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Abstract
An intricate network of epigenetic factors regulates cell differentiation by modulating the chromatin
structure and ultimately affecting gene expression. This review describes the chromatin landscape
defining oligodendrocyte progenitor differentiation during development and remyelination. We shall
discuss the current knowledge regarding modifications of chromatin components during the
progression of progenitors into myelinating cells and discuss the potential contribution of histone
variants, microRNAs, and DNA methylation. We shall also briefly address how changes to this
chromatin landscape can disturb this natural progression and alter the capacity to remyelinate.
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Introduction
One of the first concepts concerning the “chromatin landscape” of a cell was that of a
“packaging” system to fit the entire genomic content into a single nucleus (Kornberg and
Thomas, 1974). However, this concept has evolved over the years and we are now recognizing
the menagerie of chromatin modifications that function as dynamic modulators of gene
expression (see Li et al., 2007). Moreover, the topological features of chromatin are not constant
but rather are composed of areas of condensation and de-condensation, defining “peaks and
valleys” in the chromosomes and affecting the appearance of a specific “chromatin landscape”
that changes with the developmental and differentiative state of the cell. The complexity and
intricacy of this system becomes vaster by the day as we discover novel modifications and the
enzymes facilitating these changes, but the ultimate challenge will be to define how these
modifications might contribute to development and disease.

Over the past few years, our understanding of the role of epigenetics during oligodendrocyte
development and myelin formation has rapidly progressed. During differentiation, a global
increase in histone deacetylation and chromatin compaction is necessary for oligodendrocyte
lineage progression (Marin-Husstege et al., 2002; Shen et al., 2005). Specifically, repression
of transcriptional inhibitors such as Hes5 (Kondo and Raff, 2000a; Liu et al., 2006), Sox11
and Tcf4 (Fancy et al., 2009; He et al., 2007b; Ye et al., 2009), and Id2 and Id4 (Kondo and
Raff, 2000b; Marin-Husstege et al., 2006; Samanta and Kessler, 2004) is a necessary feature
of this process (He et al., 2007a). The expression of these inhibitors is modulated by a series
of post-translational changes on lysine residues in the tail of nucleosomal histones that allow
chromatin de-condensation at the progenitor stage and condensation during maturation.
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In this review, we present an overview of the chromatin landscape in oligodendrocyte lineage
cells. We discuss how it potentially may take shape during development and how perturbations
to this landscape can affect remyelination capacity. We shall briefly mention changes relative
to the acetylation and methylation profiles of histone tails, as these have been discussed
extensively in other reviews (see Copray et al., 2009; Shen and Casaccia-Bonnefil, 2008), and
turn our focus towards other modifications have yet to be studied extensively in demyelinating
disorders.

Normal oligodendrocyte development and maturation
Oligodendrocyte differentiation and myelin formation is a complex developmental process,
requiring the coordinated action of transcription factors (Nicolay et al., 2007; Wegner, 2008),
the chromatin machinery (Li et al., in press; Liu et al., 2007a; Sher et al., 2008), and additional
factors affecting RNA stability and content. To understand how aberrant changes to the
chromatin landscape can affect the repair process after demyelination, we must first examine
the normal profile of this developmental process.

Nuclear architecture
Regulation of the chromatin landscape is not limited to changes within pockets of genes but
occurs on a nuclear level, where spatial organization plays a role. The nuclear architecture has
long been studied in oligodendrocyte cells. Ultrastructural studies on the developing corpus
callosum of neonatal rats described the progressive increase of chromatin compaction in the
nuclei of oligodendrocyte progenitors during differentiation (Kozik, 1976; Mori and Leblond,
1970; Sturrock, 1976). According to these studies, at postnatal day 1 the nuclei of glial
precursors were identified by the presence of dispersed chromatin (i.e., euchromatin) and
abundant cytoplasm. At postnatal day 8 the appearance of the differentiating cells, called
“oligodendroblasts,” was characterized by a slightly higher electron density and by the
presence of large conglomerates of nuclear chromatin (i.e., heterochromatin) in the inner part
of the nuclear membrane (Kozik, 1976). Finally, around the third week of postnatal
development, the nucleus of myelinating oligodendrocytes was characterized by the presence
of very large chromatin aggregates and smaller granules scattered throughout (Kozik, 1976;
Mori and Leblond, 1970; Sturrock, 1976). A more recent study (Menn et al., 2006) using
ultrastructural characterization of myelinating and non myelinating oligodendrocytes in the
corpus callosum and the white matter tracks in the striatum and fimbria fornix confirmed these
findings and reported clear differences in the appearance of the chromatin in the nucleus of
these two cell populations, thereby confirming earlier reports (Peters et al., 1991). Non-
myelinating oligodendrocytes were characterized by a relatively large electron-lucent nucleus
with more dispersed chromatin, while myelinating cells were characterized by an electron-
dense nucleus with large clumps of chromatin and a prominent layer of heterochromatin
underlying the nuclear envelope. These data suggested that the degree of chromatin compaction
correlates with the functional status of the cell.

