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ABSTRACT
Epigenetic mechanisms such as genomic imprinting have a fundamental role in embryo and fetal
development. Hence, we here studied expression levels of epigenetic modifiers and imprinted
genes in cases of ididopathic spontaneous abortion (SA). Thirty-five placental samples and 35
matched fetal tissues from second trimester SA were analysed; including 16 controls (placental
and fetal infections as the known cause of spontaneous abortion) and 19 idiopathic SA cases.
Transcript levels of epigenetic regulators and imprinted genes were measured by qRT-PCR and
methylation at imprinted genes was studied by bisulfite genomic sequencing and MS-MLPA.
Global DNA hydroxymethylation (5-hmC) levels were measured by an ELISA-based assay.

We observed an upregulation of TET2 and TET3 in placental samples from idiopathic SA cases;
however, no significant difference in global 5-hmC levels was observed. On the contrary, in fetal
tissues, TET3 was markedly downregulated in idiopathic SA, showing an opposite trend to that
observed in placental tissue. IGF2 and CDKN1C were upregulated and MEST downregulated in
placentas from idiopathic SA cases; concordantly, IGF2 was also upregulated in fetal tissues from
idiopathic SA cases. Although not reaching statistical significance, an increase in methylation
levels of MEST, KvDMR1 and H19 DMRs was observed in idiopathic SA cases, concordantly with the
observed changes in expression. Our study reveals, for the first time, deregulation of epigenetic
modifiers and imprinted genes in both placental and fetal tissues from idiopathic SA cases in
the second trimester of pregnancy, indicating a critical role during pregnancy.
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Introduction

Spontaneous abortion (SA) has a high clinical and
social impact and may be defined as a clinically
recognized pregnancy loss before the 24th weeks of
gestation [1,2]. Approximately 10% to 15% of these
pregnancies terminate spontaneously and about
1–5% of couples suffer recurrent SA (two or more
pregnancy losses) [2–4]. Pregnancy loss has
a heterogeneous etiology, which results from several
known risk factors, such as endocrine, immunologi-
cal, environmental, infectious, thrombophilic and
genetic factors [5,6]. Despite the different causes,
genetic factors are considered the main contributor
for sporadic and recurrent SA, given that fetal chro-
mosomal abnormalities represent about 50–60% of
the cases. However, approximately 40–50% of recur-
rent SA reveal a normal karyotype and its causes are
still poorly understood [2,4].

Epigenetic marks regulate the expression of genes
[7] and can constitute epimutations that could con-
tribute to these cases. DNAmethylation has been the
most studied epigenetic modification and is asso-
ciated to gene silencing when occurring in the pro-
moter region of genes [8]. This epigenetic mark
usually occurs in CpG dinucleotides and consists in
the addition of a methyl group from the
S-adenosylmethionine donor (SAM) to the fifth car-
bon of a cytosine, originating a 5-methylcytosine
(5-mC) [9,10]. The enzymes that catalyze DNA
methylation are well characterized and are desig-
nated DNA methyltransferases (DNMTs). Within
this family, three enzymatically active types are iden-
tified, the maintenance methyltransferase DNMT1
and the de novo methyltransferases, DNMT3A and
DNMT3B [9,11].

More recently, another family of enzymes –
TET1, TET2 and TET3 – was identified, being
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able to oxidize 5-mC into 5-hydroxymethylcyto-
sine (5-hmC) [12]. These enzymes can also further
oxidize 5-hmC into 5-formylcytosine (5-fC) and
5-carboxycytosine (5-caC), a process thought to be
involved in active DNA demethylation [13,14].
Like DNMTs, TETs are also involved in the differ-
entiation and regulation of placental trophoblasts
[15,16].

