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Abstract

cells to an embryonic-like state by nuclear transfer

or by inducing the expression of key transeription
factors has provided ws with critical opportunities to
linearly map the epigenetic parameters that are essential
for attaining pluripotency.

B ACKGROUND: The ability to reprogram mature

CONTENT: Epigenetic reprogramming describes a switch
in gene expression of one kind of cell to that of another
vnrelated cell type. Barly studies in frog cloning provided
sommie of the Arst expermental evidence forreprogramming,
Subsequent procedures included mammalian somatic cell
nuclear transfer, cell fusion, induction of pluripotency
by ectopic gene expression, and dircct reprogramming,
Through these methods it becomes possible 1o derive one
kind of specialized cell (such as a brain cell) from another,
maore accessible tissue, such as skin in the same individual.
This has potential applications for cell replacement
without the Immunosuppression treatments commonly
required when cells are mansferred between genetically
different individuals.

SUMMARY: Reprogramming with transcription factors
offers memendous promise for the future development of
patient-specific pluripotent cells and for studies of human
disesses. The identification of optimized protocols for
the differentiation of iP5 cells and ES cells into multiple
functional cell types i vitre and their proper engraftment
i wive willl be challenged in the coming years, Given thar
the [irst small-molecule approaches aimed at activating

pluripotency genes have already been devised and that
murine iP5 cells have recently been derived by using
non-integrative transient expression strategies of the re
programming factors, we expect that human iPS cells
without permanent genetic alerations will soon be
generated.

Pluri-
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Introduction

For almost ten years, sinee 1997 when the ¢loned sheep
Dally was first announced until the advent of human
induced pluripotent stem cells (iPS cells) in 2007 (1.2),
the field has struggled with the ethical challenge posed
by the idea of creating patient-specific embryonic stem
cells (ESCs wia somatic cell nuclear transfer (SCNT) (3).
Indeed, when Takahashi er of (2007 and Yu er ol (2007)
announced the generation of human iPS cells, s collective
sigh of relief was almost audible, as the field embraced
an approsch that promised to bypass the need for human
embryos (2.4),

Manipulating cells from adult human tissue, scientists
have generated cells with the same developmental potential
us embryonic stem cells, The research opportunities these
exciting observations offer are limitless, Several guestions
about the mechanism of the reprogramming process arise
from these exciting ohservations (2.4-6).
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The cells in a multicellular organism have nominally
identical DNA sequences (and therefore the same
genetic instruction sets), yet maintain different terminal
phenotypes. This non-genetic cellular memory, which
records developmental and environmental coes (and
alternative cell states in unicellular organisms), is the
basis of epl (above) genetcs,

The lack of identified genctic determinants that fully
explain the heritability of complex traits, and the inability
o pinpoint causative genetic effects in some complex
diseases, suggest possible epigenetic explanations for
this missing information. This growing interest, along

with the desire to understand the “deprogramming” of

differentiated  cells into pluripotent{dipotent  stages,
has led to “epigenctic™ becoming shorthand for many
regilatory systems invalving DNA methylation, histone
modification, nuelecsome location, or noncoding RNA.

So what is epigenetics? An epigenetic system should
be heritable, self-perpetuating, and reversible. Epigenetic
mechanisms allow cells to adjust gene expression in
response (o environmental cues. Increased understanding
of thisarea has led to excitement in the scientific community
dbout the potential of applying epigenetic regulation to
drug discovery and new treatment options.

Epigenctic changes are not related to alterations
in DMA sequences, but instead are the result of stable
modifications to chromatin, DNA or protein conformation,
These modifications are introduced by specific enzymes
and most of the scientific Focus to date has been on histone
deacetylases and DNA methy ransfemmses—enzymes that
have roles in potentialy critical regulatory events in
mamalian gene expression,

Epigenetics is the study of hentable changes in
geng expression that occur independently of alterations
in the primary DNA sequence. Normal development
requires a carefully onchestrated epigenetic program on
both a global and gene-specifiefissue-specific Tevel (7).
Epigenetic repulation of gene expression, which refers o
stable and heritable changes in gene expression potential,
is essential for normal embryonic development and
cellular differentiation. Epigenctic mechanisms provide a
memory of developmental history of a cell, and are also
responsive to environmental inpuats. These extracellular
cues serve to direct programs of gene expression
that restrict developmental potency as the organism
proceeds from @ wtpotent single cell to a fully mature
state. Mounting experimental evidence suggests that
epigenetic modifications, either DNA methylation or post-
translational modification of histones, are functionally
reguired for establishing and mainlaining heritable states
of gene expression,
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The importance of epigenetic control in developmen-
tal regulation of stem cells supports the noton that simi-
lar mechanisms regulaie adull tissue homeostasis at the
level of adult stem cells, Altered cellular plasticity may be
a general mechanism throngh which aberrant epigenetic
programs exert their effects. Loss of epigenetic control
can lead to reduced self-renewal and accelerated aging
of stem cells, Conversely, enhanced self-renewal throngh
epimutation in tissue stem cells, or reacquisition of stem
cell expression states by faulty reprogramming mecha-
nisms are thought to represent garly events in cancer. The
imherent reversibility of these epigenctic stales provides
a potential therapeutic opportunity to reset the balance of
tissue homeostasis through these pathways (8).

iPS cells provide a unique platform to dissect
the molecular mechanisms  that underfie  epigenctic
reprogeamming. Moreover, iPS cells can teach us about
principles of normal development and discase, and might
ultimately facilitate the weatment of patients by custom-
tailored cell thempy.

