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Abstract

Preeclampsia, Pregnancy Loss

The placenta is a temporary organ that is essential for supporting mammalian embryo and fetal development. Under-
standing the molecular mechanisms underlying trophoblast differentiation and placental function may contribute to
improving the diagnosis and treatment of obstetric complications. Epigenetics plays a significant role in the regula-
tion of gene expression, particularly at imprinted genes, which are fundamental in the control of placental develop-
ment. The Ten-Eleven-Translocation enzymes are part of the epigenetic machinery, converting 5-methylcytosine
(5mCQ) into 5-hydroxymethylcytosine (5hmC). DNA hydroxymethylation is thought to act as an intermediate in the
DNA demethylation mechanism and potentially be a stable and functionally relevant epigenetic mark on its own.
The role of DNA hydroxymethylation during differentiation and development of the placenta is not fully understood
but increasing knowledge in this field will help to evaluate its potential role in pregnancy complications. This review
focuses on DNA hydroxymethylation and its epigenetic regulators in human and mouse placental development and
function. Additionally, we address 5hmC in the context of genomic imprinting mechanism and in pregnancy com-
plications, such as intrauterine growth restriction, preeclampsia and pregnancy loss. The cumulative findings show
that DNA hydroxymethylation might be important for the control of gene expression in the placenta and suggest a
dynamic role in the differentiation of trophoblast cell types during gestation.
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Introduction

In mammals, the placenta is a temporary organ that sup-
ports fetal development during gestation, mediating
the exchange of nutrients, oxygen and waste products
between the fetus and the mother, as well as protecting
against infections and maternal diseases [1, 2]. These
essential functions are only possible due to the complex
and chimeric nature of the placenta, which contains cells
of both maternal and fetal origin [1, 3].

Up to the blastocyst stage, mouse and human embryos
are morphologically similar [4]. In both species, blasto-
cyst implantation is an invasive process, whereupon the
trophoblast layer contacts with the uterine cell lining,
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penetrating deeply into the uterine stroma and ultimately
establishing direct contact between the trophoblast-
derived cells and the maternal blood. Indeed, this process
is a major characteristic that mouse and human share
during placental development, both having a hemocho-
rial placenta. However, mouse and human placental
development also have striking differences, at the struc-
tural and molecular levels [4—6], as described below.

The placenta is a highly organized organ composed of
different cell types with specialized functions. During
human placental development, the migration of mono-
nuclear cytotrophoblast (CTBs) cells into the decidual
space demarcates the beginning of the formation of the
primary placental villi. These CTBs differentiate into
extravillous CTBs, which have invasive properties and are
involved in the implantation process. In addition, these
CTBs also differentiate into villous CTBs that fuse and
subsequently form the syncytiotrophoblast (STBs) cells,
which form a continuous syncytial layer on the surface of
the villous tree and contacts directly with the maternal
blood flowing through the intervillous space allowing the
maternal—fetal exchanges [4, 7]. Throughout pregnancy,
the STBs cells are maintained by continuous fusion of the
underlying CTBs cells, and therefore, a range of nuclear
morphologies with different degrees of chromatin con-
densation is observed within the STBs cells. Although
most nuclei are dispersed within the syncytioplasm, oth-
ers are aggregates at the surface of terminal villi, referred

Extravillous cytotrophoblast
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to as syncytial knots [8]. Therefore, villous structure
is formed by a mesenchymal core that contains fetal
blood vessels, a layer of CTBs and an outer layer of STBs
(Fig. 1A) [4].

The equivalent in the mouse to the human villous pla-
centa, where the fetal-maternal exchange takes place, is
known as the labyrinth, which has a complex arrange-
ment of maternal and fetal vascular channels [9]. Above
the labyrinth, there is a junctional zone that consists of
trophoblast giant cells (TGCs), spongiotrophoblasts
(SpT), and glycogen trophoblast cells (GlyT) that have
endocrine functions (Fig. 2A) [4, 10].