Epigenetic marks play a key role in the regula-
tion of genomic imprinting [10]. This epigenetic
phenomenon is essential in the development and
function of the placenta, and growth of the fetus.
Imprinting errors may be caused by epigenetic
disruptions that may lead to different phenotypes,
such as fetal growth restriction (FGR) [17,18].
The particular characteristic of the imprinted
genes is their monoallelic expression, depending
on the parent-of-origin. Differentially methylated
regions (DMRs) are responsible for this differen-
tial expression and are associated with imprinting
control regions (ICRs). These ICRs, acording to
its specific methylation status, control the expres-
sion of neighborhood imprinted genes that
usually occur in clusters [10,19]. Imprinted
DMRs can also influence expression by acting as
methylation-sensitive insulators, such as the H19
DMR found on chromosome 11p15.5. Normally,
H19 DMR is methylated on the paternal allele
preventing the binding of the zinc finger protein
CTCF, which in turn allows the access of the
IGF2 promoter to the enhancers located down-
stream of H19, and consequently, paternal IGF2
is expressed. On the other hand, in the maternal
allele this CTCF-binding site is unmethylated,
which allows the binding of CTCF and the inter-
action of the H19 promoter to the enhancers. In
this case, the IGF2 is silenced and the H19 is
expressed [20–22]. Alternatively, the imprinting
DMRs can influence gene expression through
non-coding RNA (ncRNA) promoters, such as
the KvDMR1, also on 11p15.5 chromosome.
This DMR is located in the KCNQ1 gene, which
contains a promoter for a ncRNA, the
KCNQ10T1. Typically, this DMR is unmethylated
at the paternal allele, which allows the transcrip-
tion of the ncRNA that silences the expression of
the cis-linked imprinted genes, such as CDKN1C
and PHLDA2 genes. In contrast, the methylation
present in the maternal allele leads to ncRNA

silencing, and consequently, allows expression of
the imprinted genes adjacent to the ICR
[21,23,24]. In addition, DMRs may be present in
the promoter of a gene controlling its expression,
according to the methylation status. This happens
with MEST/PEG1 and PEG10 genes that are
paternally expressed and located on the long
arm of the chromosome 7 [25–27].

Regarding the association of imprinted genes
with fetal deaths, some studies have shown the
involvement of PEG10 and MEST in embryonic
lethality. PEG10 knockout animal models showed
early embryonic lethality owing to defects in the
placenta [28,29]. Also, according to the literature,
a decrease in MEST protein expression was
observed in human placentas of missed abortions
and this suggested a possible pathological mechan-
ism for missed abortion [30]. Futhermore, we pre-
viously showed changes in the expression of
imprinted genes, namely CDKN1C, IGF2, KCNQ1
and PHLDA2, in placental samples of SA [31,32].
In addition, deletion of the active copies of several
other imprinted genes, including the genes here
studied, was shown to result in a noticeable pla-
cental phenotype, with most deletions affecting the
size of the placenta [33].

Taking this into account and considering the
importance of epigenetics and genomic imprinting
in fetal and placental development, it is plausible
that epigenetic changes may underlie the failure of
a gestation. The main goal of this study was to
evaluate if alterations in the expression of the
epigenetic machinery and imprinted genes were
present in samples from SA with an idiopathic
cause in the second trimester of pregnancy.
Therefore, we analysed the expression of DNMT
and TET genes, and six imprinted genes, three
paternally expressed – IGF2, MEST, PEG10 – and
three maternally expressed – CDKN1C, KCNQ1,
PHLDA2. Furthermore, methylation patterns of
MEST, KvDMR1, H19 DMR and IGF2 promoters
were evaluated in order to investigate a possible
correlation between the DNA methylation status
and gene expression. In addition, global levels of
5-hmC were determined in SA samples. This work
was performed in both placental and fetal tissues
and was developed in order to contribute for
understanding the etiology of human pregnancy
losses in the second trimester of gestation.
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Results

Altered expression of epigenetic regulators in
pregnancy losses

We analysed the expression of 6 epigenetic modi-
fiers, TET1, TET2, TET3, DNMT1, DNMT3A and
DNMT3B in a total of 35 placentas and 35
matched fetal tissues from SA during the second
trimester of gestation, namely 16 controls (SA due
to infections) and 19 idiopathic SA cases. In SA
cases, we observed an upregulation of TET2 and
TET3 in placental samples (Figure 1(a)) whilst in
fetal tissue a significant downregulation of TET3
was observed (Figure 1(b)). Notably, the changes
observed in the placenta showed an opposite trend
to the fetal tissue. Of interest, we observed that the
upregulation of TET2 and TET3 in placental sam-
ples was mainly due to SA cases not showing FGR
(Supplementary Fig. S1A). On the other hand, in
fetal tissues, both SA cases with and without FGR
showed a tendency for TET3 decreased expression
(Supplementary Fig. S1B).

