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Abstract

The recent discovery that a small number of defined factors are sufficient to reprogram somatic cells
into pluripotent stem cells has significantly expanded our knowledge of the plasticity of the
epigenome. In this review, we discuss some aspects of cell fate plasticity and epigenetic alterations,
with emphasis on DNA methylation during cellular reprogramming. Recent data suggests that DNA
methylation is a major barrier to induced pluripotent stem (iPS) cell reprogramming. The
demethylating agent 5-Azacytidine can enhance the efficiency of iPS cells generation and the putative
DNA demethylase protein AID can erase DNA methylation at pluripotency gene promoters allowing
cellular reprogramming. Understanding the epigenetic changes during cellular reprogramming will
enhance our understanding of stem cell biology and lead to potential therapeutic approaches.

INTRODUCTION

Mammalian development is a continuous process whereby cells gradually become more
specialized and restrict their developmental potential [1]. This begins after fertilization, with
formation of the only totipotent cell, the zygote. Through a series of divisions, increasingly
committed cells are generated, which give rise to specialized differentiated cells. In mammals,
this process is thought to be unidirectional and the epigenetic machinery is responsible for this
developmental loss of plasticity [2]. The epigenetic machinery is composed of molecules that
regulate epigenetic modifications, such as DNA methylation and histone modifications, which
are involved in heritable gene-expression patterns [3].

Although cellular differentiation is usually unidirectional in vivo, this process can be
reprogrammed and reverted in vitro. Several seminal experiments in cell fusion systems
showed that genes silenced during differentiation could be reprogrammed and re-expressed in
mammalian cells [4,5]. Over 20 years ago, Helen Blau and colleagues generated stable
heterokaryons by fusing terminally differentiated human fibroblasts with terminally
differentiated mouse muscle cells and detected synthesis of human muscle proteins in the
heterokaryons [4]. This showed that human fibroblasts retain some plasticity and in the
presence of the proper factors differentiated cells from one lineage can express genes from
another lineage (Fig. 1a). These experiments suggest that, in mammalian cells, the
differentiation process can be reprogrammed. These initial studies did not measure expression
of mouse fibroblast genes in the heterokaryons making conclusions about the directionality of
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this process difficult. Subsequent experiments fusing human cancer (HeLa) cells with mouse
muscle cells did not exhibit expression of human muscle proteins in heterokaryons [5] (Fig.
1a), suggesting that cancer cells have reduced epigenetic plasticity. This reduced plasticity
could be explained by acquisition of a more stable repressive mark and when HeLa cells were
treated with the DNA demethylating agent 5-azacytidine (5-Aza-CR) prior to fusion,
heterokaryons did express human muscle specific genes [5] (Fig. 1a). These data suggest that
DNA methylation (Box 1) isa stable epigenetic mark and a limiting factor for cellular plasticity.

Box 1: DNA Methylation

In mammalian cells, DNA methylation usually occurs at cytosine residues in CpG
dinucleotides, which are asymmetrically distributed in the genome, with CpG poor and CpG
rich regions, also called CpG islands (CGI). Approximately 60% of human gene promoters
have CGIl. DNA methylation at promoters within CGI correlates with condensed chromatin
structure and leads to gene silencing, either by directly inhibiting the interaction of
transcription factors or attracting methylated DNA-binding proteins such as MeCP2, which
recruit repressive complexes [77].

Transcriptional activity of CGI promoters is anti-correlated with DNA methylation [77]. In
addition, expression of genes without CGlI in their promoters, such as Oct4 and Nanog, is
also influenced by DNA methylation [78,79].

DNA methylation in mammalian cells is regulated by two general classes of DNA
methyltransferases (DNMTSs): maintenance DNMT1 and de novo DNMT3A and DNMT3B.
DNMTZ1, which has a higher affinity for hemimethylated DNA, is responsible for
propagation and maintenance of established DNA methylation patterns. DNMT3A/3B
prefer unmethylated and hemimethylated DNA and establish new DNA methylation
patterns early in development. These enzymes might also aid in maintenance of established
DNA methylation patterns. In addition, the catalytically inactive DNMT3L -- a homologous
protein of DNMT3A/3B -- assists the de novo methyltransferases in the germ line (Fig. 2)
[80].

