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Abstract

Cell diversity in the central nervous system (CNS) is achieved by a highly regulated process of
differentiation from multipotential neural stem cells. The spatial specificity and timing control of
neural differentiation is achieved by the interplay between various genetic and epigenetic regulators.
Oligodendrocytes, the myelinating cell in the CNS, play an important role in brain development and
neuronal function. At present, multiple signaling pathways have been implicated in regulating in
oligodendrocyte differentiation, however, the integration of these pathways with transcriptional and
posttranscriptional regulatory networks are not fully understood. This review will focus on exploiting
epigenetic mechanisms underlying oligodendrocyte development including chromatin remodeling
by histone deacetylases and gene silencing by non-coding RNAs (e.g., microRNA), and attempts to
summarize the recent advance as to the genetic and epigenetic interaction in controlling
oligodendroglial differentiation and myelination.
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Introduction

The formation and maintenance of electrically active neural circuitry depends on functional
integration between neurons and supporting glial cells. Oligodendrocytes are the major glial
cell in the CNS. By producing a multilayered myelin sheath wrapping neighboring axons, they
provide nerve insulation and facilitate saltatory conduction of nerve impulse by invoking the
myelin-dependent ion channels distribution. The failure of oligodendrocyte remyelination
leads to a variety of acquired and inherited neurological disorders such as multiple sclerosis
(MS) and leukodystrophies,?:3 and even a major psychiatric disease like schizophrenia.4 The
current prognosis for individuals with MS or any other demyelinating disease is gloomy, as an
effective treatment allowing for remyelination to occur has not been discovered. Understanding
the mechanisms underlying oligodendrocyte development and myelination would provide
effective therapeutic avenues for myelin repair after injuries.5
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What is the source of oligodendrocytes? Oligodendrocyte precursor cells (OPCs) are specified
from distinct regions of the embryonic ventricular zone under the influence of diverse
extracellular signaling molecules such as ventral expressing sonic hedgehog and dorsal
expressing bone morphogenetic proteins (BMP) in developing neural tube.5:7 Although the
fate of regionally distinct oligodendrocytes is not identical, at present, no functional
discrepancy is observed among oligodendrocytes derived from different regions.
Oligodendrocyte differentiation derived from different CNS regions could be achieved using
distinct combinatorial arrangement of transcriptional regulators. In developing brain, ventrally-
derived early oligodendrocyte precursors appear to compete with their dorsal counterparts.8
The ventral-most lineage is eliminated during postnatal life,8 however, dorsal precursors
derived from cortical progenitors in forebrain prevail at late developmental stages.8:° In
contrast, a different pattern is found in the spinal cord where competition is won by the primary
wave derived from the ventral region during early embryogenesis. Only a subset of
oligodendrocytes is generated from progenitor cells in the dorsal spinal cord at later embryonic
stages.”10:11 Collectively, oligodendrocytes can be derived from several distinct regional
origins in a temporally controlled manner. Oligodendrocyte specification and differentiation/
maturation in different CNS regions are likely controlled by distinct genetic and epigenetic
programs.

Oligodendrocyte maturation is characterized by successive stages of lineage progression from
OPCs to immature premyelinating oligodendrocytes and finally to mature myelinating
oligodendrocytes.12 The precise mechanisms underlying the progressive stages of
oligodendrocyte differentiation are not fully understood at present. Oligodendrocyte
development is controlled by dynamic interaction of a series of intrinsic and extrinsic regulators
in a spatiotemporally specific manner including negative regulatory pathways such as Notch/
Hes, Wnt/B-catenin/TCF and BMP/ID pathways, and positive regulators that enhance myelin
gene expression such as bHLH transcription factors (e.g., Olig1/2 and Ascl1/Mash1), HMG-
domain transcription factors (e.g., Sox10), Zinc-finger transcription factors (e.g., YY1, Zfp488
and Myt1), NDT80 domain transcription factor (e.g., MRF), homeodomain transcription
factors: (e.g., Nkx2.2 and Nkx6.2) and nuclear hormone receptors [e.g., thyroid hormone
receptors (THRs) and retinoid X receptors (RXRs)].13715 It is believed that the balance of
these positive and negative factors controls the timing of oligodendrocyte lineage progression.

Recent evidence indicates that epigenetic factors, which regulate gene expression without
changing underlying primary DNA sequence such as modulation of the chromatin structure,
play a critical regulatory role for neural development including oligodendrocyte formation.
Major epigenetic mechanisms includes covalent modifications of nucleosomal histones by
histone deacetylases (HDACs) and histone acetyltransferases (HATS), ATP-dependent SWI/
SNF mediated chromatin remodeling, DNA methylation and non-coding RNAs such as
microRNA (miRNA) mediated silencing.

