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ABSTRACT
Selective intrauterine growth restriction (sIUGR) is a severe complication in monochorionic (MC)
twin pregnancies, and it carries increased risks of poor prognosis. Current data suggest that
vascular anastomoses and unequal placental sharing may be the key contributor to discordant
foetal growth. While MC twins derive from a single zygote and have almost identical genetic
information, the precise mechanisms remain unknown. DNA hydroxymethylation is a newly
discovered epigenetic feature associated with gene regulation and modification. Here, we inves-
tigate discordant hydroxymethylation patterns between two placental shares of sIUGR and
analyse the potential role of aberrant hydroxymethylation of angiopoietin-like 4 (ANGPTL4) in
placental dysplasia. Hydroxymethylation DNA immunoprecipitation (hMeDIP)-chip and mRNA
sequencing were performed to identify hydroxymethylation-associated genes. Real-time qPCR,
western blotting, and immunohistochemistry were used to confirm ANGPTL4 expression. The
mechanisms regulating ANGPTL4 were investigated by cell migration assay, invasion assay, viabi-
lity assay, and apoptotic ratio assays, western blotting and hMeDIP-qPCR. Decreased ANGPTL4 was
detected in the smaller placental shares of sIUGR. ANGPTL4 knockdown suppressed trophoblast
invasiveness and migration, which possibly occurred through hypoxia inducible factor 1α (HIF-1α)
and HIF-1 signalling pathway. Hypoxia leads to aberrant expression of ANGPTL4 and HIF-1α,
positively correlated with their aberrant hydroxymethylation levels in promoter regions.
Aberrant hydroxymethylation of ANGPTL4 may contribute to placental impairment by the HIF-1
signalling pathway in smaller placental shares of sIUGR.
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Introduction

Selective intrauterine growth restriction (sIUGR)
affects approximately 10–15% of monochorionic
(MC) twin pregnancies, and it is associated with an
increased risk of perinatal mortality and morbidity
[1]. Although previous studies have reported that the
pathogenesis of sIUGR relies on discordant placental
sharing and vascular anastomoses, the underlying
molecular mechanisms remain obscure [2]. MC
twins, which derive from a single zygote, harbour
almost identical genetic information and share a
similar intrauterine environment, so epigenetic
events may be involved in these mechanisms [3].

DNA hydroxymethylation is a stable epige-
netic modification that plays unique regulatory

roles in various physiopathological processes
[4]. 5-Hydroxymethylcytosine (5 hmC, the mar-
ker of hydroxymethylation) is distributed in
various different tumours or different develop-
ment stages, suggesting that it may have key
roles in different cancers and disorders [5–7].
The distribution of 5 hmC can be found at the
enhancer, promoter, transcription start site
(TSS), gene body, 3ʹUTR or intragenic region,
so the function and mechanism of 5 hmC need
to be further investigated [8].

The placenta is a temporary organ that plays a
critical role in sustaining pregnancy and foetal
growth. Placental dysplasia is considered to be a
central feature of pregnancy-associated disorders
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such as preeclampsia (PE) or foetal growth restric-
tion (FGR) [9,10]. Accumulating evidence has
shown that epigenetic factors such as microRNAs,
imprinted genes or DNA methylation may take part
in placental impairment [2,11,12]. In contrast to
singleton pregnancy, sIUGR twins are considered
an optimal model for exploring epigenetic molecu-
lar mechanisms due to the exclusion of effects from
different genetic backgrounds among individuals.

Our preliminary data suggested that the level
of genome-wide DNA hydroxymethylation was
significantly decreased in smaller placental
shares compared to the larger ones in sIUGR,
as shown by ultra-performance liquid chromato-
graphy/tandem mass spectrometry (UPLC-MS/
MS) technology [2]. Thus, we hypothesized that
discordant DNA hydroxymethylation statuses
might be important for placental dysfunction
and growth discordance between two foetuses
of sIUGR.