Defective placentation, during trophoblast differen-
tiation and/or invasion, can affect embryonic and fetal
development, resulting in pregnancy complications, such
as preeclampsia (PE) and intrauterine growth restriction
(IUGR), which can ultimately result in spontaneous preg-
nancy loss [11-13]. Hence, investigating the molecular
mechanisms governing placental development through-
out gestation is essential to predict pregnancy outcomes.

There is a growing interest in understanding the role
of epigenetics in the regulation of placental develop-
ment. DNA methylation is the best well-studied epi-
genetic mark and consists on the transfer of a methyl
group (-CH;), from S-adenosyl methionine (SAM)
donor, onto the fifth carbon of a cytosine to form a
5-methylcytosine (5mC) [14]. This reaction is catalyzed
by the DNA methyltransferases (DNMTs), which can
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Fig. 1 A Structure of human placenta (note: drawings are not up to scale). The different types of cells are shown in detail. B Comparison of 5hmC
and TETs levels between the three trimesters of gestation. C Comparison of 5hmC levels between cytotrophoblast and syncytiotrophoblast cells.
Green check mark: presence of 5hmC or epigenetic regulator expressed; Red X mark: 5ShmC or expression of epigenetic regulator not present; Green
arrow: 5hmC or epigenetic regulator levels increased; Red arrow: 5ShmC or epigenetic regulator levels decrease; Grey square: not studied
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Fig. 2 A Structure of mouse placenta (note: drawings are not up to scale). The different types of cells are shown in detail. B Comparison of 5hmC
and TETs levels between mid and late gestation. Green check mark: presence of 5hmC or epigenetic regulator expressed; Red X mark: 5hmC
or expression of epigenetic regulator not present; Green arrow: 5ShmC or epigenetic regulator levels increased; Red arrow: 5hmC or epigenetic
regulator levels decreased

be divided into de novo methyltransferases (DNMT3A,
DNMT3B and DNMT3L, a co-factor for DNMT3A
and DNMT3B) and maintenance methyltransferase
(DNMT1). The DNMT3A and DNMTS3B are capable of
methylating ‘naked’ DNA, whereas DNMT1 maintains
the DNA methylation pattern during DNA replication
in mitotic cell divisions by copying to the newly synthe-
sized DNA strand [15-17]. A high density of methyl-
ated CpGs at gene promoter regions usually results in
gene silencing due to three-dimensional changes in
chromatin conformation, that limit the accessibility of
the transcriptional start site (TSS) to the transcriptional
machinery and relevant transcription factors [14]. On
the other hand, Ten-Eleven-Translocation enzymes
(TETs) catalyze the oxidation of a pre-existing 5mC
into 5-hydroxymethylcytosine (5hmC), resulting in a
less explored epigenetic modification, DNA hydroxy-
methylation [18, 19]. Mammalian TET family members
(TET1, TET2 and TET3) mediate the oxidation reac-
tions, requiring Fe(II) as a cofactor, as well as oxygen
and o-ketoglutarate as substrates [20]. The TETs also
convert 5hmC into 5-formylcytosine (5fC) and 5-car-
boxylcytosine (5caC), which act as intermediates in the
active DNA demethylation process [21]. Indeed, 5hmC
might be more than an intermediate in the active DNA
demethylation pathway, playing biological functions
and being a relatively stable epigenetic mark, particu-
larly in the nervous system where it is most abundant
[22, 23]. Additionally, it has been reported that 5hmC is
enriched at genomic imprinted regions in the placenta

[24] and imprinted genes are known to play crucial
roles in placentation and fetal growth [25].

