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Abstract: Embryo quality during the in vitro developmental period is of great clinical importance. Experi-

mental genetic studies during this period have demonstrated the association between specific gene expression 

profiles and the production of healthy blastocysts. Although the quality of the oocyte may play a major role 

in embryo development, it has been well established that the post – fertilization period also has an important 

and crucial role in the determination of blastocyst quality. A variety of genes (such as OCT, SOX2, 

NANOG) and their related signaling pathways as well as transcription molecules (such as TGF- , BMP) 

have been implicated in the pre- and post-implantation period. Furthermore, DNA methylation has been lately character-

ized as an epigenetic mark since it is one of the most important processes involved in the maintenance of genome stability. 

Physiological embryo development appears to depend upon the correct DNA methylation pattern. Due to the fact that 

soon after fertilization the zygote undergoes several morphogenetic and developmental events including activation of em-

bryonic genome through the transition of the maternal genome, a diverse gene expression pattern may lead to clinically 

important conditions, such as apoptosis or the production of a chromosomically abnormal embryo. The present review fo-

cused on genes and their role during pre-implantation embryo development, giving emphasis on the various parameters 

that may alter gene expression or DNA methylation patterns. The pre-implantation embryos derived from in vitro culture 

systems (in vitro fertilization) and the possible effects on gene expression after the prolonged culture conditions are also 

discussed. 
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INTRODUCTION 

 Methylation and de-methylation of DNA are epigenetic 
marks and have been characterized as one of the most impor-
tant processes for maintenance of genome stability. Specifi-
cally, the DNA methylation during the fertilization phase 
and even more in the post-fertilization period have been 
characterized to be of major importance for embryo devel-
opment, while during the same period many genes are impli-
cated. Although most studies have been conducted on animal 
models, as it is unethical to perform experiments in human 
embryos, some solid conclusions can be drawn with similar 
if not equivalent observations to humans. Genes, such as 
OCT4, SOX2 and NANOG that have been characterized as 
pluripotency gene network, have been associated post-
fertilization with the DNA methylation machinery, implying 
inter-dependency for proper embryo development. Apart 
from genes that participate in this crucial period, there are 
conditions that may influence the methylation machinery and 
this phenomenon is more profound during gamete manipula-
tion and embryo culture in Assisted Reproduction Technolo-
gies (ART). External factors, such as temperature, light, cul-
ture media, hormonal stimulation protocol, demographic data 
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of the patients and infertility causes may have an impact on 
the methylation machinery. Each factor may add a risk to the 
methylation process and all of them may result in an in-
creased risk of aberrant DNA methylation. Example of the 
above assumption is the imprinting disorders that have been 
associated with ART procedures. 

 The present review will be focused on DNA methylation 
during post-fertilization, the genes that are involved during 
the developmental period, the conditions during ART proce-
dures that influence embryo development, besides discussing 
the imprinting disorders and the association with DNA 
methylation. 

1. THE METHYLATION – DE-METHYLATION CY-

CLE 

 The genome of both mammalian gametes is highly meth-
ylated. DNA methylation has been characterized as one of 

the most known epigenetic modification and occurs mainly 

at cytosines (5mC) in symmetrical dinucleotide CpG base 
pairs [1, 2]. It is important for stably repressing gene activity 

and for the establishment of differentially methylated regions 

(DMRs) at imprinted genes [3, 4]. Genomic imprinting is the 
allele-specific expression of several genes by both genomes 

and is responsible for normal embryo development [5, 6]. 

Upon fertilization, two highly specialized and methylated 
cells are combined in one cell, called zygote. The paternal 
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genome is densely packaged while the remodeling of chro-

matin through removal of protamines and replacement by 

histones are the most remarkable transformation that take 
place in the cytoplasm of the oocyte [7]. At same time, the 

paternal pronucleus undergoes an acute and rapid loss of 

DNA methylation (de-methylation) [8-10]. This de-
methylation occurs before paternal pronucleus begins DNA 

replication and is termed active de-methylation [10, 11]. The 

maternal pronucleus undergoes a replication-dependent loss 
of methylation and therefore this DNA de-methylation is in a 

step-wise manner, producing unequally methylated sister 

chromatids and is referred to as passive de-methylation [10-
12]. Maternal de-methylation takes place until the morula 

developmental stage, while de novo genome methylation 

occurs after the fifth developmental cycle and coincides with 
the activation of embryonic genome and the initiation of the 

first differentiative events. The latter involves the establish-

ment of the first two lineages, the inner cell mass (ICM) and 
the trophectoderm (TE). Although the blastomeres of a two - 

blastomere embryo are totipotent, it is likely that blastomeres 

located inside the morula are possible to become ICM, while 
those that are outside are more possible to result in TE. The 

ICM produce the embryo itself (all embryonic tissues), while 

the TE gives rise to the structure of the placenta. Interest-
ingly, there are global differences in DNA methylation be-

tween lineages coming from TE, which are hypermethylated 

and those coming from ICM which are hypomethylated. Fol-
lowing implantation of the blastosyst (6-7 days post-

fertilization), the embryo forms the hypoblast and the epi-

blast, where the latter at the 7-8 developmental day give rise 
to a small population of cells, the precursors of primordial 

germ cells (PGCs) [13]. These cells are highly methylated 

and by E8.5, the PGC progenitors start to migrate through 
the hindgut endoderm to the genital ridge arriving about 

E11.5 [14]. Upon arrival to the genital ridge, they undergo 

mitotic divisions and proliferate until E13.5. During this time 
of expansion and especially between E11.5-E12.5, the highly 

methylated PGCs undergo a rapid genome-wide loss of 

methylation also including the majority of parent-of-origin-
specific DMRs of imprinted genes [15-18]. Soon after global 

methylation loss in the PGCs, the male and the female germ-

line enters the mitotic and the meiotic arrest, respectively. 
Following sexual differentiation of PGCs, which coincides 

with the de-methylation process, it is necessary to lay down 

new imprints and therefore re-methylation takes place, while 
female and male PGCs reprogramming diverges. Repro-

gramming in germ cells is appropriate for resetting the im-

prints, so initial methylation of PGCs obliterates and re-
methylation takes place to facilitate re-establishment in the 

germ line to ensure proper inheritance of imprints for the 

next generation. Re-methylation occurs earlier in the male 
germ line, at the pro-spermatogonia stage and before birth, 

while it is completed after birth and before the end of the 

pachytene phase of meiosis [19-21]. In contrast to male, fe-
male germ line starts to reprogram its genome post-natally, 

during oocyte growth and following pachytene phase of 

meiosis [22-24]. At the end of gametogenesis, both gametes 
acquire new imprints and are fully methylated. The differen-

tial epigenetic marking of the parental alleles that takes place 

during gametogenesis completes the genome methylation – 
de-methylation cycle. 

