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ABSTRACT
Pre-eclampsia (PE) is one of the most common reason for high morbidity and
mortality of maternal and prenatal infants. Production from oxidative stress results in
maternal ROS system and anti-oxidation defense system imbalance to promote tissue
ischemia and hypoxia, and ultimately impairs the maternal organs and placenta. Our
previous study showed that exogenous Alpha-1-antitrypsin (AAT) and overexpression
of AAT in umbilical vein cell (HUVEC) hypoxia-reoxygenation model could increase
the activity of antioxidant enzymes, and played a protective role in preeclampsia
animal model. In this study, we aim to investigate the underlying mechanism by
which AAT prevents PE progress. Whole-exome sequencing was performed to screen
the genes altered by AAT. We found that AAT knockdown altered the expression
of Smad family and Id family genes, and further demonstrated that AAT positively
regulated Id4 expression through activating Smad2. Reduced Id4 expression and
Smad2 phosphorylation were observed in preeclampsia animal model, which was also
confirmed in human placenta tissues. In addition, AAT protected HUVEC cells from
hypoxia/reoxygenation injury and relieved preeclampsia symptoms through Smad2/
Id4 axis. Our data illustrate AAT/Smad2/Id4 axis is an important mediator of placenta
and vascular function during pregnancy. These findings provide insights into events
governing pregnancy-associated disorders, such as preeclampsia.

migration and invasion, and then cause uterine spiral
artery recanalization disorder and shallow placental
implantation. And deposition of oxidative stress products
ROS in the blood vessels results in maternal ROS system
and anti-oxidation defense system imbalance to promote
vascular endothelial cell injury, systemic arteriolar spasm,
tissue ischemia and hypoxia, and ultimately impairs the
maternal organs and placenta [2].

INTRODUCTION
Pre-eclampsia (PE), a pregnancy-specific disease
accounting for pregnancy complications of 5% to 7%, is
one of the most common reason for high morbidity and
mortality of maternal and perinatal infants [1]. Oxidative
stress theory considers that the placental excess oxidative
stress can lead to weaken of trophoblast trophoblast cell
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Our previous study showed that exogenous Alpha-1antitrypsin (AAT) and overexpression of AAT in umbilical
vein cell (HUVEC) hypoxia-reoxygenation model could
increase the activity of antioxidant enzymes and decrease
the apoptosis [3]. It is speculated that AAT can protect
endothelial from oxidative stress injury and is involved in
the development of preeclampsia.
Inhibitor of DNA binding (ID) family protein is a
class of transcription factors, including ID1 / 2/3/4. They
play an important role in the regulation of endothelial
cell cycle, proliferation, migration and angiogenesis and
invasion [4]. It has been found that activation of bone
morphogenetic protein (BMP) receptors can lead to
phosphorylation of Smad5 and promote the migration of
endothelial cells, while ID1 is identified as a target gene
for BMP/Smad; interference Id1 can block BMP-mediated
endothelial cell migration [5, 6]. BMP receptor mutations
are often found in hereditary pulmonary hypertension,
which can lead to a decrease in Smad1/5-driven Id1
expression [7]. Prostaglandin can enhance the expression
of Smad1/5 phosphorylation and Id1 induced by BMP, and
its mechanism is related to inhibitory Smad6. In addition,
prostacyclin can inhibit the proliferation of smooth muscle
cells, thereby preventing the progression of pulmonary
hypertension and increase Smad1/5 phosphorylation and Id1
expression [8]. In the inflammatory response, the expression
of Id1 in endothelial cells will increase in adaptive
expression. And the study also found that TGFβ/Smad
pathway also plays an important role in vascular endothelial
cells, inhibition of Smad6/7 can antagonize TGFβ-induced
pulmonary artery endothelial cell permeability disorder [9].
It has been found that ID2 can regulate the differentiation,
migration and invasion of trophoblast cells [10]. Moreover,
in the early stage of eclampsia, the expression of Smad2
phosphorylation and Smad7 in placental tissue is increased
and plays an important role in the proliferation and
differentiation of trophoblast cells [11].
These results suggest that Smad family proteins
and ID family proteins play an important role in the
proliferation, migration, angiogenesis and permeability
of vascular endothelial cells, and may play a role in
preeclampsia by regulating the inflammatory response
and endothelial cell function. Thus, we propose that AAT
positively regulate Ids expression through Smads to play
a role in endothelial cells or trophoblast proliferation,
migration, angiogenesis and permeability, finally
contribute to prevention of preeclampsia progression.