This review summarizes recent findings of epigenetic mechanisms by HDACs and miRNAs
in regulating oligodendrocyte differentiation and myelination, with a focus on how genetic and
epigenetic regulators integrate to control the progression of oligodendrocyte differentiation.

Genetic and Epigenetic Control of Oligodendrocyte Development by Histone
Modification Enzymes

One of the best-characterized chromatin remodeling is nucleosomal histone modification by

acetylation on lysine residues, which is dynamically mediated by HATs and HDACs. HATSs

add acetyl groups and favor a transcriptionally competent chromatin structure while HDACs
remove acetyl groups from lysine tails, resulting in chromatin compaction. HDACs have been
classified into four broad classes: ubiquitously expressed Class | (HDAC-1, -2, -3 and -8),
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tissue-specific Class Il (HDAC-4, -5, -6, -7, -9 and -10), NAD-dependent Class 111 (SIRT1-7)
and Class IV (HDAC11), which comprise a highly conserved enzyme family.16-19 HATSs or
HDACs can be recruited as components of multiprotein transcriptional complexes on the
genome and serve as epigenetic co-activators or co-repressors to either facilitate or limit gene
expression.

Although the role of HATSs in oligodendrocyte development remains elusive, a series of
experiments have demonstrated that HDAC activity is essential for OPC differentiation and
myelin gene expression. Oligodendrocyte differentiation is inhibited by pharmacological
HDAC inhibitors (e.g., valproic acid and trichostatin A) in OPC culture, during animal
development20:21 and remyelination.22 Effects of histone deacetylation appear to be
temporally specific. HDAC activity is critical for early stage of oligodendrocyte precursor
differentiation, but is not required for myelin gene expression after myelination onset.21

RNAi-mediated gene silencing in cultured primary OPCs indicated that HDAC1 and HDAC?2
but not other class | HDAC members are critical for their differentiation.22 These molecules
were also detected on the promoter of differentiation inhibitors during the remyelination phase
of cuprizone-induced demyelination in young mice that efficiently repair, but not in old mice
that are unable to remyelinate,2? thereby suggesting an important role for OPC differentiation
also in the adult brain.

Recently, our studies with oligodendrocyte lineage-specific HDAC knockouts demonstrated
the importance of histone deacetylation mediated by HDAC1 and HDAC? in vivo.2
HDAC1:HDAC?2 double mutant mice developed severe deficits in oligodendrocyte
differentiation and myelination deficits leading to tremor and postnatal lethality,23 although
HDAC1 or HDAC?2 single knockouts did not yield obvious developmental defects, pointing
to the crucial redundant roles of HDAC1 and HDAC2 during oligodendrocyte development.
HDAC1/2 regulate oligodendrocyte differentiation, at least in part, by functionally

counteracting the activity of g-catenin-TCF complexes and therefore inhibiting Wnt signaling.
23

Unlike class | HDACSs, the role of cell type-specific class 11 HDACs in oligodendrocyte
development remains unclear. They are predominantly in the cytosol of the cells where they
can exert distinctive functions. Another family of cytosolic enzymes with deacetylase activity
isthe class 11l HDAC (NAD™)-dependent deacetylases, also called “sirtuins.” Sirtuin 2 (SIRT2)
is highly enriched in oligodendrocytes and localized to the outer and juxtanodal loops in the
myelin sheath.24:25 Interestingly, tetraspan proteolipid protein PLP is required for SIRT2
transport into the myelin compartment.25 The main substrate for the SIRT2 deacetylase is
identified as acetylated a-tubulins, but not histones H3 or H4.24 RNAi-mediated knockdown
study reveals that SIRT2 is required for oligodendrocyte process arborization.?4 Finally, recent
studies have reported an important role for the class IV family member HDAC11, in
myelination. HDAC11 expression is increased in maturing oligodendrocytes?® and HDAC11
is critical for the removal of acetyl groups from lysine K9 and K14 during oligodendrocyte
maturation. HDAC11 knockdown in an oligodendrocyte cell line reduced myelin gene
expression and arrested oligodendrocyte maturation.26

HDACSs can modulate gene expression in several ways. First, they initiate repression by
modulating the acetylation state of nucleosomal histones or transcriptional regulators. Second,
they can physically bind to transcriptional regulators and function as transcriptional co-
repressors.2’ The function of HDAC-mediated repressive complexes in oligodendrocyte
development has been related to inhibit expression of differentiation inhibitors or block the
activation of neuronal differentiation genes. For instance, in the mitogen-withdrawal model of
OPC differentiation, HDACL1 binds to YY1 and is recruited to promoters of several inhibitors
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of differentiation, including Sox11, ID4 and TCF7I2 (also known as TCF4), to repress their
transcription.21:28

In progenitor cells, with active Notch signaling, Hes5 is likely maintained at high levels and
the formation of an activating complex containing the intracellular domain of Notch (NICD)
and Cp-binding factor 1 (CBF-1) [also known as recombination signal sequence-binding
protein-Jk (RBP-JK)].29:30 HDACs can form inhibitory complexes with Groucho-related co-
repressors (GRO/TLE/GRG) and SMRT (Silencing Mediator of Retinoid and Thyroid
Hormone Receptor), which in turn displaces the association of NICD and transcription co-
activators with CBF-1 on the Hes5 promoter30 (Fig. 1).

