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A B S T R A C T

Epigenetic modifications are involved in global reprogramming of the cell transcriptome. Therefore, synchro-
nized major shifts in the expression of many genes could be achieved through epigenetic changes. The regulation
of gene expression could be implemented by different epigenetic events including histone modifications, DNA
methylation and chromatin remodelling. Interestingly, it has been documented that reprogramming of somatic
cells to induced pluripotent stem (iPS) cells is also a typical example of epigenetic modifications. Additionally,
epigenetic would determine the fates of almost all cells upon differentiation of stem cells into somatic cells.
Currently, generation of iPS cells through epigenetic modifications is a routine laboratory practice. Despite all
our knowledge, inconsistency in the results of reprogramming and differentiation of stem cells, highlight the
need for more thorough investigation into the role of epigenetic modification in generation and maintenance of
stem cells. Besides, subtle differences have been observed among different iPS cells and between iPS and ES cells.
Although, a handful of detailed review regarding the status of epigenetics in stem cells has been published
previously, in the current review, an abstracted and rather simplified view has been presented for those who
want to gain a more general overview on this subject. However, almost all key references and ground breaking
studies were included, which could be further explored to gain more in depth knowledge regarding this topic.
The most dominant epigenetic changes have been presented followed by the impacts of such changes on the
global gene expression. Epigenetic status in iPS and ES cells were compared. In addition to including the issues
related to X-chromosome reactivation in the stem cells, we have also included loss of imprinting for some genes
as a major drawback in generation of iPS cells. Finally, the overall impacts of epigenetic modifications on
different aspects of stem cells has been discussed, including their use in cell therapy.

1. Introduction

Epigenetic modifications are known to be determinant factors in
regulation of key processes including cell fate determination, differ-
entiation and aging. Epigenetic is defined as reversible alterations in
gene expression with no effects on DNA sequences (Surani et al., 2007;
Bibikova et al., 2008; Zhou et al., 2011) and exerts its impact on the
gene regulation through DNA methylation, transcription factors as-
sembly and by interfering in chromatin structures, altering the DNA-
proteins binding affinities (Bibikova et al., 2008). Each cell type har-
bour an epigenetic signature that defines its identity (Surani et al.,
2007). Although, the complete epigenetic signatures of all somatic cells
are not available yet, recent advances in profiling epigenome mod-
ifications resulted in rapid identification of many such modifications
with significant roles during development. Notably, after each cell

division, depending on the fate of the cells, progeny cells may or may
not retain the epigenetic pattern similar to those of parental cells (Zhou
et al., 2011). Consequently, upon differentiation, the epigenetic sig-
natures of daughter cells be altered according to the new cell identity.

In contrast to somatic cells, in stem cells, all epigenetics marks re-
lated to cell-identity should be removed in order to gain pluripotency
characteristics. To convert somatic cells into iPS cells, the gene ex-
pression profiles of the somatic cells should reset and put back to a
ground state.

Induced stem cells have been successfully created by introduction of
four transcription factors (TFs) into somatic cells (Takahashi and
Yamanaka, 2006). Upon induction by these factors into fibroblast, al-
teration in global gene expression followed by erasure of epigenetic
marks. Besides these core TFs, many other TFs and miRNAs have been
identified with key regulatory roles in reprogramming and maintenance
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of stem cells (Kuppusamy et al., 2013). Currently, many molecular as-
pects of conversion of somatic cells into stem cells have been identified.
Interestingly, the cross talk between the two main components of gene
regulation (TFs and miRNAs) was unable to fully explain these me-
chanisms. Therefore, another layer of gene regulation through epige-
netic modulations has been proposed to be involved in the stem cells.

Indeed, it has been shown that epigenetic modifications determine
the expression status of many genes in iPS cells and therefore may di-
rectly determine the stem cell fates (Borrelli et al., 2008). Therefore, it
appears that stabilising the unique epigenetic signatures in the stem
cells would be crucial for maintaining the pluripotency in stem cells.

On the other hand, precision medicine through patient-derived stem
cell therapy requires an unfirm population of iPS cells to be produced
from the patient somatic cells. However, population of iPS cells are
shown unexpected alterations in their gene expression patterns. Despite
intensive studies, the main sources of such alterations are still un-
known. Interestingly, the differences between iPS and ES cells are partly
linked to incomplete erasure of epigenetic memory in the genome of the
iPS cells. Epigenetic memory defined as remaining of residual epige-
netic signatures and transcriptomes from the original somatic cells in
the produced iPS cells (Vaskova et al., 2013). Therefore, it seems that
complete erasure and resetting of epigenetic memory of the initial so-
matic cell at the early stages of conversion is required for achieving
high quality and homogenous population of iPS cells.

Furthermore, understanding the role of epigenetic regulation of
gene expression in stem cells might provide new route for direct con-
version of different cell types. Therefore, instead of introduction of TFs
and miRNAs, direct conversion of cells could be achieved by manip-
ulating the epigenetic marks. Although, many other in-depth reviews of
the field do exist in the literature, they are either cell types orientated
(Zhou et al., 2011) or are very detailed (Avgustinova and Benitah,
2016), for those who need general information in the field. With this
concept in mind, in addition to explaining general terminologies in this
field, here the differences and similarities between epigenetic status of
the ES cells and iPS cells has been briefly discussed.

2. Different types of epigenetic modification in the genome

Epigenetic modifications of gene expression include modifications
of DNA methylation pattern, chromatin structures and post-transla-
tional histone modifications. To understand the impacts of epigenetic
modification on the gene expression status, most abundant epigenetic
modifications have been explained in the following sections (Table 1).

2.1. Histone modifications

Histones are involved in DNA packaging via direct protein-DNA
interactions. These proteins undergo post translational modifications
including acetylation, methylation, phosphorylation, ubiquitylation,
sumolyation, deamination and many more (Bannister and Kouzarides,
2011). However, acetylation, methylation and phosphorylation are the
dominant post-translational modifications occur in histones.

2.1.1. Histone acetylation
Histone acetylation occurs on lysine residue of histone 3 and 4

(H3Kac and H4Kac) and to less extent on H2A. Acetylation generally
alter the charges of lysine side chains from a positive to a null charge
(Bannister et al., 2002) (Fig. 1). This modification potentially weakens
the protein-DNA interactions and could convert a closed structure of
chromatins to an open structure (Bell et al., 2016), thereby affect the
gene expression. There are two types of enzymes responsible for acet-
ylation/deacetylation of histones; histone acetyl-transferase (HATs or
KAT) and histone deacetylase (HDACs). Therefore, these two classes of
enzymes widely considered to be activator and silencers of gene ex-
pression (Bannister et al., 2002). Acetylation of H2A is achieved
through activity of Esa1, Tip60 and Hat1 proteins. Although majority of

histone acetylation occurs at histone tail (N-terminal), some other po-
sitions deep inside histone was found to be acetylated as well. For ex-
ample, H3K56 that interacts with major groove of DNA appears to be
acetylated and affect histone-DNA interaction (Tjeertes et al., 2009).
Histone acetylation is required for embryonic differentiation, where cell
fate after division is determined (Dovey et al., 2010).

