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Abstract

The recent years have been characterized by a surge of studies on the role of transcription factors
and histone modifications in regulating the progression of progenitors into oligodendrocytes. This
review summarizes this body of evidence and presents an integrated view of transcriptional
networks and epigenetic regulators defining proliferating progenitors and their differentiation
along the oligodendrocyte lineage. We suggest that transcription factors in proliferating
progenitors have direct access to DNA, due to predominantly euchromatic nuclei. As progenitors
differentiate, however, transcriptional competence is modulated by the formation of
heterochromatin, which modifies the association of DNA with nucleosomal histones and renders
the access of transcription factor dependent on the activity of epigenetic modulators. These
concepts are delineated within the context of development and the potential functional
implications are discussed.
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1. INTRODUCTION

Myelinating cells provide metabolic support (Funfschilling et al. 2012) and insulation to
axons and help to adjust neuronal activity to the level of environmental stimulation (Fields
2008; Liu et al. 2012 ; Makinodan et al. 2012). Oligodendrocytes are the myelin-forming
cells in the brain and spinal cord and are the last cells to differentiate during development.
The word “oligo-dendro-cyte” derives from greek (ohvyoo=few, Sevdpov=tree/branch and
rxvtoo=hollow vessel/cell) and was originally used to define the distinctive morphological
features of this highly branched cell with membrane extensions. The definition has then
evolved through the years to include the immunophenotypic characterization of stage-
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specific antigens and the identification of a functional output (i.e. myelination; metabolic
support to axon). Underlying the “oligodendrocyte” identity lays the activation of a
transcriptional repertoire, resulting from the interplay of extracellular signals with intrinsic
molecular components. This review addresses oligodendrocyte differentiation in response to
extrinsic signals, by focusing on transcription and epigenetics.

From an historical perspective, the word “epigenetics” is the likely result of the fusion
between “genetics” (the study of inheritable traits) and “epigenesis” (the study of
developmental events) and it was introduced to define developmental changes in gene
expression (Waddington 1959; Waddington 2012). This initial concept was followed by a
series of seminal discoveries on the molecular basis of inheritance (Avery et al. 1944) and
by the resolution of DNA structure (Watson and Crick 1953). The definition of chromatin as
repeating units of proteins and DNA (Kornberg 1974), the proposed role of histones in
transcription (Allfrey et al. 1964), the resolution of nucleosomal structure (Luger et al. 1997)
and the discovery of histone modifying enzymes(Jenuwein and Allis 2001; Strahl and Allis
2000), broadened the concept of epigenetics to include temporal and spatial control of
developmental gene expression (Holliday 1990), mechanisms of environmentally-induced
plasticity, trans-generational transmission, imprinting and X-chromosome inactivation
(Feinberg 2007; Heard et al. 1997; Heard and Disteche 2006; Youngson and Whitelaw
2008). In simple terms, “epigenetics” refers to “changes in gene expression that persist
through cell division and are independent of DNA sequence” (Youngson and Whitelaw
2008), including all the mechanisms of transcription regulation that result from DNA and
histone modifications, histone variants, ATP-dependent chromatin remodeling and
microRNAS.

This review integrates the current knowledge of transcriptional networks and post-
translational modifications of nucleosomal histones during the differentiation of
oligodendrocyte progenitors (OP) into myelinating oligodendrocytes.

2. EPIGENETIC MARKS AND REGULATORS

As discussed in the introduction, “epigenetic regulation” is a term that refers to the changes
in gene expression occurring independently of changes in the DNA sequence. It provides a
link between genotype and phenotype, and it is the basis of cellular diversity and
differentiation in a multicellular organism where different cell types share the same genome
(Goldberg et al. 2007). Chromatin, the complex of DNA and histone proteins, has been
widely shown to shape the epigenetic landscape of the cell and its responsiveness to
extracellular stimuli (Jaenisch and Bird 2003; Riccio 2010; Wu et al. 2012). Nucleosomes
are the basic unit of chromatin and are composed by a complex of four histone proteins
(H2A, H2B, H3 and H4) forming an octamer around which 147 base pairs of DNA is
wrapped. Multiple molecular players regulate the accessibility of the DNA in this context,
including ATP-dependent remodeling complexes and chromatin-modifying enzymes. Post-
translational modifications of nucleosomal histones are dynamic and play an essential role in
chromatin structure and transcriptional regulation. The most well studied histone
modifications that have been shown to regulate chromatin structure and transcription include
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lysine acetylation, methylation and ubiquitination, arginine methylation and threonine/serine
phosphorylation.

Acetylation of lysine residues at the N terminal domain of nucleosomal histones is catalyzed
by enzymes called histone acetyl transferases (i.e. HATS), which include three large
families: the MYST, the GNAT and CBP/p300 families (Table I). Acetylated lysine residues
at position K9, K14, K18, and K36 in histone H3 and at position K5, K8, K12, K16, and
K91 of histone H4 have been reported in transcriptionally active promoters (Feller et al.
2015; Karmodiya et al. 2012; Morris et al. 2007; Pokholok et al. 2005; Shogren-Knaak et al.
2006; Sternglanz 1996; Wolffe and Pruss 1996; Zhao et al. 2011), while acetylation of
H3K27 has been associated to enhancer regions (Shlyueva et al. 2014; Zentner et al. 2011).

The removal of acetyl groups from nucleosomal histones is carried out by histone
deacetylases (i.e HDACs), and is mostly associated with transcriptional repression
(Braunstein et al. 1993; Braunstein et al. 1996; Gregoretti et al. 2004). HDACSs have also the
ability to deacetylate transcription factors (i.e. YY1, GLI, E2F) and thereby enhance or
decrease their transcriptional activity (Canettieri et al. 2010; Martinez-Balbas et al. 2000;
Yao et al. 2001). The HDAC protein family is diverse and is composed of 4 different
classes, based on subcellular localization and structural features. The HDACs with nuclear
localization (and thereby able to deacetylate nucleosomal histones) include: class | (HDAC
1,2,3,8), class I1b (HDAC4), and class IV (HDAC11) (Table I) (Seto and Yoshida 2014).
Sirtuins are NAD-dependent deacetylases that have also been shown to act on nucleosomal
histones, although their substrate specificity is quite broad and their subcellular localization
varies in different cell types (Brachmann et al. 1995; Hecht et al. 1995; Imai et al. 2000).