Angiopoietin-like 4 (ANGPTL4) is a hypoxia
responsive gene regulating vascular permeability,
angiogenesis, and inflammation [13]. ANGPTL4
is also a downstream target of hypoxia inducible
factor 1α (HIF-1α), and it is regulated by HIF-1α
in various cell types [14]. However, few studies
have reported the regulatory relationship of
DNA hydroxymethylation between HIF-1α and
ANGPTL4 in placental insufficiency and foetal
growth. In this study, we first identified differ-
ential hydroxymethylation patterns between two
placental shares of sIUGR and then tried to
reveal and validate an epigenetic-mediated
mechanism mainly focused on hypoxia-induced
aberrant hydroxymethylation of ANGPTL4 and
HIF-1α. The results may highlight a potential
mechanism between hydroxymethylation modifi-
cation and discordant foetal growth or even pla-
centa-associated disorders.

Results

Clinical data

Clinical characteristics are summarized in Table 1.
Both the smaller and larger foetal weights were
significantly lower in the sIUGR group than in
the normal group (p = 0.000 < 0.01). The intertwin
difference in birth weight was significantly larger
in the sIUGR group than in the normal group
(p = 0.000 < 0.01). The gestational age of delivery
was much earlier in the sIUGR group than in the
normal group (p = 0.000 < 0.01). No significant
difference was found between the maternal age in
the sIUGR and normal groups (p = 0.995 > 0.05).

Distributions of DhMRs and identifying
hydroxymethylation-associated genes

Hydroxymethylation DNA immunoprecipitation
(hMeDIP)-chip and mRNA sequencing (mRNA-
seq) were performed to examine the differential
distributions of 5hmC and hydroxymethylation-
associated genes between two placental shares in
four sIUGR twin pairs and four normal MCDA
twin pairs (Figure 1(a,b)). Compared with the nor-
mal group, 181 upregulated genes and 614 down-
regulated genes were identified in smaller placental
shares of the sIUGR group (Figure 1(c), supplement
figure S1). Furthermore, we subdivided promoter
regions into three classes based on the CpG ratio,
GC content, and length of the CpG-rich region as
previously reported: high CpG-density promoters
(HCPs), low CpG-density promoters (LCPs) and
intermediate CpG-density promoters (ICPs) [15].
Compared with the normal group, there were 729
differential hydroxymethylation regions (DhMRs)
in HCPs, 239 DhMRs in ICPs and 198 DhMRs in
LCPs identified in the sIUGR group (supplement
Table S1). Combination analysis of Gene Ontology

Table 1. Characteristics of sIUGR and normal MCDA twin pregnancies.
sIUGR(n = 13) Normal(n = 18) p value

Maternal age (years) 31.85 ± 5.37 31.83 ± 5.39 0.995
Gestational age (weeks) 32.58 ± 2.19 36.02 ± 1.17 0.000**
Birth weight of larger twin (kg) 1.83 ± 0.34 2.47 ± 0.27 0.000**
Birth weight of smaller twin (kg) 1.22 ± 0.30 2.33 ± 0.30 0.000**
Birth weight discordance (%) 33.74%±8.50% 5.71%±3.68% 0.000**

Data are shown as the mean ± SD. **p < 0.01
sIUGR: selective intrauterine growth restriction. Normal: normal MCDA twins.
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(GO) term from hMeDIP-chip data and mRNA-seq
data were used to determine possible hydroxy-
methylation-associated genes (Figure S3, supple-
ment Table S2).

Fifteen differentially hydroxymethylation-asso-
ciated genes were found, including 13 upregulated
mRNAs associated with high 5 hmC enrichment and
2 downregulated mRNAs associated with low 5 hmC
enrichment (Figure 1(a)). Furthermore, Reverse
transcription-qPCR(RT-qPCR) was performed to
validate the expression of these genes in each of the
placental shares from the sIUGR group and the
normal group. Among these genes, ANGPTL4
expression was significantly reduced in smaller pla-
cental shares of the sIUGR group (Figure 1(d)). No

significant difference in ANGPTL4 expression was
identified between the two placental shares of the
normal group (supplement figure S2).

Hydroxymethylation-associated ANGPTL4 is
decreased in smaller placental shares of sIUGR

RT-qPCR and western blotting were used to further
verify the expression of ANGPTL4 in the placentas of
sIUGR and the normal group. The results showed that
themRNA and protein expression levels ofANGPTL4
were both decreased in the smaller placental shares
compared to the larger ones in the sIUGR group, but
no differences were observed between the two placen-
tal shares of the normal group (Figure 2(a,b)).