As shown in Table 1, AAT downregulation resulted in
down-regulation or up-regulation of genes expression.
The top ten of upregulated genes included ANKRD36B,
MMP1, NBN, BIRC3, GOLGA8B, LOC100508892,
HMMR, PUS7L, FAM111B and STAG2SYCP1. And the
top ten of downregulated genes included ID2, ID4, SMAD2,
PPIA, EGR4, ST6GALNAC2, ID1, SMAD4, GPR56 and
IER5L (Table 1). Among them, the Id family proteins and
Smad family proteins were frequently observed in the
downregulated genes. Especially, the fold changes of ID2,
ID4 and SMAD2 were more than 6 (Table 1). In order to
explore the possible mechanism by which AAT influences
the progress of preeclampsia, we especially concerned with
the Id family and Smad family proteins. We then performed
qPCR and western blot in human umbilical vein endothelial
cells (HUVEC), trophoblast cell (hpt-8) and chorionic
cancer cells (jeg-3) cells to confirm the expression profile of
these genes. We found that AAT mRNA expressed in all the
three cell lines with highest in HPT-8 cells, and decreased
in JEG-3 cells. The expressive profiles of Id4 and Smad2
were similar to AAT. The expression of other genes was
slightly fluctuated (Figure 1B). These phenomena were also
confirmed in protein levels evaluated by western blot (Figure
1C), suggesting that AAT may through regulating Id4 and
Smad2 to contribute to preeclampsia.

AAT enhances Id4 expression through activating
Smad2
To investigate the regulatory relationship, we next
predicted whether the transcript factor Smad2 could bind
to Id4. Using the bioinformatic tool in JASPAR database,
we found that two potential binding sites of Smad2 were
found in the promoter of Id4 (Figure 2A). To confirm this
prediction, we constructed the plasmids that containing
wild type promoter of Id4 and the mutant binding sites
to perform the dual luciferase reporter gene assay. The
results showed that AAT induced significant increase of
activity of wild type Id4 promoter compared with negative
control. When the binding site 1 was mutant, the activity
of Id4 promoter was significantly decreased; in contrast,
the mutation of binding site 2 did not alter the activity of
Id4 promoter (Figure 2B). In addition, Chip results also
showed that AAT treatment increased the expression of
Id4 that binding to Smad2, and knockdown of Smad2
by siRNA could reduce AAT-mediated expression of
Id4 (Figure 2C). Furthermore, we knocked down the
Smad2 expression by siRNA; and one of most effective
siRNA sequence si#3 was used for following experiments
(Figure 2D). we confirmed that exogenous AAT and
overexpression of AAT could induce the expression of
Smad2 and Id4 at mRNA and protein levels, whereas
knockdown of Smad2 abolished exogenous AAT and
overexpression of AAT-mediated enhancement of Id4
(Figure 2E). These results demonstrated that Smad2
binds to Id4 promoter and AAT stimulates Id4 expression
through Smad2.

RESULTS
The gene alterations resulted from AAT
knockdown
Whole-exome sequencing in AAT knockdown cells
and control cells was performed. Each sample obtained
approximately 3.32~4.82 Gb of cleaned sequencing data.
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Table 1: The top ten upregulated and downregulated genes in cells knocked down AAT
Genes

Fold change (siRNA AAT vs. control)

Upregulated genes
ANKRD36B
MMP1
NBN
BIRC3
GOLGA8B
LOC100508892
HMMR
PUS7L
FAM111B
STAG2
Downregulated genes
ID4
ID2
SMAD2
PPIA
EGR4
ST6GALNAC2
ID1
SMAD4
GPR56
IER5L

7.42
7.34
6.39
6.21
5.94
5.94
5.84
5.53
5.33
5.08
-11.47
-7.67
-6.17
-3.14
-3.12
-2.99
-2.98
-2.90
-2.87
-2.81

Cytoprotective role of AAT in I/R cell model was
reversed by Id4 knockdown

promotion (revised Figure 3D-3F). We also examined
two markers of cell membrane permeability, ZO-1 and
Occludin. I/R induced significant decrease of ZO-1 and
Occludin, while exogenous AAT and overexpression
of AAT restored the expression of ZO-1 and Occludin.
However, knockdown of Id4 by siRNA reversed this
restoration (Figure 3G).

Our previous study has shown that AAT plays
cytoprotective role in I/R model. Here we investigated
whether AAT protected the cells from I/R injury through
Id4. We knocked down Id4 by siRNA; and one of most
effective siRNA sequence si#2 was used for following
experiments (Figure 3A). We treated the I/R model cells
with exogenous AAT or AAT expressed lentivirus, or
together with Id4 siRNA. I/R resulted in decreased cell
viability compared with control cells. Exogenous AAT
and overexpression of AAT protected cells from I/R
injury, whereas knockdown of Id4 by siRNA reversed
this protection (Figure 3B). We also confirmed these
phenomena by apoptosis analysis using flow cytometry
assay (Figure 3C). In addition, we performed transwell
and scratch assay to evaluate the role of AAT on migration
and invasion of trophoblast cells. We observed that
I/R challenge significantly inhibited trophoblast cell
migration and invasion compared with control. And we
found that exogenous AAT and overexpression of AAT
promoted trophoblast cells migration and invasion,
whereas knockdown of Id4 by siRNA reversed this
www.impactjournals.com/oncotarget