2.1.2. Histone methylation
Histone methylation mainly occurs on lysine (K) and arginine (R)

residues. Similar to histone acetylation, methylation is also a reversible
reaction (Bannister et al., 2002), albeit through several different ap-
proaches (Fig. 1). Methylation of histones mainly occurs through ac-
tivity of methyl transferases (HMT). A list of all enzymes involved in
histone methylation is provided by Greer and Shi (2012). The removal
of methyl group could be achieved through different activities in-
cluding either conversion of methylated arginine into citrulline
(Cuthbert et al., 2004; Wang et al., 2004) or direct demethylation as
observed for H3R2 and H4R3 (Chang et al., 2007). Direct demethyla-
tion carries out by different enzymes such as lysine demethylases, for
removal of methyl group from H3K4me1 and H3K4me2 (Shi et al.,
2004) and JMJD2 complex, for removal of tri-methyl from H3K9 and
H3K26 (Whetstine et al., 2006).

Notably, it has been shown that balance between methylation and
acetylation at the enhancer and promoter regions of the genes de-
termine their expression level. For example, H3K26ac and H3K27ac are
found on the active enhancer. Further, while H3K4me3 is mostly lo-
cated on the promoter regions, H3K36me3 is found in the body of the
expressive genes (Ernst et al., 2011). On the other hand, H3k9me3 and
H3K27me3 are generally associated with the heterochromatin regions,
where repressed genes are located (Perez-Lluch et al., 2015). Dysre-
gulation of histone methylation is linked to several disease and devel-
opmental defects. For full list of enzymes and defects please refer to a
review by Greer and Shi (2012).

2.1.3. Histone phosphorylation
Phosphorylation affect charges of histones and thereby interfere

with the protein-DNA interactions. The overall structure of chromatin
would be affected by adding a phosphate group to the hydroxyl group
of the side chains and increase in the overall negative charges of the
histone tails. This modification occurs on serine, threonine and tyrosine
residues at the histones N-terminal ends (Rossetto et al., 2012; Sawicka
and Seiser, 2012). The level of phosphorylation is determined by the
activity of kinases and phosphatases, the former phosphorylate the
histone, and the latter removing the phosphate groups. Interestingly,
such modifications even occur on amino acids reside far from the his-
tone tails. Examples of such instances include position 10, 28, 41 on
histone 3, which results in production of H3S10ph, H3S28ph and
H3Y41ph, respectively (Dawson et al., 2009). Histone phosphorylation
is linked to many important processers including DNA repair, apoptosis,
mitosis and meiosis. In stem cells, histone phosphorylation is involved
in chromatin remodelling and repairs the damaged DNA during re-
programming process (Sawicka and Seiser, 2014; Srinageshwar et al.,
2016).

2.2. DNA modifications

Generally, DNA methylation is involved in silencing of gene ex-
pression (Lin et al., 2014; Ma et al., 2014), suppression of retro-
transposons (Nagamori et al., 2015), genomic imprinting (Li et al.,
1993; Paulsen and Ferguson-Smith, 2001), X chromosome inactivation
(Sharp et al., 2011; Cotton et al., 2015) and chromatin organization
(Lim and Maher, 2010; Mattout et al., 2015; Guo et al., 2016) (Fig. 1).
Although, all regions of DNA have potential to be methylated, methy-
lation in the promoter (Calo and Wysocka, 2013) and enhancer regions
could significantly impact the gene expression (Heyn et al., 2016).
Barrera et al. conducted an analysis for the active promoters in different
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organs of mouse (Barrera et al., 2008). They found that promoters in
most of the housekeeping genes, that expressed constantly, harbour
hypo-methylated CpG islands. This implies that hyper-methylation is a
mean for down-regulation of gene expression. Interestingly, the pro-
moter regions of the genes associated with a specific tissue contain less
CpG islands and are highly sensitive to DNA methylation (Barrera et al.,
2008). Dysregulation in methylation on the promoters is linked to
aberrant gene expression that in turn could causes silencing of tumour
suppressor genes and activation of oncogenes. However, this view has
been challenged by recent studies (Wagner et al., 2014; Moarii et al.,
2015), where there was no direct link between cancer and methylation
status. Enhancers, as a class of regulatory elements, are affecting the
gene expression. Similar to promoters, enhancers, undergo methylation
on their sequences (Hon et al., 2013). Aberrant methylation patterns of
enhancers have been also documented in many cancers (Bell et al.,
2016). Differential methylation pattern in the enhancer regions has
been detected for many tissue specific genes, emphasising the role of
enhancers in gene regulation. Based on their methylation and associa-
tion with modified histones, they can be activated or silenced. In active
enhancers, an enrichment of H3k4me1 and H3K27ac have been de-
tected, while in repressed enhancers H3K27me3 is present.

2.3. Chromatin modification

Eukaryotic DNA is packed in chromatin structures that not only
compact the genetic materials but also provides a mean for gene reg-
ulation by controlling the accessibility of transcription machinery to the
genetic code. Based on the activity status of a region, there are two
types of chromatins: heterochromatin and euchromatin, that the latter
being more relaxed and transcriptionally active. Chromatin-remodel-
ling enables the transitions between these two chromatin states
(Narlikar et al., 2013). Interactions between enzymes involved in
chromatin remodelling and histone modifications regulate the chro-
matin structure (Luo and Dean, 1999) (Fig. 1).

Chromatin remodelling is performed by ATP-dependent chromatin-
remodelling complexes (known as re-modeller), which either moving,
ejecting or restructuring nucleosomes. Therefore, these complexes
regulate gene expression via reposition (slide, twist or loop)

nucleosomes along the DNA. These actions remove or replaces histone
molecules, producing nucleosome-free regions on DNA for gene acti-
vation (Wang et al., 2007). Chromatin remodelling is involved in many
key cellular processes, including transcriptional regulation, DNA repair,
apoptosis and replication. Therefore, dysregulation of this process could
eventually lead to development of many abnormalities including dif-
ferent types of cancers. The main enzymes involved in remodelling the
chromatin include cohesion complex, ISW2 complex and Akirin (Hota
and Bruneau, 2016; Nowak et al., 2012; Deindl et al., 2013; Fig. 1-Panel
III).

3. The link between epigenetic modifications and gene regulation

Gene expression depends on the interaction between multiple pro-
teins and transcription factors. Therefore, any components interfering
with these interactions could affect gene expression. For example,
scanning promoter sequences by many TFs would be essential to start
transcription, while DNA methylation would restrict accessibility to the
promoters and thereby down-regulates the gene expression. It is well
documented that methyl-CpG binding proteins are involved in tran-
scription repression (Bird and Wolffe, 1999). Contradictory to these
observations, methylation has also been observed in the promoter re-
gion of active genes (Suzuki and Bird, 2008). This would challenge the
old view of direct role of methylation in gene repression. Hence, it
appears that epigenetic blockage is an approach to permanently silence
a gene or whole chromosome (X-inactivation) in the cell (Li et al.,
1993).

Interestingly, almost half of the CpG islands in the genome located
within coding regions and are not associated with promoters (Gibney
and Nolan, 2010), suggesting that there is more complex correlation
between DNA methylation and gene expression pattern. Schlosberg
et al. (2017) analysed the Roadmap Epigenomics Project data and
found that methylation at the transcription start sites and about 2 Kb
upstream of these are linked to gene expression pattern. Differential
DNA methylation pattern have been detected in many cancers, which
contribute to heterogeneous gene expression and therefore hetero-
geneity in cancer (Pisanic et al., 2017). All these observations indicate
that any types of epigenetic modification would affect the gene

Table 1
List of all important Histone modifications and their possible impacts on the gene expression either activation or Repression.