Figure 1. Hydromxymethylation-associated genes detected in sIUGR twin pairs through hMeDIP-chip and mRNA sequencing. (a)
Schematic representation for identifying hydroxymethylation-associated genes. The putative targets obtained by overlapping the
differentially expressed mRNAs and differentially hydroxymethylation peaks in promoter region. (b) The differentially expressed
mRNAs and differentially hydroxymethylation peaks between two placental shares in sIUGR group and normal MCDA group shown
on the heatmap. (c) The differentially expressed mRNAs between larger and smaller placental shares of sIUGR plotted in the volcano
plot. One hundred eighty-one upregulated genes and 614 downregulated genes identified in smaller placental shares of the sIUGR
group. (d) Expression of hydroxymethylation-regulated associated genes detected in the smaller placental shares compared to the
larger ones in sIUGR twin pairs by quantitative RT-PCR.
L, larger foetus; S, smaller foetus. (**p < 0.01)
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Immunohistochemistry (IHC) analysis of placental
villous tissues was performed to investigate the locali-
zation of ANGPTL4 in placental villous tissue. A
weaker positive signal for ANGPTL4 was detected in
syncytiotrophoblast (SCT) from the smaller placental
shares compared to what was observed in the larger
ones (Figure 2(c)) in the sIUGR group. In contrast,
similar ANGPTL4 expression was observed in SCT in
the two placental shares of the normal group
(Figure 2(d)).

In addition, the global 5 hmC level was measured
in eight pairs of placental tissues in the sIUGR group
by dot blot and was correlated with the level of
ANGPTL4 mRNA expression (p = 0.037 < 0.05)
(Figure 2(e–g)). These data suggested that decreased
ANGPTL4 expression may be associated with hypo-
hydroxymethylation levels in the smaller placental
shares of sIUGR.

We also examined the expression and localiza-
tion of HIF-1α by IHC. As shown in Figure 2(h,i),
the signal for HIF-1α was much weaker in SCT
from the smaller placental shares than it was in the

larger placental shares of the sIUGR group, while
no difference was found between two placental
shares of the normal group (Figure 2(h,i)).

Reduced ANGPTL4 suppresses trophoblast
invasion and migration

To address the role ofANGPTL4 in human tropho-
blasts, the HTR8/SVneo cell line (HTR8) was
transfected with ANGPTL4 siRNA. RT-qPCR
results confirmed that ANGPTL4 expression was
decreased after siRNA transfection, and siRNA3
was the most effective siRNA (Figure 3(a)).
Subsequently,ANGPTL4 siRNA3 was used directly
to reduce ANGPTL4 expression in HTR8 cells.

Liu et al have reported that silenced ANGPTL4
weakened trophoblast cells migration and invasion
[16]. Consistent with Liu et al results, our data showed
that reduced ANGPTL4 drastically inhibited the inva-
sive and migration abilities of HTR8 cells when com-
pared with blank and negative control-siRNA (NC)
cells (Figure 3(b–e)). However, HTR8 cells transfected

Figure 2. Hydromxymethylation-associated ANGPTL4 identified in sIUGR twin pairs. (a, b) Decreased ANGPTL4 detected in smaller
placental shares of the sIUGR group compared to the normal MCDA group by western blotting and quantitative RT-PCR. (**p < 0.01).
(c, d) Single staining of maternal villi from sIUGR (smaller & larger) and normal MCDA group (twin1 & twin2) using ANGPTL4 antibody
was visualized. Above scale bar = 250 μm. Below scale bar = 50 μm. (e, f) Global 5hmC levels detected in two placental shares of
sIUGR group by dot blot. S1-8 was eight pairs of sIUGR placentas (smaller & larger). (g) Correlation analysis of ANGPTL4 expression
with global 5hmC level in smaller placental shares compared to larger ones in the sIUGR group. (h, i) Single staining of maternal villi
from sIUGR (smaller & larger) and normal MCDA group (twin1 & twin2) using HIF-1α antibody was visualized. Above scale
bar = 250 μm. Below scale bar = 50 μm. Compared to the normal MCDA group, weaker positive signal for ANGPTL4 and HIF-1α
both detected in smaller placental shares than larger ones in the sIUGR group.
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Figure 3. Decreased ANGPTL4 directly inhibited trophoblast invasion and migration in vitro. (a) The expression of ANGPTL4 when
using ANGPTL4 siRNA. Decreased ANGPTL4 expression detected when using three siRNAs, of which siRNA3 was the most effective. (b,
c) Transwell assays showed that invaded cells reduced when using siRNA3. (**p < 0.01). (d, e) Wound healing assays shown that
migrated cells decreased when using siRNA3. (**p < 0.01). (f, g) No significant difference in the apoptopsis and necrosis detected
when using siRNA3 by Flow cytometry (FCM). (h) No significant difference in cell viability identified when using siRNA3 by CCK8
assay.
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with the siRNA exhibited no significant changes in
cell viability and apoptosis (Figure 3(f–h)). These
results indicated that decreased ANGPTL4 expression
suppressed trophoblast invasiveness and migration.