AAT reliefs preeclampsia symptoms through Id4
We next investigate the role of AAT in a
preeclampsia animal model. The animal model mimics
the hypertension during pregnancy by injecting sFlt-1. The
mice were injected with sFlt-1 alone or together with AAT
(50mg/kg), or together with Id4 siRNA lentivirus. Seven
days of sFlT-1 injection resulted in significant increase
in blood pressure compared with the control. And AAT
injection decreased the blood pressure induced by sFlt1, which was attenuated by Id4 siRNA (Figure 4A). The
increased urine protein induced by sFlt-1 also reduced
by exogenous AAT treatment; Id4 knockdown abolished
AAT-decreased concentration of urine protein (Figure
4B). Importantly, exogenous AAT treatment significantly
increased the survival rate of fetal mice compared with
113004
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DISCUSSION

PE group (Figure 4C). We then confirmed the expression
of Id4 and Smad2 in placenta and umbilical vein tissues
from model mice. Preeclampsia resulted in inactivation of
Id4 and Smad2, which was re-activated by AAT (Figure
4D). In addition, we collected six normal placenta and
preeclampsia placenta tissues from human to examine the
expression of AAT, Id4 and Smad2. We also found that
the expression of AAT, Id4 and Smad2 was significantly
decreased in preeclampsia tissues compared with normal
control (Figure 4E), confirming our results in vitro and
animal model.

In present study, we found that AAT (Alpha-1antitrypsin) knockdown altered the expression of Smad
family and Id family genes, and further demonstrated
that AAT positively regulated Id4 expression through
activating Smad2. In addition, AAT protected HUVEC
cells from hypoxia/reoxygenation injury and relieved
preeclampsia symptoms through Smad2/Id4 axis.
We previously constructed two-dimensional
electrophoresis maps of decidual tissues to identify the

Figure 1: The expression profile of AAT knockdown related genes. (A) Heat-map of genes altered by AAT knockdown. (B)
QPCR was performed to measure the mRNA expression of AAT, Id1, Id2, Id3, Id4, Smad2, Smad3 and Smad4 in HPT-8, HUVEC and
JEG-3 cells. (C) Western blot was performed to measure the protein expression of AAT, Id1, Id2, Id3, Id4, Smad2, Smad3 and Smad4 in
HPT-8, HUVEC and JEG-3 cells. Right panel, Quantification of the bands.
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Figure 2: AAT enhances Id4 expression through activating Smad2. (A) The predicted binding sites of Smad2 on wild type Id4

promoter, and the mutant type of Id4 promoter. (B) The cells were treated with AAT together with wild type Id4 promoter or the mutant
type, dual luciferase reporter gene assay was used to measure the activity of promoter. The untreated cells were used as mock control, the
cells treated with empty lentivirus were used as negative control. (C) Chip was performed to verify the interaction of Smad2 and Id4. IgG
pull down was used as negative control. (D) Western blot was performed to measure the protein expression of Smad2 in HUVEC cells.
Si#1, si#2, si#3, the three Smad2 siRNA sequences. (E) QPCR was performed to measure the mRNA expression of AAT, Id4 and Smad2 in
HUVEC cells after indicated treatment. (F) Western blot was performed to measure the protein expression of AAT, Id4, Smad2 and Smad2
phosphorylation in HUVEC cells after indicated treatment. Exo, exogenous; OE, overexpression. *p<0.05.
www.impactjournals.com/oncotarget
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differentially expressed proteins. It was revealed that AAT
was highly expressed in normal full-term pregnancy, and
lowly expressed in early-onset severe preeclampsia and
late-onset severe preeclampsia [12]. In a prospective casecontrol study, Twina G et al also showed that AAT levels
were lower in the preeclampsia group compared to healthy
group, and correlated with protease inhibitory capacity
[13]. Wen Q et al screened a 19-peptide panel including
AAT to discriminate preeclampsia from confounding
chronic hypertension with high specificity and sensitivity

[14]. Recently, proteomic profiling also revealed AAT as
preeclampsia-related serum proteins in pregnant women
[15, 16]. In addition to serum, urine AAT may potentially
serve as early indicators of preeclampsia [17]. These
findings showed association between lower AAT levels
and early or late-onset preeclampsia. Our previous studies
demonstrated that exogenous AAT injection increased
the antioxidants and suppresses oxidative stress, and
subsequent prevention of preeclampsia development
through inhibiting STAT1/ p38MAPK signaling [18, 19],

Figure 3: Cytoprotective role of AAT in I/R cell model was reversed by Id4 knockdown. (A) Western blot was performed