Histones Modifications H1 H2A H2B H3 H4

Methylation Lys26 (Rep) None Lys5
Lys27

Lys4 (Act)
Arg2
Arg8 (Rep)
Lys9 (Rep)
Lys14
Arg17 (Act)
Lys23
Lys27 (Rep)
Lys36 (Act)
Lys79 (Act)

Arg3 (Act)
Lys20 (Act)
Lys59 (Rep)

Acetylation None Lys5 (Act)
Lys9
Lys12
Lys15

Lys5 (Act)
Lys12 (Act)
Lys15 (Act)
Lys20 (Act)

Lys4
Lys9 (Act)
Lys14 (Act)
Lys18 (Act)
Lys23 (Act)
Lys27 (Act)
Lys56

Lys5 (Act)
Lys8 (Act)
Lys12 (Act)
Lys16 (Act)
Lys20

Phosphorylation Ser27 (Act) Ser1 (Rep)
Ser139

Ser14
Ser32
Ser36

Thr3 (Act)
Ser10 (Act)
Thr11
Ser28
Tyr41
Thr45

Ser1 (Act)
His18

Ubiquitylation None Lys119 Lys120 None None
Biotinylation None Lys9

Lys13
None Lys4 (Act)

Lys9 (Act)
Lys18 (Act)

Lys12
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expression, however, a consensus rule could not be withdrawn from
available data using current knowledge.

4. Epigenetic signatures in ES cells and iPS cells

Reprogramming of somatic cells, through ectopic expression of four
transcription factors (Oct4, Sox2, Klf4 and c-Myc), would result in
generation of iPS cells. It has been shown that reprograming is the re-
sult of resetting gene expression patterns as well as altering DNA

methylation and histone modifications states in the original somatic
cells (Lewitzky and Yamanaka, 2007). Despite the fact that iPS cells
exhibit many features of the embryonic stem cells, an epigenetic
memory of the original somatic cells, might still remain in their gen-
omes (Papp and Plath, 2011). Surprisingly, they harbour altered DNA
methylation pattern and histone modifications when compared to em-
bryonic stem cells. This indicates an incomplete erasure of epigenetic
memory in iPS cells and such somatic memory may reverse the whole
processes of induction as indicated by reversal of the whole

Fig. 1. A schematic illustration of main epigenetic modifications in cells. Histone modifications represent chemical modifications of residues on histones structures.
Two main chemical groups affecting histones are acetyl and methyl groups which lead to opening and closing histone structures, respectively. DNA modification is
another important epigenetic modification that happens by methylation of cytosine base of CpG islands. These modifications have several consequent effects on
cellular functions, including gene expression, genomic imprinting, and chromatin organization. The third important epigenetic modification is chromatin re-
modelling which involved in determining of euchromatin or heterochromatin structures of chromosomes. Sliding, looping and twisting are main chromatin re-
modelling mechanisms.
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reprogramming process by removing these factors (Prilutsky et al.,
2014).

The power of epigenetics modulation in production of iPS cells is
directly investigated by converting differentiated somatic cells into
pluripotent cells via experimental manipulations of known epigenetic
patterns (Okita et al., 2007; Wernig et al., 2007; Yu et al., 2007). The
link between epigenetic modifications and stem cells has been estab-
lished in numerous studies and reviewed in multiple papers (Berdasco
and Esteller, 2011; Broccoli et al., 2015; Harikumar and Meshorer,
2015). It appears that DNA methylation is required for the control of all
three main processes in stem cell production including stem cell es-
tablishment, maintenance and differentiation.

Stem cell population shows heterogeneous transcriptome profiles.
Analysing of individual ES cells, using single-molecule RNA-FISH, in-
dicates that DNA methylation plays role in cell fate decision by af-
fecting the expression of pluripotency related genes (Singer et al.,
2014). While such correlation between DNA methylation and cell state
have been explored in ES cells at population level, Singer et al. (2014)
have shown that DNA methylation is directly linked to the “stochastic
switching” between states.

Proteomics data revealed that chromatin remodelling complexes are
essential for formation of pluripotency (Ho et al., 2009). Different
chromatin remodelling factors are involved in cell self-renewal in D.
melanogaster (Xi and Xie, 2015). Besides, self-renewal start-point is
characterized by obtaining specific histone acetylation pattern and
consequently more open chromosomal states. It has also been shown
that developmental genes undergo cell stage-specific histone mod-
ifications (Bhanu et al., 2016). Therefore, start of dedifferentiation is
highlighted by erasure of epigenetic marks from the somatic cells'
genomes.

Additionally, during differentiation stage, it was shown that DNA
methylation of the enhancers causes inappropriate gene expression and
delayed differentiation (Sheaffer et al., 2014). The balance between
pluripotency and differentiation is also under epigenetic regulation
especially chromatin remodelling (Keenen and de la Serna, 2009). Wide
chromatin remodelling between euchromatin and heterochromatin has
been observed during differentiation of ES cell to mesoderm and en-
doderm (Golob et al., 2008). Histone demethylases was also shown to
regulate the differentiation of ES cell to endothelial cells (Wu et al.,
2011). Consequently, it appears that maintenance of stemness in ES
cells is also linked to stable epigenetic modifications and dysregulation
of such signatures would result in loosing stemness potential.

Senner et al. (2012), conducted a global DNA methylation analysis
in different types of ES cells and observed that DNA methylation defines
the stem cell identity and tightly determines the lineage boundary.
Interestingly, H3K4me3 seems to be more homogenous among different
stem cell types in mouse embryo, while H3K27me3 varies among these
cells (Rugg-Gunn et al., 2010). Histone modifying enzymes are also
known to be involved in fate determination of mesenchymal stem cells,
where conversion of mesenchymal stem cells to all three layers depend
on the balance between histone and DNA modifications (Huang et al.,
2015). Expectedly, differentiation of stem cells into functional cell
lineages are determined by obtaining new cell-specific epigenetic
marks.

Additionally, epigenetic regulations modulate the expression of the
four main TFs (OSKM) involved in conversion of somatic cells into stem
cells. For example, lysine methylation/demethylation on the histones
attached to the promoter regions of both Oct4 and Nanog contribute to
their expression pattern in stem cells (Freberg et al., 2007). However, it
appears that epigenetic reprogramming of OCT4 and NANOG does not
happen in the female iPSCs (Choi et al., 2016). Hypo-methylation of
upstream regions of Oct4 has been also observed in ES cells (Hattori
et al., 2004). Yet in another example, enhancers of Sox2 undergo dif-
ferential epigenetic modifications during neural differentiation
(Sikorska et al., 2008).

On the other hand, these factors are regulating the expression

pattern of other genes through epigenetic modifications. As an example,
Klf4 is shown to epigenetically modulates the expression of many genes
in kidney stem cells (Hayashi et al., 2014). And Sox2 is suggested to be
involved in maintain the permissive sate of gene expression in neural
cells differentiation (Amador-Arjona et al., 2015).

Additionally, other sets of proteins and DNA binding factors in-
cluding histone chaperones, non-histone chromatin proteins, chromatin
remodelers are also involved in many biological aspects of ES and iPS
cells. However, their differential role between different stem cells has
not been fully explored. For example, during differentiation in muscle
cells, the histone chaperone HIRA, modulates the activity of histone3
and therefore the fate of stem cells (Yang et al., 2016). While, APLF,
another histone chaperone protein regulates induction of pluripotency
in murine fibroblasts (Syed et al., 2016). Details role of non-histone
proteins and chromatin remodelling in stem cells reviewed by
Harikumar and Meshorer (2015).

