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Oligodendrocytes (OLs) produce myelin sheaths that electrically insulate axons and promote
rapid propagation of action potentials in the CNS. The onset and timing of CNS myelination
and remyelination requires precise coordination between epigenetic programming and
transcriptional regulation. In this thesis, I present my findings on two epigenetic regulatory
complexes Chd7/Sox10 and IncOL1/Suz12 in CNS myelination and remyelination.

First, we show that chromatin remodeler Chd7 is required for proper onset of CNS
myelination and remyelination. Genome-occupancy analyses, coupled with transcriptome
profiling, reveal that Chd7 interacts with Sox10 and targets the enhancers of key
myelinogenic genes, and identify novel Chd7 targets including bone formation regulators

Osterix/Sp7 and Creb312, which are also critical for oligodendrocyte maturation. Thus, Chd7



coordinates with Sox10 to regulate the initiation of myelinogenesis and acts as a molecular
nexus of regulatory networks that account for the development of a seemingly diverse array
of lineages including oligodendrocytes and osteoblasts, pointing to the hitherto previously
uncharacterized Chd7 functions in white matter pathogenesis in CHARGE syndrome.

To understand the role of IncRNAs in CNS myelination, we establish dynamic expression
profiles of IncRNAs at different stages of oligodendrocyte development and uncover a cohort
of stage-specific oligodendrocyte-restricted IncRNAs including a conserved chromatin-
associated IncOLI. Genetic inactivation of IncOLI causes defects in CNS myelination and
remyelination following injury. Functional analyses illustrate that IncOLI interacts with
Suz12, a component of PRC2, to promote oligodendrocyte maturation in part through Suz12-
mediated repression of a differentiation inhibitory network that maintains the precursor state.
Collectively, these studies show that epigenetic circuitry between IncRNAs and transcription
factors with chromatin-modifying complexes play roles in balancing inhibitory and activating

gene program, allowing the timely CNS myelination and myelin repair.
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CHAPTER ONE

INTRODCUTION

OLIGODENDROCYTE DEVELOPMENT AND REGENERATION

Oligodendrocyte and Myelin

Within the vertebrate nervous system, motor, sensory, and cognitive functions require rapid
impulse propagation, which is facilitated by the insulation of axons by myelin sheaths.
Myelin is a specialized structure that extends compacted multilayered membrane around the
axons and reduces the transverse capacitance and increases the transverse resistance of the
axonal plasma membrane. By limiting action potentials to short unmyelinated axonal
segments, myelin sheaths provide the structural basis for saltatory propagation, which
accelerates nerve conduction by 20-100 folds. In the central nervous system (CNS), myelin is
generated by oligodendrocytes. Using silver carbonate impregnation method, Del Rio
Hortega first discovered and systematically described oligodendrocytes as glia cells with
very few processes in 1928(P., 1928). Though Del Rio Hortega predicted that
oligodendrocytes were functionally similarly to Schwann cells in the CNS and responsible
for myelination (P., 1922), yet cellular connection between oligodendrocytes and myelin
sheaths was not demonstrated until 1960s when electron microscopy was introduced (Bunge,
1968). An oligodendrocyte extends many processes, each of which contacts and repeatedly
envelopes a stretch of axon with subsequent condensation of this multispiral membrane-

forming myelin (Bunge et al., 1962). Ultrastructurally, oligodendrocytes can be identified by



their generally round, dark nuclei (with condense chromatin), which are surrounded by dark
cytoplasm containing short granular endoplasmic reticulum, polyribosomes, short

mitochondria, and Golgi apparatus(Sandell and Peters, 2002).

Oligodendrocyte Specification and Differentiation

Developmentally, oligodendrocytes are generated by subventricular cells from the ventral
neuroepithelium of the neural tube in early embryonic development and from dorsal spinal
cord and hindbrain/telencephalon of the brain at later development (Vallstedt et al., 2005).
Those progenitors, under the influence of extracellular ligands such as sonic hedgehog (Shh),
give rise to committed oligodendrocyte progenitor cells (OPCs) that remain highly
proliferative and motile, dividing as they migrate out throughout the CNS. Once in their final
position, OPCs exit the cell cycle, undergo differentiation into premyelinating
oligodendrocytes, which, given the appropriate environmental cues, will further mature and
myelinate nearby receptive axons. These highly dynamic differentiation processes are
characterized by the dramatic increase in morphologic complexity and the expression pattern
of specific markers, and could be divided into four different steps: oligodendrocyte precursor
cells (OPC), pre-oligodendrocytes (or late OPC), immature (or pre-myelinating) OL and
mature (or myelinating) OL (Figure 1-1). OPC are identified with the specific expression of
platelet-derived growth factor receptor a (PDGF-Ra), ganglioside A2B5 and proteoglycan
NG2. OPC first give rise to preoligodendrocytes that extend multipolar short processes and

start to express sulfatide recognized by the O4 antibody. Upon loss of A2B5 and NG2



markers, immature OL become post-mitotic cells with long ramified branches and are
committed to the oligodendroglial lineage with the appearance of galactocerebroside C
(GalC). In the final stages of OL development, mature OL extend membranes that form
compact enwrapping sheaths around the axons and express myelin proteins such as myelin
basic protein (MBP), proteolipid protein (PLP), myelin associated glycoprotein (MAG), and

finally myelin oligodendrocyte glycoprotein (MOG) (Figure 1-1)