Global hydroxymethylation levels

Since changes in TET genes expression were
observed, we analysed global 5-hmC levels of 21
pairs of placenta/fetal tissue from SA by an ELISA

assay. Both in placental and fetal samples, no signifi-
cant changes were observed between controls and
idiopathic SA cases (Figure 1(c)). Nevertheless,
5-hmC was present at detectable levels in the pla-
centa and fetal tissues, ranging from 0,12% to 0,85%
in placentas and from 0,04% to 0,73% in fetal tissue
(Supplementary table S1).

Deregulation of imprinted genes in pregnancy
losses

We also analysed the expression of 6 imprinted
genes, 3 paternally expressed (IGF2, MEST and
PEG10) and 3 maternally expressed (CDKN1C,
KCNQ1 and PHLDA2) (Figure 2(a,b)). In placental
samples, a significant upregulation of two imprinted
genes – IGF2 and CDKN1C – was observed in SA
cases, together with a downregulation ofMEST gene
(Figure 2(a)). In fetal tissue, only IGF2 presented
altered expression, with an upregulation in SA
cases (Figure 2(b)). Notably, IGF2 was upregulated
in both placental and fetal tissues in idiopathic SA
samples.

Of interest, we observed that the upregulation of
IGF2 and CDKN1C and downregulation of MEST
in placental samples was mainly due to SA cases
not showing FGR (Supplementary Fig. S1C). On
the other hand, in fetal tissues, both SA cases with
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Figure 1. Relative expression of epigenetic regulators (TET1, TET2, TET3, DNMT1, DNMT3A and DNMT3B) in placental and fetal tissues.
Bars represent 2ΔΔCt ± SEM; * represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001. (a) Relative expression of
epigenetic regulators in placental tissue from idiopathic SA (n = 19) comparing to controls (n = 16). (b) Relative expression of
epigenetic regulators in fetal tissue samples from idiopathic SA (n = 19) comparing to controls (n = 16). (c) Global 5-hmC levels in
placental and fetal tissues (controls, n = 8 and SA, n = 13). Bars represent 5-hmC (%) ± SEM.
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and without FGR showed a tendency for IGF2
increased expression (Supplementary Fig. S1D).

Methylation status of imprinted genes

Amongst the six imprinted genes studied, IGF2,
CDKN1C and MEST showed an altered expression
relatively to control group (Figure 2). Therefore,
methylation patterns of ICRs of these imprinted
genes were studied in samples showing differences
in transcript levels.

For standard bisulfite sequencing, 22 CpGs at
MEST promoter DMR, 24 CpGs at KvDMR1 and