to measure the protein expression of Id4 in HUVEC cells. Si#1, si#2, si#3, the three Id4 siRNA sequences. (B) CCK-8 was performed
to measure the cell viability of HUVEC cells after indicated treatment. (C) Flow cytometry was performed to measure the aopotosis of
HUVEC cells after indicated treatment. (D) Scratch (upper) and transwell (lower) assay were performed to evaluate migration and invasion
ability of trophoblast cell. (E) Measurement of width gap for scratch assay in (D). (F) Measurement of invasive cells for transwell assay in
(D). (G) Western blot was performed to measure the cell membrane permeability related genes, ZO-1 and Occludin protein expression in
HUVEC cells after indicated treatment. Exo, exogenous; OE, overexpression. *p<0.05.
www.impactjournals.com/oncotarget
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suggesting that AAT would become a potential strategy for
preeclampsia therapy.
Thus, in recent study we further explored the
mechanism by which AAT targeted to contribute to
preeclampsia progress. We here identified Smad2 and Id4
as two targets of AAT. Smad2 bound to the promoter of Id4
and activated it. Both exogenous AAT and overexpression
AAT could increase the expression of Smad2 and Id4,
while knockdown Smad2 by siRNA could abolish AATmediated increase of Id4. Thus, AAT positively regulated
Id4 through increasing Smad2. Id proteins belong to
the helix-loop-helix group of transcription factors and
regulate cell differentiation and proliferation. They
play important roles in cardiogenesis and formation of
the vasculature. Id gene expression was dysregulated
in heritable pulmonary arterial hypertension (HPAH)
patients [20]. And previous studies showed the interaction
between bone morphogenetic proteins and other growth
factors or cytokines regulates Id gene expression [21].
Id-2 was downregulated at the mRNA and protein levels
as the cytotrophoblast differentiated, but was maintained
in placentas from women with preeclampsia, or in cells
grown under hypoxic conditions in culture. And enhanced

Id2 expression inhibited the cell invasion and migration,
suggesting that Id-2 plays important roles in human
cytotrophoblast development [10]. Id2 overexpression
and knockdown analyses also indicated that Id2
mediated TGF-β-induced morphological differentiation
of trophoblast cells [22]. SOCS box-containing 4 could
degrade Id2 and mediate vascular differentiation in the
placenta, inducing pathology that phenocopies human preeclampsia, including hypertension and proteinuria in latestage pregnant females [23]. Here, we identified another
Id protein Id4 was dysregulated in hypoxia/reoxygenation
injury cells and preeclampsia mice placenta and umbilical
vein tissues. AAT protected the cells from hypoxia/
reoxygenation injury and prevented preeclampsia progress
through Id4 that activated by Smad2. It was reported
that constitutively expressing Smad7 could elevate
endogenous Id2, Id3 and Id4 expression, which play a
role in melanomagenesis. These Ids could suppress cyclindependent kinase inhibitors, and re-upregulate invasion
and metastasis-related genes matrix metalloproteinase
2 (MMP2), MMP9, CXCR4 and osteopontin [24]. Yang
J et al found that iloprost alone induced Id1 expression
in human pulmonary artery smooth muscle cells

Figure 4: AAT reliefs preeclampsia symptoms through Id4. (A) Blood pressure in preeclampsia animal model after indicated

treatment. (B) Proteinuria ELISA Kit was used to measure the concentration of urine protein on day 16 of gestation after indicated treatment.
(C) Survival rate of fetal mice was calculated after delivery. (D) Western blot was performed to measure the protein expression of AAT,
Id4, Smad2 and Smad2 phosphorylation in placenta and umbilical vein tissues obtained from animal model after indicated treatment. (E)
Western blot was performed to measure the protein expression of AAT, Id4, Smad2 and Smad2 phosphorylation in placenta tissues obtained
from health and preeclampsia subjects (N=6). PE, preeclampsia; Exo, exogenous; OE, overexpression. *p<0.05, **p<0.01.
www.impactjournals.com/oncotarget
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independent of Smad1/5 activation, and enhanced BMPinduced phosphorylation of Smad1/5 and Id1 expression
in a cAMP-dependent manner. They also confirmed that
treprostinil inhibited smooth muscle cell proliferation and
prevented progression of PAH while enhancing Smad1/5
phosphorylation and Id1 gene expression [7]. In present
study, we demonstrated that AAT prevented progression
of preeclampsia by enhancing Smad2 phosphorylation
and Id4 gene expression. Reduced Id4 expression and
Smad2 phosphorylation were observed in preeclampsia
animal model, which was also confirmed in human
placenta tissues. Our data illustrate AAT/Smad2/Id4 axis
is an important mediator of placenta and vascular function
during pregnancy. These findings provide insights into
events governing pregnancy-associated disorders, such as
preeclampsia.

to the manufacturer’s protocol. The SeqCap EZ Human
Exome Library v3.0 (Nimblegen) were used to capture
and enrich exome regions, which then were subjected
to high-throughput sequencing using an Illumina HiSeq
2000/2500 platform to generate 101 bp paired-end reads.

Quantitative real-time PCR analysis

MATERIALS AND METHODS
Cell lines
Human umbilical vein endothelial cells (HUVEC),
trophoblast cell (hpt-8) and chorionic cancer cells (jeg3) cells were obtained from Cell Bank of Chinese
Academy of Sciences (Shanghai, China). The cells were
grown in DMEM/F-12 (Gibco, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (Gibco) at
37°C in 5% CO2.

Lentivirus infection
To knock down AAT, Id4 and Smad2, the
lentivirus containing AAT siRNA, Id4 or Smad2 siRNA
(Genepharma, Shanghai, China) were constructed. Three
siRNA sequences were constructed for Id4 and Smad2.
The lentivirus (109 U/ml) were used to infect cells
or inject into animals. The cells infected with empty
lentivirus were used as negative control. To overexpress
AAT, the lentivirus containing AAT expressed plasmid
(GeneCopoeia, Guangzhou, China) were constructed and
used to infect cells. Cells were plated in 6-well clusters or
96-well plates and infected for 48 h for further assays or
protein extraction.