 According to the methylation – de-methylation cycle de-
scribed above and to the figure that has been produced accord-
ing to the methylation reprogramming in the germ cells and in 
the developmental embryos in the respective developmental 
days, an interesting observation has been revealed, which 
highlights that the male PGCs are re-methylated earlier and in 
a more acute manner. Furthermore, the paternal pronucleus, 
following fertilization, is subjected to an acute de-methylation 
process and before the first DNA replication. In contrast, the 
female germ line is re-methylated in a much slower and grad-
ual way in comparison to male germ line and also the maternal 
pronucleus is subjected to a gradual replication-dependent de-
methylation. In other words, on one hand we have the acute 
re-methylation/de-methylation (for males) and on the other 
hand, the gradual re-methylation/de-methylation (for females) 
processes. It is very intriguing to know what makes this differ-
ence and for what reason two highly specified genomes that 
are coming from the same progenitors and are coming to-
gether behave so differently in this significant epigenetic proc-
ess. Is it the genome itself? Does the Y or the X chromosome 
or specific sequences make the difference or there are some 
conditions that make this difference? Does evolution play any 
role in this process? In an attempt to approach the answers to 
these questions, we raised some speculations according to the 
way that the methylation – de-methylation cycle occurs in 
each genome: It is apparent from the schematic presentation 
(Fig. 1) that the male methylation – de-methylation cycle 
follows a “secondary immune-like response”, while the fe-
male cycle follows a rather “primary immune-like response”. 
Bearing in mind that the main difference between the two 
immune responses is the memory (the primary or the secon-
dary contact with the antigen), we can speculate that due to 
the similarity of the male methylation – de-methylation pat-
tern with the secondary immune-like response, the male ge-
nome and the subsequent methylation – de-methylation pat-
tern seem to be a genome that during its life cycle undergoes 
genetic and epigenetic modifications at sequences that have 
been already methylated and de-methylated (probably in the 
previous generations) and these sequences are in the majority 
conserved from one generation to the next. On the contrary, 
the female mathylation – de-methylation pattern has similari-
ties with the primary immune-like response and therefore the 
female genome consists of sequences that the majority of 
them have not methylated or de-methylated previously and 
are epigenetically modified for the first time. To sum up, the 
male genome seems to be genetically modified in the previ-
ous generations, while the female genome appears to be sub-
jected to genetic modifications for the first time. 

2. CONDITIONS AND GENES GOVERNING PRE- 

AND POST-IMPLANTATION EMBRYO DEVELOP-

MENT PERIOD 

2.1. Paternal de-methylation 

 Following the molecular cascade of spermatozoon-oocyte 
interaction, fertilization in terms of formation of two pronu-
clei takes place [25]. Fertilization itself provokes a series of 
epigenetic changes among which de-methylation is one of 
the major waves of DNA methylation loss [26-28]. Before 
the S phase of the zygote, within about 4h post-fertilization, 
highly methylated sperm DNA is rapidly de-methylated by 
an active mechanism [29]. Bearing in mind that the parental 
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genome is in different stage of the cell cycle carrying differ-
ent DNA methylation patterns and chromatin organization, it 
follows a specific asymmetric loss of methylation that has 
been detected both by indirect immunofluorescence and by 
bisulphate sequencing of unique gene sequences and repeat 
families [30-32]. Today the exact mechanism of the active 
de-methylation has not yet been clarified. Nevertheless, a 
number of possible mechanisms have been proposed and all 
of them are intriguing but yet unclear which may function in 
the zygote. The first one involves the direct removal of the 
methyl group from the C-5 position in the heterocyclic ring, 
but this straight-forward form of de-methylation needs the 
presence of DNA demethylases the identity of which re-
mains totally elusive. In mammalians, DNA glycosylases are 
unable to perform this reaction [33]. The second mechanism 
of active de-methylation is indirect and involves the function 
of some enzymes, such as deaminases. The deaminase is 
able to convert 5mC to thymidine (T) and therefore the re-
sulting mismatch G:T would initiate the base excision repair 
(BER) pathway attracting a glycosylate to remove the T and 
replacing it by a cytocine (C). Candidate deaminases are 
members of the activation-induced deaminase (AID/ 
APOBEC) family, while candidate glycosylases include the 
methyl-CpG-binding domain (MBD4) and thymine DNA 
glycosylase (TDG) proteins in combination with the DNA 
damage response protein gadd45a [34, 35]. Although a more 
detailed biochemical mechanism will have to be clarified, 
there are reports demonstrating that gadd45a cannot demeth-
ylate the DNA [36, 37]. The third mechanism involves a 
newly identified base in mammals, hydroxymethylocytocine 
(hmC) [38, 39]. 5mC can be oxidized to 5hmC by the ten-
eleven-translocation (TET) activity. 5hmC itself may be fur-
ther oxidized by TETs to 5-formylcytosine (5fC) and 5-
carboxylcytocine (5caC). The above derivatives can be ex-
cised by TDG or by single strand-selective monofunctional 
uracil DNA glycosylase 1 (SMUG1) (in case 5hmC deami-
nated to 5-hydromethyluracil, 5hmU) and MBD4, initiating 
in this way the BER pathway resulting in an unmodified C. 
Components of the BER family have been detected in the 
paternal pronucleus during the later phase of de-methylation, 
while inhibitors of the BER family demonstrate maintenance 

of DNA methylation levels [40, 41]. Among the TETs, TET3 
is highly expressed in the zygote [42, 43], while its presence 
in both pronuclei at the time of fertilization underlies that 
also maternal pronuclei are subjected to some extent to ac-
tive de-methylation [28]. Recently, AID was also suggested 
as an essential component of paternal de-methylation, while 
UNG2 and not TDG appear to be the initiating glycosylase 
for deamination. Furthermore, TET-mediated hydroxylation 
and de-methylation have been proved to occur prior to DNA 
synthesis [44]. Nevertheless, there is mounting evidence that 
TDG has a crucial role in de-methylation. Specifically, it has 
been observed that TDG interact with various transcription 
factors raising the possibility that TDG associates with gene 
transcription [45]. Gathering this information, it is likely that 
TDG, through the generation of 5fC and 5aC is the most 
validated pathway that explains completely active DNA de-
methylation [46]. Recently, a role for the elongator complex 
in zygotic paternal genome de-methylation has been pro-
posed [47]. This elongator complex possesses a lysine acetyl 
tranferase action regulating its transcriptional activity via 
acetylation of histone H3 [48]. The essential region for the 
structural integrity of the complex is a SAM domain, which 
is likely to play a role in directly removing 5mC [49]. Never-
theless, a significant amount of the 5mC derivatives remain 
refractory to the acute paternal de-methylation and are 
gradually dispersed during subsequent cell divisions [50, 
51], raising the possibility that different pathways may acti-
vate or operate synergistically or in parallel to form a com-
plex de-methylation network. We shall also bear in mind that 
a significant amount of 5hmC in the male pronucleus as well 
as 5mC in the female pronucleus undergo de-methylation in 
a passive-manner mechanism [43, 51, 52]. Conclusively, 
detailed genome-wide profiling experiments coupled with 
disruption of specific pathways may reveal the exact targets 
of these de-methylation pathways.  