18 CpGs at H19 DMR were analysed. Although not
significant, we observed an increase in methylated
CpGs in the placental samples of SA cases comparing
to controls, forMEST (meanmethylation percentage
of 52,3% vs 36,7%, respectively; p > 0,05), KvDMR1
(mean methylation percentage 78,0% vs 65,2%,
respectively; p > 0,05) and H19 DMR (mean methy-
lation percentage 58,5% vs 45,8%, respectively;
p > 0,05) (Figure 3(a–c)), which is in accordance
with the altered expression patterns (decreased
expression of MEST and increased expression of
CDKN1C and IGF2) observed in SA samples
(Figure 2(a)). Concerning IGF2 gene, we also studied
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Figure 2. Relative expression of imprinted genes (IGF2, CDKN1C, KCNQ1, PHLDA2, MEST and PEG10) in placental and fetal tissues. (a)
Relative expression of imprinted genes in placentas from idiopathic SA (n = 19) comparing to controls (n = 16). (b) Relative
expression of imprinted genes in fetal tissue from idiopathic SA (n = 19) comparing to controls (n = 16). Bars represent 2ΔΔCt ± SEM;
* represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001.
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Figure 3. Methylation patterns of MEST, KvDMR1, H19 DMR and P3 promoter IGF2 in placenta samples by bisulfite genomic
sequencing. The columns represent the successive CpGs and the rows represent the different clones. Black circles represent
methylated CpGs and white circles represent non-methylated CpGs. The graph to the right represents 5-mC (%) ± SEM of each
group; ISA – Idiopathic spontaneous abortion. (a) Methylation status of 22 CpGs at MEST in three placenta samples of controls and
three placenta samples of idiopathic SA. (b) Methylation status of 24 CpGs at KvDMR1 in three placenta samples of controls and
three placenta samples of idiopathic SA. (c) Methylation status of 18 CpGs at H19 DMR in three placenta samples of controls and
three placenta samples of idiopathic SA. (d) Methylation status of 33 CpGs at P3 IGF2 in three placenta samples of controls and three
placenta samples of idiopathic SA.
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two promoter regions, P0 and P3, by MS-MLPA and
bisulfite sequencing, respectively, and did not
observe significant changes, although an hypo-
methylated state was noted in both promoters (P3
mean methylation percentage 3,9% in idiopathic SA
vs 7,6% in controls; p > 0,05) (Figure 3(d)). This is in
accordance with the high levels of transcription
observed for this gene, in both placental and fetal
tissues.

Given that we also observed an upregulation of
IGF2 in fetal tissues of SA cases, we also studied
methylation patterns in these samples; however no
differences were observed for H19 DMR (mean
methylation percentage 84,4% in idiopathic SA vs
74,8% in controls; p > 0,05) but an increase in
methylation was observed at P3 region (mean
methylation percentage 6,1% in idiopathic SA vs
2,3% in controls; p > 0,05) (Figure 4(a,b)), albeit
not statistically significant.

To confirm the bisulfite sequencing results
described above by another technique, we analysed
the samples by MS-MLPA (Methylation-specific
Multiplex Ligation-Dependent Probe Amplification).
With this method, 4 CpGs at KvDMR1, 4 CpGs at
H19 DMR, 1 CpG at IGF2DMR0 and 1 CpG at exon
1 ofCDKN1Cwere analysed, in both biological tissues
of 4 controls and 6 idiopathic SA cases. In accordance
with the bisulfite sequencing results, MS-MLPA
showed no significant differences between the con-
trols and the idiopathic SA cases, either in fetal or
placental tissue (Figure 5(a,b)). Themeanmethylation
percentage of each biological group is depicted in

Figure 5(a,b). In addition, the CpGs analysed for the
additional regulatory regions of IGF2 (IGF2 DMR0)
and CDKN1C (exon 1 of CDKN1C) did not explain
the overexpression of these genes in the idiopathic SA
cases (Figure 5(a,b)).

Discussion

Spontaneous pregnancy loss is a severe obstetric
complication that has clinical and social impact.
Pregnant women whom undergo recurrent SA
frequently do not have an indentifiable inherent
clinical cause. Despite advances in research, there
is still limited knowledge about the underlying
molecular mechanisms behind this condition.
Since epigenetic mechanisms and genomic
imprinting play a key role in many processes dur-
ing placenta and fetal development, we hypothe-
sized that epigenetic deregulation might underlie
idiopathic SA. Additionally, it is known that FGR
is associated with deregulation of imprinted genes,
namely PHLDA2 and CDKN1C upregulation, in
term placentas [22,34,35].