ANGPTL4 is the downstream target of HIF-1α
and is regulated by the HIF-1 signalling pathway

Previous data have suggested that a hypoxic envir-
onment might be related to placental dysfunction.
HIF-1α, as a hypoxia-induced factor, is also an
upstream regulator of ANGPTL4. Moreover, IHC
data revealed that the localization and expression
of HIF-1α was positively correlated with ANGPTL4
(Figure 2(c,d,h,i)). We next investigated the regula-
tory relationship between HIF-1α and ANGPTL4,
and we determined the underlying mechanisms
causing decreased ANGPTL4 to effect trophoblast
functions by using a HIF-1 agonist (DMOG), a HIF-
1 inhibitor (digoxin), and a HIF-1α siRNA.

Western blot results showed that HIF-1α and
ANGPTL4 were both highly expressed when using
DMOG, and they exhibited low expression levels
when using digoxin regardless of normoxic or
hypoxic conditions (Figure 4(a–d)). In addition,
HIF-1α and ANGPTL4 were also decreased when
using HIF-1α siRNA compared with blank or NC-
siRNA (Figure 4(e,f)).

We next explored the effects of the aberrant HIF-1
signalling pathway on trophoblast functions. The
results revealed that migration and invasive abilities
were both enhanced by DMOG, whereas the migra-
tion and invasive capacities were weakened (Figure 4
(g–j)) by digoxin.Moreover, late apoptosis and necro-
sis ratios in trophoblasts were significantly increased
when using digoxin compared to the ratios of
blank trophoblasts (Figure 4(k,l)). Taken together,
ANGPTL4 expression may be regulated by the HIF-1
signalling pathway in normoxic or hypoxic condi-
tions. AberrantHIF-1 signalling pathway-affected tro-
phoblast functions may target ANGPTL4.

Hypoxia leads to aberrant expression of
ANGPTL4 and HIF-1α, positively correlated with
their aberrant hydroxymethylation levels in
promoter regions

The above results have demonstrated that aberrant
HIF-1α-regulated ANGPTL4 may affect trophoblast

functions. We next constructed a hypoxic tropho-
blastic model in vitro and further explored the rela-
tionship between the expression of ANGPTL4 and
HIF-1α and their 5hmC levels in promoter regions
by hMeDIP-qPCR and western blotting.

Compared to the normoxic conditions (21% O2),
the expression levels of ANGPTL4 and HIF-1α were
both upregulated in 10% O2-48 hr and downregu-
lated in 1% O2-48 hr (p < 0.05) (Figure 5(a,b)).
Meanwhile, the 5 hmC levels of ANGPTL4 and
HIF-1α were also increased in 10% O2-48 hr and
decreased in 1% O2-48 hr (p < 0.05) (Figure 5(c,d)).
These data suggested that the 5 hmC levels of
ANGPTL4 and HIF-1α were positively correlated
with their expression in 10% O2-48 hr and 1%
O2-48 hr; aberrant ANGPTL4 and HIF-1α expres-
sion may be related to their aberrant 5 hmC levels
of promoter regions in hypoxic conditions.

Discussion

In MC twins with sIUGR, vascular anastomoses
and unequal placental territories are thought to be
the important reasons for discordant foetal growth
and different clinical outcomes [17]. The presence
of placental anastomoses and discordant placental
shares between two foetuses may interfere with the
natural progression of the smaller foetus, leading
to the failure to achieve its growth potential.
However, the underlying molecular mechanism
of sIUGR remains poorly understood. Because
almost all MC twins were monozygotic twins,
both foetuses of a twin pair harboured identical
genomic DNA and grew in a similar intrauterine
environment [18]. It is a good model for evaluat-
ing the epigenetic-modified mechanism in foetal
development and placental dysfunction.