2.2. Maternal de-methylation 

 The maternal genome in oocytes is arrested at metaphase 

II (MII) with its 2C genome packaged with histones and 
upon fertilization, the maternal genome completes meiosis. 

Moreover, the maternal genome escapes 5mC loss in the 

 

Fig. (1). Primordial germ cells (PGCs) are highly methylated during the entry in the embryo (1). Afterwards the PGCs are migrating to the 

genital ridge and upon arrival to this point is has been observed a whole-genome demethylation (2). Soon after demethylation, re-methylation 

takes place in both male (black line) and female germ lines (black dotted line), so as new imprints to be established during gametogenesis 

(3). The two highly specified gametes are coming together (fertilization) and subsequently the paternal pronucleus is subjected to an acute 

active demethylation wave, while the female pronucleus undergoes a more step-by-step and passive de-methylation process (4). Finally, the 

implanted embryo/blastosyst, forming the ICM and the TE are hyper-methylated and hypo-methylated, respectively (5). 
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fertilized oocyte and is passively de-methylated in subse-

quent divisions owing to the exclusion the DNA methyltras-

ferase 1, DNMT1 from the nucleus [10, 53]. DNMT1 is a 
member of the DNMT family, among which DNMT2, 

DNMT3a, DNMT3b and DNMTL have also been identified 

[54]. DNMTs can be divided into de novo methyltransferases 
that can methylate C to 5mC in unmethylated DNA and the 

maintenance DNMTs, which attach a methyl group to hemi-

methylated DNA at the time of DNA replication [54, 55]. 
Except for the DNMT1, which is a maintenance methyltras-

ferase, all the other members of the DNMT family are de 

novo methyltrasferases. Experimental inactivation of 
DNMTs is thought to play major role in the development of 

pre-implantation embryos [56, 57]. Despite the excess levels 

of the DNMT1 isoform, DNMT1o, DNA methylation loss in 
the maternal pronucleus follows a passive manner due to the 

active exclusion of DNMT1o [51]. The exclusion of 

DNMT1 from the nucleus and the subsequent DNA replica-
tions result in de-methylation in a step-wise manner. Another 

mechanism that has been proposed for the escape of the ma-

ternal genome from rapid de-methylation is the exclusion of 
TET3 from the maternal pronucleus, because it has been 

observed that the maternal genome after fertilization contains 

5mC. The molecular mechanism of exclusion of TET3 in-
volves the recruitment of PGC7 to the H3K9me2 binding 

site, which in turn prevents TET3 to bind to the maternal 

genome [58]. 

2.3. Reprogramming in the Imprinted Regions of the De-

veloping Embryos 

 Genomic imprinting is a typical example of parental 
asymmetry in the epigenome, while both epigenotypes are 
essential for normal embryo development under correct func-
tional complementation of paternal and maternal genes 
(PEGs and MEGs). Today, approximately one hundred and 

fty imprinted genes have been described so far in mam-
mals. Many imprinted genes are located in clusters through-
out the genome. These clusters typically contain at least one 
non-coding RNA region (ncRNA). These genes, in a cluster, 
are usually under the control of a discrete DNA element, 
known as an imprinting control region (ICR). One character-
istic of ICRs is the profound difference in DNA methylation 
on the maternally- and paternally-derived sequences that are 
set up during gametogenesis, with one copy being highly 
methylated and the other unmethylated [61-63]. Interest-
ingly, some ICRs are protected from both active and passive 
de-methylation during pre-implantation development. The 
same situation has been observed for intracisternal A parti-
cles (IAPs), long interspersed nuclear elements (LINEs) and 
satellite sequences. Today, it is still unclear which member 
of the DNMT family is responsible for the refractory situa-
tion of these sequences during global de-methylation. Never-
theless, the somatic form of the DMNT1, DMNT1s, is pre-
sent during the first cell division, indicating that DMNT1s is 
mainly involved in the maintenance of methylation during 
this developmental period [64-66]. Although the DMNT1o 
isoform is difficult to be detected, it was suggested that it is 
localized in the nucleus [66]. Nevertheless, all reports indi-
cate that both isoforms of DMNTs maintain imprinted meth-
ylation during the cleavage developmental period. It is likely 
that both isoforms co-operate and function in an inter-