Besides the general appearance of hetero and euchromatin within the cell, it is important to
discuss the existence of individual chromosomal territories which include the localization of
gene-poor and silenced regions at the periphery of the nucleus and that of gene-rich areas
towards the interior (Schneider and Grosschedl, 2007). This topological organization of
chromosomal domain is not static. Rather it resembles an organic interface, shifting with the
proliferative state of the cell and its differentiation. An example of this dynamic topological
shift is the localization of pro-neural genes during neural induction of ES cells (Williams et
al., 2006). Uncommitted and proliferating ES cells, for instance, are characterized by
preferential peripheral positioning of the pro-neural bHLH Mash1, whose promoter has low
levels of histone acetylation and high levels of H3K27 methylation. Upon commitment to the
neural lineage, but not during commitment to other non-neural lineages, Mash1 positioning
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shifted towards the inside of the nucleus and was associated with increased levels of gene
expression (Williams et al., 2006). Together these data suggest the importance of positional
information within nuclear domains that are associated with the developmental stage of the
cell and its specific fate choice.

Critical determinants for the localization of heterochromatin proteins at the nuclear periphery
are the nuclear lamins (Cohen et al., 2001). It is interesting that mutations in lamin A, which
result in aberrant hererochromatin localization, altered histone modifications, and
mislocalization of the nuclear pores (Scaffidi and Misteli, 2006), have been associated with
peripheral neuropathies, such as the Charcot–Marie–Tooth disease (De Sandre-Giovannoli et
al., 2002). Mutations in lamin B1, in contrast, have been associated with demyelination and
altered mitotic spindle organization and adult onset autosomal dominant leukodystrophy
(Padiath et al., 2006.). Thus, maintenance of appropriate nuclear domains and proper
localization of heterochromatin is essential for the integrity of myelin and proper
oligodendrocyte function.

An initial study on the nuclear organization of the oligodendrocytes was performed by Nielsen
et al. (2002), who addressed the localization of the myelin gene encoding for proteolipid protein
(PLP) during the progression of progenitors to mature cells. Interestingly, and in contrast with
previous reports for the Mash1 locus in ES cell, PLP was localized at the nuclear periphery in
both progenitors and differentiated oligodendrocytes, although a functionally related gene,
myelin basic protein (MBP), was not spatially associated with PLP in either case. It will be
important to determine whether the chromosomal territories (with PLP being localized on the
X chromosome and MBP on chromosome 18 in the mouse and human genome) or potential
differences in the histone codes for these two genes might account for the spatial differences.

Histones
The first unit of chromatin organization is the formation of 10 nm fibers that are composed of
“beads on a string” structures, whose simplest unit, the globular nucleosome, is composed of
four pairs of constituent core histones: H2A, H2B, H3, and H4 (Davey et al., 2002). An
additional layer of complexity is provided by a fifth histone, the so called “linker” histone H1,
which stabilizes the position of the nucleosomes and is critical for the formation of 30 nm
chromatin fibers (Robinsin and Rhodes, 2006). Distinct differentiation stages are associated
with different ratios of H1/core nucleosomes for specific cell types, thereby suggesting that
the type of compaction might be different among distinct lineages (Woodcock et al., 2006).

Histone modifications
The structural determinants of chromatin compaction and the topological interaction within
nuclear compartment provide the landscape for genomic organization within each cell. Post-
translational modifications of core histones, however, provide the dynamic modulation of gene
expression at distinct stages of differentiation. Acetylation and deacetylation oppose each
other, as acetylation is functionally associated with active and open chromatin, while
deacetylation is functionally correlated with inactive and often closed chromatin (Bartova et
al., 2008). Methylation, on the other hand, is location-dependent in terms of its activity:
trimethylation of histone H3 lysine 4 is associated with transcriptionally active genes, while
trimethylation of histone H3 lysine 9 or 27 is associated with transcriptionally inactive genes
(Shukla et al., 2009; Sims and Reinberg, 2008). Trimethylation of lysine residue 27 on histone
H3 by the enzyme EZH2 has been associated with oligodendrocytic differentiation from stem
cells (Sher et al., 2008), while global changes in histone deacetylation (Marin-Husstege et al.,
2002) and methylation of lysine 9 on histone H3 (Shen et al., 2005) have been associated with
the maturation of oligodendrocyte progenitors to mature cells. Of importance to
oligodendrocyte development are the repressive modifications, including deacetylation and
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repressive methylation of specific lysine residues within the tail of histone H3, as these allow
the progression of oligodendrocyte progenitor cells to differentiated oligodendrocytes (Liu et
al., 2007a). Specifically, these modifications suppress the choice of an alternative lineage and
repress the expression of transcriptional inhibitors of oligodendrocyte differentiation.
Intriguingly, new evidence has proposed that histone deacetylation in myelin genes is
associated with myelin gene expression during oligodendrocyte maturation (Liu et al., 2009).
A thorough understanding of the dynamic global changes in gene expression during the
progression of progenitors to myelinating oligodendrocytes remains to be provided.