5. The X-chromosome inactivation in ES and iPS cells

Another main issue in reprograming and stem cell biology, is the
fate of X-chromosome. In female somatic cells, X-chromosome in-
activation is a widespread process whereby one of the X-chromosomes
undergo intense epigenetic modulations, which result in silencing of
almost all genes on that. Many studies have suggested that reactivation
of the inactivated X-chromosome is one of the final barrier that should
be removed to achieve full reprogramming capacity (Kim et al., 2015).
However, female human iPS cells retain an inactive X-chromosome
with partial reactivation in some parts of the inactivated X-chromosome
(Tchieu et al., 2010). Besides some chromosomal instabilities, observed
in mouse pluripotent cells, linked to X-chromosome inactivation issues
(Minina et al., 2010).

Reactivation of X-chromosome is an ordered process with only 10%
of genes switching to bi-allelic expression in the pluripotency (Cantone
et al., 2016). After production of a population of fibroblasts cells har-
bouring large X-chromosomal deletions, Barakat et al. (2015) success-
fully revealed that, although X-chromosome reactivation during in-
duction of stem cell is a favourable event, inactivation of X-
chromosome results in a heterogeneous population of cells. In mouse, it
has been shown that acquisition of pluripotency is coupled with re-
activation of inactivated X-chromosome (Wutz and Jaenisch, 2000;
Williams et al., 2011). Also, in female human pluripotent stem cells
rapid loss of X-inactivation and sudden changes in methylation pattern
have been observed (Geens et al., 2016). These results show that full
scale of X-chromosome reactivation is unknown and need to be in-
vestigated in more details. Many questions remain open in this regard,
including the extent of differences between different types of iPS cell
lines. Additionally, many dissimilarities exist between human and other
mammals' iPS cells that should be further explored.

Interestingly, it has been proven that the Yamanka factors directly
involved in repression of X-chromosome inactivation by binding to the
Xist intron (Navarro et al., 2008). However, such direct link scrutinized
in recent reports, suggesting that the pluripotency network may directly
represses Xist and activate Tsix that in turn suppresses X-chromosome
inactivation (Minkovsky et al., 2012). Live imaging of inactive X-
chromosome during differentiation of ES towards epiblast stem cells
indicated that the two X-chromosomes are not equivalent (Guyochin
et al., 2014). A recent study claims that human ES cells do not change
their X-inactivation status during differentiation (Patel et al., 2017).
The X-chromosome reactivation is a slow process (Do et al., 2009),
therefore a revision of the induction protocols might be needed to in-
clude a prolonged period for initial steps. The problem with X-re-
activation is more significant in studying the human iPS cells for model
disease such as Autism and other X-linked disorder (Dandulakis et al.,
2016). Altogether, it appears that X-chromosome epigenetic marks are
unstable during early phases of iPS cells production, however, such
instability would be disappear following prolonged culture of cells. It is
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not clear that if prolonged culture removes the cells with abnormal
epigenetic marks and therefore enriches those cells with appropriate
epigenetic signatures. Alternatively, it is possible that correct epigenetic
marks would be re-establish in the iPS cells over longer cultural periods.

6. Comparison between epigenetic status in ES cells versus iPS
cells

Soon after development of iPS cells many inconsistency and differ-
ences in the behaviours of the iPSC lines have been documented
(Fig. 2). At molecular level, these observations are linked to variation in
the gene expression pattern that exists among these cells and between
iPS cells in comparison to ES cells. In addition to gene expression,
epigenetic landscape, differentiation potential and mutational land-
scape uncovered distinctive dissimilarities between these two cell types
(Bilic and Belmonte, 2012). However, some reports indicated that there
are no significant differences between gene expression and methylation
profiles of human embryonic and induced pluripotent stem cells, when
obtained from isogenic origin (Mallon et al., 2014). Additionally, Jeong

et al. (2016) developed a protocol to obtain iPS cells, transplantable
into damaged liver, with similar abilities to differentiate into hepato-
cyte to those of ES cells, downplaying the negative impacts of any
epigenetic variations between these two types of cells.

Despite these contradictory reports, the question remains that if it is
possible to produce iPS cells similar enough to ES cells to be used for
therapeutic purposes? Here, this subject has been further explored in
terms of epigenetic modifications that are involved in gene expression
in these two cell types.

Notably, iPS cells and ES cells can be distinguished by their unique
gene expression profiles (Chin et al., 2009). This phenomenon could be
explained by two features. First, genes related to the original somatic
cells, from which the iPSC derived, are not efficiently silenced and
therefore partially retain their identities (Ghosh et al., 2010). Second,
incomplete induction of all sets of genes, which are involved in de-
termining the similarities between iPS and ES cells, results in a het-
erogeneous population of cells (Marchetto et al., 2009). Although, the
resulting cells are similar in morphology, they are different at the
molecular levels especially gene expression pattern. Conclusively, it

Fig. 2. Some of the epigenetic modifications occurring in ES cells and iPS cells. Either direct or indirect conversion, and the process in which the modification is
involved.
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appears that gene expression profile of iPS cells produced by many of
the current protocols just fulfil the required minimum definition of
pluripotent cells. In order to obtain an epigenetically homogenous po-
pulation of cells, a few standard procedures to examine the resulting iPS
cells has been adopted (Maherali and Hochedlinger, 2008; Daley et al.,
2009; Ellis et al., 2009).

Regrading, histone modification more similar patterns were ob-
served between these two cell types (Maherali et al., 2007). However,
Hawkins et al. (2010), observed differential histone modifications in
genes unique to iPS cells, which are different from ES cells. In conclu-
sion, most of differences between iPS and ES cells could be due to an
incomplete erasure of parental epigenetic memory in somatic cells.
These events result in incomplete inactivation of some genes, in-
sufficient activation of the whole set of stemness-related genes and
accumulation of genomic mutations, either in the original somatic cells
or in the stem cell population during de-differentiation process.
Therefore, after pre-assessment of somatic cells for selecting cells with
minimum number of undesirable mutations, complete erasure of epi-
genetic memories of the original somatic cells and activation of all
necessary stemness –related gene sets are required to get a more
homogenous stem cell population.

7. Genome imprinting in stem cells

To add another level of complexity, unexpectedly imprinting loci
appears to behave differently in iPS cells when compared to ES cells,
even when both ES and iPS cells are from identical genetic backgrounds
(Stadtfeld et al., 2010). Such imprinting defects could result in impaired
development (Takahashi et al., 2009) and need to be addressed care-
fully. Activation of one such loci in mice (Dlk1-Dio3 region) correlates
with pluripotency levels of mouse stem cells (Liu et al., 2010), however,
it has not been confirmed in human iPS cells. Additionally, as men-
tioned in the previous sections, inactivation and reactivation of X-
chromosome add another layer of complexity to the dissimilarity be-
tween iPS and ES cells. For example, it has been found that only in some
of the iPSC lines, the X-chromosome activate upon reprogramming
(Bruck and Benvenisty, 2011). While, majority of studies observed
persistence X-chromosome inactivation. Apparently, partial epigenetic
modifications result in production of iPS cells that could be stable for a
limited number of passages (Hanna et al., 2010), and behave differently
afterwards. These findings suggest that imprinted genes should be in-
dividually analysed in iPS cells, because such genes are involved in
many fundamental developmental processes.

8. Future perspective

While it has been constituted that epigenetic modifications play
major role in production, maintenance and differentiation of stem cells,
inclusion of epigenetic modifiers in all steps may be required in order to
obtain reliable resources of iPS cells for regenerative medicine. For
production of iPS cells, the ideal protocol should address two epigenetic
related issues. First it should include a step to remove all somatic cell
epigenetic signatures, reactivate the inactivated X-chromosome and
handle the imprinted loci. To achieve the best results, a pre-quality
control step is required to choose those initial somatic cells that are able
to reset their epigenetic memories to a basal level. Next, the protocol
should include a step to maintain epigenetic status of iPS cells. As such
the resulting iPS cells should be able to gain epigenetic memories of the
target somatic cells. Therefore, it is required that a comprehensive,
general protocol to be developed and implemented in all labs to assess
the primary somatic cells and the resultant iPS cells for their epigenetic
status.