changeable manner, while the developmental time is crucial 
for their different actions. What protects paternally methy-
lated ICRs from the active de-methylation and what directs 
the DMNTs to ICRs? It is important to note that not all im-
printed genes are regulated in the same way and it is likely 
that cis and trans-acting factors are also involved in these 
procedures. CG-rich sequences, termed CG-islands are also 
found at the promoters and most of them are differentially 
methylated (DMRs) with the repressed allele being methy-
lated and the active one being de-methylated [62, 63]. Never-
theless, there are imprinting regions in which monoallelic 
expression is independent of DNA methylation [67]. One 
defined factor that was found to be critical with a general 
role in DNA methylation maintenance is the PGC7/STELLA 
[68-70]. Zygotes coming from stella null oocytes showed 
premature DNA de-methylation of the maternal pronucleus, 
while PGC7 seems to be essential for the protection of ma-
ternal genome against tet3-dependent oxidation of 5mC [41]. 
The possible proposed mechanism is that PGC7 binds to the 
histone 3 di-methylated at lysine 9 (H3K9me2) [58], indicat-
ing that PGC7 is a maternal protein that protects imprinted 
regions of both parents from active de-methylation. A se-
quence-specific DNA binding factor, Zfp57, has also been 
implicated in the maintenance of DNA methylation. Zfp57 is 
a Kruppel-associated box-containing (KRAB) zinc finger 
protein, which belongs to a class of transcription factors that 
suppress transcription by recruiting KAP-1/TIF1  co-
repressor complexes [71] and was identified during the study 
of human imprinted disorders of cases with 6q24 transient 
neonatal diabetes (TND) mellitus, which is caused by the 
hypomethylation of the imprinted promoter gene PLAGL1 
[72]. Although the exact mechanism of the functioning of 
Zfp57 is not yet elucidated, it has been proposed as an “im-
printed-specific” factor [67]. Specifically, Zfp57 binds to 
hemi-methylated sites recruiting the multifunctional Kap1 
repressor protein ensuring in this way, the maintenance of 
the DNA methylation and restoration of the repressive his-
tone modification that involves the tri-methylation of histone 
3 at lysine 9 (H3K9me3) [73]. Zfp57, together with Kap1 
form, is a complicated factor that is essential for the recruit-
ment of the DNMT1 at the target sites, maintaining the DNA 
methylation pattern in this way. Besides the above complex, 
additional factors may be involved in the maintenance of 
DNA methylation among which an interesting class of pro-
teins is the members of the nucleotide-binding oligomeriza-
tion domain, leucine-rich repeat and pyrin domain containing 
protein (NLRP) family and TRIM28. The NLPRs seem to 
play some indirect roles in reproduction, while the NLRP7 
gene has been implicated in recurrent molar pregnancies of 
diploid bi-parental origin [74, 75]. Although fertilization can 
be achieved, in these androgenetic-like pathology fetuses, 
from the molecular point of view, the maternal ICRs exert 
extensive loss of DNA methylation, while the paternal ICRs 
are unaffected. NLRP2 has also been found in a hypomethy-
lated status in the ICRs of the imprinting KCNQ1 cluster 
gene [76]. TRIM28 is a maternal-derived protein [77] and it 
has been proposed to play a role in protection during passive 
de-methylation via the ZFP57 and TRIM28 interactions [78]. 
Today, it is difficult to conclude if all these factors have a 
role in the maintenance of methylation process, but it is 
likely that these proteins may be members of a more compli-
cated complex that are derived mainly from the cytoplasm of 
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the oocytes and may directly interact with other modyfing 
factors, like Ying Yang 1 (YY1) [79] or GSE. The latter is a 
maternal factor predominantly localized in the nucleus of 
cells exerting a significant reduction in the loss of 5mC and 
accumulation of 5hmC in the paternal pronucleus [80].  

 Although the factors that maintain DNA methylation in 

the imprinted regions have been a matter of intensive ex-
perimental focus, it is very intriguing to know what mecha-
nisms involve the protection of the opposite allele to gain 
methylation. Besides the complicated methylation/de-

methylation network, increasing evidence has proposed a 
role of histones in the protection of the opposite alleles. 
Briefly, open or active euchromatin is characterized by his-
tone H3 lysine 4 tri-methylation (H3K4me3) and lysine 9 

acetylation (H3K9ac), while silent or repressive heterochro-
matin is characterized by histone H3 lysine 9 (H3K9me3) 
and lysine 27 (H3K27me3) methylation. There are regions 
that have been identified with both activating and suppress-

ing modifications (bivalent), with the possibility of one allele 
to be related to the euchromatin and the other to the hetero-
chromatin state [81]. The acetylation of histones is catalyzed 
by histone acetyltransferases (HATs), while the removal of 

the acetyl group is achieved by histone deacetylases 
(HDACs). Both enzymes are components of the transcrip-
tional co-activator/ repressor complexes and predominantly 
are bound to the core of the pluripotency factors OCT4, 

SOX2 and NANOG [82]. Besides, HDACs have been pro-
posed to have a dual role during pre-implantation embryo 
development: firstly, to suppress the expression of genes that 
need to be inactive and secondly, to deacetylate active genes 

preventing excessive acetylation [83]. Although the mecha-
nism might be more complicated, it is likely that protection 
of the unmethylated allele against the factors used for pro-
tecting the imprinted regions could be through generic mole-

cules [67]. The identification of “transient” DMRs may be 
another component for the solution of the previous puzzle, 
which with combination with histone modifications may 
give rise to stable imprinting of the genes. Much of this evi-

dence comes from the imprinted KCNQ1 gene region. On 
the paternal allele, the expression of the KCNQ1 silences all 
the subsequent genes in the domain, while in the maternal 
allele, the ICR methylation prevents expression of the 

KCNQ1, allowing the rest of the genes to be maternally ex-
pressed [84, 85]. The underlying mechanism in this situation 
is that the maternal alleles are activated by histone modifica-
tions and the paternal alleles by repressive marks in combi-

nation with the repressive Plycomb Group proteins [86, 87]. 
These suggestions indirectly indicate that histone modifica-
tions and histone-modifying enzymes, like Polycomb pro-
teins, are critical for repressing genes in the KCNQ1 region 

[88]. Another example is that of the paternally Igf2 – mater-
nally H19 locus [89]. The two genes share common sites of 
expression and share the same enhancer sequences located 
downstream of the H19 gene. The ICR domain [90] contains 

a binding site mainly for the zinc-finger insulator protein, 
CTCF, which binds to the maternal unmethylated allele [91] 
and blocks the enhancer to interact with the Igf2 promoter, 
thus resulting in the inactivation of the gene. Instead, mater-

nal activity expresses the H19 gene. On the paternal allele, 
the ICR is methylated, and therefore, the CTCF cannot inter-
act with the site, resulting in the expression of the Igf2 be-

cause the enhancers are unblocked and the promoters are 

active. We should also bear in mind that this mechanism is 
not always present in all imprinted genes [92]. 

2.4. Genes and Conditions Implicating in the Self-

renewal and Pluripotency Network 

 DNA methylation is maintained at low levels in pluripo-
tent cells. This hypothesis is based on the fact that while 
global DNA de-methylation is essential for the activation of 
the pluripotency network, pluripotent cells exhibit an uncou-
pling of DNA methylation pattern. It is likely that complete 
methylation loss results in genome instability especially dur-
ing blastomere cleavage [93]. Furthermore, TET1/2 directly 
bound to the pluripotency network and especially to 
NANOG [94]. The pluripotent state is maintained by the 
interaction of the master transcriptional network, including 
OCT4 and NANOG with the methylation machinery. It ap-
pears that the expression of the pluripotency factors is ac-
complished by a stable hypo-methylated and not de-
methylated genome.  