Histone variants
Besides the post-translational modifications occurring in the core histones, the existence of
several variants for core nucleosomes or linker histones contributes to the level of complexity
(Bernstein and Hake, 2006; Kamakaka and Biggins, 2005; Sarma and Reinberg, 2005).
Individual histone variants have distinct roles, ranging from gene activation to chromosomal
segregation (Bernstein and Hake, 2006). H2AX, for instance, has been associated with a
number of cancers (Kokandakar et al., 2007; Liu et al., 2007b; Srivastava et al., 2008), as per
its role in DNA repair and genomic integrity. Studies of H2AX-deficient mice have confirmed
its role as a tumor suppressor (Dickey et al., 2009). Another example is H2AZ, which has been
shown to occupy a distinct set of genes in neural precursors and in embryonic stem cells
(Creyghton et al., 2008). This histone variant has been proposed as biomarker for breast cancer,
since its levels increase during breast cancer development and metastasis (Hua et al., 2008).
The specific histone variants in oligodendrocyte development have not yet been identified,
although the last notable histone variant discovered to play a role in oligodendrocyte
development was H1(0), which increases during differentiation (Di Liegro and Cestelli,
1990). More recent studies in other cell types, including dendritic cells and fibroblasts, have
correlated the presence of the histone H1(0) variant to terminal differentiation in lineages
associated with heterochromatizination (Izzo et al., 2008; Sekeri-Pataryas and Sourlingas,
2007). Thus the presence of this linker histone variant during oligodendrocyte differentiation
is consistent with the progressive nuclear condensation associated with maturation.

DNA methylation
Biologically related yet separate from histone modifications is DNA methylation, a
modification to DNA primarily located on the cytosine of the dinucleotide CpG (Cedar and
Bergman, 2009). The hierarchy between histone modification and DNA methylation is still
debated, as some evidence indicates that DNA methylation marks gene silencing with specific
histone marks (Eden et al., 1998; Hashimshony et al., 2003), while others show that an inactive
chromatin state must first be established before being followed by DNA methylation to
establish transcriptional silencing (Ooi et al., 2007). DNA methylation is normally synonymous
with transcriptional silencing; however, the story is more complex than a simple on and off
switch. An unmethylated state does not necessarily mean active gene expression, but rather
marks an open state that is capable of transcription. Similarly, methylation adjacent to a gene
does not necessarily silence it, as it is usually a specific core region of the promoter that must
be hypermethylated to turn off gene expression (Ushijima, 2005). During oligodendrocyte
development, as noted above, the activity of histone deacetylases plays a critical role in turning
off transcriptional inhibitors of oligodendrocyte development. Coinciding with this process is
an increase in the activity of myelin-specific genes, including myelin-associated glycoprotein
(MAG). Concomitant with this increased activity is a notable demethylation of specific methyl
cytosines 5′ of the MAG gene (Grubinska et al., 1994). Similar demethylation patterns may
occur with other coordinately expressed myelin-specific genes but they have yet to be
identified.
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microRNA
A feature of the chromatin landscape that has gained momentum in the past few years is
microRNAs (miRNAs). A small non-coding RNA molecule that regulates gene expression at
the post-transcriptional level (Kim et al., 2009), miRNAs have been shown to be critical for
neural development (Mehler, 2008; Stefani and Slack, 2008). These single-stranded RNAs are
approximately 22 nt in length and are functionally associated with the silencing of mRNA
transcripts, but they have also been linked with heterochromatin formation and several other
functions (Kim et al., 2008). Arising from endogenous hairpin-shaped transcripts, mature
miRNAs are generated by the coordinated and consecutive actions of RNase III-type proteins
Drosha and Dicer (Kim et al., 2009). Once processed into their mature form, miRNAs are
loaded onto argonaute proteins to form the silencing complex, which ultimately functions as
a post-transcriptional regulator through imperfect binding at the 3′ untranslated region of target
mRNA transcripts. This subsequently catalyzes mRNA degradation or mediates translational
repression. As of now, only a few definitive mRNA targets are known, while others are
primarily identified through bioinformatic analyses of conserved base-pairing between
miRNAs and their targets.