Whole-exome sequencing
To reveal the potential mechanisms how AAT
relieves the symptoms of preeclampsia, we performed the
whole exome sequencing (WES) analysis for screening
the target genes. AAT was knocked down in HUVEC cells
by siRNA. Genomic DNA samples were extracted from
the cells knocked down AAT and negative control cells
using TIANamp Genomic DNA Kits (Qiagen, Valencia,
CA, USA). After evaluating DNA quality and quantity, 2
μg DNA was used for generating the sequencing library
using the Agilent SureSelect Library Prep Kit according
www.impactjournals.com/oncotarget

Total RNA was extracted from cells using Trizol
reagent (Invitrogen, CA, USA). RevertAid™ First
Strand cDNA Synthesis kit (Thermo Fisher Scientific,
Inc.) was used to reverse transcribe the mRNA to cDNA
according to the manufacturer’s protocol. Briefly, 0.5 ng
of the template RNA, 1 μl Oligo(dT)18 Primer and 12 μl
RNase free water were mixed, and incubated at 65˚C for
5 min, then cooled down on ice. The mixture was added
to Reaction Buffer (4 μl), RiboLock RNase inhibitor(1
μl), 10 mM dNTP mix (2 μl) and RevertAid Reverse
Transcriptase(1 μl), and incubated at 42˚C for 1 h. Finally,
the mixture was heated to 70˚C for 5 min to obtain the
cDNA. The expression of AAT, Id1, Id2, Id3, Id4, Smad2,
Smad3 and Smad4 was measured by SYBR green qPCR
assay (Bio-Rad, USA) according to manufacturers’
instructions. Expression of β-actin was used as an
endogenous control. The primers were used as followings:
AAT, sense, 5’-TACCGACTGTTTCCCACACA-3’,
anti-sense, 5’- TCAGAGAGGTTTGGCGACTT-3’; Id1,
sense, 5’- CGGATCTGAGGGAGAACAAG-3’, antisense, 5’- CTGAGAAGCACCAAACGTGA-3’; Id2,
sense, 5’- CCCAGAACAAGAAGGTGAGC -3’, antisense, 5’- AATTCAGAAGCCTGCAAGGA -3’; Id3,
sense, 5’- GGAGCTTTTGCCACTGACTC -3’, antisense, 5’- CTTCAGGCCACAAGTTCACA -3’; Id4,
sense, 5’- ATGGGATGAGGAAATGCTTG -3’, antisense, 5’- TTGGAGGAAGGAAAGCAGAA -3’; Smad2,
sense, 5’- GTTCCTGCCTTTGCTGAGAC -3’, antisense, 5’- TTCTCTTTGCCAGGAATGCT -3’; Smad3,
sense, 5’- TGCTGGTGACTGGATAGCAG -3’, antisense, 5’- CTCCTTGGAAGGTGCTGAAG -3’; Smad4,
sense, 5’- CCCAGGATCAGTAGGTGGAA -3’, antisense, 5’- AAGGTTGTGGGTCTGCAATC -3’; β-actin,
sense, AGGGGCCGGACTCGTCATACT, anti-sense,
GGCGGCACCACCATGTACCCT. QPCR was performed
at the condition: 95.0 °C for 5 min, and 39 circles of 94.0
°C for 20s and 61 °C for 20 s. Data were processed using
2-ΔΔCT method.

Western blotting
Proteins were extracted from indicated cells by
RIPA buffer containing protease inhibitor PMSF (1%).
The protein concentrations were determined by BCA
Protein Assay Kit (Beyotime biotech Co. Ltd., Hangzhou,
China) according to the manufacturers’ instructions. Sixty
microgram protein was added on 10% SDS-PAGE and
separated and transferred onto polyvinylidine difluoride
113009
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(PVDF) membranes (Immobilon, Millipore) using MiniPROTEAN® Tetra Cell Systems (Bio-Rad). Membranes
were incubated with anti-AAT (mouse monoclonal
antibody, 1:200, cat no. ab9399, Abcam), anti-Id1
(mouse monoclonal antibody, 1:1000, cat no. ab168256,
Abcam), anti-Id2 (mouse monoclonal antibody, 1:500,
cat no. ab166708, Abcam), anti-Id3 (mouse monoclonal
antibody, 1:500, cat no. ab55269, Abcam), anti-Id4 (rabbit
monoclonal antibody, 1:500, cat no. ab49261, Abcam),
anti-Smad2 (rabbit monoclonal antibody, 1:2000, cat no.
ab40855, Abcam), anti-Smad2 (phospho S467) (rabbit
monoclonal antibody, 1:1000, cat no. ab53100, Abcam),
anti-Smad3 (rabbit monoclonal antibody, 1:3000, cat
no. ab28379, Abcam), anti-Smad3(phospho S423, S425)
(rabbit monoclonal antibody, 1:2000, cat no. ab52903,
Abcam), anti-Smad4 (rabbit monoclonal antibody, 1:2000,
cat no. ab191026, Abcam), anti-Smad4(phospho T277)
(rabbit monoclonal antibody, 1:2000, cat no. PAB1965,
Abcam), anti-ZO-1 (rabbit monoclonal antibody,
1:500, cat no. ab96594, Abcam), anti-occludin (rabbit
monoclonal antibody, 1:10000, cat no. ab167161, Abcam),
or anti-GAPDH (mouse monoclonal antibody, 1:500, cat
no. SC-365062, Santa Cruze) at 4°C overnight. Signals
were visualized using ECL Substrates (Millipore, MA,
USA). The IOD (integrated optical density) for each band
was analyzed by Gel pro4.0 software.