 OCT4 was discovered as a transcription factor playing a 
critical role in early embryo development. It is encoded by 
the gene POU5F1 and binds to an octamer motif of the 
ATGCAAAT sequence through the assistance of the POU 
domain [95]. OCT4, in combination with SOX2 and 
NANOG, constitutes a triad of transcription factors that are 
critical for self-renewal and pluripotency [96, 97]. The 
OCT4 gene contains three regulatory elements for the pur-
pose of its transcription. Analysis of these elements involves 
a proximal enhancer (PE), a distal enhancer (DE) and a 
proximal promoter (PP) [97, 98]. According to the develop-
mental stage, the two enhancers are differentially expressed. 
All these elements serve as a mask for various proteins and 
for DNA methylation. The DNA methylation status of these 
elements reflects the transcriptional status of the OCT4 gene. 
Therefore, the expression of the OCT4 is considered as a 
master regulator for the initiation and the maintenance of 
pluripotent cells during development since it has been found 
in unfertilized oocytes, early embryos and PGCs [99, 100]. It 
is interesting to note that precise levels of OCT4 must be 
sustained within a normal range in order for pluripotency to 
be maintained [101]. Furthermore, it was showed in trans-
genic ESC lines that elevated OCT4 levels differentiate to 
primitive endodermal and mesodermal lineages, while on the 
contrary, diminished OCT4 levels committed to trophecto-
derm lineage [101]. In order to achieve a precise level of 
OCT4, the chromatin state should be defined. In the undif-
ferentiated status, the OCT4 is hypo-methylated and pack-
aged with nucleosomes containing highly acetylated histone 
3 (H3K9ac, H3K14ac) and di-methylated or tri-methylated 
histone H3 (H3K4me2, H3K4me3) [102]. The OCT4 locus 
however is subjected to a series of epigenetic modifications 
according to the transcriptional level. As far as DNA methy-
lation is concerned, microRNAs (miR-290 through miR-295) 
and the Rbl2 transcriptional repressor, support the transcrip-
tion of the DNMT3a and DNMT3b, which in turn methylate 
the DNA in the three regulatory elements of the OCT4 locus, 
promoting in this way the inactivation of the OCT4 gene 
[103]. Informatively, microRNAs are small non-coding 
RNAs playing an important role in post-transcription gene 
expression during animal development and regeneration 
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[104-106]. Recently, two miRNA clusters, mir-290 and mir-
302, are sequentially activated during development and the 
trajectory of any individual blastomere is strongly influenced 
by the combination of factors introduced [107]. The discov-
ery of the Paf1 chromatin modifier shed some light on the 
efforts to uncover the OCT4 transcription puzzle [108]. Spe-
cifically, the Paf1C factor interacts with the RNA polym-
erase II in order to bind directly to the promoter and there-
fore, maintain an active or open chromatin structure. Re-
cently, the structure of the human Paf1/Leo1 subcomplex 
was introduced within PAF1C complex. They form a tightly 
associated heterodimer through antiparallel beta-sheet inter-
actions indicating that Leo1 binds to PAF1C through Paf1 
and that the Ctr9 subunit is the key scaffold protein in as-
sembling PAF1C. Furthermore, the Paf1/Leo1 heterodimer is 
necessary for its in vitro binding to histone H3, [109]. The 
best characterized histone modifier is the G9a methyltrans-
ferase, which induces either di- or tri-methylation of histone 
H3 at the PP of the OCT4 locus. These methylations recruit 
the heterochromatin protein 1 (HP1) and therefore trigger the 
heterochromatin formation, which silences the OCT4 ex-
pression. The whole process has been found to associate with 
the Cdk2ap1 factor which in turn interacts with the Mbd3 
factor. The result of this combination is the acceleration of 
the process. Recently, G9a was found to colocalized with H3 
lysine 9 monomethylation in a nuclear membrane-dependent 
manner during mouse embryo development [110]. Among 
the best characterized receptors that interact with the three 
regulatory elements of the OCT4 locus is the germ cell nu-
clear factor (GCNF). This protein binds to the PP and subse-
quently attracts both the methyltransferases DNMT3a and 
DNMT3b, suppressing in this way the OCT4 expression 
[111-113]. Alternatively, two other orphan receptors (they 
are referred to as receptors because the ligands have yet to be 
identified), of the chicken ovalbumin upstream promoter 
transcription factors (COUP-TFs) superfamily, COUP-TFI 
(EAR-3, NR2F1) and COUP-TFII (ARP-1, NR2F2) have 
been found to bind to the PP repressing the OCT4 expression 
[114], implying a major role of these receptors in various 
developmental processes [115]. Finally, phosphorylation 
within the homeobox region of OCT4 has been found to 
regulate its activity negatively by interrupting sequence-
specific DNA binding [116]. 

 Multiprotein repressive Polycomb group (PcG) in com-
bination with the activating trithorax (TrxG) chromatin mo-
dyfing complexes has long been known to participate in the 
regulation of nuclear organization in order to activate or sup-
press their target-gene transcription, among which OCT4 is 
one of these genes [117]. The PcG complex is a chromatin 
regulator with its role restricted to establishing and maintain-
ing the inactive status of genes during embryo development 
[118]. The Polycomb repressive complex 2 (PRC2) contains 
the embryonic ectoderm protein (EED), the suppressor of 
zeste 12 (SUZ12) and the enhancer of zeste 2 (EZH2), all of 
which function as histone methyltransferases providing ei-
ther di or tri-methylation on histone H3 at K27 
(H3K27me2/3) [119]. The other complex of the Polycomb 
family is PRC1 and its role is restricted to maintain genes in 
their silent status, which was originally achieved by the 
PRC2 [120]. Nucleosomes with tri-methylated histones 
(H3K27me3) attract the PRC1 complex through activation of 

the subunits RING1A and 1B, both of which belong to the 
E3 ligase family and perform monoubiquitination of H2A at 
the K119 [121]. Although a direct inter-relation between the 
two complexes has not yet been clarified, PRC1 has been 
found to interact with the major pluripotency gene network 
of OCT3, NANOG and SOX2 [122]. It is likely that both the 
Polycomb protein complexes are the major regulators for 
either differentiation or cell identity. Nevertheless, a rela-
tionship has been shown between PcGs and DNA methyla-
tion status [123]. Recently, it has been found that the protein 
JARID2 with histone demethylase activity is one of the 
components of the PRC2 complex [124-126]. It is worth 
mentioning that JARID2 has been reported to be an activa-
tor, as well as an inhibitor, of PRC2-mediated H3K27 meth-
ylation indicating a JARID-PRC2 duality [127]. JARID2 
recruits PRC2 to target loci and with the interaction of MTF2 
and esPRC2p48, stimulates synergistically the histone meth-
yltransferase activity of PRC2. Taking all these mechanisms 
together, it appears that JARID contributes to the high levels 
of H3K27 methylation and gene activation or repression, 
even of these of plulipotency gene network, OCT4 and 
SOX2 [128]. 