The transcriptional role of lysine and arginine methylation is more complex than acetylation,
as it can be associated with different functional outcomes depending on the number of
methyl groups and their localization. Lysine residues can be mono (mel), di (me2), or tri
(me3) methylated on their € amino-group. The most widely studied histone modifications
include H3K4, H3K9, H3K27, H3K36, H3K79 and H4K20. Monomethylation of H3K4
(H3K4me1l) has been associated with enhancers while trimethylation of H3K4 (H3K4me3)
has been correlated with transcriptionally active promoters, often in combination with
additional marks (i.e. H3K9Ac, H3K27Ac)(Karmodiya et al. 2012; Shlyueva et al. 2014;
Vermeulen and Timmers 2010; Zentner et al. 2011). In contrast, trimethylation of H3K9 and
H3K27 has been associated with transcription repression(Barski et al. 2007; Boggs et al.
2002; Kim and Kim 2012).

The family of histone methyl-transferases (i.e HMTSs) catalyzing the removal of methyl
groups is quite diverse and specific for individual residues (Table I). They use S-adenosyl
methionine as a cofactor to donate the methyl group to specific lysine residues. The MLL
subfamily is responsible for the trimethylation of H3K4, while EHMT1 and EHMT?2 catalize
dimethylation of H3K9; SETDB2 or SUV39HL1 carry out trimethylation of K9 (Greer and
Shi 2012) and EZH2 is responsible for the trimethylation of H3K27 (Feng et al. 2002; Rea et
al. 2000).
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The removal of methyl groups from lysine residues is also quite specific (Table I). It is
carried out by lysine demethylases (i.e KDMs), iron-dependent dioxygenases composed by
Jumonji C (JmjC) domain-containing enzymes and by flavin adenine dinucleotide (FAD)-
dependent amine oxidases (i.e. KDM1A and KDM1B) (Kooistra and Helin 2012; Shi et al.
2004; Tsukada et al. 2006).

The modification of arginine residues in nucleosomal histones is also complex and involves:
mono-methylation (mel) and either symmetric (me2s) or asymmetric (me2a) dimethylation.
The functional output of these modifications varies, with symmetric arginine methylation
implicated in transcriptional repression and asymmetric arginine methylation associated with
transcriptional activation (Di Lorenzo and Bedford 2011; Migliori et al. 2010; Strahl et al.
2001; Wysocka et al. 2006). Arginine methylation is catalyzed by protein arginine methyl-
transferases (i.e PRMTs), a family of enzymes composed by 11 members (PRMT1-11) in
mammalian cells(Bedford and Clarke 2009). While no arginine demethylase has been
identified, a well-studied modification of arginine residues that precludes methylation is
deamination, which is catalyzed by peptidylarginine deiminases (i.e PADIS), enzymes that
convert methylated arginine into citrulline (Cuthbert et al. 2004; Migliori et al. 2010; Wang
et al. 2004).

This vast and expanding literature reveals the level of complexity of epigenetic regulation,
which includes the action of multiple enzymes and post-translational modifications on
specific histone residues, thereby defining complex histone code modulating the
transcriptional output at particular gene loci (Table I).

3. TRANSCRIPTION FACTORS INVOLVED IN OLIGODENDROCYTE
LINEAGE DEVELOPMENT

The literature on the transcriptional networks modulating oligodendrocyte lineage
progression encompasses a vast number of studies, ranging from factors modulating cell
specification to those preventing the expression of differentiation markers in progenitor cells
(Liu and Casaccia 2010; Liu et al. 2015), and from those repressing genes involved in
pluripotency or proliferation (Sher et al. 2008), to those regulating the expression of myelin
components. In this chapter we shall review the major family of transcription factors
regulating oligodendrocyte progenitors and their differentiation into myelin-forming
oligodendrocytes.

3.1. BASIC HELIX-LOOP-HELIX (bHLH) FAMILY

The bHLH class includes a family of proteins characterized by the presence of an amino-
terminal basic domain, that binds the consensus DNA sequence called E-box, and a C-
terminal helix-loop-helix domain called HLH, that facilitates the homo- or hetero-
dimerization with other protein partners. The function of these factors as transcriptional
repressors or activators depends largely on the interaction with specific protein partners and
on the presence or absence of DNA binding domains. Members of the HLH family include:
the ubiquitously expressed E-proteins (e.g. E2-2, HEB, E12 and E47) and their tissue-
specific dimerization factors (e.g. NEUROD, NGN, MYOD, MASH1/Ascl, OLIG1, OLIG2,
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HESL1, HES5) with the ability to either activate or repress transcription by binding to E-box
sites at promoters or regulatory regions of target genes. The ID family members lack DNA
binding activity and act as repressors by sequestration (Benezra et al. 1990b). Much work in
the past recent history was dedicated to the elucidation of the molecular mechanisms
regulating the sequential fate restriction of oligodendrocyte lineage cells from
undifferentiated multipotential precursors (Jones 2004; Ledent and Vervoort 2001).
Inductive theories were introduced in the 1990s, when the transcription field focused largely
on the role of lineage-specific factors, as lineage determinants in response to morphogens
and growth factors. The discovery of MyoD, a basic helix-loop-helix (bHLH) transcription
factor that was both necessary and sufficient for the generation of muscle cells (Weintraub et
al. 1991), followed by the identification of Myogenin, another bHLH protein synergizing
with MYOD, spurred a search for similar “master regulatory genes” in other lineages.
NeuroD in Xenopus laevis (Lee et al. 1995) and Neurogenin in mammals(Ma et al. 1996)
were discovered to be neuronal determination genes and Oligl and Olig2 were discovered to
be oligodendrocyte-specific genes (Lu et al. 2000; Zhou et al. 2000) in avians and in
mammals.

Despite their similarity to other bHLH transcription factors, expression of Olig2 or Oligl
was not sufficient to induce oligodendrocyte differentiation in unrelated cell types (Lu et al.
2000; Sun et al. 2001; Zhou et al. 2001; Zhou et al. 2000). Both induced by SHH and
expressed in ventral domains of the spinal cord, these two transcription factors were shown
to be critical for oligodendrogliogenesis, as no oligodendrocyte progenitors were formed
when both genes were ablated (Lu et al. 2002; Zhou and Anderson 2002). However, OLIG1
1 and OLIG2 appear to play distinct roles in oligodendrocyte development. The expression
of Olig2 in the embryonic spinal cord, for instance, preceded that of Oligl (Zhou et al. 2000)
and only Olig2 was shown to play a role in the establishment of clear boundaries of cellular
domains leading to the generation of motorneurons and oligodendrocytes. It is recognized
that the definition of domains in the spinal cord is regulated by transcriptional cross-
repression between OLIG2, the homeodomain transcription factors NKX2.2 and NKX6.1
and another transcription factor implicated in interneuron fate called IRX3 (Lu et al. 2002;
Zhou and Anderson 2002; Zhou et al. 2001). Overexpression studies further highlighted
differences between the role of OLIG1 and OLIG2 in oligodendrocyte development and the
importance of protein-protein interactions. Injection into the chick neural tube of Olig2
alone, promoted motor neuron development. Injection of Olig2 and NKx2.2 in the same
system, promoted the development of oligodendrocytes and interneuron’s (Zhou et al.