In normal mammalian somatic cells, most CpG sites in non-CGl are methylated, including
repetitive elements, and methylation is thought to prevent chromatin instability. CGI usually
remain unmethylated, except for specific regions such as the inactive X-chromosome,
imprinted genes and some germ cell specific genes. Cancer cells often show genome-wide
hypomethylation and CGI-specific hypermethylation. Evidence suggests that these
abnormal DNA methylation patterns are involved in cancer initiation and progression [77,
81,82]. One caveat to the use of cell culture systems to study DNA methylation in cancer
is that the in vitro patterns might not be representative of in vivo patterns.

Methods to study DNA methylation include enzyme digestion, affinity enrichment and
sodium bisulphite treatment. Enzyme digestion uses endonucleases sensitive or insensitive
to DNA methylation. Affinity enrichment is based on enrichment of methylated DNA by
antibodies specific for 5mC or by methyl-binding proteins, such as MECP2, MBD1 and
MBD2. Sodium bisulphite deaminates unmethylated cytosines. All of these methods can
be used in locus-specific analyses when coupled with PCR techniques, or for genome-wide
analysis, combined with array hybridization or genome-wide sequencing [83].

Since these initial experiments, studies have shown that terminally differentiated somatic cells
can be reprogrammed using defined factors to generate induced pluripotent stem (iPS) cells
[6]. A significant effort is underway to uncover the regulatory mechanisms involved and it is
becoming increasingly evident that epigenetic mechanisms play a role. In this review, we
discuss advances in cellular reprogramming and regulation by the epigenetic machinery.

Trends Cell Biol. Author manuscript; available in PMC 2011 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

De Carvalho et al.

Page 3

TRANSCRIPTION FACTOR-MEDIATED REPROGRAMMING

The initial mammalian reprogramming experiments raised the question of whether it is possible
to reprogram differentiated cells using defined factors, instead of the plethora in the cell fusion
approach. Later, transduction of a single transcription factor, MyoD, was shown to be sufficient
to reprogram fibroblast and adipoblast cell lines into myoblasts [7]. Other groups confirmed
that lineage conversion was possible by expressing one or few transcription factors in
terminally differentiated cells. C/EBP« over-expression allowed lineage conversion from B
cells to macrophages [8] and introduction of Ngn3, Pdx1 and MafA was sufficient to convert
differentiated pancreatic exocrine cells into B-cells [9]. These studies suggest that “master”
genes can drive cellular reprogramming. Although lineage conversion was a major step
forward, the goal of reprogramming experiments has been to generate pluripotent cells from
differentiated cells. This goal was first achieved using nuclear transfer, which fuses the nuclei
of one differentiated cell with an enucleated oocyte [10], demonstrating that, in the presence
of myriad factors from the oocyte, nuclei of differentiated cells have sufficient plasticity to
generate a viable embryo and all terminally differentiated cell types.

An exciting breakthrough came with the discovery that four defined transcription factors, Oct4,
Sox2, KIf4 and cMyc, can generate pluripotent stem cells from fibroblasts [6]. These pluripotent
cells were called induced pluripotent stem cells (iPSCs). These cells express embryonic stem
(ES) cell markers, such as E-Ras, Cripto, Dax1, Zfp296 and Fgf4, exhibit ES cell morphology
and growth properties, differentiate into tissues from the three germ layers and can contribute
to embryonic development [6]. The first generation of iPSCs did not generate viable chimeras
when injected into blastocysts, and the endogenous Oct4 and Nanog promoters were still
methylated [6]. Subsequent experiments showed that fully reprogrammed iPSCs can be
generated by the same four pluripotent factors (Oct4, Sox2, KIf4 and cMyc) followed by
selection for endogenous expression of Oct4 and Nanog [11,12]. Fully reprogrammed iPSCs
were unmethylated at their Oct4 and Nanog promoters, generated viable chimeras and could
contribute to the germ line [11,12].

More recently, it has been shown that cell cycle control checkpoints, mediated by the INK4a-
ARF locus and p53, limit reprogramming, and disruption of these pathways enhances iPSC
generation [13,14,15,16,17]. More specialized cells are reprogrammed less efficiently than
progenitor cells, at least in the hematopoietic system [18]. Increased iPSC generation efficiency
is seen after treating cells with butyrate, vitamin C or exposure to a hypoxic environment
[19,20,21].

