 2759–2769.

[55] E. Liu, Z. Liu, Y. Zhou, M. Chen, L. Wang, J. Li, MicroRNA-142-3p inhibits tro-
phoblast cell migration and invasion by disrupting the TGF-β1/Smad3 signaling
pathway, Mol. Med. Rep. 19 (5) (2019) 3775–3782.

[56] C.Y. Kuo, M. Shevchuk, J. Opfermann, T. Guo, M. Santoro, J.P. Fisher, P.C. Kim,
Trophoblast-endothelium signaling involves angiogenesis and apoptosis in a dy-
namic bioprinted placenta model, Biotechnol. Bioeng. 116 (1) (2019) 181–192.

[57] M. chauhan, M. Balakrishnan, A. Vidaeff, U. Yallampalli, F. Lugo, K. Fox, M. Belfort,
C. Yallampalli, Adrenomedullin2 (ADM2)/Intermedin (IMD): a potential role in the
pathophysiology of preeclampsia, J. Clin. Endocrinol. Metab. 101 (11) (2016)
4478–4488.

[58] P. Chaudhary, G.S. Babu, R.C. Sobti, S.K. Gupta, HGF regulate HTR-8/SVneo tro-
phoblastic cells migration/invasion under hypoxic conditions through increased
HIF-1α expression via MAPK and PI3K pathways, J Cell Commun. Signal (2019),
https://doi.org/10.1007/s12079-019-00505-x PMID: 30684191.

[59] Z. Cao, Q. Liao, M. Su, K. Huang, J. Jin, D. Cao, AKT and ERK dual inhibitors: the
way forward? Cancer Lett. 459 (2019) 30–40.

[60] C.Y. Hung, C.H. Lee, H.L. Chiou, C.L. Lin, P.N. Chen, M.T. Lin, Y.H. Hsieh,
M.C. Chou, Praeruptorin-B inhibits 12-O-Tetradecanoylphorbol-13-Acetate-Induced
cell invasion by targeting AKT/NF-kappaB via matrix metalloproteinase-2/-9 ex-
pression in human cervical cancer cells, Cell. Physiol. Biochem. 52 (6) (2019)
1255–1266.

L. Wang, et al. Placenta 87 (2019) 38–45

45

http://refhub.elsevier.com/S0143-4004(19)30598-3/sref35
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref35
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref36
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref36
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref36
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref37
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref37
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref37
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref38
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref38
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref38
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref39
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref39
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref39
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref40
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref40
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref41
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref41
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref41
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref41
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref42
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref42
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref42
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref43
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref43
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref43
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref43
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref43
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref43
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref44
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref44
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref44
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref44
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref45
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref45
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref45
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref45
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref46
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref46
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref46
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref46
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref47
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref47
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref48
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref48
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref48
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref48
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref48
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref48
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref49
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref49
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref49
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref49
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref49
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref50
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref50
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref51
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref51
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref51
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref52
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref52
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref52
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref52
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref53
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref53
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref54
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref54
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref54
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref54
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref55
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref55
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref55
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref56
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref56
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref56
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref57
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref57
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref57
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref57
https://doi.org/10.1007/s12079-019-00505-x
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref59
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref59
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref60
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref60
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref60
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref60
http://refhub.elsevier.com/S0143-4004(19)30598-3/sref60

	Reduced ELABELA expression attenuates trophoblast invasion through the PI3K/AKT/mTOR pathway in early onset preeclampsia
	Introduction
	Materials and methods
	Patient and placenta information
	Cell culture, RNA interference and transfection with plasmids
	Histology, H&#x200B;&&#x200B;E staining and immunohistochemical analysis
	qRT-PCR
	Western blot analysis
	Cell migration and invasion assays
	LY294002 inhibition
	Statistical analysis

	Results
	Clinical findings
	ELA expression was decreased in early onset PE placentae
	Knock down of ELA inhibits cell migration and invasion
	ELA overexpression promotes cell migration and invasion in HTR-8/SVneo cells
	ELA modulates the PI3K/AKT/mTOR signaling pathway in HTR8/SVneo cells

	Discussion
	Conflict of interest
	Funding
	References