2001). Mis-expression of Oligl in the murine embryonic forebrain, in contrast, induced the
formation of clones enriched in glial cells without neuronal cell types but not myelinating
oligodendrocytes(Lu et al. 2001). It was proposed that the ability of OLIG2+ cells to
generate motor neurons or oligodendrocytes was based on the relative amounts of OLIG2
and neurogenin 2 (NGNZ2) in neural stem cells (Novitch et al. 2001; Zhou et al. 2001).
Recent studies have refined this concept and led to the idea that OLIG2 dephosphorylation is
critical for oligodendrocyte specification (Li et al.) due to the sequestration of NGN2. Post-
translational modifications of OLIG2 have also been shown to favor its interaction with the
homeodomain protein NKX2.2 (Sun et al. 2003), with the nuclear factor I/A (NFIA)(Deneen
et al. 2006) and with MASH1, another bHLH protein whose ablation in mice (Guillemot et
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al. 1993), resulted in severely impaired spinal cord myelination at birth (Sugimori et al.
2008). Based on the multitude of transcription factors and their ability to form complexes
with other proteins either enhancing or repressing their ability to modulate transcription, it is
likely that future studies might elucidate additional transcriptional networks regulating
oligodendrocyte differentiation in dorsal areas of the brain and spinal.

The critical function of OLIG2 for oligodendrogliogenesis was clearly supported by the
analysis of Olig2 mutant mice, which revealed severely impaired development of motor
neurons and oligodendrocytes in the ventral spinal cord (Lu et al. 2002) but not in the
hindbrain, thereby suggesting that residual Oligl function could be sufficient to rescue OP
generation in a region-specific fashion. However the role of OLIG1 in developmental
myelination remained the subject of an active debate through the years. While the original
study on Oligl ablation (obtained by insertion of a Cre-Neo cassette within the Oligl locus)
reported a very mild phenotype (Lu et al. 2002), a subsequent study revealed a severe
hypomyelinated phenotype after deletion of the Neo cassette (Xin et al. 2005), and raised the
possibility that OLIG1 is an important determinant of myelination. Based on the conclusions
of these two studies the evidence that OLIG1 plays a role in developmental myelination can
be defined - at best - as controversial, while its role in adult remyelination is well accepted
(Arnett et al. 2004). A recent study brought additional evidence on the dispensable role of
OLIG1 in developmental myelination by generating two novel Oligl null lines either by
homologous recombination in ES cells followed by blastocyst injection or by rescue of the
Oligl;Olig2 double knockout line (Paes de Faria et al. 2014). The results of the published
study unequivocally supported the conclusions of the original study by Lu et al., 2002 since
the absence of Oligl only minimally impaired developmental myelination. The importance
of OLIGL1 in developmental myelination in the hindbrain (Xin et al. 2005) and in
remyelination (Arnett et al. 2004) prompted a series of studies that identified SIP1 and
ZFP488 as downstream effectors of OLIG1 as discussed below (Wang et al. 2006; Weng et
al. 2012).

HES1 and HESS are transcriptional repressors, initially identified as NOTCH-dependent
inhibitors of neurogenesis (Ohtsuka et al. 1999) with the ability to bind to N-boxes on pro-
neural genes (Akazawa et al. 1992) and to recruit complexes containing the co-repressors
TLE/Groucho and histone deacetylases (Grbavec and Stifani 1996; Paroush et al. 1994).
HESS is an important inhibitor of oligodendrocyte differentiation in cultured cells (Kondo
and Raff 2000) and a regulator of timing of myelination in vivo (Liu et al. 2006). As well as
binding directly to DNA consensus sequences on myelin genes and recruiting HDAC-
containing repressive complexes, HES proteins also form non-functional protein complexes
with the bHLH proteins E47 and MASH1(Akazawa et al. 1992) and sequester positive
regulators of myelin gene expression, such as SOX10 (Liu et al. 2006).

ID2 and 1D4 are also transcriptional repressors and members of the HLH proteins, lacking
the basic DNA binding motif. They are induced by BMP signaling (Ying et al. 2003) and
inhibit transcriptional activation by sequestration of OLIG1 and OLIG2, thereby preventing
DNA binding (Benezra et al. 1990a; Benezra et al. 1990b; Samanta and Kessler 2004). 1d4
expression declines during differentiation and forced expression of either 1d4 (Kondo and
Raff 2000; Samanta and Kessler 2004) or 1d2 (Wang et al. 2001) prevented differentiation of
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OPs invitro, while gene ablation of 1d4 (Marin-Husstege et al. 2006) resulted in ectopic and
heterochronic myelin gene expression.

More recently, new controversies have risen regarding the role of OLIG2 in the
oligodendrocyte lineage. The first one relates to the role of this transcription factor in
regulating the decision of NG2 cells to become oligodendrocytes or astrocytes. While the
initial studies on OLIG2 function focused on the importance of this transcription factor in
the ventral spinal cord and forebrain (Lu et al. 2002; Zhou and Anderson 2002), and
highlighted the importance of this transcription factor for the generation of motor neurons
and oligodendrocytes, the ablation of Olig2 in NG2 cells revealed a potential new role for
this transcription factor in repressing astroglial cell fate in specific regions, such as the
neocortex and the corpus callosum (Zhu et al. 2012). This suggests that the function of
OLIG2 could be region-specific and stage specific and possibly affected by post-
translational modifications and protein-protein interactions.

The second controversy relates to the role of OLIG2 as recruiter of the chromatin
remodeling complex SMARCA4/BRG1 and activating a program of oligodendrocyte
differentiation (Yu et al. 2013). It was proposed OLIG2 acts as key transcription factor
initiating oligodendrocyte differentiation by targeting the SMARCA4/BRG11 ATPase
remodeling complex to enhancer elements on key modulators of myelination (such as Myrf,
Sox10, Zfp191, described below). This model was proposed on the basis of identified target
genes by ChlIP seq analysis and on the reported severe hypomyelination in the spinal cord of
Smarcad/Brgl null mice using the Oliglcre driver line to achieve conditional ablation (Yu
et al. 2013).