Due to their ability to generate virtually any cell type, and potential for use in personalized
transplantation therapy, iPSCs hold great promise in regenerative medicine. Proof of principle
studies established that iPSCs can be used therapeutically. A genetically engineered mouse
model of human sickle cell anemia was successfully treated with hematopoietic progenitor
cells derived from autologous iPSCs in which the genetic alteration had been corrected [22].
Similarly, in vitro differentiation of iPSCs into dopaminergic neurons followed by
transplantation into the brains of adult rats restored dopaminergic function and improved
behavioral symptoms in a model of Parkinson’s disease [23]. Genetic disorders can complicate
clinical use, however, as the genetic alteration must be repaired in the original donor cell before
iPS reprogramming. Fibroblasts obtained from patients with Fanconi Anemia could not be
reprogrammed to generate iPSCs, likely because of genetic instability and predisposition to
apoptosis [24]. Once the genetic defect was corrected, by inducing FANCA or FANCD2
expression, fibroblasts from patients with Fanconi Anemia generated fully reprogrammed
iPSCs [24].
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Due to the potential of iPSCs, significant attention has been paid to reprogramming technology
(Box 2) and a range of protocols exists. Currently, iPSCs can be derived from somatic cells of
all three germ layers (fibroblasts, B lymphocytes, stomach cells, liver cells, intestinal
epithelium, neural stem and progenitor cells, keratinocytes, etc.), using combinations of
transcription factors (Oct4, Sox2, KlIf4, cMyc, Nanog and Lin28) and various delivery systems
(retrovirus, lentivirus, adenovirus transduction; plasmid transfection; episomal vector and
protein transduction) [11,12,25,26,27,28 29 30 31 32 33 34 35 36 37 38 39 40,41]. The goal of
reprogramming strategies is to generate cells for clinical use. However, a significant
impediment is the tumorigenic potential of iPSCs. Approximately 20% of chimeric mice
generated from iPSCs using the original four transcription factors (Oct4, Sox2, KIf4 and
cMyc) develop tumors [12]. Without cMyc, iPSCs are obtained and chimeric mice do not
develop tumors, however iPS reprogramming efficiency is reduced. Another strategy to
minimize the use of tumorigenic transcription factors is to replace them with appropriate small
molecules during reprogramming. Treating cells with the histone deacetylase inhibitor valproic
acid compensates for the absence of cMyc [43] and treatment with the G9a histone
methyltransfearse inhibitor BIX-01294 allows reprogramming of somatic cells using only
Oct4 and KIf4 [40]. In addition, small molecules acting on signaling pathways can enhance
reprogramming efficiency. B-catenin accumulation after treating ES cells with the glycogen
synthase kinase-3 (GSK-3) inhibitor 6-bromoindirubin-3'-oxime enhances the reprogramming
of somatic cells after cell fusion [44]. In a small molecule screen, a TGF-f inhibitor, E-616452,
replaced Sox2 in reprogramming and was renamed RepSox, for replacement of Sox2 [45].

Box 2: Cellular Reprogramming as a therapeutic strategy

Embryonic Stem (ES) cells grow indefinitely and differentiate into all adult tissues, with
enormous potential for research and therapeutic applications. However, ES cells are not
genetically identical to donors and can initiate immune responses. Ethical issues also exist,
as embryos must be destroyed to obtain this cell type. The advent of iPS reprogramming
introduced a possible way around these issues.

Perhaps the most important potential application of iPS reprogramming is cell-based
therapies. Generating genetically matched pluripotent cells from terminally differentiated
donor cells avoids the problem of immunological rejection. Disorders such as spinal cord
injury, Type | diabetes, acute myocardial infarctions, and Parkinson’s disease are potential
targets for cell replacement therapy. Ethical issues are limited because embryos are not
needed.

However, several issues remain prior to their clinical use [84]. It will be necessary to
empirically determine the appropriate cell type to be reprogrammed for each patient and
iPS derivation methods need improved efficiency and safety. Tumorigenic factors and
random genomic integration of pluripotency factors must be avoided to yield clinically
suitable iPSCs. Finally, more efficient and controlled methods to propagate and differentiate
iPSCs are necessary. Once those issues are better understood, pre-clinical and clinical
studies will determine the suitability of iPSCs in regenerative medicine.