 In contrast to PcG complexes, the Trx group is involved 
in the transcriptional activity of the OCT4, SOX2 and KILF 
genes. The specific complex is implicated in post-
transcriptional modifications, marking the open chromatin 
status, such as H3K4me3 [129]. Specifically, Wdr5, a key 
component of the TrxG, functions as a “presenter” of the 
H3K4 [130]. It was shown that Wdr5 interacts with 
H3K4me2 and mediates transition to the trimethylated state 
[131]. A complete loss of Wdr5 and thereby loss of the 
H3K4me3 mark, results in a lethal phenotype that bypasses 
self-renewal maintenance, indicating that Wdr5 directly acts 
through the loss of H3K4me3 [132]. Interconnectivity be-
tween the core transcriptional network (OCT4, SOX2, 
NANOG) and members of the trxG complex has been also 
proposed. OCT4 enhances basal Wdr5 through direct bind-
ing and transcriptional activation of its promoter. After-
wards, the DNA specificity conferred by OCT4 directs Wdr5 
to genomic loci encoding self-renewal genes, such as OCT4 
and NANOG, to re-establish a H3K4me3 chromatin signa-
ture. This elevated expression of H3K4me3 subsequently 
facilitates strong OCT4 occupancy to direct robust transcrip-
tional activation [132]. Furthermore, Ino80, a chromatin re-
modeling ATPase, co-occupies pluripotency gene promoters 
with the master transcription factors, and its occupancy is 
dependent on OCT4 and Wdr5. Ino80 maintains a euchro-
matin state, thereby permitting RNA polymerase II for gene 
activation. These discoveries indicate a role for Ino80 in the 
expression of the pluripotency network and illustrate the 
coordination among chromatin remodeler, transcription fac-
tor and histone-modifying enzyme in the regulation of the 
pluripotent state [133]. Finally, histone acetyltransferase Mof 
appears to play an essential role in the maintenance of Em-
bryonic Stem Cell (ESC) self-renewal and pluripotency, 
while the Mof deletion results in aberrant expression of the 
core transcription factors NANOG, OCT4, and SOX2, indi-
cating that Mof is an integral component of the ESC core 
transcriptional network [134].  

 The achievement of reprogramming has drawn tremen-
dous interest in the genetic field, using either the Yamanaka 
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factors (OCT4, SOX2, KLF4 and c-MYC) [136]) or the 
Thomson factors (OCT4, SOX2, NANOG and LIN2) [137]. 
Both factors include the OCT4 and the SOX2 genes, but it is 
almost certain that other factors and family members facili-
tate the reprogramming process [138]. Nevertheless, OCT4 
and NANOG have been recognized as master transcriptional 
organizers of ES cells [122, 139]. It seems that OCT4 and 
NANOG form a mutual interdependent transcriptional net-
work with SOX2. OCT4 and SOX2 have been known to act 
synergistically to regulate their own transcription [140] as 
well as NANOG [141]. The pluripotency transcription fac-
tors form combinatorial complexes including OCT4-SOX2 
[141], OCT4-NANOG [142] and NANOG-SALL4 [143], 
while recently it was demonstrated that the OCT4-NANOG-
SALL4 network controls the developmental progress of the 
pre-implantation embryo [144].  

 During the exit of pluripotency and the beginning of the 
differentiation process, an acute decline in TET1/2 levels and 
an increase in DNMT3A/B enzymes have been observed 
[57], while it is has been demonstrated that at the 8-
blastomere developmental stage, the DNMT1o is translo-
cated into the nucleus of each blastomere [145]. During this 
transition, the nucleus of the majority of the cells seems to 
pass through an intermediate state of epigenetic priming that 
is characterized by high levels of DNMTs and TET enzymes 
[146]. Therefore, DNA methylation heterogeneity may result 
in transcriptional diversity, while it has been shown that 
DNA methylation dynamics may cause transcriptional 
changes and lineage choices in response to differentiated 
stimuli [147]. Several mechanisms have been proposed for 
creating DNA methylation heterogeneity [148], all of which 
very much depend on the balance between the expression of 
DNMTs and TETs [146]. Therefore, the maintenance of a 
hemi-methylated status and complete loss of DNA methyla-
tion may cause heterogenous methylation state at promoters, 
enhancers and other regulatory elements, modifying the tran-
scriptional result in this way [148]. Besides, it has been 
demonstrated that most of the transcription factors display a 
methylation-sensitive sequence binding [149-151]. Primed 
cells are capable to diversify prior to lineage commitment 
through the mechanisms of gene transcription heterogeneity. 
This model allows cells to respond differently in various 
stimulations [148]. 

3. CONDITIONS THAT IMPACT ON DNA METHY-

LATION DURING PRE-IMPLANTATION EMBRYO 

DEVELOPMENT IN ASSISTED REPRODUCTIVE 

TECHNOLOGY (ART) CYCLES 

 Assisted reproductive technologies (ARTs) involve ovar-
ian stimulation, gamete manipulation and embryo culture in 
order to improve fertility. Additionally, the ART itself en-
compasses the culture media and the embryo transfer proce-
dure but not only these. It is obvious that during the various 
ART procedures, the gamete epigenomes are exposed to 
external stress factors that influence the establishment and 
the maintenance of genomic imprinting [152, 153], through 
alteration of the DNA methylation status (Table 1). There-
fore, several reports have been published revealing the asso-
ciation of ART-conceived children and imprinting disorders 
[154, 155]. One of the issues that is relevant to the previous 
association is ovarian hyperstimulation. Taking into consid-

eration that during oogenesis, acquisition of maternal DNA 
methylation begins in primary follicles and is completed in 
metaphase II (MII) oocytes, it is obvious that ovarian hyper-
stimulation may contribute in altering the methylation status, 
indicating superovulation as a potential imprinting disruptor. 
Hyperstimulation appears to impair imprinting acquisition of 
oocytes in a dose-dependent manner. It is possible that ovar-
ian hyperstimulation may have adverse effects on the cyto-
plasmatic maternal factors (DPPA3, ZFP57, DMNT1) [156, 
157]. In a recent study, hormonal induction resulted in a loss 
of maternal SNRPN, PEG3 and KCNQ1 methylation and a 
gain of maternal H19 methylation, with more embryos dis-
playing altered imprinted methylation at high (10IU) com-
pared with low (6.25IU) hormone treatment [157]. Further-
more, a subset of maternal transcripts is required for early 
developmental stages prior to embryonic gene activation 
[158, 159]. Does ovulation induction impact imprinting 
methylation maintenance since it is known that the oocyte 
defines the early methylation landscape? [160]. Although a 
recent study demonstrated that ovarian stimulation did not 
affect methylation status in the oocytes, it was shown in the 
same study that ovarian stimulation disrupts maternal-effects 
gene products essential for imprinting maintenance [161]. In 
a recent study, except for the dose of 0.075 IU/ml, the ad-
ministration of increasing gonadotropin doses resulted in 
diverse methylation and de-methylation status of the H19, 
SNRPN, and PEG3 genes in MII oocytes. Furthermore, high 
gonadotropin concentrations caused hypo-methylation, while 
the genes that control spindle formation and cell-cycle were 
also downregulated [162]. Gathering these observations it is 
likely that ovulation induction has dual effects and functions 
via a dose-dependent manner, Firstly disrupting the imprint-
ing acquisition during the growing phase of the oocyte and 
secondly, having a negative impact on maternal gene prod-
ucts that are required for imprinting maintenance. 