However, subsequent experiments from other groups using the CnpCre driver (Bischof et al.
2015; Mei et al. 2013) to ablate either Olig2 (Mei et al. 2013) or Smarcad/Brgl (Bischof et
al. 2015), have not confirmed the originally proposed model. Therefore, despite the general
consensus related to the role of OLIG2 in the early stages of oligodendrocyte development,
its role in differentiating oligodendrocytes remains controversial. The report that late Olig2
ablation resulted in increased- rather than the predicted decreased — myelination, questioned
the model of OLIG2 as key recruiter of the ATP remodeling complexes to genomic loci
necessary for myelination (Yu et al. 2013). A potential explanation for the stage-specific
effects of Olig2 ablation could be the compensatory role of OLIG1 in mice with Olig2
ablation at later stages of development. Additional questions to the originally proposed
model were posed by a careful analysis of mice with ablation of Smarcad/Brgl in
progenitors (using an NG2Cre line) and at later stages of differentiation (using a CnpCre
line). In both cases the phenotype was relatively mild and thorough investigation of the
potential underlying mechanism identified BRG1 as early inducer of Sox10 expression,
although not necessary for its expression at later stages. Together, these manuscript define a
controversy which might be explained by the possibility that ChipSeq data in the Yu et al.
2013 study were performed on immature progenitor cells rather than differentiating
oligodendrocytes, by the fact that an independent validation of the ChipSeq data using
quantitative immunoprecipitation of chromatin samples isolated at multiple times of
oligodendrocyte development (as carefully analyzed by Bischof et al. 2015 was not included
in the original study.
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3.2 HIGH MOBILITY GROUP OR HMG FAMILY

The high mobility group family of differentiation inhibitors includes the SOX family
members as well as other HMG molecules with a bimodal expression profile (such as
Tcf712/Tcf4) and a more complex functional role (Table I1), including the ability to
counteract inhibitory Wnt signaling in progenitor cells (Ye et al. 2009) while inhibiting
myelin gene expression in differentiating cultured oligodendrocytes (He et al. 2007). The
members of this family of transcription factors are characterized by the presence of the
HMG (high mobility group) domain, a 79 amino-acid protein motif that binds to specific
non-B conformations of DNA(Leslie et al. 1980). B-DNA is the most typical conformation
of DNA found in cells (Leslie et al. 1980), whereas non-B DNA is either characterized by a
wider minor groove and detected in cells when DNA forms complexes with either RNA or
with enzymes (A-DNA) or is characterized by methylation (Z-DNA) (Nickol et al. 1982;
Shaw and Arya 2008).

The SOX (Sry-related HMG box) family of transcription factors includes more than 20
members sharing the homology for the HMG box of the Sry gene, which is involved in sex
determination. They can be further classified in subgroups based on homology, structure and
function (Table 1), and they are characterized by DNA sequence specific recognition and
consequent transcriptional activation or inhibition, depending on the interacting partners.
The subgroup A identifies the SRY factor, which gives the name to the family and is present
on the Y chromosome. The subgroup B of the Sox family includes Sox1, 2 and 3,
transcriptional activators which are expressed in proliferating neural and oligodendrocyte
progenitor cells. Among these family members, SOX2 (Ellis et al. 2004; Graham et al. 2003;
Hutton and Pevny) has been shown to increase proliferation and inhibit neuronal
differentiation (Bylund et al. 2003) and to support re-programming of OPs into neural stem
cells(Kondo and Raff 2004). SOX2 is down-regulated during the late stages of
oligodendrocyte maturation (Shen et al. 2008) due to the activity of HDACs. However, in
contrast with neural progenitors where they are down-regulated, Sox2 and Sox3 remain
expressed during the early stages of differentiation and exert a pro-oligodendrogliogenic
effect that has been in part attributed to their ability to down-regulate the microRNA
miR145(Hoffmann et al. 2014).

The subgroup C of Sox family members includes Sox 4 and Sox11 which was identified as
one of the target genes repressed by HDAC1 during OP differentiation (Swiss et al. 2011).
The repressive activity of SOX11 was confirmed by the evidence that its forced
overexpression in oligodendrocyte lineage cells reduced the expression of myelin genes
during the process of differentiation (Swiss et al. 2011).

The subgroup D of the Sox family includes SOX5 and SOX6 that are both expressed in OPs
and have been shown to inhibit differentiation (Stolt et al. 2006; Swiss et al. 2011). Genetic
ablation of Sox5 and Sox6 in mice induced precocious specification and differentiation of
oligodendrocytes (Stolt et al. 2006).

The subgroup E includes SOX8, SOX9 and SOX10, which have a crucial role in peripheral
and central nervous system myelination. Sox8 and Sox9 are expressed in OPs, with Sox9
being down-regulated during differentiation (Stolt et al. 2005) and Sox8 still detected in
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oligodendrocytes, albeit at lower levels (Sock et al. 2001; Stolt et al. 2004). The redundancy
of SOX8 and SOX9 function was inferred by the reduced number of OPs in Sox 9 null mice
(Stolt et al. 2003) and their complete absence in Sox8/Sox9 double knockouts (Stolt et al.
2005). Sox10 is expressed later than Olig2 in OPs, and its expression persists at high levels
throughout lineage progression (Stolt et al. 2002). Genetic ablation of Sox10 in mice did not
affect OPs, possibly owing to compensation by Sox8 and Sox9, but caused severe
hypomyelination (Britsch et al. 2001) (Finzsch et al. 2008; Stolt et al. 2002), thereby
suggesting a role for this transcription factor in promoting the late stages of differentiation.
The current view is that the ability of SOX10 to promote oligodendrocyte differentiation is
mediated by the transcriptional activation of genes associated with the myelinating stage
including Mbp, Plpl, and Cnx47 (Schlierf et al. 2006; Stolt et al. 2002), which can be
attributed to the formation of protein complexes with other transcription factors such as
OLIG1 (Li et al. 2007), MYRF (Hornig et al., 2013) and direct binding to the Mediator
subunit12 of the transcriptional machinery (Vogl et al. 2013). At the progenitor stage the
activity of SOX10 would be inhibited by sequestration into complexes containing
transcriptional inhibitors (Liu et al. 2006) and by competition with Sox family members of
the subgroup C and D, which have the ability to compete for binding at the same DNA
consensus sequence. In this respect, an interesting area of future investigation will be the
identification of the post-translational modifications of SOX10, which might underlie its
ability to form protein complexes with distinct partners.