Systematic characterization of miRNAs reveals their presence in a multitude of systems and
tissues, especially localized within the brain (Mehler, 2008; Sempere et al., 2004). One of the
first miRNA expression profiles in developing oligodendrocytes isolated from postnatal rat
brains identified 98 miRNAs, with a subset showing dynamic expression during differentiation
from progenitor cells to premyelinating oligodendrocytes (Lau et al., 2008). Among those
miRNAs, miR-9 was shown to be down-regulated during oligoden-drocyte differentiation and
to regulate peripheral myelin protein (PMP) 22. Interestingly, PMP22 mRNA, but not protein,
is present in oligodendrocytes, while Schwann cells produce PMP22 protein and lack miR-9.
Another example of a miRNA crucial for oligodendrocyte development and maturation is
miR-23, a regulator of the nuclear structural protein lamin B1 (Lin and Fu, 2009). Studies
conducted by Lin and Fu (2009) showed that overexpression of lamin B1 can inhibit
oligodendrocyte maturation, while overexpression of miR-23 could rescue this maturation
defect in a dosage-dependent manner.

The chromatin landscape shifts in demyelinating disorders
The chromatin landscape that takes shape during normal oligodendrocyte development and
myelin formation is a complex network requiring the coordinated action of multiple epigenetic
pathways. And with this idea in mind, we can begin to see how perturbations to any one of
these processes can affect oligodendroglial maturation and myelination. Specifically, we
examine this landscape in terms of the changes that affect remyelination capacity, as this
process utilizes a similar developmental program to normal development in order to lay down
new myelin (Miller and Mi, 2007). We focus on remyelination capacity, as many of the changes
associated with demyelinating disorders affect the capacity of oligodendrocyte progenitor cells
to differentiate into mature myelin forming cells.

Histone modifications
As noted above, post-translational modifications to histones are required for proper
development of oligodendrocytes and myelin. However, the appearance of modifications
unnecessary for this developmental process, such as histone citrullination, can alter the ability
of oligodendrocytes to form myelin. Mediated by human peptidylarginine deiminase 4 (PAD4),
citrullination is an irreversible structural modification that is used to remove arginine
methylation (Wang et al., 2004). Methylation of arginine 17 on histone H3 (H3R17) has been
correlated with gene activation (Bauer et al., 2002; Chen et al., 1999; Strahl et al., 2001; Wang
et al., 2001), while methylation of arginine 8 (H3R8) and arginine 2 on histone H3 (H3R2; Pal
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et al., 2004; Wysocka et al., 2006) is mutually exclusive with trimethyl K4 and linked to
repression. The methylation mark on these arginine residues can be removed by specific
deiminases, such as PAD4 (Wang et al., 2004). High levels of PAD4 and the byproduct,
citrullinated histone H3, have been detected in the brain of multiple sclerosis (MS) patients
(Mastronardi et al., 2006). Because the functional significance of increased global histone
citrullination in oligodendrocyte lineage cells remains to be clearly defined, the biological
significance of this modification remains to be elucidated.

Additional changes in the chromatin landscape of oligodendrocyte lineage cells have been
reported in physiological conditions associated with decreased capacity to remyelinate (Shen
et al., 2008a,b), such as aging (Shields et al., 1999), which has been proposed to recapitulate
the process of inefficient oligodendrocyte differentiation (Sim et al., 2002). It has been
proposed that part of the mechanism behind inefficient repair of demyelinating lesions is
dependent on perturbation of the normal chromatin landscape of developing oligodendrocytes.
Aging was shown to be associated with decreased levels of repressive methylation and
increased acetylation of lysine residues on histone H3 (Shen et al., 2008a), leading to increased
expression levels of oligodendrocyte differentiation inhibitors (Shen et al., 2008b). It would
be of interest to determine whether similar modifications occur also in human brains of healthy
old subjects and in patients with a definite diagnosis of multiple sclerosis.

DNA methylation
Many of the shifts seen in the chromatin landscape of demyelinating disorders are linked
together, and such is the case for PAD2. In contrast to PAD4, whose substrates are arginine
within histones, PAD2 is a cytoplasmic enzyme with the ability to convert methylation of
arginine residues within MBP into citrulline, thereby inducing structural changes in the
molecule and leading to developmentally immature myelin (Moscarello et al., 1994). High
levels of citrullinated MBP, with 18 out of 19 arginines converted to citrulline, were detected
in the brain of patients with a rare acute Marburg’s form of multiple sclerosis (Wood et al.,
1996). These changes correlated with high levels and activity of PAD2 enzyme (Mastronardi
et al., 2006; Wood et al., 2008) and resulted in changes in the charge of MBP and altered
interaction with other myelin components (Wood et al., 1996).