TET enzymes and DNA hydroxymethylation

in placental development

TET enzymes are involved in the differentiation and reg-
ulation of placental trophoblasts [26] and a dysregulation
of 5hmC levels can explain an abnormal development of
placenta. There are a limited number of studies address-
ing the role of TET enzymes and DNA hydroxymethyla-
tion in placental development. It has been described that
5hmC levels across the placental genome are notably
lower than 5mC levels, as expected and observed in other
tissues; nevertheless, the existence of CpG sites with con-
sistently elevated levels of 5hmC, above a specific thresh-
old and reproducible between the samples, have been
described in the following two studies. Green and col-
leagues observed ~ 21,000 sites showing a median 5hmC
value of 13.73% whereas Mora and colleagues detected
around 17,000 CpG sites with 5hmC enrichment [24, 27].
Both studies observed that 5hmC is enriched in open sea
(isolated CpGs in the genome) and shelf (2—4 kb distant
from CpG islands) regions and depleted in CpQG islands.
Additionally, they observed enrichment in gene bodies
and in 5" and 3’-UTRs, and depletion in proximal promot-
ers (~200-1500 bp from TSS) and at the TSS. Moreover,
Green and colleagues reported enrichment within poised
enhancers and depletion within active enhancers whereas
Mora and colleagues reported 5hmC in imprinted genes
such as GNAS and HI9 and in placenta-specific DMRs,
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often with overlapping in regions associated with parent
of origin allelic 5mC. Strikingly, Green and colleagues
reported an elevation of both 5mC and 5hmC in tran-
scriptionally inactive genes, when compared with actively
transcribed genes, wherein 5hmC was positively associ-
ated with transcription. These apparently contradictory
observations might be the result of an increased turno-
ver rate that is related to the elevated methylation levels
observed in transcriptionally inactive genes that translate
into increased hydroxymethylation. 5hmC was also more
likely to occur in transitional genes, i.e., genes that were
differentially expressed between the second trimester and
term placentas [27].

In the human placenta, Fogarty and colleagues reported
that 5hmC was more abundant in STBs compared to
CTBs cells, with 20-50% of STB nuclei in first and sec-
ond trimesters and 50% in the third trimester staining
positively for 5hmC, particularly in syncytial knots con-
sisting entirely of 5hmC positive nuclei; in contrast, the
majority of STB nuclei do not display appreciable levels
of 5mC staining across gestation while over 50% of CTBs
nuclei are 5mC positive [28]. Using immunofluorescence,
Wilson and colleagues showed an increase of 5hmC (and
5mC) in both CTBs and STBs cells from term placen-
tas when compared to first and second trimester pla-
centas (Fig. 1B). Additionally, the authors also observed
that in the first and second trimesters, 5hmC staining
was greater in STBs compared to CTBs (Fig. 1C) [29].
Throughout gestation, with the fusion of CTBs giving rise
to STBs, there seems to be an accumulation of 5hmC in
the STBs, particularly in the syncytial knots, which might
reflect oxidative damage that occurs in the knot forma-
tion [28]. These results suggested differences between the
two cell types that might reflect their different functions;
for example, villous trophoblast regulates gas and nutri-
ent exchange whereas the STBs produces and secretes
very large quantities of hormones throughout pregnancy,
revealing the high transcriptional and translational
capacities of this tissue. Additionally, CTBs and STBs
have their unique transcriptome profile, as reported by
Rouault et al. [30].

In the mouse placenta, the ectoplacental cone cells
(EPCs) and parietal-TGCs exhibited strong 5hmC and
lower 5mC levels, at embryonic day (E)8.5. Nuclear 5mC
levels were maintained in all labyrinth cells from E10.5-
E18.5, with the STBs nuclei showing high 5mC levels
throughout gestation. At the same time, high 5hmC lev-
els were present in all labyrinth trophoblast cells at E10.5
but levels gradually decreased by E18.5. In addition,
parietal-TGCs showed gradual decrease in 5hmC, while
5mC levels steadily increased at E18.5 (Fig. 2B) [31].
Altogether, these studies highlighted that the epigenome
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of the different trophoblast-derived cell types is dynamic
and subject to changes during gestation.