During all these steps, cell sorting and selection based on the epi-
genetic marks might be required to carry the best cells to the next step.
High throughput single-cell RNA-Seq and epigenome analysis could be
used to assess the gene expression status of the cells. As such, the

optimum protocol should meet all required criteria and not just some of
them in order to produce high-quality iPS cells for regenerative medi-
cine.

Even though, precision medicine aims at producing patient-derived
iPS cells, in many cases it might not be possible due to some imbedded
genomic alteration affecting erasure of epigenetic memory of patient
somatic cells. Therefore, in the coming years, more focus would be
given to find a common ground in epigenetics manipulation of somatic
and stem cells that could be used for regenerative medicine.

Conflicts of interest

The author declares that there is no conflict of interest exist.

Funding

This work has not received any specific funding from any sources.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/j.gep.2018.04.001.

References

Amador-Arjona, A., Cimadamore, F., Huang, C.-T., Wright, R., Lewis, S., Gage, F.H.,
Terskikh, A.V., 2015. SOX2 primes the epigenetic landscape in neural precursors
enabling proper gene activation during hippocampal neurogenesis. Proc. Natl. Acad.
Sci. Unit. States Am. 112, E1936–E1945.

Avgustinova, A., Benitah, S.A., 2016. Epigenetic control of adult stem cell function. Nat.
Rev. Mol. Cell Biol. 17, 643–658.

Bannister, A.J., Kouzarides, T., 2011. Regulation of chromatin by histone modifications.
Cell Res. 21, 381–395.

Bannister, A.J., Schneider, R., Kouzarides, T., 2002. Histone methylation. Cell 109,
801–806.

Barakat, T.S., Ghazvini, M., de Hoon, B., et al., 2015. Stable X chromosome reactivation in
female human induced pluripotent stem cells. Stem Cell Rep. 4, 199–208.

Barrera, L.O., Li, Z., Smith, A.D., et al., 2008. Genome-wide mapping and analysis of
active promoters in mouse embryonic stem cells and adult organs. Genome Res. 18,
46–59.

Bell, R.E., Golan, T., Sheinboim, D., et al., 2016. Enhancer methylation dynamics con-
tribute to cancer plasticity and patient mortality. Genome Res. 26, 601–611.

Berdasco, M., Esteller, M., 2011. DNA methylation in stem cell renewal and multipotency.
Stem Cell Res. Ther. 2, 42. https://doi.org/10.1186/scrt83.

Bhanu, N.V., Sidoli, S., Garcia, B.A., 2016. Histone modification profiling reveals differ-
ential signatures associated with human embryonic stem cell self-renewal and dif-
ferentiation. Proteomics 16, 448–458.

Bibikova, M., Laurent, L.C., Ren, B., et al., 2008. Unraveling epigenetic regulation in
embryonic stem cells. Cell Stem Cell. 2, 123–134.

Bilic, J., Belmonte, J.C.I., 2012. Concise review: induced pluripotent stem cells versus
embryonic stem cells: close enough or yet too far apart? Stem Cell. 30, 33–41.

Bird, A.P., Wolffe, A.P., 1999. Methylation-induced repression–belts, braces, and chro-
matin. Cell 99, 451–454.

Borrelli, E., Nestler, E.J., Allis, C.D., Sassone-Corsi, P., 2008. Decoding the epigenetic
language of neuronal plasticity. Neuron 60, 961–974.

Broccoli, V., Colasante, G., Sessa, A., Rubio, A., 2015. Histone modifications controlling
native and induced neural stem cell identity. Curr. Opin. Genet. Dev. 34, 95–101.

Bruck, T., Benvenisty, N., 2011. Meta-analysis of the heterogeneity of X chromosome
inactivation in human pluripotent stem cells. Stem Cell Res. 6, 187–193.

Calo, E., Wysocka, J., 2013. Modification of enhancer chromatin: what, how and why?
Mol. Cell. 49. https://doi.org/10.1016/j.molcel.2013.1001.1038.

Cantone, I., Bagci, H., Dormann, D., et al., 2016. Ordered chromatin changes and human
X chromosome reactivation by cell fusion-mediated pluripotent reprogramming. Nat.
Commun. 7. https://doi.org/10.1038/ncomms12354.

Chang, B., Chen, Y., Zhao, Y., Bruick, R.K., 2007. JMJD6 is a histone arginine de-
methylase. Science 318, 444–447.

Chin, M.H., Mason, M.J., Xie, W., et al., 2009. Induced pluripotent stem cells and em-
bryonic stem cells are distinguished by gene expression signatures. Cell Stem Cell. 5,
111–123.

Choi, K.-H., Park, J.-K., Son, D., Hwang, J.Y., Lee, D.-K., Ka, H., Lee, C.-K., 2016.
Reactivation of endogenous genes and epigenetic remodeling are barriers for gen-
erating transgene-free induced pluripotent stem cells in pig. PLoS One 11 e0158046.

Cotton, A.M., Price, E.M., Jones, M.J., et al., 2015. Landscape of DNA methylation on the
X chromosome reflects CpG density, functional chromatin state and X-chromosome
inactivation. Hum. Mol. Genet. 24, 1528–1539.

Cuthbert, G.L., Daujat, S., Snowden, A.W., et al., 2004. Histone deimination antagonizes
arginine methylation. Cell 118, 545–553.

Daley, G.Q., Lensch, M.W., Jaenisch, R., et al., 2009. Broader implications of defining

R. Godini et al. Gene Expression Patterns 29 (2018) 1–9

7

http://dx.doi.org/10.1016/j.gep.2018.04.001
http://dx.doi.org/10.1016/j.gep.2018.04.001
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref1
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref1
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref1
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref1
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref2
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref2
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref3
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref3
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref4
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref4
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref5
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref5
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref6
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref6
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref6
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref7
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref7
https://doi.org/10.1186/scrt83
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref9
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref9
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref9
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref10
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref10
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref11
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref11
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref12
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref12
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref13
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref13
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref14
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref14
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref15
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref15
https://doi.org/10.1016/j.molcel.2013.1001.1038
https://doi.org/10.1038/ncomms12354
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref18
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref18
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref19
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref19
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref19
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref20
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref20
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref20
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref21
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref21
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref21
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref22
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref22
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref23


standards for the pluripotency of iPS cells. Cell Stem Cell. 4, 200–201.
Dandulakis, M.G., Meganathan, K., Kroll, K.L., et al., 2016. Complexities of X chromo-

some inactivation status in female human induced pluripotent stem cells—a brief
review and scientific update for autism research. J. Neurodev. Disord. 8 (22).
https://doi.org/10.1186/s11689-016-9155-8.

Dawson, M.A., Bannister, A.J., Gottgens, B., et al., 2009. JAK2 phosphorylates histone
H3Y41 and excludes HP1[agr] from chromatin. Nature 461, 819–822.

Deindl, S., Hwang, W.L., Hota, S.K., Blosser, T.R., Prasad, P., Bartholomew, B., Zhuang,
X., 2013. ISWI remodelers slide nucleosomes with coordinated multi-base-pair entry
steps and single-base-pair exit steps. Cell 152, 442–452.