Luciferase Reporter Gene Assay Kit (cat no. GM040502B, Genomeditech, Shanghai, China) was used
to assess luciferase activities following manufacturer’s
protocol. The cells were plated in 96-well clusters, then
cotransfected with 100 ng pGL3-basic vector or WT-Id4,
Mut-1-Id4 or Mut-2-Id4 together with AAT or negative
control. At 48 h after transfection, luciferase activity was
detected and normalized to Renilla activity.

Chromatin immunoprecipitation (ChIP) assay
The Pierce™ Agarose ChIP Kit (cat no. 26156,
Thermo Scientific, USA) was used to conduct the ChIP
assays in accordance with manufacturer’s protocol, the
HUVEC cells were fixed with 4% paraformaldehyde
and incubated with glycine for 10 min to generate DNA–
protein cross-links. Then, the cells were lysed with Cell
Lysis Buffer and Nuclear Lysis Buffer and sonicated to
generate chromatin fragments. Next, the lysates were
immunoprecipitated with Magnetic Protein A Beads
conjugated with Smad2-specific antibodies (Abcam),
or IgG as a control. Finally, the precipitated DNA was
analyzed by qRT-PCR. The primers specific for Id4
promoter were used as following: Smad2, sense, 5’TCCGAAGGGAGTGACTAGGA -3’, anti-sense, 5’CCGAGCCCAACAATTGAC -3’; And the primers for
GAPDH were as sense, TACTAGCGGTTTTACGGGCG,
anti-sense, TCGAACAGGAGGAGCAGAGAGC GA.

Cell viability assay

Hypoxia/reoxygenation model

Cell viability was detected using CCK-8 Kit
(Beyotime biotech Co. Ltd., Hangzhou, China). CCK-8
solution (10 μl) was added to each well of 96-well plates
with the same amount of culture fluid. CCK-8 solution
without cells was used as blank control. Optical density
was determined at the time points on a microtiter plate
reader at 570 nm.

The hypoxia/reoxygenation model in HUVEC
cells was established as we previously described [3]. For
hypoxia, the cells were cultured in glucose and serum
free media in normal incubator for 30 minutes, the cells
then were exposed to hypoxia (1% O2) in an AW200SG
hypoxic workstation (ELECTROTEK, UK) using a
continuous flow of a humidified mixture of 1% O2, 5%
CO2, and 94% N2 at 37°C for 4 h. For reoxygenation,
after hypoxia, the cells were returned to culture in normal
incubator with 20% O2, 5% CO2, and 75% N2 at 37°C for
18 h.

Flow cytometric analysis of apoptosis
eBioscience™ Annexin V Apoptosis Detection Kit
(cat no. 88-8102-72, ThermoFisher Scientific, USA)
was used for analysis of apoptosis according to the
manufacturer’s instructions. After indicated treatment, the
cells were trypsinized, collected, and resuspended. About
2×105 cells were harvested and washed twice with cold
phosphate buffer saline (PBS), then resuspended in 500 μl
binding buffer. 10μl Annexin V-FITC and 10 μl Propidium
Iodide were added to the solution and mixed well. After
15 min incubation, the cells were analyzed using flow
cytometric analysis (BD Biosciences, San Jose, CA).

Cell migration assay
Trophoblast cells after indicated treatments were
cultured to full confluence. Wounds were created by 20
μl pipette tip. The cells were washed with serum-free
medium for three times, and then incubated in DMEM
added with 10% FBS for 24 h at 37°C. After that, the cells
were observed and captured under an inverted microscope
(Olympus, Japan). The width of gap was measured.

Luciferase reporter assay

Cell invasion assay

The Id4 promoter region (2358 bp) and its
mutant type (Figure 2A) was synthesized and inserted
into a pGL3-basic vector (Promega, Madison, WI,
USA), and then verified by DNA sequencing. Dual
www.impactjournals.com/oncotarget

After indicated treatments, trophoblast cells
suspension containing 5×105 cells/ml was prepared in
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serum-free DMEM, and 300 μl of cell suspension was
added into the upper chamber of the transwell chambers
pre-coated with Matrigel (BD Pharmingen, San Diego,
CA, USA). Then, 500 μl of DMEM added with 10% FBS
was added into the lower chamber. After incubation for
at 37°C 24 h, the invade cells were wiped out. The filters
were fixed in 90% alcohol and stained by 0.1% crystal
violet. Cell through the pores were observed and counted
under an inverted microscope (Olympus, Japan).

as the number of live fetal divided by total number of
fetal. And then the animals were euthanized under the
anesthesia by overdose chloral hydrate. The peripheral
and cord blood were collected for further analysis. And
placentas and umbilical vessel were collected for western
blot analysis.