The subgroup F includes SOX17, a factor that was originally identified in a microarray
screen for transcription factors that were enriched in sorted oligodendrocyte lineage cells
and implicated in cell cycle exit and differentiation of OP (Sohn et al. 2006). It was shown
that SOX17 plays an essential role in cell cycle exit, by down-regulating genes related to
cell proliferation (e.g. cyclin D1) and beta-catenin signaling pathway (e.g. axin 2, beta-
catenin) (Chew et al. 2011). Overexpression of Sox17 also increased OP differentiation as
observed in transgenic overexpressing lines (Ming et al. 2013), possibly due to sequestration
of myelin gene transcriptional inhibitors (e.g. Tcf712/Tcf4) and Wnt-signaling related genes
(Chew et al. 2011).

3.3 ZINC FINGER FAMILY

Zinc fingers transcription factors are a large protein family able to recognize specific DNA
sequences through their Zinc finger domain, which is structurally stabilized by a zinc ion
bound to conserved Cys and His residues within the motif (Klug and Schwabe 1995;
Mackay and Crossley 1998). In oligodendrocyte biology, zinc fingers transcription factors
have been shown to be critically involved in transcription regulation at different stages of
differentiation.

YY1 is a zinc-finger molecule with the ability to activate or repress genes in a cell-specific
fashion, depending on the post-translational modifications occurring in response to different
signals. In Schwann cells, for instance, YY1 is phosphorylated and acts as positive regulator
of myelin genes (He et al. 2010), while in oligodendrocyte progenitors it is acetylated and
preferentially acts as repressor of genes characteristic of the progenitor state. In
differentiating OP, YY1 was detected in protein complexes containing the repressive
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enzymes HDAC1 (He et al. 2007) as well as K9 histone methyltransferases (Liu et al. 2015).
Conditional ablation of Yy1 in the oligodendrocyte lineage did not compromise cell cycle
exit, but arrested progenitors at an undifferentiated state characterized by high levels of
transcriptional inhibitors of differentiation such as 1d4, Sox11 and Tcf712/Tcf4. Together
these data reinforce the complexity of the transcriptional activity of YY1, whose function is
modulated in a context-specific fashion. The cell and developmental stage-specific post-
transcriptional modifications of YY1 could potentially serve as interpretative key to
reconciliate previous reports of YY1 as repressor (Zolova and Wight 2011) or activator
(Berndt et al. 2001) of myelin genes in distinct cellular contexts.

ZFP191 is a zinc finger transcription factor implicated at later stages of differentiation. It
was discovered by screening C3H/HeJ background mice for the occurrence of spontaneous
resulting in a hypomyelinating phenotype characterized by tremor and death by the third
postnatal week (Howng et al.). These mutants showed a significant decrease in myelin gene
expression and were characterized by oligodendrocytes that extended processes to contact
axons but failed to wrap them, a phenotype reminiscent of Oligl null mice (Howng et al.
2010). Interestingly, morphological studies revealed no difference in the number of
precursor cells or late-stage differentiated oligodendrocyte, despite the severe
hypomyelination of mutant mice (Howng et al. 2010). This suggested that ZFP191 is critical
for later stages of myelination, probably by direct or indirect transcriptional regulation of
myelin gene expression.

ZFP488, on the other hand is a transcriptional repressor that cooperates with OLIG2 to
promote differentiation. In vivo experiments have shown that ectopic overexpression of
Zfp488 and Olig2 produced precocious differentiation in chick embryos (Wang et al. 2006).
Additional studies have shown that ZFP488 promoted oligodendrogliogenesis upon
overexpression in the subventricular zone, in the cuprizone model of demyelination
(Soundarapandian et al. 2011).

MYT1 (myelin transcription factor 1) is a zinc finger transcription factor that binds the Plp
promoter, the most abundant of oligodendrocytes myelin genes (Kim et al. 1997). In
proliferating oligodendrocyte precursors MYT1 localizes to the nuclear speckles, where it
plays an important role in proliferation and differentiation (Nielsen et al. 2004). In
demyelination lesions from MHV-induced demyelinated mouse samples and MS human
samples, Myt1 is highly expressed in both demyelinated and remyelinated lesions,
suggesting a potential role for MYT1 in remyelination (Vana et al. 2007). However, it is not
clear whether Myt1 act as a repressor and/or an activator in transcription regulation.
Evidences of MYT1 and SIN3B interaction suggest its role as a repressor in progenitor cells
(Romm et al. 2005).

SIP1 is a transcription factor that is structurally characterized by the presence of a
homeodomain and a zinc finger motif and recognizes E-boxes on the DNA sequence. This
factor is a SMAD-interacting protein (Verschueren et al. 1999) and acts as a repressor of
BMP signaling pathway (van Grunsven et al. 2007). Interestingly it has been shown that
SIP1 acts as master regulator of cell fate determination by integrating BMP4 and WNT
signaling pathways (Weng et al. 2012). Studies on Spl conditional knockout mouse have
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shown its role in myelination, since the knockout exhibits severe demyelinating defects in
the central nervous system (Weng et al. 2012). Spl, initially identified as a target gene for
OLIG1 and OLIG2, can act as a transcriptional activator or repressor depending on the
interacting cofactors. It has been shown that SIP1 negatively regulates BMP4 signaling,
either by interacting with receptor-activated SMADs (i.e. R-SMADS), or by repressing
1d2/1d4 and Hesl expression or by inducing the expression of Smad7, a negative regulator of
BMP pathway. In addition to its role as a negative regulator of BMP signaling, SIP1 can
also activate the expression of Mbp and myelin genes activator like Sox10 and Myrf (Weng
et al. 2012).

The Kruppel-like family of transcription factors (KLF) is characterized by the presence of
zinc finger domains, localized at the C-terminus of the protein sequence and binding to GC-
rich DNA sequences. Recent studies have shown that KLF9 is downstream of T3 signaling
and is sufficient to induce differentiation of oligodendrocytes in vitro, though the KIf9
knockout mouse appears to develop normally (Dugas et al. 2012).