In addition to decreasing Notch signaling, HDACSs can inhibit the Wnt signaling pathway.
Canonical Wnt signaling was shown to negatively regulate OPC differentiation.3! In progenitor
cells, expression of high levels of -catenin in canonical Wnt signaling allows the formation
of a transcriptional activating complex containing p-catenin and TCF712, which upregulates
oligodendrocyte differentiation inhibitors such as 1D2/4. However, repressive complexes with
HDAC1/2 and Groucho/TLE/GRG can compete with B-catenin for binding to TCF712, thereby
interfering with the negative effect of Wntsignaling by decreasing 1D2/4 expression.23:32 Thus,
HDACL/2 binding converts TCF712 from a transcriptional activator to a repressor, which
prevents transcription of Wnt target genes 1D2/4, inhibitors of oligodendrocyte differentiation.
Similarly, HDAC1/Sin3A co-repressor complex can interact with BMP-dependent Smads to
negatively regulate expression of ID2 and 1D4,33:34 (Fig. 1). This would explain why
HDACL/2-mediated repressive complexes might counteract Wnt or BMP signaling and allow
timely oligodendrocyte myelination and remyelination after injury.32

In the developing mouse spinal cord, TCF712 is expressed mainly in premyelinating
oligodendrocytes beginning at late embryonic stage; it is later down-regulated in mature
myelinating oligodendrocytes.23:35 This is consistent with the possibility that TCF7I12
modulates myelin gene expression and is downregulated due to recruitment of YY1/HDAC1
complexes on its promoter.28 However, if TCF712 functions merely as a repressor for
oligodendrocyte differentiation, one would intuitively expect that loss of function of TCF712
will result in an increase or precocious expression of myelin genes in developing CNS. Gene
targeting studies in mice indicated that TCF712 is essential for oligodendrocyte differentiation
but not for OPC formation. One possible explanation for this paradox is that TCF7I2 plays
distinct roles in cells that differ in B-catenin expression. TCF712 might be required for early
differentiation of B-catenin expressing OPCs during early lineage progression, but not at the
later myelination stages, TCF712 might have an inhibitory function that is B-catenin
independent in oligodendrocyte terminal differentiation. This is consistent with the fact that
mutant TCF7I2 lacking the B-catenin binding site retains the ability to inhibit myelin gene
expression (He Y and Casaccia P, unpublished data).

HDACSs might function to increase chromatin compaction around genes that encode
differentiation repressors or activators for other neural lineages such as neuronal differentiation
and block their transcription, while providing permissive conditions for oligodendroglial gene
expression. How this selectivity on HDAC-mediated gene expression is achieved is currently
not known. HDACs might recruit co-repressors such as the non-neuronal expressing repressor
REST/NRSF to repress neuronal gene expression, while facilitating oligodendroglial gene
expression. In addition, timing control of oligodendrocyte linage progression can be achieved
by a sequence of repression events that result in silencing of stage-specific differentiation
inhibitors and de-repression of myelin-specific transcription. The stage-specific transcriptional
repression is probably attributed to interaction of HDACs with distinct transcription factors
and/or regulatory complexes (Fig. 1).
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Can HDAGC:s interact directly with other oligodendrocyte lineage specific transcription factors
such as Olig1/2 and Sox10 during oligodendrocytes development? How might HDAC activity
or expression be regulated during oligodendrocyte development? These questions remain to
be addressed in this field. Nonetheless, by modulating the outcome of multiple signaling
pathways, HDACs undoubtedly function as convergent points that control oligodendrocyte
differentiation and myelination.36

mMiRNA-Modulated Transcriptional Network in Neural/Glial Cell Differentiation

The discovery of functional noncoding RNAs reveals a novel epigenetic mechanism that occurs
at posttranscriptional level. Noncoding RNAs including small and long forms control or fine-
tune the output of gene transcription in the genome of complex organisms. Mature miRNAs
are a class of small non-coding RNAs with a length of approximately 22 nucleotides. They
inhibit gene expression by perfectly or imperfectly base-pairing with 3' untranslated region
(3'UTR) of target MRNAs. A short “seed” sequence in 5' miRNA is an important determinant
of miRNA targeting.37 To date, several hundred of miRNAs have been identified and each
miRNA is predicted to regulate thousands of targeted genes.38:39 In addition, identification
of many long non-coding RNAs (ncRNAs) in the brain adds another level of control of
transcriptional networks.40