Statistical analysis
The SPSS Statistics 17.0 package was used to
analyze data. All data from 3 independent experiments
were expressed as mean ± SD. Student’s t test was used
for statistical analysis in two groups, and data from more
than two groups were analyzed by one-way ANOVA. p<
0.05 was statistically significant.

Preeclampsia model preparation
The female C57/BL6N mice were obtained from
Hunan SJA Co. (Changsha, China). Animals were housed
in a temperature-controlled room (23°C) with a 12:12 light:
dark cycle. The experimental animals in this study were
approved by the Institutional Animal Care and Research
Advisory Committee of Nanjing Medical University.
The preeclampsia model was prepared as previously
described [25]. sFlt-1 (Recombinant mouse VEGF R1/
Flt-1 Fc Chimera, Cat. No. 7756-FL-050, R&D Systems)
was infused at a rate of 3.7 μg/kg/day for 6 days (in sterile
saline) beginning on day 1 of gestation via miniosmotic
pump (model 2001; Alzet Scientific Corporation, Palto Alto,
CA) into normal pregnant rats. Normal pregnant/control
groups (n=8) were fitted with a vehicle filled mini-osmotic
pump. The preeclampsia mice were randomly divided into
three groups each for 8 animals: PE+saline, PE+AAT, and
PE+AAT+Id4 siRNA. Lentivirus Id4 siRNA (2 × 109 titer
units (TU)/ml, GeneChem Corporation, Shanghai, China)
were used to knock down the expression of Id4 in PE mice.
AAT solution (50 mg/kg/day for 6 days starting on day 13
of gestation, n=8) and lentiviral suspension (100 μl/day for
6 days starting on day 13 of gestation, n=8) were injected
into tail veins. The preeclampsia mice treated with saline
(n=8) were used as control.
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After delivery, the survival rate of fetal was calculated
www.impactjournals.com/oncotarget

113011

This work was supported by grant from Jiangsu
provincial science and Technology Department of the key
disease standardized diagnosis and treatment project (No.
BE2015618), by grant from standardized diagnosis and
treatment projects research program of Medical Science
and Technology Development Fund ofthe Medical
ControlCenterin Wuxi City(No. YGZXG1408), by Wuxi
Maternal and Child Health-Care Hospital Dr. Start Fund
Research projects(No. 2014BS06), by Maternal and Child
Health research projectin Jiangsu province(F201422), and
by Natural Science Foundation of China (No. 81671473).

REFERENCES
1. Zhou X, Niu JM, Ji WJ, Zhang Z, Wang PP, Ling XF, Li
YM. Precision test for precision medicine: opportunities,
challenges and perspectives regarding pre-eclampsia as an
intervention window for future cardiovascular disease. Am
J Transl Res. 2016; 8:1920-1934.
2. Williamson RD, McCarthy C, McCarthy FP, Kenny LC.
Oxidative stress in pre-eclampsia; have we been looking in
the wrong place? Pregnancy Hypertens. 2017; 8:1-5.
Oncotarget

3. Feng Y, Hu L, Xu Q, Yuan H, Ba L, He Y, Che H.
Cytoprotective role of Alpha-1 antitrypsin in vascular
endothelial cell under hypoxia/reoxygenation condition. J
Cardiovasc Pharmacol. 2015; 66:96-107.

serum peptides diagnosing preeclampsia. PLoS One. 2013;
8:e65571.
15. Hsu TY, Hsieh TT, Yang KD, Tsai CC, Ou CY, Cheng
BH, Wong YH, Hung HN, Chou AK, Hsiao CC, Lin H.
Proteomic profiling reveals alpha1-antitrypsin, alpha1microglobulin, and clusterin as preeclampsia-related serum
proteins in pregnant women. Taiwan J Obstet Gynecol.
2015; 54:499-504.

4. Xia WH, Chen L, Liang JW, Zhang XY, Su C, Tong X, He
J, Li Y, Cao Z, Lin XF, Tao J. BMP4/Id2 signaling pathway
is a novel therapeutic target for late outgrowth endothelial
progenitor cell-mediated endothelial injury repair. Int J
Cardiol. 2017; 228:796-804.

16. Kolialexi A, Tsangaris GT, Sifakis S, Gourgiotis D,
Katsafadou A, Lykoudi A, Marmarinos A, Mavreli D,
Pergialiotis V, Fexi D, Mavrou A, Papaioanou GK,
Papantoniou N. Plasma biomarkers for the identification
of women at risk for early-onset preeclampsia. Expert Rev
Proteomics. 2017; 14:269-276.