Do, J.T., Han, D.W., Gentile, L., et al., 2009. Reprogramming of Xist against the plur-
ipotent state in fusion hybrids. J. Cell Sci. 122, 4122–4129.

Dovey, O.M., Foster, C.T., Cowley, S.M., 2010. Histone deacetylase 1 (HDAC1), but not
HDAC2, controls embryonic stem cell differentiation. Proc. Natl. Acad. Sci. U.S.A.
107, 8242–8247.

Ellis, J., Bruneau, B.G., Keller, G., et al., 2009. Alternative induced pluripotent stem cell
characterization criteria for in vitro applications. Cell Stem Cell. 4, 198–199.

Ernst, J., Kheradpour, P., Mikkelsen, T.S., et al., 2011. Systematic analysis of chromatin
state dynamics in nine human cell types. Nature 473, 43–49.

Freberg, C.T., Dahl, J.A., Timoskainen, S., Collas, P., 2007. Epigenetic reprogramming of
OCT4 and NANOG regulatory regions by embryonal carcinoma cell extract. Mol. Biol.
Cell 18, 1543–1553.

Geens, M., Seriola, A., Barbé, L., et al., 2016. Female human pluripotent stem cells rapidly
lose X chromosome inactivation marks and progress to a skewed methylation pattern
during culture. Mol. Hum. Reprod. 22, 285–298.

Ghosh, Z., Wilson, K.D., Wu, Y., et al., 2010. Persistent donor cell gene expression among
human induced pluripotent stem cells contributes to differences with human em-
bryonic stem cells. PLoS One 5 e8975. https://doi.org/10.1371/journal.pone.
0008975.

Gibney, E.R., Nolan, C.M., 2010. Epigenetics and gene expression. Heredity 105, 4–13.
Golob, J.L., Paige, S.L., Muskheli, V., Pabon, L., Murry, C.E., 2008. Chromatin remodeling

during mouse and human embryonic stem cell differentiation. Dev. D 237,
1389–1398.

Greer, E.L., Shi, Y., 2012. Histone methylation: a dynamic mark in health, disease and
inheritance. Nat. Rev. Genet. 13, 343–357.

Guo, H., Hu, B., Yan, L., et al., 2016. DNA methylation and chromatin accessibility
profiling of mouse and human fetal germ cells. Cell Res. 2, 165–183.

Guyochin, A., Maenner, S., Chu, E.T.J., et al., 2014. Live cell imaging of the nascent
inactive X chromosome during the early differentiation process of naive ES cells to-
wards Epiblast stem cells. PLoS One 9 e116109. https://doi.org/10.1371/journal.
pone.0116109.

Hanna, J., Cheng, A.W., Saha, K., et al., 2010. Human embryonic stem cells with biolo-
gical and epigenetic characteristics similar to those of mouse ES cells. Proc. Natl.
Acad. Sci. Unit. States Am. 107, 9222–9227.

Harikumar, A., Meshorer, E., 2015. Chromatin remodeling and bivalent histone mod-
ifications in embryonic stem cells. EMBO Rep. 16, 1609–1619.

Hattori, N., Nishino, K., Ko, Y.-g., Hattori, N., Ohgane, J., Tanaka, S., Shiota, K., 2004.
Epigenetic control of mouse Oct-4 gene expression in embryonic stem cells and tro-
phoblast stem cells. J. Biol. Chem. 279, 17063–17069.

Hawkins, R.D., Hon, G.C., Lee, L.K., et al., 2010. Distinct epigenomic landscapes of
pluripotent and lineage-committed human cells. Cell Stem Cell. 6, 479–491.

Hayashi, K., Sasamura, H., Nakamura, M., Azegami, T., Oguchi, H., Sakamaki, Y., Itoh, H.,
2014. KLF4-dependent epigenetic remodeling modulates podocyte phenotypes and
attenuates proteinuria. J. Clin. Invest. 124, 2523–2537.

Heyn, H., Vidal, E., Ferreira, H.J., et al., 2016. Epigenomic analysis detects aberrant
super-enhancer DNA methylation in human cancer. Genome Biol. 17 (11). https://
doi.org/10.1186/s13059-016-0879-2.

Ho, L., Ronan, J.L., Wu, J., et al., 2009. An embryonic stem cell chromatin remodeling
complex, esBAF, is essential for embryonic stem cell self-renewal and pluripotency.
Proc. Natl. Acad. Sci. U.S.A. 106, 5181–5186.

Hon, G.C., Rajagopal, N., Shen, Y., et al., 2013. Epigenetic memory at embryonic en-
hancers identified in DNA methylation maps from adult mouse tissues. Nat. Genet.
45, 1198–1206.

Hota, S.K., Bruneau, B.G., 2016. ATP-dependent chromatin remodeling during mamma-
lian development. Development 143, 2882–2897.

Huang, B., Li, G., Jiang, X.H., 2015. Fate determination in mesenchymal stem cells: a
perspective from histone-modifying enzymes. Stem Cell Res. Ther. 6, 35. https://doi.
org/10.1186/s13287-015-0018-0.

Jeong, J., Kim, K.N., Chung, M.S., Kim, H.J., 2016. Functional comparison of human
embryonic stem cells and induced pluripotent stem cells as sources of hepatocyte-like
cells. Tissue Eng. Regen. Med. 13, 740–749.

Keenen, B., de la Serna, I.L., 2009. Chromatin remodeling in embryonic stem cells: reg-
ulating the balance between pluripotency and differentiation. J. Cell. Physiol.
219, 1–7.

Kim, J.S., Choi, H.W., Araúzo-Bravo, M.J., et al., 2015. Reactivation of the inactive X
chromosome and post-transcriptional reprogramming of Xist in iPSCs. J. Cell Sci.
128, 81–87.

Kuppusamy, K.T., Sperber, H., Ruohola-Baker, H., 2013. MicroRNA regulation and role in
stem cell maintenance, cardiac differentiation and hypertrophy. Curr. Mol. Med. 13
(5), 757–764.

Lewitzky, M., Yamanaka, S., 2007. Reprogramming somatic cells towards pluripotency by
defined factors. Curr. Opin. Biotechnol. 18, 467–473.

Li, E., Beard, C., Jaenisch, R., 1993. Role for DNA methylation in genomic imprinting.
Nature 366 362–365.26.

Lim, D.H.K., Maher, E.R., 2010. DNA methylation: a form of epigenetic control of gene
expression. Obstet. Gynaecol. 12, 37–42.

Lin, S.H., Wang, J., Saintigny, P., et al., 2014. Genes suppressed by DNA methylation in
non-small cell lung cancer reveal the epigenetics of epithelial–mesenchymal transi-
tion. BMC Genom. 15, 1079.

Liu, L., Luo, G.Z., Yang, W., et al., 2010. Activation of the imprinted Dlk1-Dio3 region
correlates with pluripotency levels of mouse stem cells. J. Biol. Chem. 285,
19483–19490.

Luo, R.X., Dean, D.C., 1999. Chromatin remodeling and transcriptional regulation. J.
Natl. Cancer Inst. 91, 1288–1294.

Ma, A.N., Wang, H., Guo, R., et al., 2014. Targeted gene suppression by inducing de novo
DNA methylation in the gene promoter. Epigenet. Chromatin 7, 20. https://doi.org/
10.1186/1756-8935-7-20.

Maherali, N., Hochedlinger, K., 2008. Guidelines and techniques for the generation of
induced pluripotent stem cells. Cell Stem Cell. 3, 595–605.

Maherali, N., Sridharan, R., Xie, W., et al., 2007. Directly reprogrammed fibroblasts show
global epigenetic remodeling and widespread tissue contribution. Cell Stem Cell. 1,
55–70.