To our knowledge, this is the first study that
evaluates the expression of epigenetic regulators
and global 5-hmC levels in fetal tissue
from second trimester pregnancy losses. Our
results showed a significant upregulation of TET2
and TET3 in placentas from idiopathic SA. The
observed upregulation is in disagreement with pre-
vious results by Wu and collaborators [36] in
which they observed downregulation of all TET
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Figure 4. Methylation patterns of H19 DMR and P3 promoter IGF2 in fetal tissue samples by bisulfite genomic sequencing. The
columns represent the successive CpGs and the rows represent the different clones. Black circles represent methylated CpGs and
white circles represent non-methylated CpGs. The graph to the right represents the 5-mC (%) ± SEM of each group; ISA – Idiopathic
spontaneous abortion. (a) Methylation status of 18 CpGs at H19 DMR in three fetal tissue samples of controls and seven fetal tissue
samples of idiopathic SA. (b) Methylation status of 33 CpGs at P3 IGF2 in three fetal tissue samples of controls and six fetal tissue
samples of idiopathic SA.
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enzymes in villous tissue from early pregnancy loss
cases, however, this study was carried out between
6–8 weeks of gestation which might explain the
discrepancies observed. Indeed, Rakoczy and col-
laborators showed a specific cellular localization
for the different TET enzymes in human placentas,
suggesting a dynamic role in the regulation of
transcriptional activity of trophoblast progenitors
and differentiated cell subtypes [15].

In our study, despite TET2 and TET3 being
upregulated in idiopathic SA placentas, we did
not observe significant changes in DNA hydroxy-
methylation global levels. In this regard, it was
described that TET1 is particularly recruited for
5-mC oxidation and, consequently, to originate
5-hmC, while TET2 and TET3 are responsible
for the remaining steps of the oxidation cascade,
stimulating the removal of 5-hmC. Interestingly, it
was shown that TET1 deletion has a greater impact
on the loss of 5-hmC, whereas the reduction of
TET2 and TET3 levels lead to accumulation of
5-hmC [37]. Taking this into account, it can be
suggested that the observed overexpression of
TET2 and TET3 in our samples could lead to an
increase of the other derivatives of the oxidation
cascade. Nevertheless, we confirmed the presence
of 5-hmC in placentas, as others have previously
shown [38,39]. Mora and collaborators have
reported that TET2 and TET3 are highly abundant
in the placenta and 5-hmC is particularly located
at numerous imprinted genes, with an enrichment
on the transcribed allele [39]. Thus, it would be
interesting to analyse if 5-hmC levels at these
particular regions might be altered in samples

from idiopathic spontaneous abortion, correlating
with changes in expression of imprinted genes.

One interesting observation was the marked
downregulation of TET3 in fetal tissue, but upre-
gulation in the placentas, from SA cases which
could indicate that fetal deaths might be associated
with changes in the epigenetic machinery in both
the fetus and the placenta. Although not signifi-
cant, we also observed an upregulation of TET1 in
these cases, which could indicate a compensatory
mechanism [40].

Regarding imprinted genes expression, we
found upregulation of IGF2 and CDKN1C and
downregulation of MEST, namely in placental tis-
sue. These results corroborate our previous find-
ings, in which we observed in both placental and
fetal samples an upregulation of IGF2 and
CDKN1C genes in the second trimester of SA
[32]. Considering the parental conflict teory,
these two genes behave in opposite ways, the
paternally expressed IGF2 gene is proposed to
promote growth, while the maternally expressed
CDKN1C gene may act as growth suppressor lim-
iting resources to fetus; this could suggest that the
‘parental conflict’ theory may not be applied to all
imprinted human genes, namely in extreme con-
ditions like a spontaneous loss of pregnancy. It
should also be noted that the demand of maternal
resources is less strenuous in humans in compar-
ison with mice, since human pregnancies are nor-
mally singletons [32,35,41].

It is important to stress that these changes in
imprinted genes expression observed in idiopathic SA
samples may also be a consequence of aberrant
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development, being compensatory or adversemechan-
isms that could underlie pathology and should there-
fore be a matter of further investigation.