On the other hand, information about the function
of TET enzymes during trophoblast differentiation is
scarce. In fact, knockdown models of these enzymes have
shown that 5hmC is essential for maintaining develop-
ment and early embryogenesis [32]. Yamaguchi and col-
leagues showed that paternal Tetl KO mice resulted in
several phenotypes, including placental defects. Indeed,
the authors observed that placental sizes of paternal Tet1
KO mice were significantly smaller compared with con-
trols [33]. Rakoczy and colleagues studied the expres-
sion of TET enzymes in mouse and human placentas. In
mouse, they observed that Tetl, Tet2 and Tet3 mRNAs
were expressed in chorion, EPCs and yolk sac at E8.5,
and in the labyrinth (include sinusoidal-TGCs and STBs
cells) at E10.5 to E12.5. However, TetI-3 expression
became restricted to sinusoidal-TGCs at E14.5 to E18.5
and Tets expression was not detected in the STBs, which
is in agreement with the levels of 5hmC observed in the
STBs at late gestation. Regarding to SpT cells, Teti-3
were constantly expressed during all gestation, while in
GlyT cells were only apparent between E14.5-E16.5 and
were strongly expressed. Additionally, parietal-TGCs
expressed all Tets during all stages of gestation, except
at E10.5 and at E18.5 that occurred an absence of Tetl
expression and a decrease of Tet3 expression, respec-
tively (Fig. 2B) [31]. Thus, the decreased levels of 5ShmC
in parietal-TGCs were concordant with the decrease of
Tet3 expression at E18.5. In the human placenta, TET1-3
proteins were detected in STBs cells at first and third
trimesters, with the exception at 8 weeks of gestation
(WG@G), where TET1 was undetectable. Villous CTBs cells
do not expressed TET1 and TET?2 in the first and third
trimesters; however, TET3 was expressed from 10WG
until term (Fig. 1B) [31]. Therefore, these results sug-
gested that TET1 and TET2 have a critical role in STBs
differentiation. Additionally, the higher levels of 5ShmC
in STBs compared to CTBs may be result of the expres-
sion of all three TETs in STBs, whereas only TET3 is
present in CTBs. Since placental development is a highly
dynamic process, it would also be important to study
how these enzymes are expressed in placentas from sec-
ond trimester.

Concerning non-catalytic roles of TET enzymes, it
has been shown that they interact with some epigenetic
modifiers such as histone-modifying enzymes, leading to
repression of TET-targeted genes [34]. One example is
the interaction observed between TET1 and EZH2 [35],
which is responsible for establishment of H3K27me3,
a histone mark that is highly prevalent in CTB nuclei,
along with other histones modifications [28].
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Although there are differences in placental structure
regarding types of cells, both 5mC and 5hmC, as well as
TETs expression, were observed in mouse and human
trophoblast cells during gestation. However, an excep-
tion may be observed at the end of gestation regard-
ing STBs, since expression of TETs was not observed in
mouse but were observed in humans. Besides that, in
human, an increase of 5ShmC levels was observed along
the gestation, while in mouse it was observed a decrease.
Nevertheless, more studies are needed to confirm the dif-
ferences observed between mouse and human, as well
as to clarify its role in cell regulation and differentiation
during placental development.

DNA hydroxymethylation in placental imprinted
genes

Genomic imprinting was first described in 1984 after
nuclear transplantation experiments showing that mouse
embryos with two sets of maternal chromosomes (gynog-
enotes) or two sets of paternal chromosomes (androgen-
otes) failed to develop normally, with the first showing
growth retardation and abnormal development of the
extra-embryonic tissues (placenta and yolk sac) and the
latter showing overgrowth of extra-embryonic tissues
and poor-development of the embryo proper, indicat-
ing that, despite having similar genetic information, the
inherited maternal and paternal chromosomes were
not functionally equivalent [36, 37]. Genomic imprint-
ing is an epigenetic mechanism whereby imprinted
genes show a monoallelic and parent-of-origin-depend-
ent expression, regulated by differentially methylated
regions (DMRs) in the DNA. Some of these DMRs act as
imprinting control regions (ICR) and control the expres-
sion of imprinted genes clusters, that can harbour several
adjacent maternally-imprinted and paternally-imprinted
genes (as reviewed in [38]). Therefore, the deregulation of
imprinted genes expression may affect the normal devel-
opment of the fetus and result in human diseases, such as
imprinting syndromes [39].