3.4 ADDITIONAL TRANSCRIPTION FACTORS MODULATING DIFFERENTIATION

Myrf was identified on the basis of its expression profile, which is enriched in differentiated
and myelinating oligodendrocytes (Cahoy et al. 2008). MYRF is a membrane-bound
transcription factor that undergoes an activating proteolitic cleavage, allowing the N-
terminal domain to directly bind enhancer regions specific to oligodendrocyte and myelin
genes to regulate transcription during differentiation (Bujalka et al. 2013). Genetic ablation
of Myrf in mice resulted in profound hypomyelination and death at the third postnatal week,
and silencing of Myrf in cultured OPCs also impaired differentiation (Emery et al. 2009).

Among the most potent inducers of myelination in rodents are thyroid hormone (Barres et al.
1994), and retinoic acid (Huang et al. 2011) which bind to receptors with the ability to bind
DNA and modulate transcription. Together with the PPAR family members PPARy and
PPARS (De Nuccio et al. 2011; Saluja et al. 2001), these nuclear receptors have been
implicated in myelin synthesis and future studies will need to determined how this intricate
network of transcription factor family cross talks, especially in response to extracellular
signals in the developing brain and in pathological conditions.

4. MICRO-RNAs

The role of microRNAs during development is critical to mediate cell differentiation and
maintenance of cell identity. In the oligodendrocyte lineage, multiple microRNAs have been
discovered in the last decade as modulators of differentiation. The role of microRNAs in
early stages of oligodendrogliogenesis was suggested by in vivo studies on Dicer ablation in
neural precursor cells, which revealed a significant reduction of oligodendrocyte lineage
cells (Kawase-Koga et al. 2009). An important microRNA for oligodendrocyte specification
is miR7a (Zhao et al. 2010), which is widely expressed but shows highest levels in
oligodendrocyte precursors. Electroporation of miR7a in mouse embryos and
overexpression studies revealed an expanding population of oligodendrocyte progenitors and
up-regulation of Pdgfra, Oligl and Olig2. Consistently, miR7 silencing inhibited
oligodendrocyte specification and differentiation. Targets of this microRNA include
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neuronal (i.e. Pax6 and NeuroD4), astrocytic (i.e. Nfib and Nfic), and oligodendrocytic (i.e.
Cnp, 1) transcripts. Additional microRNAs identified in oligodendrocyte precursors
include the miR-17-92 cluster, which affects the proliferation of progenitors in vivo and in
vitro (Budde et al. 2010).

Interestingly, genetic ablation of Dicer in oligodendrocyte progenitors did not affect
proliferation (Dugas, 2010; Zhao, 2010) but impaired differentiation and caused myelin
disruption in mutant mice (Dugas et al. 2010; Zhao et al. 2010). The inhibitory effect on
differentiation was mostly attributed to decreased levels of two critical microRNAs: miR219
and miR338, which were also identified as the most up-regulated microRNAS in
differentiating oligodendrocytes (Dugas et al. 2010; Lau et al. 2008; Zhao et al. 2010).
MicroRNAs miR219 and miR338 were necessary and sufficient to induce differentiation by
targeting genes related to the progenitor stage, myelin inhibitors or other cell lineages. For
instance, it was shown that Pdgfra, Hes5, Sox6, Zfp238, and FoxJ3 were main targets for
miR219, while Sox6, Hes5, NeuroD1, 1911, Otx2, and Fgfr2 were targets of miR388 (Dugas
et al. 2010; Wienholds et al. 2005), thereby revealing a role for microRNAs in repressing
progenitor-essential genes or differentiation inhibitors. In contrast, miR138 was defined as
playing a role only during a specific window of differentiation, by promoting early stages of
differentiation but suppressing myelin formation (Dugas et al. 2010). The molecular
mechanism are unknown, but bioinformatics analysis revealed that potential target genes for
this micro RNA are Sox4 and Uhrflbpl, both associated with inhibition of
differentiation(Dugas et al. 2006; Stolt et al. 2006).

5. TRANSCRIPTON FACTORS AND CHROMATIN CHANGES DURING THE
PROGRESSION FROM PROGENITOR TO MYELINATING
OLIGODENDROCYTE

Figure 1 depicts a schematic summary of the transcriptional events and post-translational
modifications of the histones occurring in the nuclei of proliferating oligodendrocyte
progenitors, which are mainly characterized by relaxed euchromatin, abundant distribution
of acetylated histone marks and high accessibility of transcription factors to the DNA. Direct
binding of transcription factors to their cis-elements is favored by the access of the
recognition sequences in the DNA (Fig. 1). Progenitors are highly proliferative cells and
they can be actively maintained in the cell cycle by the action of mitogens (e.g. FGF2 and
PDGF-AA), which stimulate E2F-dependent transcription of genes involved in proliferation
(Magri et al. 2014b). This important role mediated by E2F1 is also associated with the
transcriptional activation of genes involved in chromatin architecture including the histone
variant H2A.Z and the DNA binding molecule UHRFL1 that preferentially binds to hemi-
methylated DNA (Magri et al. 20143).

These proliferative cells are also undifferentiated and characteristically defined by high
levels of transcriptional inhibitors, including the HLH family members HES1, HES5, 1D2,
ID4 and the SOX family members of subgroup C (e.g.SOX11), subgroup D (e.g. SOX5 and
6) and possibly also members of the HMG family of transcription factors (e.g. TCF7L2/
TCF4). This vast repertoire of transcriptional inhibitors prevents differentiation in multiple
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ways: (i) by direct binding to negative regulatory elements on myelin genes or (ii)
oligodendrocyte specific transcription factors or (iii) by sequestration of positive regulators
of myelin genes (Fig. 1).