The observed changes in methylation at the
DMRs of the imprinted genes studied showed
a tendency for hypermethylation, which is in line
with observed increased transcript levels; never-
theless, another layer of epigenetic regulation,
such as histone modifications [42], might be con-
trolling the expression of these genes.

A previous report showed that the specific
siRNA knockdown of MEST drastically reduced
the invasion and migration of extravillous tropho-
blasts [30]. In the same study, the authors
observed decreased MEST expression concomitant
with MEST promoter hypermethylation in placen-
tas of SA, corroborating our observations.
Therefore, the authors suggested that changes in
MEST DNA methylation and MEST expression
might have an impact on extravillous trophoblasts
invasion that may explain the underlying mechan-
ism of the SA [30]. Zheng and collaborators also
associated increased MEST methylation to preg-
nancy loss [43]. Both studies were performed
with chorionic villi samples of early pregnancy
losses (6 to 10 weeks), but are in accordance with
our results in the second trimester pregnancy.
Hence, we postulate that hypermethylation of the
MEST promoter affects its expression and may
contribute to SA.

One of the limitations of our study is that cell-
type specific epigenetic states exist within the
human placenta [44]. Also, fetal tissues analysed
were limited to skin. Furthermore, we can not
ignore that the controls used, although corre-
sponding to pregnancy losses with a non-genetic
cause (infections), do not represent normal preg-
nancies (without any kind of complications). We
may also point out that only a few imprinted genes
have been studied and that we may be faced with
a complex and coordinated network of imprinted
genes responsible for intrauterine development
[45]. To acquire a better knowledge about the
etiology of the loss of human pregnancy more
studies on the molecular mechanism underlying
the expression of imprinted genes are needed.

Despite the limitations, this study bridged the gap
of the lack of studies with SA samples of second
trimester. Most of the studies are performed with

samples of early or term pregnancy losses and, since
pregnancy is a highly dynamic process, as well as all
the epigenetic mechanisms involved, it is essential to
conduct studies throughout the whole pregnancy
period. In addition, there are few studies on SA
that use fetal tissue matched to placental samples,
which values this study in order to extend the knowl-
edge of the etiology of spontaneous abortion.

Material and methods

Sample collection

A total of 35 placental samples and 35 matched fetal
tissues was collected from pregnancy losses with
gestational ages between 12 and 24 weeks, with no
significant diffrerences on maternal age and gesta-
tional age between controls and idiopathic SA cases
(supplementary table S2).This collection followed
the protocol established with the Gynecology and
Obstetric Department of Centro Hospitalar de São
João (CHSJ)-Porto; therefore, the placental and fetal
samples were always collected by the same team of
obstetricians and under the same conditions. All
placental samples were taken from the closest region
to the umbilical cord, in order to uniformize the
composition of the samples. Fetal tissue used for
this study corresponded to calcaneus or skin sam-
ples, which was available for research purposes and
not compromising the anatomo-pathological analy-
sis of the fetus.

Detailed information about the samples is in sup-
plementary table S3. Samples were divided in con-
trols (n = 16; placental and fetal infections as the
known cause of abortion) and idiopathic SA
(n = 19). The clinical evaluation of the cases was
made by an obstetrician (clinical and analytic evalua-
tion) considering also the anatomopathological eva-
luation. All samples here analysed presented
a normal karyotype and the exclusion criteria
included twin pregnancies, endocrine diseases, chro-
mosomal abnormalities, immunological diseases,
inherited thrombophilia, preeclampsia, cardiopa-
thies, maternal exposure to toxins and anatomical
abnormalities of the genital tract.

After collection, placental and fetal samples were
fragmented and stored immediately at −80ºC in
RNA later (Ambion) until RNA and DNA extrac-
tion. This study was approved by the local Ethics
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Committee –Health Ethical Committee of Faculty of
MedicineUniversity of Porto, CHSJ, Porto, Portugal.