miRNAs are shown to regulate neuro-genesis, neural patterning, axonal path-finding, synaptic
plasticity and neuronal degenerative diseases.?! For instance, miR-124 mediates neuronal
differentiation and adult neurogenesis.#243 miRNA-134 regulates the growth of dendritic
spines and modulates neuronal plasticity.#* Recently, miRNA-9* and miR-124a are shown to
repress the expression of a transcriptional regulator BAF53a, a subunit of SWI/SNF chromatin
remodeling complexes, which in turn inhibits neural progenitor proliferation.*®> Conversely,
expression of MiRNA-9* and miR-124b can be negatively regulated by the silencing
transcription repressor REST/NRSF, an inhibitor of neuronal differentiation.4°:46

miRNA-transcription factor feedback circuitry plays an important role in fine-tuning of neural
differentiation and function. miR-133b was found specifically expressed in midbrain
dopaminergic neurons. A paired-like homeodomain transcription factor Pitx3 specifically
induces transcription of miR-133b, which in turn, downregulates Pitx3 post-transcriptionally,
suggesting that a feedback control between miRNA and transcription factors fine-tunes
maturation and activities of dopaminergic neurons.*

Recently, miRNA expression profiling analysis of OPCs (A2B5*/GalC™) and oligodendrocytes
(A2B5*/GalC*) from neonatal rat brains revealed an alteration of a cohort of 43 miRNAs
during the transition from OPCs to post-mitotic oligodendrocytes.*8 An OPC-enriched miR-9
was identified to target 3'UTR of mMRNA encoding peripheral myelin protein (PMP) 22. PMP22
protein is only found in Schwann cells, but its mMRNA transcript is present in oligodendrocytes.
This study suggests that miRNAs may play a role in maintaining oligodendroglial property.

miR-23 was identified as a negative regulator of lamin B1 during oligodendrocyte development
and myelin formation. Excessive lamin B1 has been shown to cause severe CNS myelin loss
in adult-onset autosomal dominant leukodystrophy patients. Thus, the negative regulatory role

in lamin B1 expression suggests that miR-23 plays an important role in myelin maintenance.
49

A majority of regulatory miRNAs appears to have a negative regulatory role, however, there
are cases that microRNAs execute activating functions to upregulate translation.59—52 Thus,
translation regulation by miRNAs may oscillate between repression and activation depending
on their association of different transcriptional or chromatin-modifying complexes. Although
many miRNAs have yet been characterized in oligodendrocyte development at present,
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modulation of transcriptional networks by miRNAs undoubtedly contributes to the control or
maintenance of oligodendrocyte identity and differentiation. It would be crucial to determine
how extensively and precisely miRNAs regulate the networks for oligodendrocyte
differentiation and, perhaps, myelin regeneration after injuries.

Conclusions and Perspectives

It has become increasingly clear that epigenetic mechanisms play an essential role in regulating
oligodendrocyte development. Recent studies indicate that histone modification regulates
multiple stages of oligodendrocyte lineage progression. Particularly, HDACs appear to serve
as a hub integrating several signaling pathways and may set the threshold for remyelination in
pathological demyelinating conditions. However, our current research concerning epigenetic
function in oligodendrocyte development still in its infancy, the function of many epigenetic
regulators such as ATP-dependent SWI/SNF chromatin remodeling complexes and miRNAs
in oligodendrocyte differentiation remain not clear, and knowledge about functional
interactions between epigenetic factors and transcriptional regulators remains scant. Although
curative treatments for demyelinating diseases currently eludes our grasp, understanding
genetic and epigenetic mechanisms of oligodendrocyte development will facilitate to dissect
the disease etiology and eventually provide the framework for the treatment of demyelinating
diseases such as MS.
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Figure 1.

Interplay of genetic and epigenetic factors in controlling oligodendrocyte differentiation. (Left)
Upon Wnt, BMP or Notch signaling activation, B-catenin, Smads or NICD induce the
transcription of differentiation inhibitors such as 1D2, ID4 and Hes1/5 during oligodendrocyte
differentiation. 1D2/4 sequestrate pro-oligodendrocyte factors, such as Olig1/2, away form
myelin gene promoters, whereas Hes1/5 bind to regulatory elements of genes required for
oligodendrocyte maturation. (Right) HDAC1/2, together co-repressors such as Gro/TLE and
SMRT, compete or displace Wnt, BMP and Notch signaling components, -catenin, Smads
and NICD, respectively, to inhibit expression of differentiation inhibitors, which de-repressing
or activating the transcription of myelin genes.
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