Mallon, B.S., Hamilton, R.S., Kozhich, O.A., et al., 2014. Comparison of the molecular
profiles of human embryonic and induced pluripotent stem cells of isogenic origin.
Stem Cell Res. 12, 376–386.

Marchetto, M.C.N., Yeo, G.W., Kainohana, O., et al., 2009. Transcriptional signature and
memory retention of human-induced pluripotent stem cells. PLoS One 4 e7076.

Mattout, A., Cabianca, D.S., Gasser, S.M., 2015. Chromatin states and nuclear organiza-
tion in development — a view from the nuclear lamina. Genome Biol. 16, 174.
https://doi.org/10.1186/s13059-015-0747-5.

Minina, Y.M., Zhdanova, N.S., Shilov, A.G., Tolkunova, E.N., Liskovykh, M.A., Tomilin,
A.N., 2010. Chromosomal instability of mouse pluripotent cells cultured in vitro. Cell
Tissue Biol. 4, 223–227.

Minkovsky, A., Patel, S., Plath, K., 2012. Pluripotency and the transcriptional inactivation
of the female mammalian X chromosome. Stem Cell. 30, 48–54.

Moarii, M., Boeva, V., Vert, J.P., Reyal, F., 2015. Changes in correlation between pro-
moter methylation and gene expression in cancer. BMC Genom. 16, 873. https://doi.
org/10.1186/s12864-015-1994-2.

Nagamori, I., Kobayashi, H., Shiromoto, Y., et al., 2015. Comprehensive DNA methylation
analysis of retrotransposons in male germ cells. Cell Rep. 12, 1541–1547.

Narlikar, G.J., Sundaramoorthy, R., Owen-Hughes, T., 2013. Mechanisms and functions of
ATP-dependent chromatin-remodeling enzymes. Cell 154, 490–503.

Navarro, P., Chambers, I., Karwacki-Neisius, V., et al., 2008. Molecular coupling of Xist
regulation and pluripotency. Science 321, 1693–1695.

Nowak, S.J., Aihara, H., Gonzalez, K., Nibu, Y., Baylies, M.K., 2012. Akirin links twist-
regulated transcription with the brahma chromatin remodeling complex during
embryogenesis. PLoS Genet. 8 (3) e1002547.

Okita, K., Ichisaka, T., Yamanaka, S., 2007. Generation of germline-competent induced
pluripotent stem cells. Nature 448, 313–317.

Papp, B., Plath, K., 2011. Reprogramming to pluripotency: stepwise resetting of the
epigenetic landscape. Cell Res. 21, 486–501.

Patel, S., Bonora, G., Sahakyan, A., et al., 2017. Human embryonic stem cells do not
change their X inactivation status during differentiation. Cell Rep. 18, 54–67.

Paulsen, M., Ferguson-Smith, A.C., 2001. DNA methylation in genomic imprinting, de-
velopment, and disease. J. Pathol. 195, 97–110.

Perez-Lluch, S., Blanco, E., Tilgner, H., et al., 2015. Absence of canonical marks of active
chromatin in developmentally regulated genes. Nat. Genet. 47, 1158–1167.

Pisanic, I.T.R., Athamanolap, P., Wang, T.H., 2017. Defining, distinguishing and detecting
the contribution of heterogeneous methylation to cancer heterogeneity. Semin. Cell
Dev. Biol. 64, 5–17.

Prilutsky, D., Palmer, N.P., Smedemark-Margulies, N., et al., 2014. iPSC-derived neurons
as a higher-throughput readout for autism: promises and pitfalls. Trends Mol. Med.
20, 91–104.

Rossetto, D., Avvakumov, N., Côté, J., 2012. Histone phosphorylation: a chromatin
modification involved in diverse nuclear events. Epigenetics 7, 1098–1108.

Rugg-Gunn, P.J., Cox, B.J., Ralston, A., Rossant, J., 2010. Distinct histone modifications
in stem cell lines and tissue lineages from the early mouse embryo. Proc. Natl. Acad.
Sci. U.S.A. 107, 10783–10790.

Sawicka, A., Seiser, C., 2012. Histone H3 phosphorylation – a versatile chromatin mod-
ification for different occasions. Biochimie 94, 2193–2201.

Sawicka, A., Seiser, C., 2014. Sensing core histone phosphorylation — a matter of perfect
timing. Biochim. Biophys. Acta 1839, 711–718.

Schlosberg, C.E., VanderKraats, N.D., Edwards, J.R., 2017. Modeling complex patterns of
differential DNA methylation that associate with gene expression changes. Nucleic
Acids Res. 45, 5100–5111.

Senner, C.E., Krueger, F., Oxley, D., Andrews, S., Hemberger, M., 2012. DNA methylation
profiles define stem cell identity and reveal a tight embryonic–extraembryonic
lineage boundary. Stem Cell. 30, 2732–2745.

Sharp, A.J., Stathaki, E., Migliavacca, E., et al., 2011. DNA methylation profiles of human
active and inactive X chromosomes. Genome Res. 21, 1592–1600.

Sheaffer, K.L., Kim, R., Aoki, R., et al., 2014. DNA methylation is required for the control
of stem cell differentiation in the small intestine. Genes Dev. 28, 652–664.

Shi, Y., Lan, F., Matson, C., et al., 2004. Histone demethylation mediated by the nuclear
amine oxidase homolog LSD1. Cell 119, 941–953.

Sikorska, M., Sandhu, J.K., Deb-Rinker, P., Jezierski, A., LeBlanc, J., Charlebois, C.,
Ribecco-Lutkiewicz, M., Bani-Yaghoub, M., Walker, P.R., 2008. Epigenetic mod-
ifications of SOX2 enhancers, SRR1 and SRR2, correlate with in vitro neural differ-
entiation. J. Neurosci. Res. 86, 1680–1693.

Singer, Z.S., Yong, J., Tischler, J., et al., 2014. Dynamic heterogeneity and DNA methy-
lation in embryonic stem cells. Mol. Cell. 55, 319–331.

Srinageshwar, B., Maiti, P., Dunbar, G.L., Rossignol, J., 2016. Role of epigenetics in stem
cell proliferation and differentiation: implications for treating neurodegenerative