Thus, the development of iPS reprogramming technology represents a major step towards
personalized regenerative medicine and improves our knowledge about cellular plasticity and
epigenetic changes associated with cell fate.
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A major challenge of reprogramming is the extremely low efficiency (0.01-0.1%) of iPSC
generation [2]. Overcoming the epigenetic repression of pluripotency genes in differentiated
cells is difficult, and evidence suggests that the few cells that do overcome these barriers do
so due to stochastic events. iPSC reprogramming is a gradual process that takes several weeks,
and genetically identical clones selected from somatic cells infected with pluripotency factors
display heterogeneity in their ability to generate iPSCs [27]. Treating differentiated cells with
drugs to revert repressive epigenetic marks can significantly increase the efficiency of iPS
formation [37,40,43].

These data suggest that epigenetic modifications acquired during cell differentiation can lock
a cell into a differentiated phenotype. During the artificial process of iPSC reprogramming,
the robust and constant expression of pluripotency factors might induce initial changes
associated with reprogramming, giving rise to partially reprogrammed cells. To generate
iPSCs, it might then be necessary for some stochastic event to overcome the epigenetic
repression of one or more key loci. Treatment of partially reprogrammed cell lines with the
DNA methylation inhibitor 5-Aza-CR or reduction of Dnmt1 expression by siRNA or shRNA
induces a rapid and stable transition from partially to fully reprogrammed iPSCs [37].

DNA methylation is an extremely important epigenetic barrier to cellular reprogramming.
Demethylation increases iPS reprogramming efficiency and, in hypermethylated cancer cells,
allows myogenic reprogramming [5]. This raises the question whether cell types with aberrant
DNA methylation at CpG island promoters, such as cancerous [46] or aging cells [47], are
more resistant to cellular reprogramming. In mice, nuclei of leukemia, lymphoma, and breast
cancer cells support normal preimplantation development but fail to produce ES cells after
nuclear transfer [48]. iPSCs can be generated from human esophageal, stomach, colorectal,
liver, pancreatic, and cholangiocellular cancer cells, although it is not clear whether
reprogramming was complete [49]. It was recently shown that aberrant DNA methylation of
CDKN2A induced by immortalization of human embryonic lung fibroblasts followed by
extensive cell culture is reverted by iPS reprogramming. Immortalization induces DNA
methylation in a set of genes normally methylated in an age-dependent manner. Interestingly,
iPS reprogramming induced some DNA demethylation but could not restore methylation levels
seen before immortalization [50]. It will be interesting to know whether CpG islands, which
are aberrantly methylated in cancer, can be fully demethylated during iPS reprogramming.

The molecular mechanisms of DNA demethylation are largely elusive, although it has been
proposed as a passive or active process (Fig. 2). Passive DNA demethylation occurs when
maintenance methylation is impaired during DNA replication, precluding methylation of newly
synthesized DNA [51]. Active DNA demethylation depends on demethylating enzymes and
can occur independent of replication [51]. The low efficiency and time necessary for creating
iPSCs are consistent with a passive DNA demethylation model. Transcription factor binding
to regulatory elements of pluripotency genes might inhibit binding of DNA methyltransferases
and prevent methylation of newly synthesized DNA. Nuclear transfer and cell fusion
experiments, which are not accompanied by cell division, support an active and specifically
targeted DNA demethylation model, although the DNA demethylases involved are not known
[52].

To date, AID (Activation-Induced Cytidine Deaminase, also known as AICDA) is the only
enzyme that has been suggested as a DNA demethylase in mammalian reprogramming [54].
This enzyme -- a cytidine deaminase -- deaminates C to U in the DNA of immunoglobulin
genes causing somatic mutations or class switch recombination depending on the DNA repair
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pathway [55]. Although AID is expressed mainly in B cells [55], it is also expressed in
pluripotent cells like oocytes, embryonic germ cells and ES cells [56]. AID has been implicated
in global DNA demethylation in zebrafish after fertilization [57] and in mouse primordial germ
cells (PGC) [54]. It is suggested that AID-mediated DNA demethylation occurs due to
deamination of methylated cytidine residues in single stranded DNA, followed by DNA repair.
Thus, a methylated cytosine is replaced by an unmethylated one [57]. In the absence of DNA
repair, a C to T mutation may occur [56]. DNA methylation in PGC from AID null mice is
considerably lower than in ES cells and AID knock-out mice lack developmental defects,
suggesting that other unidentified factors, possibly working through different mechanisms, are
also important for demethylation. It was recently shown that XRCC1, a component of base
excision repair (BER) is associated with DNA demethylation in PGC [58].