Epigenome and Epigenetic

The “epigencome” comprises a range of modifications
that are imposed on the genome (DMA) and ensure the
stable mansmission of gene expression patterns without
changes to the DNA sequence. “Epigenetic disruptors™
could change gene activity and in the case of stem cells,
alter cell fate or number, causing, for example, an increased
risk of cancer { 11), “Epimutations™ arising in this way may
even pass through the germ line to the gametes, thereby
alfecting subsequent generations. D 1o their inherent
developmental plasticity. stem cells may be an ideal
reporter system Tor epigenetic perturbations. This could be
achieved by stdying loci (such as imprinted penes) that
undergo epigenetic alterations in normal development,
and monitoring their response to potentially disruptive
agenis,

In the conventional, static model, epigenetic stability
is proportional to the amount of DMNA  methylation
and histone modifications. In the dynamic model, the
steady turnover of epigenetic modifications makes the
epigenome persigently valnerable (11). Recent findings
shed some light on the mechanistic basis of this epigenstic
vulnerability and may challenge the current view of DINA
methylation as a stable epigenctic modification. DNA
methylation appears subject o constant and dynamic
turnover—ior example, through conversion of 5-methy]
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cytosine into S-hydroxymethyl cvtosine—highlighting
the possibility that DNA methylation patterns have to
be actively maintained during each cell division cycle
{9-11}.

Human genomes consist of the DMNA encoding our
genetic information, whereas epigenomes include DNA
modifications and histene modifications layered on top of
the genome. These marks comprise i part of the instructions
directing the genome 1o express genes al particular places
and fimes (12.13), Scientific undersmnding of the DNA
hardware” of the human genome is well establisbied, b
the epigenomic “software’ has not yet been systematically
investigated o a genome-wide level. A chiel hurdle for
such an endeavor is the lame number of epigenomes
even within an individual. Each of us has essentially
one genome: however, each cell type in each individual
is believed lo have a distingt epigenome that reflects its
developmental state (14). Thus, there are likely to be at
least as many human epigenomes as there are distinet cell
types in the human body.

The epigenetic state of a cell is affected by
developmental as well as environmental influences, and
both of these inputs may leave epigenetic traces that
the cell ‘remembers’ (referred to as cellular memory)
(15). Furthermore, the history of transcription and
eénvironmental influences, such as nuirition, Woxing, drogs
of abuse, infection, disease state and exposure to toxic
agents, can also dffect DNA and histone modifications
(16}, Thus, the epigenome may provide a crucial
interface between the environment and the  genome.
The stability of chrormatin changes ean vary: some may
he transient changes, whereas others are longer lasting.
Some chromatin changes are mitohcally heritable and
can affect somatic lissues, whereas others may even be
inherited through meiosis and affect the next generation
(17), Epigenetic states are also likely to be influenced by
an individual’s specific constellation of genetic variation,
however, the extent o which this i3 the case is unknown .
Thus, there is potentially an extremely large number of
possible epigenomes that could be mapped. The field of
epigenomics — the study of epigenetic changes at the level
of the genome—has changed rapidly, largely owing to
advances in DNA sequencing technology (18).

Large-scale epigenomic mapping studies have the
potential to enhance three major aseas of science: basic
gene regalatory processes, cellular differemtiation and
reprogramming, and the role of epigenetic regulation in
discase. Although chromatin medifications are becoming
better charscterized at the genome-wide level, further work
1% necessary o understand their role in nuelear processes,
such as gene regulation (19),
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Mapping of DNA methylation, histone modifications
and noncoding RNAs simultaneously in the same cell
types will allow scientists to begin to better understand the
cross-talk that ocours among these epigenetic regulatory
mechanisms. Epigenomic data sets also have remarkable
power to identify functional chromosomal regions (19).

Given the complexity involved in cellular regulation,
epigenome maps will undoubtedly reveal new principles
in the regulation of genome structure and functon (19).
Epigenetic changes are inherently more plastic and
dynamic than genetic changes and thus may be particularly
useful targets for therapeutic ntervention {20},

Epigenetics  in s ¢lassie  defimtion  describes
mitotically heritable modifications of DNA or chromatin
that do net alter the pamary necleotide sequence {21,22),
A wider definition that is still consistent with the Titeml
meaning {‘epi’; Greek for “on wp of” or “in addition 107)
would inclode stable vel reversible molecular mechanisms
that lead to a given phenolype without a change in
genotype, Epigenetic states can be mitotically inhented
and thereby provide a mechanism for the long-term
maintenance of cellular identity. Despite their stability,
however. epigenetic marks can be readily reprogrammed
experimentally using various strategies, including noclear
transfer, cell fusion and ectopic expression of transcription
factors,

Some of the interest can be explained by the
apportunity to generate large numbers of customized 1PS
cells for regenerative medicine, disease modeling and
other applications (23). From a basic research perspective,
pluripotent stem cells provide a powerful model to study
the imterplay of epigenetic modifications and dynamics
during cellular differcntiation (24),

Epigenetic Regulation

In order to fully undemstand the complexity of epigenetic
regulation and the role of these processes in normal stemy/
progenitor cell differentiation, we must first begin with
an understanding of the tools that a cell uses to control
the chromatin structure and how DNA is packaged for
function - this packaging constitutes the groundwork
of ecpigenectics. Within a cell, DNA 15 packaged mto
chromatin by wrapping 147 bp of DNA around nucleosome
compleses composed of pairs of four different histone
proteins: H2A, H2B, H3, and H4. The resulting octamer
and its surrounding DNA, or the nucleosome, is the
fundamental unit of chromatin and plays a key rolé in
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gene expression. Chromatin can be divided into two main
subtypes: first there is euchromating in which nucleosomes
are more variably spaced and linearly aman ged, and which
is more permissive for gene ranscription, The second
chromatin sublype is heterochromating which is densely

Chramaosome
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packed in terms of both nucleosome spacing along the
DNA and higher or- dearrangement of the nucleosomes,
and thus restricted for the access of transcription factors,
facilitating transcriptional repression and gene silencing
(25,26).