Although DNA methylation has been extensively
studied in the context of genomic imprinting, the role
of DNA hydroxymethylation on the regulation of ICRs
and, consequently, in the expression of imprinted genes,
has been less studied. Indeed, studies showed that dou-
ble Tetl/Tet2 knockout mice had abnormal DNA meth-
ylation at various imprinted loci [40]. Additionally, the
involvement of Tetl and 7et2 in the efficient erasure of
genomic imprints in a cell fusion model [41] and the
involvement of TET1 and TET2 in imprint erasure in
mouse primordial germ cells via conversion of 5mC into
5hmC [42] pointed to a crucial role for 5hmC in erasure,
establishment and maintenance of genomic imprint-
ing. However, the knowledge about the effects of TETs
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deficient in the placenta-specific imprinted genes is still
scarce. TET1 has a critical role in the erasure of pater-
nal imprints, since hypermethylation patterns have been
observed in several DMRs of paternally expressed genes,
such as PeglO and Peg3, in sperm from Tetl deficient
mice [33]. Additionally, Peg3 DMR hypermethylation was
observed in Tetl knockout placentas. This led to a num-
ber of variable phenotypes such as placental, fetal and
postnatal growth defects and early embryonic lethality.

In human placentas, an association between the expres-
sion of the imprinted gene CDKNIC and birth weight
and 5hmC enrichment at the ICR controlling the expres-
sion of CDKN1C has been shown [43]. Hernandez-Mora
and colleagues also detected monoallelic 5hmC enrich-
ment at the GNAS A/B DMR, H19 gene body and several
placenta-specific DMRs, such as MCCC1, RHOBTBS3,
SCIN, DNMT1I, and ACTLI0. Some of the genes that
show 5hmC enrichment at the DMR have been associ-
ated with imprinting diseases [44], hence the study of
5hmC levels at these DMRs is of particular relevance.
Additionally, 5hmC was found solely on the methylated
allele of imprinted DMRs [24], as would be expected con-
sidering that 5hmC results from the oxidation of previ-
ously methylated DNA.

DNA hydroxymethylation in intrauterine growth
restriction (IUGR)

IUGR is a complex and common obstetric complication
in which the fetus fails to achieve its growth potential
and is associated with significant perinatal morbidity and
mortality. The classification of IUGR is based on esti-
mated fetal length by ultrasound measurements, when
below 10th percentile for gestational age [45]. The causes
of IUGR might be of maternal, placental or fetal origin,
with placental insufficiency being one of the main causes
due to deficiencies in nutrient and oxygen transportation
across the placenta [46].

In addition to the extensive study of DNA methylation
in IUGR placentas [47], DNA hydroxymethylation has
also been analyzed in IUGR placentas (summarized in
Table 1). The study of monozygotic (MZ) twins is valu-
able in understanding the epigenetic basis of pregnancy
complications and human diseases. The decrease in
global DNA hydroxymethylation in selective intrauter-
ine growth restriction (SIUGR) placentas was described
in a study of MZ twins [48]. Similarly, Zhang and col-
leagues also observed a decrease in global 5hmC levels
in the smaller placental share of SIUGR pregnancies [49].
Additionally, the authors observed lower levels of 5hmC
in the promoters of ANGPTL4 and HIFIA genes, which
are hypoxia-responsive genes that were downregulated in
the smaller placental share of sSIUGR [49]. This may occur
because TET enzymes require oxygen to oxidize 5mC
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into 5hmC [50]. Although the authors did not directly
measure hypoxia state and TET activity at the placental
share corresponding to the fetus with restricted growth,
experimental evidence in the animal model has shown
that in utero hypoxia resulted in fetal growth restric-
tion [51]. Additionally, studies in cancer have shown that
hypoxia influence the activity of TET enzymes [52]. Our
group also studied the expression of epigenetic regu-
lators in IUGR placentas and observed an increase in
TET3 expression, as well as all three DNMTs (DNMT1,
3A and 3B); however, no changes in global levels of DNA
methylation or hydroxymethylation were observed [53].
These findings highlight a potential contribution of DNA
hydroxymethylation in discordant fetal growth or even
placenta-associated disorders.