DNA hydroxymethylation is reported to be an
important epigenetic modification in differentmam-
malian cells that contributes to the regulation of
genomic structure and function [19,20]. In singleton
pregnancy, altered 5 hmC levels have been observed
in womenwho are obese, have PE or have gestational
diabetes mellitus (GDM) [21–23]. Cardenas et al
[24] reported that prenatal mercury exposure was
related to decreased 5 hmC levels in cord blood.
These results demonstrated that maternal complica-
tions or adverse intrauterine environments may
influence 5 hmC levels during foetal development.
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In our study, decreased global 5 hmC levels were
identified in smaller placental shares compared to
larger ones in cases of sIUGR. Furthermore, a possi-
ble hydroxymethylation-associated gene, ANGPTL4,
was identified and verified in sIUGR placentas and
hypoxic trophoblasts in vitro. This finding suggests

that reduced 5 hmC levels and 5 hmC-associated
ANGPTL4may be related to discordant foetal devel-
opment and placental dysplasia.

The placenta is a mediator of communication
between foetal development and maternal envir-
onment. The placenta regulates maternal-foetal

Figure 4. ANGPTL4 is a downstream target of HIF-1α and regulated by HIF-1 signalling pathway in vitro. (a–f) Western blot analysis of
HIF-1α and ANGPTL4 expression in HTR8 cells with HIF-1 agonist (DMOG), HIF-1 inhibitor (digoxin) and HIF-1α siRNA for 48 hours.
Expressions of HIF-1α and ANGPTL4 both increased when using DMOG, while decreased by using digoxin or HIF-1α siRNA. (g, h)
Transwell assays showed that invaded cells increased in DMOG group, and reduced in digoxin group. (**p < 0.01). (i, j) Wound
healing assays shown that migrated cells increased in DMOG group, and reduced in digoxin group. (**p < 0.01). (k, l) FCM results
showed that late apoptopsis and necrosis of HTR8 cells increased significantly when using digoxin. (**p < 0.01).
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nutrient and waste exchange, facilitates interac-
tions with the maternal immune system, and acts
as a neuroendocrine organ for developing foetuses
[25]. Trophoblasts are the main component of the
placenta, dysfunction of which will lead to placen-
tal dysplasia. In singleton pregnancy, ANGPTL4
repression regulated by PVT1 may play an essen-
tial role in PE by affecting trophoblast functions
[26]. ANGPTL4 may also be involved in fatty acid-
induced angiogenesis in vitro [27]. However, a
discrepancy among different studies was found,
in that ANGPTL4 has been reported to have a
role in angiogenesis, anti-angiogenesis or even
pathological angiogenesis [28–30]. In our data,
reduced ANGPTL4 significantly inhibited the inva-
siveness and migration of trophoblasts, whereas no
effect was found in cell viability and apoptosis.

Different environmental factors, which have
the potential to alter placental epigenomic pro-
files, might contribute to placental dysplasia [31].
Environmental oxygen is a potent driver of vas-
cular development in the maternal-foetal inter-
face [32]. Insufficient adaptive responses to too
much or too little oxygen may lead to cellular

injury [33]. HIF-1α is an important hypoxia-
induced factor, and it was confirmed to regulate
proliferation, apoptosis and tolerance to hypoxia
[34]. Previous studies have reported that HIF-1α
was associated with the pathology of PE and FGR
[35,36]. Hypoxia-induced HIF-1α promoted the
invasion of trophoblast cells in vitro [37].
ANGPTL4, as a downstream target of HIF-1α,
has been verified to be regulated by HIF-1α in
osteosarcoma cells [14]. Our data showed that the
expression and localization of ANGPTL4 were
positively related to HIF-1α in the smaller placen-
tal shares of sIUGR. In addition, HIF-1α knock-
down can directly downregulate the expression of
HIF-1α and ANGPTL4 in vitro. The expression of
HIF-1α and ANGPTL4 and trophoblast functions
were both affected when using a HIF-1 agonist
and inhibitor. Therefore, multiple lines of evi-
dence support the role of HIF-1α in affecting
trophoblast functions via regulating ANGPTL4
expression. Interestingly, treatment with an HIF-
1 inhibitor induced trophoblast apoptosis and
necrosis, which was not observed following
ANGPTL4 knockdown. It is possible that HIF-1α