Figura 1. Hislone acetylabon tends to promole gene activity, wheraas hisione
methylation and DNA methylation tend inhibit # (Adapted with permission from
Meany M ef al, Amercan Association for the Advancemaent of Sclence, 2010).
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DNA methylation, along with histone modification
{acetylation, methylation, phosphorylation, ubiguitina-
tion, etc.) and miRENA regulation are considered to be
mechanisms of epigenetic regulation, Epigenetic modula-
fion changes the expression of a gene withoo! making any
changes to the DMNA. Such epigenctic differences dllow
two cells within the same organism that contan the same
genetic complement of DN A to expréss aunigue subsel of
genes and to differentiate (27).

For didactic purposes, epigenetic modifications can
be grouped into three main categories: DNA methylation,
histone modifications and nucleosome positioning, It is
important to keep in mind the interplay between epigenetic
factors—as the observed owtcome is alwavs the sum of
their imteractions—and the many positive and negative
feedback mechanisms (28).

DNA Methylation

The most widely studied epigenetic meodification in
humans 15 eytosine methylution. DN A methy lation cceurs
almost exclusively in the context of CpG dinucleotides.
The CpG dinucleotides tend to cluster in regions called
CpGislands (29). defined as regions of more than 200 bases
with & G+C content of al least 50% and a ratio of observed
to statistically expected CpG frequencies of at least 0.6,
CpGi dinucleotides are usually quite rare in manmalian
genomes (-19%), In general, CpG-island methylation is
associated with gene silencing. DNA methylation plays a
key mole in genomic imprinting, where hy permethylation
at one of the two parental alleles leads o monoallelic
expression (30). DNA methylation can inhibit gene
expression by various mechanisms, Methylated DNA can
provmate the recruitment of methy-CpG-binding domain
(MBD) proteins. MBD family members in turn recruit

Hstone post-transkational

DM A mathylation madification

Chromalin [
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histone-modifying and chromatin-remodeling complexes
te methylated sites (31,32). DNA methylation can also
directly inhibit transcription by precluding the recruitment
of DNA binding proteins from their target sites (33).

Histone modifications

Histones are key players in epigenetics. The core histones
H2A, H2B, H3 and H4 group into two H2.A-H2.B dimers
and one H3-H4 tetramer to form the nucleosome. The
core histones are predominantly globular except for their
MN-terminal tails, which are unstructured (34). Histone
HI is called the linker histone. It does not form part of
the nucleosome but binds to the inker DMNA (that 1s, the
DNA separating two histone complexes), sealing off the
nuclessome at the location where DNA enters and leaves
(35). Al histones are subject o post-transenplional
modification, Several post-transeriptional modifications
oceur in histone tails: acetylntion, methylation, phos-
phorylation, ubiguitination, SUMOylation and ADP —
ribosylation (34.36), amoeng others, Histone modifications
have important roles in tesnseriptional regulation, DNA
repair (37, DN A replication, alternative splicing (38) and
chromosome condensation | 34).

NMucleasame positioning

Mucleosomes are a barrier to transcription that blocks
access of activators and transcription factors to their sites
on DNA, at the same time they inhibit the elongation of
the transcripts by engaged polymerases. The packaging
of DNA into nucleosomes appears to affect all stages of
transeription, thereby regolating gene expression (28).
Mucleosome positioning not only determines accessibility
of the transeription factors to theirtarget DNA sequence but
has also been reported to play an important role in shaping

Remodelling Histane Mon-coding
complages yariants RNAz
g i SR Ioib L P I A L S

Figure 1. Machanisms imolved in chromatin madifications [Adapted with permission from Dulac G, Naturs Publishing Group. 2010).
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the methylation landscape (39). Besides transcription
regulation. nuclessome occupancy also participates in
directing meiotic recombination events (40).

Epigenetic changes are defined as alterstions in gene
expression that are self-perpetuating in the absence of the
onginal signal that caused them (41,42), A major class
of epigenetic mechanism is thought to involve persistent
changes in chromatin structure (Fig. 2). Most, if not
all, transcriptional regulatory events cause changes to
chromatin structure and composition, which result from
the recryitment of chromatin-moditying enzymes by
tranmscription factors and by the transcriptional machinery
ilsell, Less s known abowot whether, or under which
circumstances, chromatin mesdifications can be stably
maintained or propagated.

Plasticity and Epigenetic
Modification

Plasticity refers o the capacity of organisms or cells to
alter their phenolype in response to changes in their
environment, This property can be studied al the level of
the genome (by analyzing epigenetic modifications), the
individual cell, and the organism (during development of
the embryo or changes in behavior in adults, for example).
In contrast to previously held views, recent studies show
that cells are remarkably plastic. Revealing the molecular
and eellular mechanisms that underlie this plasticity is a
dynamic area of biology and one that holds great promise
for developing new therapies (43).

During early mammalian development as  the
pludpotent cells that give rise to all of the tssues of the
body proliferate and expand in number, they pass through
tramsition states marked by a stepwise restriction in
developmental potential and by changes in the expression
of key regulatory genes, Recent findings show that cultured
stem cell lines derived from different stazes of mouse
development can minmde these ransilion states. They
further reveal that there is a high degree of heterogeneity
and plasticity in pluripotent populations i wiero and that
these properties are modulated by extrinsic signaling (44),

Pluripotent  stem cells  have two  remarkable
properties! immortality, or the capacity for indefinite
self-renewal: and pluripodency, the abihity 1o give nsg
to all the tisspes of the adult body. The derivation of
plunpotent stem cells from the human embryo (45.46)
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(human embryome stem (ES) cells) and the development
of pluripatent stem cells Ganduced pludpotent stem (iPS)
cells) through the reprogramming (47) of adult human
cells (2,4) are seminal technological breakthroughs that
hold the promise of revolutionizing biomedical research,
Studies of the molecular basis, be it genetic or epigenstic,
of these natural and induced pluripotent states, as well as
investigations into how pluripotency is maintained and
the mechanisms of lineage commitment, are important
not only for improving the understanding of mammalian
embryogenesis and cellular differentiation but also for
developing successful stemecell-based  therapies for
regenerative medicine.