It is also important to have in consideration that envi-
ronmental conditions may influence the placental epi-
genome and may affect fetal growth. Experiments in
rats showed that administration of a low protein diet or
maternal exposure to trichloroethylene, a widespread
environmental pollutant, during gestation led to the
deregulation of 5hmC levels and was associated with fetal
growth restriction [54, 55]. In this [UGR rat model, 5hmC
levels in the Wnt2 promoter and Wnt2 gene expres-
sion were reduced, suggesting that nutrient deficiency,
that culminates in IUGR, might change the epigenetic
state of the placenta [54]. Furthermore, it was observed
that maternal exposure to trichloroethylene negatively
influenced rat fetal weight during mid-pregnancy and
increased the 5hmC levels and 7et3 expression [55].

DNA hydroxymethylation in preeclampsia
Preeclampsia (PE) is a pregnancy-associated disorder
that affects about 3—5% of pregnant women and is char-
acterized by the onset of hypertension and proteinuria
after 20WG in a previously normotensive woman [56].
This pathology may lead to maternal, perinatal and fetal
mortality and morbidity and is linked with IUGR, pla-
cental abruption, preterm birth, and long-term complica-
tions such as cardiovascular diseases [57].

Several epigenetic changes have been associated with
PE, such as DNA methylation and hydroxymethylation
modifications [58]. One study showed hypermethyla-
tion at the promoter region of H19, with consequently
decreased mRNA expression in early-onset preeclamp-
tic placentas [59]. In this study, the authors also showed
an increase in global DNA methylation levels and in
DNMTI methyltransferase mRNA. More recently, sev-
eral studies also addressed the levels of DNA hydroxym-
ethylation in PE placentas (Table 1). Liu and colleagues
observed a decrease in global 5hmC levels, concordant
with a decreased expression of TETI-3 in PE placentas
[60]. Other studies also reported lower levels of global
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5hmC and decreased TET levels in PE placentas, when
compared with control placentas [61, 62]. Li and col-
leagues observed a decrease of the 5hmC levels and TET2
transcripts in the PE placentas. This was concordant with
the results obtained when employed a TET2 shRNA
knockdown cellular model, where observed that TET2
downregulation led to a decrease in 5hmC levels and a
reduction in trophoblast migration and invasion [61].
Additionally, the authors observed a downregulation of
TET?2 that inhibited MAMP9 expression, an angiogenesis-
related protein, which could be rescued by vitamin C,
an activator of TET enzyme activity. Ma and colleagues
showed that /GFI mRNA and protein expression were
decreased in PE placentas, as well as in hypoxic-cultured
cells [62]. Furthermore, PE placentas and trophoblast cul-
tured under hypoxic conditions showed decreased levels
of global 5hmC and increased levels of global 5mC. This
decrease of 5hmC was consistent with the decrease of
TETs expression observed in PE placentas. On the other
hand, other study did not observe differences in 5hmC
global levels between PE placentas and placentas from
uncomplicated pregnancies, although levels of 5mC were
higher in PE placentas [29]. Zhu and colleagues also did
not observe differences in global levels of DNA hydrox-
ymethylation, as well as in global levels of DNA meth-
ylation, between PE and non-PE placentas. However,
locus-specific modifications were detected, including 714
DMREs, that were associated with 403 genes, and 119 dif-
ferentially hydroxymethylated regions (DhMRs), overlap-
ping 61 genes. Furthermore, the regions studied did not
have simultaneous changes in 5mC and 5hmC, highlight-
ing that both epigenetic marks may have an independent
role in late-onset severe PE [63].

Most of the studies using Dot blot and IHC showed
lower 5hmC global levels in PE samples (Table 1);
however, a study using a more informative technique
(hMeDIP-Seq) did not detect genome-wide differences
albeit describing locus-specific differences. The point of
sampling might also interfere with the results although
most studies referred to have analyzed placental tissues
from the maternal side.