AID is implicated in the tumorigenic process, mainly in B-cell tumors [59], possibly by
inducing chromosomal translocations and mutations in tumor suppressor genes and oncogenes
[59]. It was proposed that in normal B cells, a high-fidelity repair system might limit the
tumorigenic potential of AID and that this system fails during tumorigenesis [59].

Recently, Blau and colleagues used cell fusion to identify new epigenetic regulators [60]. This
approach allows rapid, extensive and bidirectional reprogramming. The proportion of each cell
type used in the fusion, with the excessive cell being dominant, dictates directionality [61].
The authors fused a higher proportion of mouse ES cells with human fibroblasts and studied
reprogramming in the presence of all ES cell factors (Fig. 1b). Following cell fusion, rapid
increases in human Oct4 and Nanog expression are detected, accompanied by DNA
demethylation at their promoters [60]. DNA demethylation and increased Oct4/Nanog
expression was not observed when AID expression was reduced by siRNA [60]. These data
highlight the putative DNA demethylating activity of AID and the importance of active DNA
demethylation in reprogramming. It would be interesting to know whether treatment of human
fibroblasts with demethylating drugs prior to fusion with mouse ES cells allows Oct4/Nanog
expression even in the presence of AID siRNA (Fig. 1b). AID appears to induce DNA
demethylation at specific target regions rather than globally, although the mechanism
regulating this specificity is not clear.

AID is highly expressed in oocytes [56], and DNA demethylation of specific regions of donated
nuclei is necessary for functional reprogramming by nuclear transfer [52]. Generating human
ES cell lines using nuclear transfer is significantly more efficient than generating iPSCs (4-16%
[62] vs. 0.01-0.1% [2], respectively). It is tempting to speculate that AID in the oocyte
cytoplasm during nuclear transfer demethylates key pluripotency genes in the donated nuclei.
If so, AID knockdown in oocytes should reduce nuclear transfer efficiency.

DNA methylation is clearly a key and stable mechanism in specifying cell identity. One
possibility is that AID could be used to enhance iPS efficiency by removing DNA methylation
at pluripotency genes. However, additional experiments are necessary to know whether AID
can be used without introducing mutations or translocations [63] and enhancing the
tumorigenic potential of iPSCs. DNA demethylation appears necessary in normal development
to erase epigenetic memory and allow PGC to acquire fitness for totipotency [64] Yet, iPS
reprogramming cannot completely reset genomic methylation. Low passage iPSCs harbor
residual DNA methylation patterns from their tissue of origin [65]. This suggests that a better
understanding of the epigenetic reprogramming process during normal development will
improve artificial reprogramming during iPSC generation.

Recently, another putative DNA demethylase, Tetl, was shown to revert DNA methylation
through oxidative demethylation [67], the mechanism used by JmjC enzymes to demethylate
histone substrates [68,69]. Although all three Tet family members (Tetl, Tet2 and Tet3) convert
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5mC to 5hmC, only Tetl regulates ES-cell self-renewal [66]. Tetl is necessary to maintain
Nanog expression in ES cells and Tetl knock-down represses Nanog expression, correlated
with increased DNA methylation at its promoter [66]. Conversely, during ES cell
differentiation, Tetl is repressed and associated with DNA methylation and repression of the
Nanog promoter [66]. It will be exciting to discover when Tet1 becomes expressed during iPS
reprogramming and whether it plays a role in this process. If Tet1 is only expressed when iPSCs
are fully reprogrammed it might be involved in iPS self-renewal, while expression in partially
reprogrammed iPSCs might suggest participation in active demethylation of pluripotency
genes.