 There is growing evidence that the paternal epigenome 
plays a crucial role during embryo development. This role 
was confirmed by studies that analyzed sperm DNA methy-
lation and histone modifications indicating the influence of 
paternal epigenome and transcriptome in early embryogene-
sis. Alterations in one of the above epigenetic marks have 
been shown to correlate with poor spermatogenesis, de-
creased fertility parameters, reduced fertilization potential 
and pregnancy outcome [163-165]. DNA methylation has 
been proved to contribute to male infertility as proved by 
experimental studies in knockout sperm mouse models for 
DNA methyltransferases [166]. Moreover, human sperm 
samples collected from IVF programs found that DNA 
methylation may influence embryo development and subse-
quently may associate with reduced pregnancy outcome, 
owing this result to the global sperm DNA hypo-methylation 
status [167]. A recent study attributes the production of poor 
embryo quality in the atypical distribution of retained his-
tones in the sperm samples. Besides, poor embryo quality is 
often seen after ICSI techniques with round spermatids, be-
cause they carry alterations in the DNA methylation. The 
immature epigenetic landscape of these samples is unable to 
deposit proper methylation status in the embryo, resulting in 
poor embryo quality [168-170]. Some studies found in-
creased percent of abberations in DNA methylation status in 
oligozoospermia samples, while similar aberrations were 
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observed in severe, very severe olizoospermia and asheno-
teratozoospermia samples [171-174]. High methylation of 
the Oct4 promoter was significantly more pronounced in 
embryos from couples where a male factor was the only 
known cause of infertility. Imprinting errors originating from 
sperm samples may be transmitted to fetuses through abnor-
mal histone to protamine transition [175, 176]. It is worth 
mentioning that manipulations of sperm samples during the 
IVF procedure, such as various sperm preparation protocols 
(percoll or swim up), have not yet been done in order to ex-
amine the possible influence of these manipulations on 
sperm methylation landscape. Moreover, external environ-
mental factors, like culture media, centrifugation conditions 
may influence the DNA methylation status of the sperm 
sample, while subtle temperature variations inside commer-
cial IVF incubators, have been proved to impair embryo 
quality and probably fertilization ability of both gametes 
[177]. Given that a part of the sperm epigenome is essential 
for the early stages of embryo development, the subjection of 
the sperm sample to preparation protocols in combination 
with the culture media used, exposes the spermatozoa to di-
verse environmental conditions that may alter significant 
paternal epigenome or the sperm transcriptome and therefore 
may impair fertilization, embryo quality and even pregnancy 
outcome [163-165]. 

 Besides, it is well known that embryo quality is strongly 
associated with IVF success. Even for those embryos that 
morphologically are of good quality, it is possible that they 
may possess aberrations in DNA methylation. These aberra-
tions may be not visible and embryos may reach the blasto-
cyst stage. Nevertheless, as mentioned above, these altera-
tions may occur at the phase of lineage decision, or by the 
apoptosis process. Although a clear association between 
apoptosis and DNA methylation has not yet been defined, it 

is likely that alterations in DNA methylation precede the 
process of apoptosis. Apoptosis may be visibly determined 
by the presence of fragmentation (cellular parts without nu-
cleus). Many embryos in IVF programs exhibit various 
amounts of fragmentation from the first divisions where 
DNA de-methylation occurs. Whether global incomplete 
DNA de-methylation induces the apoptosis/fragmentation 
process, is not known. Taking into consideration that both 
gametes and embryos are subjected to various manipulations, 
plus the fact that maternal factors and genes contribute to the 
developmental competence of the zygote, one can speculate 
that alterations in DNA methylation and apoptosis in terms 
of fragmentation, are procedures that associate exhibiting 
inter-dependency. Recently, it was found that ovarian stimu-
lation induces elevated follicular fluid oocyte/cumulus free 
DNA concentrations and negative impact on embryo quality 
[178]. High apoptotic levels in the follicular fluid, exert 
through apoptosis negative effect on embryo quality and this 
negative effect started from the oocytes and proceeded to the 
zygote. It is possible that this negative effect includes aberra-
tions in DNA methylation, although some new evidence has 
emerged [179]. Moreover, the OCT4-SALL4-NANOG net-
work appears to control the developmental progression of the 
pre-implantation embryo, and alterations in DNA methyla-
tion status of these genes result in embryo developmental 
arrest, something which coincides with the presence of high 
fragmentation percent [144]. It is very much possible that 
upon dis-regulation of the gene network, the embryos exhibit 
high percent of fragmentation which is visible from the early 
stages of development. 

 Alterations in DNA methylation may derive either from 
the ICSI procedure during the insemination process or by the 
culture media during the post-zygotic divisions. Although 
the ICSI technique itself is not an invasive one, some reports 

Table 1. The possible impact of various parameters of assisted reproductive technologies on imprinting disorders. Cumulatively all 

these factors may contribute to high risk of aberrant DNA methylation (the factors coming from ART and the relation to 

methylation have been discussed in the text in detail). 

Factors Risk of Aberrant Methylation References/comments 

Age of woman YES Increased age 

Age of man MAYBE/NO No reports 

Ovarian stimulation YES [157, 162] 

Semen sample YES [168-174]/decreased sperm parameters 

Semen preparation YES No reports 

Oocyte manipulation YES No reports 

IVF insemination NO [185] 

ICSI insemination MAYBE/YES [180] 

Culture media MAYBE/YES [191-194] 

Embryo YES [178, 179] 

Temperature variations of incubators MAYBE/YES [177]/no actual reports 

Causes of infertility YES [171, 206] 
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indicate the association of the ICSI technique and aberrant 
DNA methylation during development [180]. An alteration 
of gene expression of ICSI-conceived pups was shown, sug-
gesting that the major effect of ICSI at the neonatal stage 
reflects the consequences of a gene expression cascade start-
ing from a change initially introduced in a small number of 
genes at the fertilization process [181]. Nevertheless, the 
ICSI-conceived mice were phenotypically normal [180]. 
Interestingly, ICSI produced a delay of two hours on active 
de-methylation of the paternal pronucleus attributed to the 
sperm DNA fragmentation and to the ICSI itself [182], while 
ICSI-derived gene expression changes were also observed at 
the blastocyst stage [183]. Given that male gene expression 
starts earlier in the zygote than in the female [184], the ques-
tion that arises is whether ICSI exerts any impact on the pa-
ternally or on the maternally derived allele. It has been pro-
posed that ICSI exhibits an impact on zygote gene activation 
but of paternally derived genomes [185], maybe due to direct 
impact on 5hmC [186] or to the alteration in calcium oscilla-
tion [187], because ICSI bypasses the acrosome reaction 
process.  