The fact that transcriptional inhibitors of differentiation were shown to recruit HDAC-
containing repressive complexes to myelin genes (Liu et al. 2006) suggested the possibility
that inhibition of HDAC activity, using specific pharmacological inhibitors could increase
myelin gene expression. However, treatment of cultured oligodendrocyte lineage cells or
neonatal pups with HDAC inhibitors prevented myelin gene expression and impaired
development of myelinating tracts, respectively, due to up-regulation of transcriptional
inhibitors (Marin-Husstege et al. 2002),(Shen et al. 2005) (Swiss et al. 2011). A large body
of evidence supported that HDAC activity is necessary for earlier stages of oligodendrocyte
differentiation during developmental myelination (Fig. 2) and remyelination in order to
remove the inhibitory “brakes” to myelin gene expression, defined by the transcriptional
inhibitors of differentiation (Popko 2008; Shen and Casaccia-Bonnefil 2008). In support of
this model, high levels of the transcriptional inhibitors Hes5 and 1d4 were detected in the
brains of old mice, characterized by defective remyelination and impaired recruitment of
HDAC:Ss to chromatin loci containing genes encoding for transcriptional inhibitors (Shen and
Casaccia-Bonnefil 2008). High levels of these inhibitors and impaired histone acetylation
were also detected in the brain of multiple sclerosis patients (Pedre et al. 2011), thereby
further reinforcing the importance of HDAC-dependent removal of inhibitory constrains to
myelin gene expression during repair. Interestingly, HDAC inhibition in cultured neural
progenitor cells has been shown to promote myelin gene expression and later markers of
differentiation, if combined with treatment with thyroid hormone (Castelo-Branco et al.
2014a). These results were consistent with the previously reported evidence that the last
stages of differentiation of oligodendrocytes are characterized by the presence of increased
histone acetylation marks on myelin genes (Liu et al. 2010). The translational implications
of this finding will need further investigation in disease models of demyelination, given the
positive results of acute co-treatment of T3 and HDAC inhibitors in a rat model of EAE
(Castelo-Branco et al. 2014b). Together these results support the concept that inhibition of
histone deacetylation is detrimental during a selective temporal window of progenitor
differentiation (Shen et al. 2005), when it serves the main purpose of “removing the brakes”
of myelination, while it may be beneficial at later time points when its inhibition serves the
purpose of enhancing myelin gene expression.

The process of differentiation of OP into oligodendrocytes is characterized by the
progressive formation of heterochromatin starting at the nuclear periphery and radially
converging towards the center of the nuclei (Fig. 3). This is associated with high levels of
histone deacetylase activity during the early stages of differentiation and high levels of K9
histone methyltransferases, leading to transcriptional repression of several gene categories,
including: transcriptional inhibitors of myelin genes (e.g. Hes5, Sox5), transcription factors
regulating neuronal lineage genes (e.g. NeuroD and Isletl). The transcript levels of the
inhibitors are further reduced by the up-regulation of microRNAs targeting the inhibitory
bHLH molecules (e.g. Hes5) and Sox members (e.g Sox5, Sox6) (Fig. 3). Therefore, the
process of myelination is characterized by de-repression of myelin genes and their activators
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including SOX10 and MYRF. Additional molecules, including ZFP191 and members of the
nuclear hormone receptor family members, such as PPAR, RAR and RXR all contribute to
these late stages of oligodendrocyte maturation with ZFP191 and MYRF also modulating
the stage of axonal wrapping.

5. CONCLUDING REMARKS

The most important message of this review is the description of distinctive nuclear
landscapes defining progenitors and differentiated cells.

From a developmental perspective, the acknowledgement of the existence of distinctive
nuclear landscapes in proliferating and differentiating progenitors is of great interest because
it allows considering the critical importance of stage-specific cellular context, especially
when interpreting the phenotype of mice with specific gene ablation at distinct time points.

From a translational perspective, it allows to take in consideration the modalities of
responsiveness of targeted cell populations. At least two types of approaches can be
envisioned. Targeting of the progenitor pool must take into account that these cells are
amenable to transcription factor manipulations based on the relaxed chromatin structure and
relatively easy access to the DNA. However these cells are also characterized by an active
transcription program regulating cell proliferation and therefore need to be signaled to exit
from the cell cycle. Targeting later stages of differentiation may also include the stimulation
of specific transcription factors and nuclear receptors (PPARs, RXRS, TH) that have been
associated with myelination (Billon et al. 2002; Feinstein et al. 2002; Huang et al. ; Niino et
al. 2001). However, therapeutic approaches targeting later stages of differentiation may
require the use of epigenome modulatory compounds that, in contrast to early stages of
differentation, may enhance the access of transcription factors to DNA (Castelo-Branco et
al. 2014a; Gacias et al. 2014).
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GLOSSARY

OoP Oligodendrocyte Progenitors

bHLH (Basic helix- Protein structural domain in transcription factors, composed by

loop-helix) two alpha helices connected by a loop, that allows protein-
protein interactions and the formation of homo or heterodimers.
This domain is distinct from the DNA binding-motif which is
rich in basic aminoacids and localized to the N-terminus

E-proteins Class | of basic helix-loop-helix transcription factors that are

ubiquitously expressed. They are able to heterodimerize with
other transcription factors with the bHLH domain
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E-boxes

SOX

High Mobility Group
(HMG-box)

N-boxes

Zinc finger

Per oxisome
proliferator-activated
receptors (PPAR)

Retinoic acid receptor
(RAR)

Retinoid X receptor
(RXR)

Chromatin
remodeling
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DNA consensus sequence (CANNTG) recognized by E-
proteins

SOX proteins are SRY-Related HMG-Box transcription factors
characterized by having a HMG (High Mobility Group) domain

Protein structural motif characterized by the presence of three
alpha helices separated by loops found in transcription factors
and subunits of chromatin-remodeling complexes. Two types of
DNA binding proteins containing this domain have been
identified: those that bind non-specifically to DNA (i.e.
HMGB) which is in a non-B conformation (i.e. bent, kinked
and unwound) and transcription factors (i.e. SOX family
members) with sequence-specific DNA binding

DNA consensus sequence (CACNAG) recognized by HES
transcription factors

Protein structural motif characterized by a tertiary structure
stabilized by a Zn ion. The best-characterized mammalian Zn
finger transcription factors are characterized by the presence of
spaced cysteine and histidine aminoacid residues which
typically define repeats, with each repeat forming a “finger”
with the ability to bind in the major groove of DNA

Peroxisome proliferator-activated receptor defines a nuclear
receptor family with the ability to form dimers with RXR and
bind to the DNA consensus sequence: AGGTCANAGGTCA to
promote transcriptional activity, after binding to the respective
ligand (fatty acids for PPARa, prostaglandins for PPARY)

It includes a family of nuclear receptors (RAR a, p and ) with
the ability to bind the retinoic acid response elements (RARE)
corresponding to a tandem sequence AGGTCA. In the absence
of the ligand, the RAR form RXR-RAR heterodimers with
repressive activity, while in the presence of the ligands (all-
trans retinoic acid or 9-cis retinoic acid) they modulate
transcriptional activity

The retinoid X receptor superfamily of transcription factors
includes RXR a, B and y and forms repressive complexes with
RAR in the absence of the ligand (9-cis retinoic acid). In the
presence of the ligand, they have the ability to bind to other
classes of nuclear receptors, including TR, VDR and PPARs

The process of modifying chromatin structure by nucleosome
repositioning (or sliding) along the DNA
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Euchromatin

Heter ochromatin

Histone
acetyltransfer ases
(HATS)

Histone deacetylases
(HDACs)