EPIGENOME REPROGRAMMING

During differentiation, the epigenomic landscape undergoes dramatic alterations that are
responsible for maintaining stem cell pluripotency, generating tissue specific expression
profiles and “locking” differentiated cells into specific cell types (Fig. 3) [1]. During iPSC
reprogramming this landscape is modified to allow differentiated cells to reacquire “stemness”
potential (Fig. 3) [1]. Although iPSCs generate the same range of cell types as ES cells,
additional studies were necessary to establish their similarity at the transcriptome and
epigenome level [25,37,70,71,72]. Fully reprogrammed iPSCs are very similar, although not
identical, to ES cells in regard to gene expression profiles [37,71,72], with high expression of
pluripotency and self-renewing genes (Oct4, Nanog, Sox2, Lin28, Zic3, Fgf4,Tdgfl and
Rex1) and low expression of lineage-specifying transcription factors and developmental genes
[37]. Yet, iPSCs retain an expression signature distinct from ES cells [71]. iPSCs generated
from different tissues using different methods have similar gene expression patterns that
distinguish them from ES cells [71]. As iPSCs are passaged, their gene expression signatures
become closer to that of ES cells [71]. Interestingly, genetically identical mouse ES and iPSCs
have indistinguishable gene expression patterns, except for the imprinted DIk1-Dio3 gene
cluster [72].

The similarities and differences between ES and iPS cell gene expression patterns could be
explained by their chromatin states [25,70,71]. In ES cells, almost all CpG rich promoters are
enriched for the activation-associated H3K4 tri-methylation (H3K4me3) mark and a subset of
these are associated with the repressive H3K27me3 mark, in a so called ‘bivalent’ state [73,
74]. During differentiation, most of these ‘bivalent’ domains lose one of the two marks
becoming ‘monovalent’ [74] (Fig. 3a). After complete iPS reprogramming, approximately 80%
of these promoters reacquire the ‘bivalent” marks [37] (Fig. 3a). Furthermore, 95% of
promoters of key developmental transcription factors reacquire the ‘bivalent” marks [37].
Another study showed that 957 genes present distinguishable histone methylation signatures
between ES cells and fibroblasts and 94.4% of these genes had identical histone methylation
patterns between ES and iPSCs [25].

DNA methylation patterns in fully reprogrammed iPSCs also are similar but not identical to
ES cells [70]. Genome-wide DNA methylation analysis was done to distinguish differentiated
and pluripotent (ES and iPS) cells [70]. Oct4, Nanog and Dnmt3b promoters are differentially
methylated; they are unmethylated in ES cells, methylated in differentiated cells and partially
methylated in iPSCs [70] (Fig. 3b). Moreover, global methylation analyses, using a
methylation-sensitive restriction enzyme assay, showed that female iPS and ES cells have
similar hypomethylation patterns and randomly inactivated X chromosome displays the same
dynamics in both cell lines [25].

Another genome-wide analysis found regions of DNA hypo- and hypermethylation in iPSC
lines compared to parental fibroblasts [75], suggesting that full reprogramming requires
extensive changes in DNA methylation. Partially reprogrammed iPSCs have gene expression
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and epigenome signatures intermediate of fully reprogrammed iPSCs and differentiated cell
lines of derivation [37]. These partially reprogrammed iPSCs can re-activate genes related to
stem cell self-renewal and maintenance, but not pluripotency genes. Lineage-specific
transcription factors are incompletely repressed and they have incomplete epigenetic
remodeling, including persistent DNA hypermethylation on pluripotency promoters [37].
These data indicate that fully reprogrammed iPSCs have similar, although not identical,
chromatin structure to ES cells. More work is necessary to understand the fundamental
mechanisms that regulate differentiation, reprogramming and pluripotency.

CONCLUDING REMARKS

Since the early cell fusion experiments, great improvements have been achieved in our
understanding of epigenetic mechanisms underlying cellular plasticity. Yet questions remain:
What events are responsible for overcoming DNA methylation of pluripotency genes during
reprogramming? Does AID or another putative DNA demethylase play a role? What are the
requirements for DNA demethylation during iPSC reprogramming? Although non-CpG island
genes, such as Oct4 and Nanog can be demethylated, it is unclear what happens at methylated
CpG rich regions. Can CpG islands be demethylated during iPS reprogramming? In cancer
cells several CpG islands become de-novo methylated (Fig. 3a), raising the question of whether
cancer cells are more difficult to reprogram.