RNA and DNA extraction

RNA and DNA extraction was performed using
Trizol (Thermo Fisher Scientific Inc., Waltham, MA,
USA) according to manufacturers’ protocol with
minor modifications. Briefly, 1mL of TRIzol was
added to the samples and transferred to a Triple-
Pure™ zirconium beads tube (Bertin Technologies)
and homogenized by a Minilys homogenizer (Bertin
Technologies). DNA was precipitated from the inter-
phase at −20ºC for 2 hours after the addition of
absolute ethanol. DNA and RNA quantification and
purity were analysed by NanoDrop 2000 UV-vis
Spectrophotometer (Nanodrop Technologies,
Wilmington, USA).

Quantitative real time PCR (qRT-PCR)

Total RNA was subjected to treatment with
DNaseI (Thermo Scientific™) and cDNA was
synthesized using 1 µg of the DNase-treated total
RNA and 4 µL of qScriptTM cDNA SuperMix
(Quanta Biosciences, Inc., Gaithersburg, USA).

Transcript levels of DNMT family (DNMT1,
DNMT3A and DNMT3B), TET family (TET1, TET2
and TET3), six imprinted genes (IGF2, CDKN1C,
KCNQ1, PHLDA2, MEST and PEG10) and three
housekeeping genes (ACTB, TBP and RPLP0) were
analysed by Real-Time PCR on a 96-well
StepOnePlus™ Real-Time PCR System (Life
Technologies Corporation, California, USA) (Primer
sequences are described in supplementary table S4
[46,47]). For each gene, cases and control samples
were run in the same plate to minimize intra-plate
variations and each reaction was performed in dupli-
cate. In addition, a negative control for each pair of
primers was included in the reaction plate. Primers
were designed to be exon-spanning, in order to avoid
amplification of contaminating genomic DNA.

The mastermix used was the 2× PowerUp SYBR
Green Master Mix (Thermo Ficher Scientific), fol-
lowing the manufacturer’s instructions. This mas-
termix has the particularity of preventing carry-
over contaminations by previous PCR products.
PCR reaction was performed in a 10 μL volume
per well and the PCR parameters were as follows:

50°C for 2 min, 95°C for 2 min, followed by 40
cycles at 95°C for 3 s and 60°C for 30 s.

Global DNA hydroxymethylation levels

Global 5-hmC content of the DNA samples (100 ng)
was measured using the QUEST 5-hmCTM DNA
ELISA Kit (Zymo Research, USA), according to the
manufacturer’s instructions. For this procedure, 42
samples (21 fetal samples and 21 respective placen-
tas) were used. This included, for each tissue, 8
controls and 13 idiopathic SA cases. A control
DNA set, with known 5-hmC quantities, was used
to build a standard curve and calculate 5-hmC levels
in DNA samples. All samples were run in duplicates.

The intensity of the signal was measured after
60 min of incubation and the reading was per-
formed at an absorbance of 405nm on an ELISA
plate reader (Sunrise, Tecan).

Bisulfite genomic sequencing

Methylation at regions of interest was analysed in
samples with significantly altered imprinted gene
expression by standard bisulfite sequencing.We ana-
lysed 18 CpGs of the H19 DMR that includes one
CTCF-binding site (GenBank Accession Number
AF087017; nucleotides 6006–6328), 33 CpGs of P3
promoter of IGF2 (GenBank Accession Number
NT_009237; nucleotides 2079781-2080144), 24
CpGs of KvDMR1 (Genbank Accession Number
U90095; nucleotides 66536-66800) and 22 CpGs of
MEST promoter (GenBank Accession Number Y10
620; nucleotides 609–898) (Primer sequences are
described in supplementary table S4 [48–50]).
Briefly, 1 µg of each DNA sample was treated with
sodium bisulfite, according to the standard protocol
of EpiTect Bisulfite Kit (Qiagen, Hiden, Germany).
Afterwards, modified DNA was subjected to PCR
amplification of the regions of interest using Type-
it Microsatellite PCR Kit (Qiagen, Hiden, Germany).
The PCR conditionswere as follows: initial denatura-
tion during 5 min at 95°C, followed by 35 cycles of
denaturation for 1 min at 95°C, annealing for 90 s at
60ºC and extension for 1 min at 72°C, ending with
a final extension step for 30 min at 60ºC. Bisulfite
PCR products were run in a QIAxcel Eletrophoresis
Unit (QIAGEN) and cloned with the TOPO® TA
Cloning Kit (Invitrogen), using pCR™II-TOPO®
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(Invitrogen) and DH5α Chemically Competent
E. coli cells (Invitrogen). Colony PCRwas performed
with Taq DNA Polymerase (Thermo Fisher
Scientific) and the conditions were as follows: 94°C
for 10min, followed by 35 cycle at 94°C for 45 s, 50°C
for 45 s and 72°C for 1 min, ending with a final
extension step for 10 min at 72ºC. Around 12 clones
for each sample were purified using Agencourt®
AMPure® XP (Beckman Coulter Krefeld, Germany),
and sequenced using BigDye® Terminator v3.1 Cycle
Sequencing Kit (Thermo Fisher Scientific), in a 3500
Genetic Analyzer (Applied Biosystems).