An emerging view of the stem-cell state holds that
it is not an invariant and cell-autonomous state but,
instead, should be considered as the dynamic response of
the cell lineage as a whole to the external environment
(48). The mper ¢ell mass and epiblast of the mouse
embryo, and peesumably their human eounterpans, are
dynamic cell populations whose interactions with the
extra-embryomic Gssues suwrroundimg them are crucial
fow cell-fare determination (49 50,51). These inferactions
evolve rapidly as the developmental program unfolds, and
the response of the pluripotent cells to external signals
changes swiftly within a short time frame. This dynamism
is reflected in the plasticity of plunpotent stem cell
populations in viro in response to manipulations of the
cell-calture environment.

Heterogeneity and plasticity are both features of in
pluripotent stem-cell populations that could be exploited
to aid in the propagation and directed differentiation of
cells in virro, as well as in refining strategies for cell
reprogramming (44,

An atractive candidate for the molecular mechanism
wnderlying  plasticity 15 epigenctic  modifications,
Persistent changes in chromatin structore are thought
to comfribute to mechanisms of epigenctic inheritance,
Five broad and interrelated mechanisms are known to
affect chromatin structure: DNA  methylation, histone
modification,  remodeling by chromatin-remodeling
complexes, insertion of histone variants, and the effects
of non-coding RNAs (neRMNAsE All five have been shown
to be essential contributors to the development amd cell-
fate determination of tissues. Chromatin modifications
occurring at different dme points during the life of an
organism have been associated with various short-to long-
lasting regulatory events that affect the development and
the function of the brain and other tissues (32).
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Epigenetic Modification in
Pluripotent and Differentiated Cells

In receni years, great sirides have been made in our
understanding of the biology of human ES cells and their
ability to differentiste inte multiple lineages. Although it
has always been obvious that the differentiation of stem
cells does not come abont due 1o changes 1o the primary
scquence of the genome, only now are we beginning to
understand the mechanisms involved in this process.
Chromatin modification has been shown (o control the
expression of key penes involved in the progression of
stem cells into their differentiated progeny (27).

Chromatin remodeling is an epigenetic phenomenon
that affects peae transeription within a cell and, therehy,
its phenotype. Since  differentiation of ES cells is
accomplished by changing the epigenomic profile of the
cell, it is reasonable to assume that reversing the process
will allow us to effectively derve pludpotent cells from
differentiated cells. Itis therefore eritical to understand the
various processes involved in maintaining and changing
the epigenomic profile of cells (27).

Specific epigenetic features underpin the pluripotency
of ES cells, Recent studies have demonstrated that ES cell
chromatin is in a highly dynamic state with an apparently
transient association of chromatin structural proteins,
which is reflected in the relatively decondensed chromatin
aof ES cells (53). This dynamic exchange of chromatin
prodeins, including  histones  within  intact chromatin
in ES cells, is not a function of replication, but rather
o potentinlly ES-unique mechanism whereby histone
modifications might be dynamically deposited on and of T
the chwomatin at development control genes. Moreover,
there is a general abundance of transeriptionally active
chiromatin marks such as trimethylation of lysine 4 of
histone H3 (H3K4me3) and acetylation of histone H4
(H4Ac) (54).

Genes encoding regulators of early development
are associated with bivalent chromatin domains (54, 55).
These regions have the repressive mark of trimethylation
of lysine 27 on histone H3 (H3K27me3) as well as the
H3K4me3 mark that is associated with active genes. The
presence of these opposing marks sugzests that these
genes are poised o be released from repression as soon
as ES cells will be induced to differentiate. Interestingly,
many of the regions that are bivalently marked are also
bound by the key tanscription Factors associated with
pluripotency: Oet-3/4, NManog and Sox2 (56).
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Epigenetic modiications constitite a  complex
regulatory layer on top ofthe genome sequence. Pluripotent
and differentiated cells provide a powerful system for
investigating how the epigenetic code influences cellular
fate. High-throughput sequencing of these cell types
has yielded DINA methylation maps at single-nucleotide
reselution and many genome-wide chromatin maps.
In parallel to ¢pigenome mapping cfforts, remarkable
progress has been made in our ability to manipulate cell
states; ectopic expression of transeription factors has been
shown to override developmentally established epigenetic
marks and to enable rowtine generation of induced

pluripotent stem (iP5) cells (24).

The epizenciic landscape in EX cells

Whereas genetic knockout and bochemical studies have
shed Tight om the functions of particular DNA and histone
medifications, genome-scale smdies have provided a
broader picture of the functonal relevance and roles of
epigenetic marks, Recent technological advances have led
to comprehensive maps of DNA methylation in mowse and
human pluripotent cells (37-39). Similar to the extensive
catalog of DNA methylation maps. dozens of chromatin
state maps from mouse and human pluripotent cells have
been published . Globally, ES cells show an open chromatin
structure, and active chromatin domains are widespread
{61-66) The open ES cell chromatin structure, which is
enriched in non-compact enchromatin, allows easy sccess
for transeription factors and the transeriptional machinery
and may explain observed global “hyper-transcription’.
By contrast, lincage commitment is accompanicd by
the accumulation of regions of highly condensed,
transcriptionally mactive heterochromatin (67).

Dynamic epigenctic clanges during differentiation

Pespite significant advances in mapping technologies,
it s ostll eliffienlt o investigate lineage specilication and
the associated global epigenetic remodeling for many
cell types in vivo. But the number of cells that is required
for epigenetic analysis continues to decrease, suggesting
that these exciting studies will become possible in the
near future (68 69). In the meantime, ES cells provide a
powerful in vitre system to study the role and extent of
epigenctic modification dunng lineage commitment.

Epigenctic modifications in ES cells,

Both undifferentisted and differentiated ES cells are
widely used to study epigenetic mechanisms—the former
because they express many cpigenetic modificrs and the
Iatter because they serve as a model of dynamic chromatin

99



The Indonesian Biomedical Journal, Vol.3, No.2, August 2011, p.93-109

remodeling. Functional studies have shown that most
epigenctic marks, including DNA methylation, are not
required for the survival of pluripotency marker—positive
cells in culture. Although if ES cells lacking epigenetic
marks can be miaintained, they cannot properly execute
their developmental potential.