Figure 5. Hypoxia leads to aberrant expression of ANGPTL4 and HIF-1α, positively correlated with their aberrant hydroxymethylation
levels in promoter regions. (a, b) Western blot results showed the protein levels of HIF-1α and ANGPTL4 under normoxic conditions
with 21%O2 and under hypoxic conditions with 10% and 1% O2 for 24 hours and 48 hours. Expression of HIF-1α and ANGPTL4 both
highly expressed in 10%O2-48 hours and reduced expressed in 1%O2-48 hours. (c, d) The 5hmC levels in the promoters of HIF-1α and
ANGPTL4 under normoxic and hypoxic conditions were detected by hMeDIP-qPCR. The percentage of the input is shown as
indicated. The results showed that the 5hmC enrichment of HIF-1α and ANGPTL4 increased in 10%O2-48 hours and reduced in
1%O2-48 hours. (*p < 0.05, **p < 0.01).
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affects different cell functions via different down-
stream targets. In fact, HIF-1α induces more than
100 target genes to adapt to hypoxic conditions
by different regulatory mechanisms [38].

Furthermore, we verified the possible correla-
tion between 5hmC enrichment and the expres-
sion changes of ANGPTL4 and HIF-1α under
different hypoxic conditions. Previous studies
have confirmed positive relationships between the
levels of 5 hmC and gene expression in the brain,
chondrocytes and embryonic stem cells [39–41].
Consistent with previous data, our results show
that 5 hmC levels and expression of HIF-1α/
ANGPTL4 were both increased in 10% O2-48 hr
and decreased in 1% O2-48 hr, which means that
the 5 hmC levels in promoter regions were posi-
tively related to gene expression in different oxy-
gen concentrations. These results suggest that
hypoxia-induced aberrant expression of
ANGPTL4 and HIF-1α may be related to their
aberrant 5 hmC levels in promoter regions,
which contribute to trophoblast dysfunction and
placental dysplasia and further result in disrupted
foetal development.

There is a limitation in this study in that we
have only one single time point in every placental
sample, which is the time for delivery in gesta-
tional weeks. In fact, the placental expression pro-
files and the dynamic regulation of cytosine are
known to vary at different trimesters [25]. This
suggests that the relationship between 5 hmC and
gene expression may be complicated and unique in
different gestational weeks.

In summary, this study first demonstrated that the
global 5hmC level was decreased in smaller placental
shares compared to larger ones in cases of sIUGR.
Reduced hydroxymethylation-associated ANGPTL4
was validated in placentas and trophoblasts in vitro.
Hypoxia-induced aberrant expression of ANGPTL4
and HIF-1α may be related to their aberrant 5hmC
levels in promoter regions, which contribute to tro-
phoblast dysfunction. Therefore, our findings
revealed that aberrant hydroxymethylation-asso-
ciated ANGPTL4 may be involved in the pathogen-
esis of sIUGR and may further provide a new
epigenetic mechanism in which discordant DNA
hydroxymethylation may be associated with pheno-
typic discrepancies between monozygotic twin
foetuses.

Materials and methods

Patients and placental sample collection

From December 2015 to December 2017, a total of
31 MCDA twin pregnancies were enrolled, includ-
ing 13 pairs of sIUGR twins (sIUGR group) and 18
pairs of normal MCDA twins (normal group). The
study was approved by the ethics committee in the
hospital. The collection of placental tissues was
performed with the patients’ informed consent.

The chorionicity was determined by ultrasound
at 11–14 weeks as previously described [42], and it
was confirmed by placental examination after
delivery [43]. sIUGR was defined when the birth
weight of one foetus was below the 10th percentile,
and the intertwin discordance was greater than
25% [44]. The normal group included normal
MCDA twin pregnancies without sIUGR or other
complications. Pregnancies with severe maternal
complications, twin to twin transfusion syndrome
(TTTS), twin-anaemia polycythaemia sequence
(TAPS), structural defects and foetal death were
excluded.

In sIUGR twin pregnancies, smaller placental
shares were the placental sections excised at the
region of the umbilical cord insertion point from
the restricted foetus (<10th percentile), while lar-
ger placental shares were the placental sections of
the co-twins.