To date, three approaches have been used to induce reprogramming. Cell fusion can rapidly,
easily and efficiently induce reactivation of tissue-specific genes or pluripotency factors by
generating non-proliferating mixed-species heterokaryons. This is a powerful system for
understanding the molecular mechanisms of nuclear plasticity, but it is not suitable for clinical
use. Nuclear transfer, on the other hand, generates ES cells useful in studying early
developmental biology and in therapeutic applications, although ethical concerns exist. Finally,
iPSC technology yields pluripotent cells for clinical use without ethical concerns, and can be
used to model human diseases and screen potential new treatments [76].

Understanding the molecular mechanisms by which terminally differentiated cells are
reprogrammed to generate pluripotent cells will shed light on developmental epigenetic
changes, the stability of epigenetic marks, and how they influence the epigenome. Identifying
the molecules and events that dynamically change the epigenetic landscape will allow
improvement of epigenetic therapies (Box 2).
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Figure 1. Cell fusion experiments showing the importance of DNA methylation as an epigenetic
barrier for reprogramming

() Human fibroblasts can be fused with mouse muscle cells to generate heterokaryons and the
plethora of muscle transcription factors can induce the expression of human muscle genes that
were repressed in fibroblasts. On the other hand, the fusion of HeLa human cancer cells with
murine muscle cells cannot induce human muscle genes unless treated with the demethylating
drug 5-Azacytidine prior to cell fusion [4,5]. (TF): transcription factor.

(b) Human fibroblasts can also be fused with murine ES cells to generate heterokaryons and
the factors present in the ES cells can reprogram the human Oct4 and Nanog promoters, causing
DNA demethylation and gene expression. On the other hand, this reprogramming cannot occur
when the mouse putative DNA demethylase, AID is silenced by RNA.I [60].
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Figure 2. DNA methylation and demethylation

De novo DNA methylation patterns are established by catalytically active methyltransferases
DNMT3A and DNMT3B. This process is enhanced in the presence of the catalytically inactive
DNMTS3L. During replication, the original DNA methylation pattern is maintained largely by
the activity of DNMT1, with some participation by DNMT3A and DNMT3B. DNA
methylation patterns can be erased by DNA demethylation, through active or passive processes.
Active demethylation can occur by enzymatic replacement of a methylated cytosine with an
unmethylated residue without the requirement of cell division. Several enzymes, such as AID
and Tetl, are proposed to play roles as DNA demethylases. On the other hand, passive
demethylation can occur during successive replications, when the activity of maintenance DNA
methylation is abrogated. Black circles represent methylated CpG sites and open circles
represent unmethylated CpG sites.
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Figure 3. Epigenome landscaping during differentiation and carcinogenesis

(@) CpG rich regions: In embryonic stem cells, most CpG rich regions contained within
promoters are marked by H3K4me3 and can be subdivided in two groups. The first group
comprises genes that are not Polycomb targets and are usually expressed in ES cells. The second
group comprises Polycomb target genes. This group adopts a bivalent chromatin structure and
is usually repressed in ES cells. During cell differentiation, the bivalent chromatin structure
becomes monovalent and some genes retain only the H3K4me3 mark (K4) while others retain
only the H3K27me3 mark (PRC). Interestingly, during reprogramming towards pluripotency,
most of these genes reacquire the bivalent structure [73,74]. During carcinogenesis, a group
of expressed genes become de-novo repressed, either by DNA methylation (5mC
reprogramming) or by histone methylation (PRC reprogramming). In addition, another group
of genes already repressed by Polycomb gains a more stable repression by DNA methylation
(epigenetic switching) [85]. The gain of DNA methylation is usually accompanied by H3K9
methylation (K9). Black circles are methylated CpG sites and white circles are unmethylated.
(b) CpG poor regions: In ES cells, pluripotency genes located in non-CGl are marked by
H3K4me3, the CpG sites are unmethylated and the genes are expressed. During cell
differentiation, these genes gain DNA methylation, the repressive H3K9me3 mark and are not
expressed. Tissue specific genes are silenced by DNA methylation in ES cells and during
differentiation these genes are expressed in some tissues, while remaining silenced in others.
During reprogramming, this group can revert their chromatin structure, becoming very similar
to that of ES cells [70]. Black circles are methylated CpG sites and white circles are
unmethylated.
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