But what mechanism underlies the increase in PAD2 levels? Sequence analysis of the PAD2
promoter shows that 74% of the DNA content is represented by CpG dinucleotides, and
bisulfite sequencing reveals that this region is hypomethylated in MS brains compared to
controls (Mastronardi et al., 2007). Such decreased regulation of PAD2 could explain its
enhanced expression in MS brains (Casaccia-Bonnefil et al., 2008).

Disease models provide a glimpse of changes that are poorly understood in
demyelinating disorders

Great strides have been made with classifying the epigenetic mechanisms that contribute to
changes seen in demyelinating disorders. However, most of these findings are limited to
features that have been studied extensively in oligodendrocytes, such as histone modifications.
For other aspects of the chromatin landscape, such as DNA methylation and miRNAs, we can
turn to other systems to help us understand their role in disease.

DNA methylation
Oligodendrocyte dysfunction is linked to a number of disorders, including schizophrenia.
Immunohistochemical analysis of patients with schizophrenia showed decreased levels of
oligodendrocyte proteins (Flynn et al., 2003; Honer et al., 1999), while DNA microarray studies
support the finding of oligodendrocyte alterations (Haroutunian et al., 2007). The mechanism
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accounting for the downregulation of the numerous oligodendrocyte genes varies, depending
on the gene. Iwamoto et al. focused on SOX10, a transcription factor necessary for the terminal
differentiation of oligodendrocytes (Stolt et al., 2002). Using bisulfite modification of the CpG
island of SOX10, Iwamoto et al. (2005) determined that patients with schizophrenia showed a
tendency for higher methylated alleles as compared to controls. This finding correlated with
the lower expression levels of SOX10. Iwamoto et al. (2005) also showed that DNA methylation
did not account for the downregulation of OLIG2 or myelin-associated oligodendrocyte basic
protein, both coordinately activated genes during myelination. Once again, using bisulfite
analysis, they determined that the methylation status of these genes did not change much in
schizophrenia brains compared to controls. Such data suggest that aberrant DNA methylation
of oligodendrocyte-specific genes may lead to subtle changes resulting in functional
impairment, such as in patients with schizophrenia.

microRNA
MicroRNAs are involved in a myriad of biological processes, and with all those systems, it is
found associated with a number of diseases, including diabetes (Lovis et al., 2008; Tang et al.,
2008), cardiovascular disease (Sayed et al., 2007; Thum et al., 2008), and neurological
disorders (Hébert et al., 2008). The mRNA target of the specific miRNA will determine if
overexpression or downregulation will lead to disease. Using gliomas as a disease system, we
can find examples of both changes. A miRNA exhibiting oncogenic features in glioblastomas
is miR-21, which is expressed at high levels in glioblastoma cells (Chan et al., 2005).
Furthermore, miR-21 is associated with essential mechanisms that regulate apoptosis, as
inhibition of this molecule leads to increased caspase-dependent apoptosis (Chan et al.,
2005). Specific targets of miR-21, both directly and indirectly, include p53, TGF-β, and
mitochondrial apoptosis (Papagiannakopoulos et al., 2008). Up-regulation of this oncogenic
molecule leads to impairment of DNA damage responses, giving way to cancer mutations.
Opposed to miR-21 are miRNAs with tumor suppressor activity, which require down-
regulation in order to contribute to tumor formation. miRNAs with such characteristics are
miR-181a and miR-181b, which are found at abundant levels in normal brain tissue but are
down-regulated in human glioma cells (Shi et al., 2008). Concordant with their role as a tumor
suppressor, over-expression of miR-181a and miR-181b in glioma cell lines triggered growth
inhibition, reduced invasion capacity, and induced apoptosis of glioma cells (Shi et al.,
2008). The direct targets of these miRNAs have yet to be identified. It would be of interest to
determine how microRNAs affect repair or disease progression in MS.

Summary
Our view of the chromatin landscape that takes shape during oligodendrocyte development,
myelination, and remyelination is only at the cusp of what is still to be found. The interplay of
so many epigenetic factors makes it a difficult process to characterize this landscape but we
have slowly begun to unravel it. And with each discover, unknown factors of normal
developmental are revealed and the possibilities for therapies are expanded with each new
target.
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