Placental tissue pieces of approximately 2 ×
2 × 1 cm3 were excised immediately after delivery
by caesarean section from placentas at the region
around the individual umbilical cord insertion
point, rinsed with ice-cold phosphate-buffered sal-
ine (PBS) and stored appropriately for subsequent
experiments.

Cell culture, reagents and transfection

HTR8/SVneo (HTR8) was obtained from American
Type Culture Collection (ATCC). Hypoxia was
induced in a hypoxic incubator with 1% or 10%
O2 for 24 and 48 hr. DMOG (Catalogue No.
A4506), a HIF-1 agonist, and digoxin (Catalogue
No. B7684), a HIF-1 inhibitor, were purchased
from APExBIO. DMOG and digoxin were both
diluted at a concentration of 10 μmol/L and cul-
tured with HTR8 cells for 24 and 48 hr. ANGPTL4
and HIF-1α knockdown was achieved using small
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interfering RNA (siRNAs; Gene Pharma) intro-
duced via Lipofectamine 3000 (Invitrogen,
Catalogue No. L3000015) according to the manu-
facturer’s instructions. The sequences of the oligo-
nucleotides are listed in supplement Table S3.

hMeDIP-Chip and data processing

Four pairs of sIUGR placentas and four pairs of
normal MCDA placentas were used in hMeDIP-
Chip. Genomic DNA was extracted from placentas
by a DNeasy Blood and Tissue Kit (Qiagen,
Catalogue No. 69506) and sonicated to fragments
of 200–1000 bp with a Bioruptor sonicator
(Diagenode).

Differential enrichment peaks (DEP) were calcu-
lated by M’ value as follows: M’ = Average (log2
hMeDIPsmaller foetus/Inputsmaller foetus) – Average (log2
hMeDIPlarger foetus/Inputlarger foetus). Gene ontology
(GO) terms and Kyoto Encyclopaedia of Genes and
Genomes (KEGG) pathways were also analysed via
their online databases (http://www.geneontology.org/,
http://www.kegg.jp/, respectively) [45].

mRNA sequencing

Four pairs of sIUGR placentas and four pairs of
normal MCDA placentas were used in mRNA
sequencing. Total mRNA from placentas was iso-
lated by using a KAPA Stranded RNA-Seq Library
Preparation Kit (Illumina platforms) (KAPA
Biosystems, Catalogue No. KK8401). The com-
pleted libraries were qualified on an Agilent 2100
Bioanalyzer, quantified and sequenced on an
Illumina HiSeq 4000 (Illumina) according to the
manufacturer’s instructions.

After sequencing, base calling was carried out
using Off-Line Base caller software (version
V1.8.0; Illumina). The trimmed reads that passed
sequence quality examination and trimmed 5ʹ,3ʹ-
adaptor bases using cutadapt [46], were aligned to
the reference genome by HISAT 2 software
(v2.0.4) [47]. StringTie (v1.2.3) [48] and R package
Ballgown (v2.6.0) [49] were used to calculate the
transcript abundance and the FPKM value [50] for
gene and transcript levels. The differentially

expressed genes and transcripts were filtered by
using the R package Ballgown.

RNA extraction and reverse transcription-qPCR
validation

Thirteen pairs of placental samples from sIUGR
twins and eighteen pairs of placental samples from
normal MCDA twins were used to perform RT-
qPCR to detect the mRNA expression of candidate
genes. Total RNA was extracted using RNAiso
Plus (Takara, Catalogue No. 9109) according to
the manufacturer’s protocol. cDNA was synthe-
sized from total RNA using PrimeScript RT
Master Mix (TaKaRa, Catalogue No. RR036A),
and then, real-time PCR was performed with
SYBR Premix Ex Taq II (Takara, Catalogue No.
RR820A) on an ABI 7500 Real-Time PCR System
(Thermo Fisher Scientific) using the 2−ΔΔCt

method. A list of primers is available in supple-
ment Table S4.