5. Valdimarsdottir G, Goumans MJ, Rosendahl A, Brugman
M, Itoh S, Lebrin F, Sideras P, Ten DP. Stimulation
of Id1 expression by bone morphogenetic protein is
sufficient and necessary for bone morphogenetic proteininduced activation of endothelial cells. Circulation. 2002;
106:2263-2270.

17. Kononikhin AS, Starodubtseva NL, Bugrova AE,
Shirokova VA, Chagovets VV, Indeykina MI, Popov IA,
Kostyukevich YI, Vavina OV, Muminova KT, Khodzhaeva
ZS, Kan NE, Frankevich VE, et al. An untargeted approach
for the analysis of the urine peptidome of women with
preeclampsia. J Proteomics. 2016; 149:38-43.

6. Johdo O, Tone H, Okamoto R, Yoshimoto A, Naganawa H,
Sawa T, Takeuchi T. Photochemically obtained N-demethyl
derivatives of anthracyclines. J Antibiot (Tokyo). 1992;
45:1653-1661.
7. Yang J, Li X, Al-Lamki RS, Southwood M, Zhao J, Lever
AM, Grimminger F, Schermuly RT, Morrell NW. Smaddependent and smad-independent induction of id1 by
prostacyclin analogues inhibits proliferation of pulmonary
artery smooth muscle cells in vitro and in vivo. Circ Res.
2010; 107:252-262.

18. Feng YL, Yin YX, Ding J, Yuan H, Yang L, Xu JJ, Hu
LQ. Alpha-1-antitrypsin suppresses oxidative stress in
preeclampsia by inhibiting the p38MAPK signaling
pathway: an in vivo and in vitro study. PLoS One. 2017;
12:e173711.

8. Zhang N, Subbaramaiah K, Yantiss RK, Zhou XK, Chin
Y, Scherl EJ, Bosworth BP, Benezra R, Dannenberg
AJ. Id1 expression in endothelial cells of the colon is
required for normal response to injury. Am J Pathol. 2015;
185:2983-2993.

19. Feng Y, Xu J, Zhou Q, Wang R, Liu N, Wu Y, Yuan H,
Che H. Alpha-1 antitrypsin prevents the development of
preeclampsia through suppression of oxidative stress. Front
Physiol. 2016; 7:176.
20. Bergers G, Benjamin LE. Tumorigenesis and the angiogenic
switch. Nat Rev Cancer. 2003; 3:401-410.

9. Birukova AA, Adyshev D, Gorshkov B, Birukov KG, Verin
AD. ALK5 and Smad4 are involved in TGF-beta1-induced
pulmonary endothelial permeability. FEBS Lett. 2005;
579:4031-4037.

21. Yang J, Li X, Morrell NW. Id proteins in the vasculature:
from molecular biology to cardiopulmonary medicine.
Cardiovasc Res. 2014; 104:388-398.

10. Janatpour MJ, McMaster MT, Genbacev O, Zhou Y, Dong
J, Cross JC, Israel MA, Fisher SJ. Id-2 regulates critical
aspects of human cytotrophoblast differentiation, invasion
and migration. Development. 2000; 127:549-558.

22. Selesniemi K, Albers RE, Brown TL. Id2 mediates
differentiation of labyrinthine placental progenitor cell line,
SM10. Stem Cells Dev. 2016; 25:959-974.
23. Townley-Tilson WH, Wu Y, Ferguson JR, Patterson C. The
ubiquitin ligase ASB4 promotes trophoblast differentiation
through the degradation of ID2. PLoS One. 2014; 9:e89451.

11. Xu J, Sivasubramaniyam T, Yinon Y, Tagliaferro A, Ray J,
Nevo O, Post M, Caniggia I. Aberrant TGFbeta signaling
contributes to altered trophoblast differentiation in
preeclampsia. Endocrinology. 2016; 157:883-899.

24. DiVito KA, Simbulan-Rosenthal CM, Chen YS, Trabosh
VA, Rosenthal DS. Id2, Id3 and Id4 overcome a Smad7mediated block in tumorigenesis, generating TGF-betaindependent melanoma. Carcinogenesis. 2014; 35:951-958.

12. Feng YL, Zhou CJ, Li XM, Liang XQ. Alpha-1-antitrypsin
acts as a preeclampsia-related protein: a proteomic study.
Gynecol Obstet Invest. 2012; 73:252-259.

25. Murphy SR, LaMarca BB, Cockrell K, Granger JP. Role
of endothelin in mediating soluble fms-like tyrosine kinase
1-induced hypertension in pregnant rats. Hypertension.
2010; 55:394-398.

13. Twina G, Sheiner E, Shahaf G, Yaniv SS, Madar T, Baron
J, Wiznitzer A, Mazor M, Holcberg G, Lewis EC. Lower
circulation levels and activity of alpha-1 antitrypsin in
pregnant women with severe preeclampsia. J Matern Fetal
Neonatal Med. 2012; 25:2667-2670.
14. Wen Q, Liu LY, Yang T, Alev C, Wu S, Stevenson DK,
Sheng G, Butte AJ, Ling XB. Peptidomic identification of

www.impactjournals.com/oncotarget

113012

Oncotarget