Methylation specific-multiplex
ligation-dependent probe amplification
(MS-MLPA)

For MS-MLPA, 10 samples were selected, 4 controls
and 6 cases. This was performed as a complementary
technique and the samples used in the cloning were
also included in this analysis. For this, 50–100 ng of
DNA samples, a negative control, as well as two
reference samples as endogenous control, were
included. Furthermore, all samples of the same tissue
type were simultaneously subjected to MS-MLPA
(SALSA MS-MLPA probemix ME030-C3 BWS/RSS
(MRC Holland, Amsterdam, The Nederland’s)). This
mix includes 4 specific methylation probes for each
H19 DMR and KVDMR1 as well as 1 specific methy-
lation probe for each 5ʹDMR0 IGF2 and for the exon
1 of CDKN1C, which contain a HhaI recognition site.

The hybridization step was performed at 60ºC for
16 hours and, subsequently, samples were equally
split into two aliquots, the first underwent the liga-
tion step, whereas the second one underwent the
ligation step and an enzymatic digestion step with
HhaI. Subsequently, the probes were amplified using
universal primers. Lastly, 1 µl of MS-MLPA PCR
product was mixed with 0,3 µl of internal size stan-
dard (GeneScan™ 600 LIZ; Applied Biosystems) and
13,7 µl of highly deionized formamide and analysed
in a 3500 Genetic Analyzer (Applied Biosystems).

Statistical analysis

Raw data obtained from qRT-PCR was imported to
qbasePlus software (BioGazelle) which calculated the
relative expression values. The far outliers in each
group were identified in SPSS Statistics 25 (IBM) and

were excluded from the calculations.We assumed that
the value of the last cycle of amplification (Ct = 40
cycles) corresponded to the absence of relative
expression.

For the hydroxymethylation analysis, the
5-hmC percentages for each sample were calcu-
lated from the absorbance values and the values of
the linear regression equation, following the man-
ufacturer’s instructions. Firstly, the arithmetic
mean of the duplicates from each sample was
calculated and then the arithmetic mean of all
samples from each biological group was calculated.

The bisulfite sequencing data was analysed in BiQ
Analyzer software. The methylation percentage for
each sample was calculated by dividing the total num-
ber of methylated CpGs by the total number of CpGs
analysed. Then, the arithmetic mean was calculated
between the samples of each group. Only clones with
more than 95% of non-CpG cytosines converted were
included in the analysis. Regarding the results of the
MS-MLPA, the data was exported from the
GeneMapper software (Applied Biosystems). The cal-
culation of the percentages of methylation was based
on the difference between the values obtained from
the enzymatic non-digestion and the values obtained
from the enzymatic digestion.

The expression values and the global hydroxy-
methylation data was evaluated by the Mann-
Whitney U test and the methylation data was eval-
uated by the t-test, using SPSS Statistics 25 software
(IBM). The results of all tests to assess the signifi-
cance of the observed differences between groups
were considered significant when p < 0,05.
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