In suwmmary, DMNA  methylation and histone
modifications seem to have distinet targets and roles in
undifferentiated ES cells. Becavse of their largely non-
overlapping functions. it may be possible to delete any
one modification without completely  disrupting  the
wndifferentiated state, It will be important o use double
and higher-order knockouts to dissect such compensatory
effects. More dynamic and genome-scale data on epigenetic
changes during ditferentiation will certainly advance our
understanding of the respective moles of these epigenetic
modifications [24).

Cell Signaling and
the Epigenetic Machinary

The genomic distributions of the three main modulators
of the cpigenome (23)—DNA methylation, histone
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medifications and nucleosome positioning—are rapidly
being elucidated scross the genomes of multiple cell types
using a growing series of sequencing-and microarray-
based technology (19.70).

Epigenetic processes will thereby regulate the
balance between stem, progenitor and mature cells
in adult and developing tissues as well as fostering
abnommal cell population states, such as in cancer (71}
As we obtain knowledge of the above genomic patterns,
we are challenged to understand what cellular signaling
processes  dictate their development and how  they
comtribute to cellular differentiation, One way o envision
dissecting this is to consider the Waddington landscape
model, as recently interpreted by several authors (72-
76). Waddington envisioned development starting with
a marble at the top of a hill and initially having the
totipotent state of a zypote cell (Fig. 3). As the totipotent
zygotic cell rolls down the hill, it—with some degree
ol stochasticity—enters a series of furrows that indoce
increasingly restrictive, more committed cell fates as the
totipotent cell changes to a multipotent adult stem cell and
then todifferentiated cells of adulttissues. This trip through
the valleys is further associated with the evolving patterns
of epigenetic states that mainfain the cell fate changes
key to each developmental and differentiation stage (73).

Environmental stimulus
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Figure 3. Depiction of potential cell signaling in Waddinglon's model of epigenstic determination of development, as interprated by
Hochedlinger and Plath (Adapted with permission from Mohammad HP, et al. Nature Publishing Group 2010);
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During cellular reprogramming toan induced pluripotent
state (iPS cells), the marble is pushed progressively back
‘uphill’ in a process that must reverse many of the mature
epigenomic modifications (71).

Stodies of the mechanisms of iP5 cell generation
hiave further clarified the need for orchestration of the
epigenetic landscape in early development. The critical
step during dedifferentiation to iP5 cells is the activation
of transcription factors thal mantain the embryonic state
and the downregulation of factors promoting cell differ-
entiation, whereas epigenetic silencing of pluripotency
genes, such as OCT4 and NANOG, is associated with the
onset of lineage commitment (75). The silencing of these
genes appears o be o molecular progression. The pres-
ence of repressive histone modifications emerges first 1o
dictate transcriptional silencing. This is then locked in by
the impasition of DMNA methylation (76-79) which further
prevents reprogramming lo the undifferentiated state (76-
T8). Studies of iP5 cell generation have identified poten-
tiad roles for the enzyme cytidine deaminase (AID) and
the Tet family of proteins as DNA demethylases for the
pluripotency genes in the final steps of converting com-
mitted cells back to ES Cell-like cells (80.81).

As genes in ES Cells onderge changes in their
epigenctic stitus, transcription factors regulate down-
stream targel genes that are eritical o the epigenetic
landscapes that evolve during development. OCT4, SOX2
and NANOG are part of 4 regulatory network that includes
their own promoters and promoters of genes that are
targets of the polycomb-group (Pe(3) proein complexaes
that mediate long-tenm gene silencing (82,535,

The Wnt pathway that is involved at all of these
stages. In terms of sopporiing pluripotency, the ligand
Wint3a can replace overgxpression of The nieclear oncogens
product, e-Myc, a key downstream target of Wit pathway
signaling, in potentiating the generation of iPS cell (Fig. 3)
[(84). Growth factors are a second major group of signaling
molecules o be considered. This class of morphogens,
crtical for appropriate development, includes bone
momphogenetic proteins, transforming growth factors
(TGFs) and fibroblast growth factors (FGFs). Specifically,
FGFs and TGFs have been shown to sustain cxpression,
by means of downstream signaling to Smad proteins,
of the pluripotency factors Octd, Sox2 and Nanog that
promote the undifferentiated potential of human ES Cells
(85). Growth factor withdrawal has been explodted o push
ES Cells toward differentiation, thus allowing inferences
with respect to the influence of growth factor signaling on
epigenelic alterations during differentiation (36,87).

The cvtokine leukemia inhibitory factor (LIF) has
been associated with supporiing the undiffereniiated siaie
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of mouse ESCs, LIF confers its signal 10 a ecascade that
results in activation of STAT3, expression of which has
been shown to be important in retention of the pluripotent
state of ESCs (88,89

The abeve examples are pathways that maintain
stemness of ES Cells, signaling cascades are also critical
to the commitment of these cells during development and
maintenance of the progenitors for various cell lincages
that emerge in development. For example, activation of
the Wnt pathway is important for the differentiation of
neuronal precursors and the specification of the forebrain
i vive (90,91, Disruption in the downstream mediator of
Wt f-catenin, results in decreased prolifemtion of neural
progenitors and defects in neuronal migration (92,.93).