Histonelysine
methyltransfer ases
(HMTy)

Histone lysine
demethylases (KDM)
Protein arginine
methyltransferases
(PRMTs)

Polycomb group of
proteins (PcG)
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It is a relaxed chromatin structure that favors transcription
factor access to DNA. It includes the most active regions of the
genome, which are actively transcribed

It is a compact form of chromatin that can be constitutive or
facultative and is associated with transcription repression

Group of enzymes responsible for the acetylation of lysine
residues on nucleosomal histones and additional substrates,
including enzymes and transcription factors

Group of enzymes responsible for the removal of acetyl groups
from lysine residues on nucleosomal histones to promote
transcription repression. Besides nucleosomal histones, HDACs
can also modulate the activity of other proteins, including
transcription factors, other enzymes and even cytoskeletal
molecules, depending on their nuclear or cytosolic distrubution

Enzymes with the ability to specifically methylate lysine
residues at precise genomic locations (e.g. K4, K9, K27 on
histone H3) by transferring one, two or three methyl groups

Enzymes catalyzing the removal of methyl groups from lysine
residues on nucleosomal histones

Family of enzymes that methylate arginine residues in histones
or non-histone proteins. Three types of methylations have been
identified: mono-methylation, asymmetric dimethylation and
symmetric dimethylation

Family of proteins with distinctive repressive functions
including the PRC1 and PRC2 protein complexes, which
catalyze the formation of the H3K27me3 repressive histone
mark
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Figure 1. The euchromatic nucleus of oligodendrocyte progenitorsischaracterized by the
expression of cell cycle genesand high levels of transcriptional inhibitors

Oligodendrocyte progenitors are highly proliferative bipolar cells, actively responding to
mitogenic signals (PDGF-AA, FGF-2). At the molecular level, these progenitors are
characterized by a transcriptionally active chromatin state characterized by the abundant
deposition of acetyl marks by histone acetyl transferases (HATS) at genes regulating
proliferation and transcriptional inhibitors (orange box) of myelin genes (white box) and
their activators (green box). As consequence, the expression levels of cell cycle genes and
transcriptional inhibitors of genes associated with the differentiated state are very high.
Three mechanisms of actions have been previously described for the action of the inhibitors
(HESS5, ID2/4 and SOX5/6/11) and are represented in the figure: (i) direct recruitment of
HDAC-containing repressive complexes to the promoter of myelin genes; or (ii) to the
promoter of transcriptional activators. (iii) A third mechanism consists on the sequestration
of transcriptional activators by the inhibitors through protein-protein interactions. In green
are represented the events resulting in transcriptional activation and in red those resulting in
transcriptional repression. Green arrows indicate high levels of transcripts while red arrows
indicate low levels.
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Figure 2. Thefunctional role of HDACsin oligodendrocyte lineage cells depends on the
differentiation stage

The functional role of HDACs in oligodendrocyte differentiation is stage-dependent. The
pharmacological inhibition of HDACs at early stages of progenitor differentiation (TOP
panel) results in increased levels of transcriptional inhibitors of oligodendrocyte
differentiation and impaired differentiation. Pharmacological inhibition of HDACs at later
stages of oligodendrocyte differentiation (BOTTOM panel) and in the presence of thyroid
hormone (TH) enhances the transcriptional activity of myelin gene promoters and favors the
attainment of a pro-myelinating phenotype.
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Figure 3. The process of differentiation into oligodendrocytesis characterized by repressive
events mediated by post-transational histone modifications and the action of microRNAs

The differentiation of progenitors towards oligodendrocytes includes branching of cellular
processes and the progressive formation of heterochromatin in the nucleus. The underlying
molecular mechanism is triggered by the action of extracellular signals (e.g. SHH, TH) that
stimulate (green arrows) the activity of chromatin modifying enzymes including K9 histone
methyltransferases (HMT) and histone deacetylases (HDACS). These enzymes are recruited
into repressive complexes with transcription factors (i.e. E2F4, Y'Y1) which target them to
loci encoding for genes expressing transcriptional inhibitors of myelin genes as well as
genes encoding for modulators of cell proliferation, neuronal lineage and electrical
properties. Transcriptional repression at these loci is assocated with differentiation. The
concerted action of micro-RNAs, generated by Dicer contributes to the decreased levels of
differentiation inhibitors (e.g.Hes5, Sox5, Sox6).
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Table |
Enzymatic activitiesthat regulate histone epigenetic marks

Represented here is a synopsis of activating (green) and repressive (red) post-translational modifications of
lysine residues in histone H3 and H4. Note that the scheme does not distinguish between mono-, di- and tri-
methylation of lysines and the reader is invited to refer to the text for their functional significance. A list of the
enzymes responsible for the deposition of the mark (i.e. addition of acetyl or methyl groups) is presented with
the relative residue specificity. Erasers define enzymes catalyzing the removal of the mark. Please note that
Sirtuins can be distinguished by HDACs due to their ability to respond to redox states. Also note that mono, di
and trimethylation of lysine residues at specific positions is mediated by distinct classes of enzymes with
EHMT1 and EHMT2 modulating dimethylation and SUV39H1/2 modulating trimethylation of K9 histone H3.

Type Writers Erasers
R — HATS HDACsand SIRTUINS
Lysine deacetylation = Inhibition () ATF2 HD ACl
CREBBP HDAC2
ELP3 HDAC3
. EP300 HDACS
it HATL HDAC9
KAT2A, KAT2B HDAC11
KAT7 SIRT1
KAT8 SIRT2
NCOA1
Lysine methylation HMTs KDMs
Activation () H3K4 H3K4
M MLL1, MLL2, MLL3, MLL4 KDM1A
SETD1A KDM1B
SETD1B KDM2B
SETD7 KDM5A
. SMYD2 KDM5B
N\ "" 7\ L SMYD3 KDM5C
==, = e H3K9 KDM4D
00 0 &) @ EHMT1 H3K9
'i EHMT2 KDM1A
@—i PRDM?2 KDM3A
© SETDB1 KDM4A
SUV39H1 KDM4B
SUV39H2 KDM4C
H3K 27 KDM4D
EZH2 PHF8
H3K 36 H3K27
NSD1 KDM6A
ASHI1L KDM6B
SETD2 PHF8
SMYD2 H3K 36
H3K79 KDM2A
DOT1L KDM2B
H4K 20 KDM4A
NSD1 KDM4B
SUV420H1 KDM4C
SUV420H2 KDM4D
SETD8 KDM8
H4K20
PHF8
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