Western blot, dot blot and
immunohistochemistry

Thirteen pairs of sIUGR placentas and eighteen
pairs of normal MCDA placentas were used to
perform western blotting to detect the protein
expression of ANGPTL4 and HIF-1α according to
the standard protocol [51]. Eight pairs of sIUGR
placentas and eight pairs of normal MCDA placen-
tas were used in immunohistochemistry (IHC).
Meanwhile, eight pairs of sIUGR placentas were
also used in dot blot to detect the global 5hmC
level in sIUGR group. Genomic DNA was extracted
from placental tissues by a MiniBEST FFPE DNA
Extraction Kit (TaKaRa, Catalogue No. 9782), and
the concentrations were measured using a
NanoDrop™ 2000 Spectrophotometer (Thermo
Scientific). Primary antibodies against ANGPTL4
(1:250) (Abcam, Catalogue No. ab196746), HIF-1α
(1:200) (Abcam, Catalogue No. ab82832) and
5hmC (1:500) (Abcam, Catalogue No. ab214728)
were used and were then visualized by
ImmobilonTM Western chemiluminescent HRP
substrate (Millipore, Catalogue No. WBKLS0500).
Quantification of images was performed using
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ImageJ software. Staining for IHC was visualized by
DAB (Beyotime, Catalogue No. P0203). High-reso-
lution digital images were acquired with a
NanoZoomer S360 Slide Scanner (Hamamatsu)
and were then analysed by NDP.view2 Viewing
software (Hamamatsu).

hMeDIP-qPCR

A hMeDIP assay combined with qPCR was used to
quantitatively evaluate the hydroxymethylation status
of ANGPTL4 and HIF-1α in normoxic and hypoxic
trophoblasts. hMeDIP was performed according to a
previously published method [52]. The primer
sequences are listed in supplement Table S5. This
experiment was performed in triplicate. The relative
changes in the extent of promoter hydroxymethyla-
tion were determined by calculating the amount of
promoter in immunoprecipitated DNA after normal-
ization to the input DNA: %(hMeDNA-IP/Input) = 2
(Ctinput-CthMeDNA-IP) ×Input dilution factor×100%.

Cell migration analysis

Migration analysis was performed with the
wound healing assay to investigate the tropho-
blast migration ability in vitro. Cells were seeded
and treated the next day with ANGPTL4 siRNA,
DMOG and digoxin. Subsequently, a wound was
made in each well with the use of a sterile micro-
pipette tip, and cells were cultured for an addi-
tional 48 hours. Photographs were taken and used
for analysis by ImageJ software.

Cell invasion assay

A transwell invasion assay was used to investigate
trophoblast invasion ability in vitro. A 24-transwell
plate (Co-Star) was coated with 100 μl of BDMatrigel
(BD Biosciences, Catalogue No. 356234). Cells were
suspended in FBS-free medium, and 100 μl were
transferred into the upper chamber of the transwell.
The lower chamber was filled with 600 μl of medium
containing 10% FBS. After incubation for 48 hours,
the Matrigel was removed with a cotton swab, and
invaded cells were stained with crystal violet.

Cell viability analysis

CCK8 assays were used to detect trophoblast viabi-
lity (Beyotime, Catalogue No. C0038). Cells were
placed in 96-well plates and treated with ANGPTL4
siRNA, DMOG or digoxin. Then, the cells were
cultured with 10 μl of CCK8 reagent in the incubator
for 2 hours at 37°C. Cell viability was measured by a
microplate reader at a wavelength of 450 nm.

Cell apoptotic ratio assay

Cell apoptosis assays were performed by an Annexin
V-FITC Cell Apoptosis kit (Beyotime, Catalogue
No. C1062 L) to detect trophoblast apoptosis and
necrosis ratio according to the manual instructions.
In brief, cells were treated with ANGPTL4 siRNA,
DMOG or digoxin, washed with PBS twice, washed
with 1× binding buffer once and then suspended in
1× binding buffer. Cells were double-stained with
Annexin V-FITC and PI for 15 minutes in the dark
at room temperature and then analysed by flow
cytometry (BD).

Statistical analysis

All statistical values were calculated using SPSS
22.0 (Chicago, IL, USA) and GraphPad Prism 5.
Experimental groups were analysed by indepen-
dent sample t-tests when comparing between 2
groups and one-way ANOVA when comparing
among multiple groups. Correlations were ana-
lysed using Spearman’s rank correlation test.
Data are presented as the mean ± SD. All p values
are two-sided. A p value of < 0.05 was considered
to indicate statistical significance.
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