Oligodendrocyte progenitor Premyelinating OL

Preoligodendrocytes Myelinating OL
(OPC) (Immature)
// ~
M\ — — P o — -
_
Olig1/2 Olig1/2 Olig1/2 Olig1/2
Sox10 Sox10 Sox10 Sox10
Nkx2.2 Nkx2.2 Plp1/Dm20 Plp1/Dm20
Pdgfra Pdgfra Cnp Cnp
NG2 NG2 04 04
A2B5 A2B5 APC APC
04 GalC GalC
Cnp Mbp Mbp
Mag
Mog

Figure 1-1 Stepwise differentiation and maturation of oligodendrocytes.

Oligodendrocyte Regeneration and Remyelination

Oligodendrocyte and myelin sheaths are critical to facilitate saltatory conduction, maintain
axonal integrity and support survival of CNS neurons (Chamberlain et al., 2015).
Disturbances to oligodendrocyte function or myelination in the developing or injured brain
impairs axonal conduction (Waxman, 2006) and is associated with neuronal degeneration

(Das Sarma et al., 2009). CNS is capable to spontaneously regenerate oligodendrocytes and
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replace myelin (remyelination) following acute demyelination (Franklin and Ffrench-
Constant, 2008). In response to injury, neighboring OPCs undergo a switch from an
essentially quiescent state to a regenerative phenotype and rapidly migrate to the site of
injury. Following recruitment, the OPCs differentiate into oligodendrocytes to remyelinate
recently denuded axons. This differentiation phase encompasses three distinct steps:
establishing contact with the axon that is to be remyelinated, activating myelin genes and
generating a myelin membrane, and finally wrapping and compacting the membrane to form
the sheath (Franklin and Ffrench-Constant, 2008). The remyelination is found to be
incomplete or fail in inherited and acquired neurological diseases such as leukodystrophies
and devastating multiple sclerosis (MS) (Mar and Noetzel, 2010; Trapp et al., 1998). Despite
the presence of oligodendrocyte precursor cells (OPCs), myelination fails to proceed in
demyelinating lesions in MS patients (Chang et al., 2002). At present, the factors that
promote the initiation of OPC differentiation and overcome the block for successful
remyelination in demyelinating diseases are poorly defined.

Normal adult white matter OPC differentiation and remyelination

Y v Y = v =
ER Y - v

}i Myelinating OL
E Microglia

Demyelination OPC recruitment and proliferation == Myelin debri

S— , -—
Y G- - |
o~

 —
< < 5 “ -
- - .. - f Remyelinating OL

- -

Figure 1-2 The phases of remyelination. Following acute demyelination, local OPCs are
activated and recruited to lesion sites. Once recruited, OPCs then engage demyelinated
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axons as they begin the differentiation phase. (Adapted from (Franklin and Ffrench-
Constant, 2008))

Transcriptional Regulation of Oligodendrocyte Specification and Differentiation
These highly dynamic processes of OL lineage progression, which occur on an ongoing basis
during both development and in adulthood, are coordinated and fine-tuned by equally
dynamic changes in the expression and activity of transcription factors. Here 1 will
summarize some of the major transcriptional programs and key molecules that mediate
development of the OL lineage and myelination in the CNS (Figure 1-3).

bHLH Factors Oligl/2 Olig genes are identified as the earliest markers of
oligodendrocyte progenitors (Lu et al., 2000; Zhou et al., 2000) and both Oligl and Olig2 are
required for oligodendrogenesis throughout the CNS (Zhou and Anderson, 2002). Olig2 is
essential for the generation of early ventrally derived OPC and their differentiation (Lu et al.,
2002). Genome-wide binding studies (ChIP-Seq) found that Olig2 targets specific enhancers
that regulate oligodendrocyte-lineage progression in a stage-specific manner (Yu et al.,
2013b). Although Oligl is expressed from early in the lineage, it does not appear to be vital
for OPC generation. Oligl-null mutants exhibit a defect in terminal differentiation and
maturation of OPCs (Dai et al., 2015; Xin et al., 2005). Consistent with the observed delay
or loss of mature markers in Oligl null mice, Oligl promotes transcription from the MBP
promoter in luciferase assays (Li et al., 2007a; Xin et al., 2005), implicating MBP as a direct

target gene.