Betinoie ackd signaling is also essential for neural
development and involved in specification, differentintion
and outgrowth of axons (94 Additionally, retinoic acid
can induce differentiation of human and mouse ES Cells,
and embryvomic carcinoma (BEC) cells (95). Simalarky, Notch
signaling appears critical for key stages ol development,

Finally, Sonie Hedghog {Shh) signaling is critical for
the development of many organs including the brain, the
lung and endocrine system. It promotes the appropriate
differentiation of ES Cells (96), bot has also been
implicated in self-renewal of normal stem cells,

The imposition of epigenetic states establishes
heritable activation and repression of gene transcription
through & host of asctivating or repressing histone
madifications, in some cases coupled to DNA methylation
and changes in nucleosome positioning (97). All of these
steps involve a battery of enzymes and protein complexes,
including  histene methyltransferases (HMTs), histone
scetyltransferpses (HATS), histone deactylases (HDACs),
histone  demethylases (KIDMs), histone  deacetylases,
DNA methy ltransferases (DNMTs), DNA demethylases
and nucleosome remodeling complexes (98). The activity
of all of these proteins could be regulated by signaling
molecules,

From the standpoint of Waddington's model in Figure
3, we might surmase that any envirommental signaling for
eontrol of ES Cells might influence the balance between
stemness retention and commitment. Central to this would
be the regulation of embryonic transcription factors, such
as DCT4, SOX2 and NANOG. Might then the epigenetic
control of embryonic transcription factors be influenced
by pathways such as Wnt, bone morphogenetic proteins,
TGFs, FGFs or cytokines, such as LIF?

One pathway linked to such control is Shh, which
meréases progemitor cell number in a manner dependent
upon the PeG factor, Bmil, Bmil is a component of the
PeG complex that recognizes the repressive histone mark
H3K27me3.
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Motch is another pathway that is increasingly
implicated in the control of the epigenctic landscape,
As mentioned earlier. a recent study describes a new
role for the histone demethylase, KDMS5A, as playing
an integral function in a MNotch repressor complex. This
PeG imteracting  histone  demethylase (99,1000, which
wiolthl deceease the key transeriptional activating mark,
H3K4me3, associates with the Notch nuclear effector
protein, RBP-J, in a manner ¢ssential for Notch/RBP-]
targel gene silencing (100).

The control of the balance between ES Cell stemness
and commitment also appears to involve miEMNAs and
other non-coding RNAs. Specifically, a family of c-Mye-
regulated miRMAs regulates the expression of pluripotency
and differentiation factors (102,103

Signaling may thus involve megulation of the
expression stats of non-canomical, noncoding RNAs,
adding an additional layer of complexity by which
signaling can alter cell states to ultimately promote
heritable alterations to the epigenome.

The envircnment for cell remewal —the ‘stem cell
niche'—might be imagined a5 the furrows (thoese at the
very bottom of the model) For infersction with stem and
progenitor cells in the Waddington model (104). Stem
cell niches provide special microenvironments for adult
stem cells. The signaling factors m the niche are thought
1o regulate the emgenalic mechanisms n::-”u‘msihh: for
maintaining the balance between adult stem cell self-
renewanl and lineage commtment.

Epigenetic Reprogramming and
Induced Pluripotency

Under certain experimental conditions, differentiated cells
can revert into a less differentiated state, a process termed
‘nuclear reprogramming . Examples include the generation
of pluripotent ES cells from unipotent B lymphocytes or
neurons by somatic cell nuclear ransfer (SCNT) (1{5-
L), or the derivation of pluripoent embryonic germ
(EG) cells From unipotent primordial germ cells (PGCs)
upon eell explantation (108,104, Reprogramming also
describes the conversion of one differentiated cell ty pe into
another, for instance of a B lymphocyte into a macrophage
{110}, or a fibroblast into a muscle cell (111}, following
the expression of @ single transcription factor.

The term nuclear reprogramming is wsed fo
describe either functional or molecular changes to cells

102

Print ISSN: 2085-3297, Online ISSN: 2355-9179

undergoing fate changes. When vsed as a functional term,
reprogramming describes experimentally induced, stable
changes in cell fate. It is most often used in the context
of the reprogramming of adult cells into pluripotent cells,
which can be achieved in various ways; for example, by
SCNT, by the fusion of somatic cells with pluripotent
cells, by explanting germline cells, or by the expression
of a defined set of transeripfion Factors in somatic cells
(112), Fanctional reprogramming also includes the stable
conversion of one differentiated cell type into another
by wanscoption factors; for example, the conversion
of B cells into macrophages, fibroblasts into muscle
cells or pancreatic acinar cells info [ cells, The lerms
“transdifferentiation’ and “lingage conversion' are used o
deseribe this latler type of reprogramming because it 15
unclear if it involves the de<hifferentiation of cells into a
less-differentiated progenitor cell, as it oceurs during the
reprogramming of adult cells into pluripotent cells. When
used as a molecular term, reprogramming describes the
molecular changes that cells undergo as their fate changes.
For example, during the epigenetic reprogramming
of cells, the promoter regions of pluripotency genes
undergo  demethylation following either SCNT or
induced pluripotency. Epigenetic reprogramming has
also been vsed to descrbe certain molecular changes
that occur during development, imrespective of changes
to the differentiation state of cells, such as the DNA and
histone methylation changes that ocour during germ cell
maturation (73

Kazuioshi  Takahashi  and  Shinya  Yamanaka
extended the observations that ES ¢ells contain dominant
reprogramming activity and that transeription factors are
pedent inducers of cell fate changes by identifying four
tanscription factors, Octd, Sox2, K4 and cMyce, from 24
predominanty BS cell-specific genes, that were sufficient
to reprogeam adult mouse cells (fibroblasis) inio ES-like
iP5 cells when expressed retrovirally (2.