DNA hydroxymethylation in pregnancy loss

Pregnancy loss is one of the most common obstet-
ric complications that has a strong clinical and social
impact. Indeed, studies have demonstrated an associa-
tion between early pregnancy loss and a higher rate of
psychological morbidity, such as depression, anxiety and
post-traumatic stress symptoms [64]. About 10-15% of
clinically recognized pregnancies terminate in a sponta-
neous pregnancy loss and this frequency is similar among
various human populations [65, 66]. Pregnancy loss can
be a sporadic or a recurrent event, and approximately
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1-5% of the cases correspond to recurrent pregnancy
losses [67]. This clinical complication has a heterogene-
ous etiology, resulting from several known risk factors,
such as uterine anatomic defects, immunological, infec-
tious, environmental, endocrine, thrombophilic, and
genetic factors [68, 69]. Despite these different causes,
genetic factors are considered the main cause of preg-
nancy loss [65], with fetal chromosomal abnormalities
representing 50—-60% of the cases [66]. However, a signifi-
cant proportion of the recurrent pregnancy losses have a
normal karyotype and remain idiopathic.

Since the placenta plays a role in maternal—fetal
exchanges and endocrine function [2], perturbations in
the development and function of the placenta can have
a negative impact on the fetus and culminate in preg-
nancy loss [70]. As mentioned above, increasing evi-
dence suggests that epigenetic dysfunction may influence
the stability of normal pregnancy and lead to complica-
tions during pregnancy, such as IUGR and PE; however,
it remains elusive whether dysfunctional TET enzymes
and abnormal levels of 5hmC are involved in an abnor-
mal placental function that can result in pregnancy loss
(Table 1).

Wu and colleagues studied the expression of TETs and
5hmC levels in chorionic villi from spontaneous early
pregnancy losses (EPL) and normal pregnancies (under-
going medical termination of pregnancy) [71]. This study
showed that the expression of TET1, TET2 and TET3
was lower in the villi of the EPL group than in the normal
pregnancy group, from 6 to 8WG, and 5hmC levels were
lower in EPL group, but only at 6WG [71]. Addition-
ally, it was observed that expression of TETs and 5hmC
in normal villous decreased with increasing gestational
age. Our group also studied TETs expression and 5hmC
levels in human placentas from spontaneous abortions
of second trimester gestations and we also observed a
deregulation of TETs in placental tissues from idiopathic
pregnancy losses [72]. However, we observed an overex-
pression of TET2 and TET3 in placental samples from
idiopathic cases, at 12-24WG [72]. Despite TET2 and
TET3 being upregulated in placentas from idiopathic
spontaneous abortions, we did not observe statistically
significant changes in global levels of DNA hydroxymeth-
ylation [72]. In the future, it would be useful to analyse
the levels of 5hmC in specific genomic regions of placen-
tal DNA from idiopathic pregnancy loss, such as regula-
tory regions of imprinted genes that are 5hmC enriched.

Conclusion

The placenta is essential to support fetal development
during pregnancy. Although new techniques, such as sin-
gle cell RNA sequencing, are now emerging and revealing
specific and unique features of human trophoblast cells,
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it remains challenging to study the complexity of human
placenta and the dynamics of placental development.
Dysfunctional placental development underlies different
pregnancy complications, and for that reason, a detailed
understanding of the molecular mechanisms that govern
trophoblast differentiation may improve the diagnosis and
treatment of these disorders. It is an exciting time for pla-
cental research with emerging knowledge on the role that
epigenetic mechanisms, particularly DNA hydroxymeth-
ylation, may have during human placental development in
normal and complicated pregnancies. Thus, DNA hydroxy-
methylation may be an important epigenetic mechanism
for the development of a functional placenta.

In conclusion, the studies support a role for TET and
5hmC in placental development; however, functional stud-
ies, downregulating TETs specifically in the placenta, are
needed, both in vitro and in the animal model, to help
clarify the role of these epigenetic modifiers in placental
cells differentiation and function. More studies focused
on 5hmC and TETs expression on normal and pathologic
placentas, specific diseases such as IUGR, PE and preg-
nancy loss and also in specific genomic regions namely
on regulatory gene regions, TSS or CpG islands should be
performed. This will allow increasing the knowledge and
potentially contribute to prevent or at least to manage bet-
ter some obstetric complication.
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