R. Godini et al. Gene Expression Patterns 29 (2018) 1–9

8

http://refhub.elsevier.com/S1567-133X(18)30001-2/sref23
https://doi.org/10.1186/s11689-016-9155-8
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref25
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref25
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref26
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref26
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref26
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref27
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref27
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref29
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref29
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref29
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref30
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref30
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref31
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref31
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref32
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref32
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref32
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref33
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref33
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref33
https://doi.org/10.1371/journal.pone.0008975
https://doi.org/10.1371/journal.pone.0008975
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref35
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref36
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref36
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref36
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref37
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref37
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref38
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref38
https://doi.org/10.1371/journal.pone.0116109
https://doi.org/10.1371/journal.pone.0116109
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref40
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref40
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref40
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref41
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref41
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref42
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref42
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref42
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref43
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref43
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref44
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref44
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref44
https://doi.org/10.1186/s13059-016-0879-2
https://doi.org/10.1186/s13059-016-0879-2
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref46
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref46
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref46
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref47
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref47
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref47
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref48
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref48
https://doi.org/10.1186/s13287-015-0018-0
https://doi.org/10.1186/s13287-015-0018-0
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref50
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref50
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref50
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref51
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref51
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref51
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref52
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref52
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref52
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref111
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref111
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref111
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref53
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref53
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref54
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref54
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref55
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref55
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref56
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref56
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref56
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref58
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref58
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref58
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref59
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref59
https://doi.org/10.1186/1756-8935-7-20
https://doi.org/10.1186/1756-8935-7-20
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref61
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref61
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref62
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref62
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref62
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref63
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref63
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref63
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref64
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref64
https://doi.org/10.1186/s13059-015-0747-5
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref66
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref66
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref66
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref67
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref67
https://doi.org/10.1186/s12864-015-1994-2
https://doi.org/10.1186/s12864-015-1994-2
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref69
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref69
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref70
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref70
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref71
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref71
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref72
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref72
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref72
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref73
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref73
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref74
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref74
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref75
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref75
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref76
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref76
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref77
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref77
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref78
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref78
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref78
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref79
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref79
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref79
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref80
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref80
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref81
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref81
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref81
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref82
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref82
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref83
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref83
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref84
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref84
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref84
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref85
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref85
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref85
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref86
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref86
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref87
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref87
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref88
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref88
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref89
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref89
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref89
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref89
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref90
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref90
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref91
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref91


diseases. Int. J. Mol. Sci. 17, 1–15.
Stadtfeld, M., Apostolou, E., Akutsu, H., et al., 2010. Aberrant silencing of imprinted

genes on chromosome 12qF1 in mouse induced pluripotent stem cells. Nature 465,
175–181.

Surani, M.A., Hayashi, K., Hajkova, P., 2007. Genetic and epigenetic regulators of plur-
ipotency. Cell 128, 747–762.

Suzuki, M.M., Bird, A., 2008. DNA methylation landscapes: provocative insights from
epigenomics. Nat. Rev. Genet. 9, 465–476.

Syed, K.M., Joseph, S., Mukherjee, A., Majumder, A., Teixeira, J.M., Dutta, D., Pillai,
M.R., 2016. Histone chaperone APLF regulates induction of pluripotency in murine
fibroblasts. J. Cell Sci. 129, 4576–4591.

Takahashi, K., Yamanaka, S., 2006. Induction of pluripotent stem cells from mouse em-
bryonic and adult fibroblast cultures by defined factors. Cell 126, 663–676.

Takahashi, N., Okamoto, A., Kobayashi, R., et al., 2009. Deletion of Gtl2, imprinted non-
coding RNA, with its differentially methylated region induces lethal parent-origin-
dependent defects in mice. Hum. Mol. Genet. 18, 1879–1888.

Tchieu, J., Kuoy, E., Chin, M.H., et al., 2010. Female human iPS cells retain an inactive X-
chromosome. Cell Stem Cell. 7, 329–342.

Tjeertes, J.V., Miller, K.M., Jackson, S.P., 2009. Screen for DNA-damage-responsive his-
tone modifications identifies H3K9Ac and H3K56Ac in human cells. EMBO J. 28,
1878–1889.

Vaskova, E.A., Stekleneva, A.E., Medvedev, S.P., Zakian, S.M., 2013. Epigenetic memory"
phenomenon in induced pluripotent stem cells. Acta Nat. 4, 15–21.

Wagner, J.R., Busche, S., Ge, B., et al., 2014. The relationship between DNA methylation,
genetic and expression inter-individual variation in untransformed human fibro-
blasts. Genome Biol. 15, R37. https://doi.org/http://dx.doi.org/10.1186/gb-2014-
15-2-r37.

Wang, Y., Wysocka, J., Sayegh, J., et al., 2004. Human PAD4 regulates histone arginine
methylation levels via demethylimination. Science 306, 279–283.

Wang, G.G., Allis, C.D., Chi, P., 2007. Chromatin remodeling and cancer, part II: ATP-
dependent chromatin remodeling. Trends Mol. Med. 13, 373–380.

Wernig, M., Meissner, A., Foreman, R., et al., 2007. In vitro reprogramming of fibroblasts
into a pluripotent ES-cell-like state. Nature 448, 318–324.

Whetstine, J.R., Nottke, A., Lan, F., et al., 2006. Reversal of histone lysine trimethylation
by the JMJD2 family of histone demethylases. Cell 125, 467–481.

Williams, L.H., Kalantry, S., Starmer, J., Magnuson, T., 2011. Transcription precedes loss
of Xist coating and depletion of H3K27me3 during X-chromosome reprogramming in
the mouse inner cell mass. Development 138, 2049–2057.

Wu, H., D’Alessio, A.C., Ito, S., et al., 2011. Genome-wide analysis of 5-hydro-
xymethylcytosine distribution reveals its dual function in transcriptional regulation
in mouse embryonic stem cells. Genes Dev. 25 (7), 679–684. http://dx.doi.org/10.
1101/gad.2036011.

Wutz, A., Jaenisch, R., 2000. A shift from reversible to irreversible X inactivation is
triggered during ES cell differentiation. Mol. Cell. 5, 695–705.

Xi, R., Xie, T., 2005. Stem cell self-renewal controlled by chromatin remodeling factors.
Science 310, 1487–1489.

Yang, J.-H., Song, T.-Y., Jo, C., Park, J., Lee, H.-Y., Song, I., Cho, E.-J., 2016. Differential
regulation of the histone chaperone HIRA during muscle cell differentiation by a
phosphorylation switch. Exp. Mol. Med. 48 e252.

Yu, J., Vodyanik, M.A., Smuga-Otto, K., et al., 2007. Induced pluripotent stem cell lines
derived from human somatic cells. Science 318, 1917–1920.

Zhou, Y., Kim, J., Yuan, X., Braun, T., 2011. Epigenetic modifications of stem cells. Circ.
Res. 109, 1067–1081.

R. Godini et al. Gene Expression Patterns 29 (2018) 1–9

9

http://refhub.elsevier.com/S1567-133X(18)30001-2/sref91
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref92
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref92
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref92
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref93
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref93
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref94
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref94
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref95
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref95
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref95
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref96
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref96
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref97
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref97
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref97
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref98
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref98
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref99
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref99
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref99
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref100
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref100
https://doi.org/http://dx.doi.org/10.1186/gb-2014-15-2-r37
https://doi.org/http://dx.doi.org/10.1186/gb-2014-15-2-r37
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref102
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref102
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref103
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref103
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref104
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref104
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref105
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref105
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref106
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref106
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref106
http://dx.doi.org/10.1101/gad.2036011
http://dx.doi.org/10.1101/gad.2036011
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref107
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref107
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref113
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref113
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref108
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref108
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref108
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref109
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref109
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref110
http://refhub.elsevier.com/S1567-133X(18)30001-2/sref110

	Epigenetic modifications in the embryonic and induced pluripotent stem cells
	Introduction
	Different types of epigenetic modification in the genome
	Histone modifications
	Histone acetylation
	Histone methylation
	Histone phosphorylation

	DNA modifications
	Chromatin modification

	The link between epigenetic modifications and gene regulation
	Epigenetic signatures in ES cells and iPS cells
	The X-chromosome inactivation in ES and iPS cells
	Comparison between epigenetic status in ES cells versus iPS cells
	Genome imprinting in stem cells
	Future perspective
	Conflicts of interest
	Funding
	Supplementary data
	References