At the molecular level, completely reprogrammed
iP5 cells show transcriptional patterns that are highly
similar to those in ES cells, as well as DNA demethylation
of the prometer regions of Qerd and Mawog and, in
female cells, the reactivation of the somatically silent X
chromosome. Moreover, iP5 cells exhibit global patterns
of histone methylation, including histones H3 lysine 4
(K43 and lysine 27 (K27) trimethylation, that are virtually
idistinguishable from those in BES cells (113-116). At
the functional level, completely reprogrammed iP5
cells produce viable chimeric mice and contmbute to the
germling, and even support the development of embryos
that are derived entirely from iP5 cells (116-118).
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.II
Figure 4. Nuciear R mming (Adapted with permission from Hochedlinger K, of al,
The Company of Elii:ﬂugiﬁ L4, 2&9‘]

Three approsches o nuclear reprogramming o
pluripotency are:

(a) Nuclear transfer

In this approach, the nucleus of a somatic cell (which
is dipleid, 2u) is transplanted into an enucleated
oocyte, In the environment of the oocyte, the somatic
cell nucleus 15 reprogrammed so that the cells derived
from it are pluripotent. From this socyle, a blastocyst
is generated. from which ES-cell lines are derived in
tissue culture. IFdevelopment is allowed to proceed to
completion, an entire cloned organism is penerited,

) Cell fiesion

In this approach, two distinet cell iypes are combined
to form a single entity, The resultant fused cells
can be heterokaryons or hybrids. IF the Fused cells
proliferste, they will become hybrids, and on division,
the nuclei fuse to become 4m (that is, twice the
number of chromesomes in a somatic cell) or greater.
If the cells are derived from the same species, their
karyotype will remain euploid (that is, they will have
balanced sets of chromosomes); however, if they are
from different species, they will be aneuploid, as
chromosomes will be lost and réarranged.

() Transcripiion factor transduction
This approach can be used to form iP5 cells, which
have similar properties i ES cells and can be generated

From almost any cell type in the body throogh the
introduction of four genes (Cerd, Soxl. K and
c-Muye) by using retroviruses, The pluripotent state is
heritably mainmined, and vast numbers of cells can
be penemted, making this approach advaniageous Tor
clinical applications (73).

An open question is how the reprogramming fnclors
induce the epigenetic changes that are associated with
reprogramming to pluripotency. The fact that KLF4 and
cMYC can be replaced by NANOG and by the RNA-
binding protein LIN2S in human fibroblast reprogramming
experiments suggests that differemt molecular pathways
can lead to reprogramming or, altematively. that these
factors perform highly similar functions during this
process. In support of the latter, LIN28 was recently
found to function as a negative regulator of microRNA
processing in ES cells, specifically of members of the
let-7 family (1[9). ceMYC represses the transcription of
similar miRNAs, suggesting that LIN2E and eMYC could
perturb the same regulatory mechanisms that contribute to
reprogramming (120).

The effect of eMyc can be partially compensated by
treating cells with either the histone deacetylase (HDAC)
inhibitor valproic acid (VPA) ora lipand of the f-catenin
pathway, Wotda (84, 121). Moreover, ¥YPA can replace
the function of both ¢MYC and KLF4 in human cell
reprogramming, such that only the expression of OCT4
and SOX2 are required 1o generate iPS cells (122),
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Reprogramming needs o inactivate the somatic cell
program and to activate the ES cell-specific transeription
progroms of self-renewal and pluripotency. One could
speculate that the reprogrmiming factors contrilute to both
functions, as they can, in ES cells, be both repressive and
activating. Thus, genes that encode somatio cell regulators
could be repressed by the hinding of the reprogramming
Factors, while self-remewal and pluripotency  genes
would be turned on. Auvtoregulatory loops, ie. the
binding of factors to their own promoters (123), could
pravide a platform on which ectopic transcription factors
can jump-start the transcription of their endogenous
counterparts to a level that is sufficient to maintain their
own expression. Furthermore, the ectopic activation of
lingage differentiation programs that has been observed
in partially reprogrammed cells might reflect a function of
K4 and S0x2 in normal development (114).

The reprogramming factors can also have more global
Functions that do not involve direct ranseoptional contmod,
which remain complately unexplored, A Few pleiotropic
functions have been suggested for cMyc, ranging from
control of initiadon of DNA replication (124) to global
effects on chromatin structure, especially on histone
acetylatiom (125), which could he important for providing
the other reprogramming Factors access Lo targel sites,

Thus, reprogramming is likely to be more complex
than a simple mode) suggests, and will imvolve a number
of different mechanisms to overcome the epigenetic
barriers that are imposed during differentiation.

Induced Pluripotent Stem Celss
(iPS Cells)

The advent of SCNT (1) opened up the possibility o
reprogram  somatic cells o produce  patient-specific
pluripoent and conditionally immortalized ES-like cells,
petentially  wseful i manufacturing novel  cell-based
therapics (126,127,

In order o elucidate the vital mle of the ES cell
epigenome, including the pluripotency-specific DMNA
methylation pattern, it is noteworthy 1o review the recent
advances in smdy- ing the molecular transeriptional
networks that maintain ES cell identity. Oct-3/4, Nanog
and Sox2 transcription factors have been identified as
crucial regulators of pluripotency (56).

The Oci-3/4 gene is a member of the POU family
of transcription factors: it is expressed in ES cells and
in embryonic carcinoma (EC) cells (128,129). Oct-3/4 is
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essential for the pluripotent identity of the founder cell
population i the 1CM (130}, Furthermore, it was shown
that a ertical amount of Oct-304 15 required Lo sustain
stem cell self-ienewal, and any up- or dewn-regulation
induces divergent developmental programs (131). Nanag
is an MK-2 class homeobox transeription factor that is
expressed throughout the plurdpotent cells of the 1CM
but is down-regulated in extraembryonic lineages and in
pluripotent cells of the peri-implantation embryo (132).
Forced expression of Nanog. unlike that of Oct-3/4, is
sufficient to mainfain the pluripotent state in mouse ES
cells in the absence of LIF {leukemia inhibitory factor)
(132,133), and in human ES cells results in cells that can
be propagated in the absence of feeder cells and associated
signaling (134). Nanog-null embryos fail to maintain the
pluripotent lineage and arrest at periimplantation. The
third transcription factor, Sox2. i3 a member of high
mobility group (HMG) protein family that is expressed
in the FCM, carly primitive ectoderm, anterior primitive
ectoderm, germ cells, and multipotent extra embry onie
ectoderm cells (135,137), Although Sox2 expression is not
restricted to pluripotent cells it plays an important role in
the maintenance of pluripotency and lineage specification,
These three transcriplion Tactors, which defermine early
cell fae decisions amd regulate ES cell pluripotency, bingd
to their own promoters to form an interconnected self-
m'garlij'.iug netwaork (123),

The prowing understanding of the transeriptional
resulation in ES cells has led to the discovery efthe factors
that terminally can turn differentiated cells into ES cell-
like cells. Co-intreduction of four transgenes encoding
the transcription factors Oct-34, Sox2, o-Mye, and K14
into somatic cells, such as embryonic and adult tail-tip
fibroblasts, resolted in the generation of iPS cells, which
gave rise to chimeric embryos following their injection
into mouse blastocysts (Fig 5) (47).