 Other issues are the culture media, the days of culture 
and thereby the embryo transfer day. These issues seem to be 
very crucial since the reprogramming, gene expression and 
morphological changes take place during the first divisions. 
Given that human experiments are unethical in some coun-
tries and difficult to perform in some others, because there 
are no spare embryos to analyze or the embryos that are sub-
jected to the analysis are of poor quality. Most studies are 
from mice which exhibit similar methylation patterns and 
imprinting methylation performance with humans [160, 188-
190]. It has been demonstrated that the culture of embryos 
has negative effects on embryo development on both mouse 
and human embryos [191, 192], while some media have 
been proposed to maintain imprinting methylation [193, 
194]. Nevertheless, accelerated developmental rates, which 
in most cases underlie excellent quality, have been associ-
ated with increased frequency of imprinting DNA methyla-
tion errors [195], proposing that faster development rates 
correlate with loss of genomic imprinting. In poor quality 
human embryos, aberrant methylation of H19 DMR was 
found [196], suggesting that if no other embryo transfer op-
tions are available, embryo transfer should not be performed 
because these embryos may exhibit increased percentage of 
imprinting errors. While another study came to the same 
conclusion, although morphologically similar quality day 3 
embryos showed different methylation levels [197]. Moreo-
ver, it has been observed that changes in DNA methylation 
during the first divisions depend on gender, while the same 
study found that methylation levels were higher in the male 
bovine blastocysts compared to females, while DNA was 
more methylated in the 6-8 blastomere-stage female embryos 
[198]. Gathering all these observations it is obvious that 
suboptimal culture media may exert alterations in DNA im-
printing methylation. Whether embryo transfer should be 
performed on day 2, 3 or at the blastocyst day according to 
human embryo transfer studies, it is better to transfer a blas-
tocyst, but on the other hand, the risk of extended culture 
may cause DNA methylation aberrations. External effects 
that take place during fertilization and the subsequent cell 
divisions may induce long-lasting consequences on gene 

expression. These consequences maybe observed in the later 
stages of development, such as blastocyst stage. The conven-
tional IVF technique appears to be a safe method, without 
emerging alterations in DNA methylation when embryos are 
cultured for only one day [185]. Culture media have been 
divided in two categories: the sequential, where media are 
defined according to the needs of the embryos and therefore 
different culture media are essential for fertilization through 
developing to 4-8 blastomeres and different media to blasto-
cyst and the non-sequential, where the embryos are cultured 
in one medium allowing the embryo to use its own needs. To 
date, there is still a debate which media are more appropriate 
for embryo development. A disadvantage of the first media 
is that embryos are exposed to environmental stress (alter the 
optimal temperature due to the opening-closing of the incu-
bators, light exposure ect) and consequently may create al-
terations in DNA methylation status. Recently, with the help 
of Embryoscope (monitoring of embryo development), two 
models of predicting excellent quality embryos [199, 200] in 
the very early stages of development (2-3 days post-
fertilization) have been proposed. If this is the case then it is 
very much possible that embryos are not subjected to ex-
tended embryo culture, eliminating the risk of aberrations in 
DNA methylation. 

 Accumulating evidence indicates that the ambient envi-
ronment of the developing embryos derived from ART may 
possess aberrations in DNA imprinting methylation. For that 
reason, many studies have focused on the association be-
tween DNA methylation errors and imprinting disorders in 
children born after ART [201]. The most prevalent imprint-
ing disorders relative to ART concern the Bekwith-
Wiedemann syndrome (BWS), the Silver-Russel syndrome 
(SRS) and the Angelman syndrome (AS) [202, 203]. The AS 
is caused by aberrant methylation of 2%-5% in the maternal 
allele, while BWS involves genetic or epigenetic alterations 
of the maternal allele with hyper-methylation on the H19 
locus or hypo-methylation on LIT1. Finally, the SRS in-
volves the hypo-methylation of H19 at the chromosome 
11p15.5 [204]. Among the above imprinting disorders, DNA 
methylation errors are more prevalent in the SRS patients 
rather than in AS and BWS patients. Interestingly, when 
clinical features were compared between ART- and natural-
conceived children, no significant differences were found 
[205] but it is possible that the resulting imprinting disorders 
derived from ART were due to the frequency and the extent 
of alterations in DNA methylation. The impact of ART on 
DNA imprinting methylation and vise versa cannot be evalu-
ated because these patients differ mainly genetically and 
demographically. Moreover, couples seeking ART encounter 
different fertility problems, which may contribute variously 
to imprinting DNA methylation, something which was ob-
served at least in oligozoospermia samples [171, 206]. Al-
though an increase in imprinting disorders in children con-
ceived through IVF and ICSI was reported, the heterogeneity 
in the types of fertility treatment, the imprinted regions stud-
ied and the methods of measurement reduce the ability to 
assess the full effect of ART on DNA methylation and im-
printing [207]. DNA methylation, determined by pyrose-
quencing, in the imprinted gene, small nuclear ribonucleo-
protein polypeptide N (SNRPN), was higher in children con-
ceived by ICSI [208], indicating a role of ART in imprinting 
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disorders [209]. Although small significant differences in 
several imprinting control regions were observed, these 
small DNA methylation changes did not reflect to the overall 
transcriptional levels of the genes adjacent to the ICRs (such 
as KCNQ1 and SNRPN), suggesting that methylation levels 
at imprinting control regions are not altered with ovulation 
induction or in in vitro fertilization [210], something which 
was supported by other reports [211, 212], indicating that 
defects in imprinting and genome-wide DNA methylation 
are not common in the in vitro fertilization population. 

 Conclusively, there is a surrounding suspicion between 
ART, infertility and aberrant DNA methylation in imprinting 
disorders. Whether the ART procedure itself, including ma-
nipulations of gametes, the culture media, the extended cul-
ture, the ovarian stimulation protocols or the infertility back-
ground of the couples remain to be elucidated, since there are 
reports with different conclusions, maybe due to the various 
genetic and demographic study cases. More studies there-
fore, are needed to ascertain if any association exists. The 
methylation – de-methylation cycle has been clarified in a 
great extent but some paths remain controversial and elusive. 
OCT4 gene has been proved from the majority of the reports 
to be the master gene of pluripotency, which in combination 
with the NANOG and SOX2 or SALL4 genes, creates a 
pluripotency network. Whether totipotency restoring is 
through epigenetic reprogramming, such as DNA de-
methylation or histone modifications, is really a hot spot of 
epigenetics. 
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