Both Kif4 and c-Myc are oncogenes (137,138),
which play a role in reducing ES differentiation {139)
and promating ES self-renewal (140}, respectively. It is
thought that these four factors establish plunpetency in
sommatic cells as lollows, First, c-Myc promiotes DNA
replication, thus re- laxing the chromatin striscture, which
in wm allows Oct-34 o access its arget genes, Sox2
and KIf4 also co-opermte wath OQcf-3/4 1o achivale targel
genes that encode transcription factors that establish the
pluripotent transcription factor network (such as Nanog),
Interestingly, these ranscription fhctors activale epigenelic
regalators, including several histone demethylases that
were shown o be positively regulated by Oct-34 (141},
and that are invelved in establishing the pluripotent
epigenome. The induction of pluripotency was recently
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Figure 5. Transcriptional networks thal conlrol reprogramming (Adspted wilh pemission

fromm Ak, Remaileh ef af, Humana Prass, 2009),

achieved in human cells as well. Human fibroblasts were
reprogrammed into human iP5 (2.4), using either the same
four factors described abowve, or 8 new “mix” contaning
Oc1-3/4, Sox2, K14, and LINZE, the latter being an RNA-
hinding protein that i highly expressed in human ES cells
but down-regulated during ES cell differentiation (142),

Itis now well established that somatic nuclei can
he reprogrmmmed inlo a pluripotent stake by several
experimental manipulations, such as somatic nuclear
mansfer into oocyte cvtoplasm (SCNT) (143), fusion
with ES cells (144), and ectopic expression of selected
transcription  factors (47). The low efficacy of the
reprogramming  process  indicates  that  epigenetic
modification muost ceeur to allow this process to ocour.

Clearly, the interaction between the transcriptional
network and epigenetic mechanisms are in the hean of
generating pluripotent cells, Recent studies described
above indecd support the notion that the combination ol a
set of transcription factors as well as epigenetic regulators
isuch as Jmjdla and Jmjd2e histone demethylases (141)
arg needed for o more complete reprogramming of somatic
cells woa pluripoient state. These tanscription factors ane
part of a self-organizing network of ranscription factors
that prevents differentiation and promote proliferation and
pluripoiency (143).

iPS reprogramming could subsequently also he
achieved with a range of somatic cell types, including
differentiated cells such as hepatic (146) or islet f-cells
(147). All of these cells express their own cell-type-
specific repertoires of lineage-instructive transcription
factors. How does reprogramming proceed in these
cases? It seems unlikely that iPS reprogramming factors
have evolved to interact with the large variety of lineage-
affiliated tmnscription factors and thus divert regulatory
networks within cells that are many branch poinls away

from the pluripotent state, Instead, the low frequency and
long duration of iP5 reprogramming, in excess of a week
(73, 148), suggests that stochastic mechanisms are involved
and that several rounds of cell divisions are requined,

A directly induced  lineage conversions,
it is predicted that reprogramming of cells thar are
developmentally  closely  melated  will  require  fewer
transeripion factors, Indeed, neural progenitors, which
already express Sox 2, KIf4 and Mye, can be tumed into iP5
cells with only Octd (149). However, their reprogramming
efficiency remains exceedingly low. suggesting that even
here stochastic processes are at play. How reprogramming
works remaing unclear (148). Octd and its partners might
gradually gain access to hidden DNA binding sites
through the dynamic “breathing” of chromatin, eventually
upregulating the corresponding endogenous factors and
thus establishing transgene independence by activating
autoregulatory loops, Another mechanism is the direct
interaction with chromatin-remodelling proteins, leading
to upregulation of critical ES cell regulators such as Nanog
(141).

The guestion then arses whather, given enough
knowledge, it will be possible to directly reprogram any
cell type into another and to custom-design cells for
regenerative therapy from easily obfainable cell sources.
Consider cells a5 an example: we know that ranscription
factor gain or loss of function can conven these cells into
macrophages as well as imto T cells and ES cells. But can
B cells be induced directly to become, say, haematopoietic
stem cells or islet fcells at high frequencies, effecting
*long jumps’ within the landscape { 1530).

A promising alternative for the directed induction
of desired cell types are in vivo approsches. Perhaps the
most spectacular example to date is the conversion of
exoetine pancreas cells into fully functional islet fcells

for
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in mice by Pdxl, Ngn3 and MafA (151.152). In spite of
these suecesses, custom-designing cells for cell therapy in
humans remain a long way off. Only time will tell whether
it will prevail over the application of cells derived from
iP5 or ES cell lines. But it seems safe to predict that
transeription-factor-induced  cell  reprogramming  will
continue to reveal hidden seerets of cell differentiation for
a long time o come.

Conclusion

The stable states of differentiated cells are now known to
be controlled by dynamic¢ mechanisms that can easily be
perturbed. An adult cell can therefore be reprogrammed,
altering its pattemn of gene expression, and hence its
fate, to that typical of another cell type. This has been
shown by three distinct experimental approaches to
nuclear reprogramming: nuclear transfer, cell fusion and
transeription-factor transduction, Using these approaches,
nuclei from “terminally differentiated” somatic cells can
be induced to express genes that are typical of embryonic
stem cells, which can differentiate to form all of the cell
types in the body, This remarkable discovery of cellular
plasticity has important medical applications,
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