SoxE Factors Sox9/10 Specification of OPCs requires the Sox9/Sox10 transcription
factor, whereas terminal differentiation depends on the closely related Sox10. In the absence
of Sox10, OL terminal differentiation is disrupted but OPCs developed normally (Stolt et al.,
2002). However, deletion of both Sox10 and Sox9 within the OL lineage results in a marked
reduction in the density of Olig2-positive OPCs, suggesting that Sox9/10 have partially
redundant but critical roles in OPCs (Finzsch et al., 2008). Sox10 interacts with cell type-
specific transcription factors at some loci to induce myelin gene expression, and it occupies
active enhancers of genes critical for myelination (Lopez-Anido et al., 2015; Zhao et al.,
2016).

SoxD Factors Sox5/6 Sox5 and Sox6 are expressed in neural progenitor cells and
OPCs, and downregulated during differentiation (Stolt et al., 2006). Sox5 and Sox6 act to
antagonize Sox10’s prodifferentiation role and ablation of Sox5 and Sox6 genes in the OL
lineage results in precocious expression of mature markers (Stolt et al., 2006), highlighting
their role in limiting OL differentiation in vivo.

BMP Effectors 1d2/4 1d2 and 1d4 are downstream from the BMPs (Samanta and
Kessler, 2004) and translocated from nucleus to cytoplasm as OPC differentiate (Wang et al.,
2001). Overexpression of 1d2 inhibits OPC differentiation, whereas absence of 1d2 induces
premature oligodendrocyte differentiation in vitro (Wang et al., 2001), suggesting that 1d2 is
a component of the intracellular mechanism that times oligodendrocyte differentiation. Id2/4

can complex with the bHLH proteins Oligl and Olig2 and may prevent Oligl and Olig2 from



entering the nucleus and inhibit the expression of target genes such as myelination-related
genes (Samanta and Kessler, 2004).

Notch Effectors Hesl/Hes5 Hes1 and Hes5 function as the transcription effectors of
Notch and negatively regulates OPC differentiation. Similar to 1d2/4, Hes5 null mice display
accelerated expression of myelin genes, and forced expression of Hes5 in cultured OPCs
blocks their differentiation into OLs (Liu et al., 2006). Mechanistically, Hes5 interacts with
and competes with the transcriptional activator Sox10, directly preventing and sequestrating
its activity at myelin promoters (Liu et al., 2006).

Mpyelin Regulatory Factor Myrf/Gm98 Myrf is strongly induced during the early
stages of OL differentiation and persists in myelinating oligodendrocytes. Myrf is necessary
and sufficient to promote OL maturation and myelination. Mice lacking Myrf display a
complete failure of OL terminal differentiation and subsequent myelination, and cannot
survive due to severe neurological abnormalities (Emery et al., 2009). Myrf is also required
for the maintenance of the myelin; conditional ablation of the gene in myelinating OLs in the
adult CNS results in a degeneration of the myelin sheaths (Koenning et al., 2012). Genome-
wide binding studies (ChIP-Seq) reveal that Myrf directly targets a wide range of genes
underpinning the morphological development and myelination by OLs (Bujalka et al., 2013).

Sipl/Zeb2 Sip1 was initially identified as a direct transcriptional target of Olig2 and a
downstream of Oligl (Weng et al., 2012). Sipl ablation in oligodendrocyte lineage cells
resulted in a severe failure of myelin sheath formation without affecting OPC proliferation,

indicating that Sipl is required for the transition of OPCs to myelinating oligodendrocytes



(Weng et al., 2012). At least part of Sipl’s function is likely to be through antagonism of
BMP-Smad regulatory pathway as well as induction of the Smad7, a negative-feedback

regulator of the BMP signaling complexes (Weng et al., 2012).

A Neural Stem cell Oligodendrocyte progenitor Premyelinating OL
(NSC) (OPC) (Immature)
; A
— @ _ — ~
L
4
&~ >
Olig1,0lig2
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N

e _ oe

&
=

T
@

Figure 1-3 Transcriptional regulation of oligodendrocyte specification and
differentiation (A) Expression levels of relevant transcription factors in NSCs, OPCs and
8



premyelinating OLs. (B) The balance between proliferation/maintenance and terminal
differentiation is maintained by anti- and prodifferentiation factors. Red circles represent
anti-differentiation factors and green circles represent pro-differentiation factors. (Adapted
from (Emery and Lu, 2015))

Epigenetic Regulation of Oligodendrocyte Specification and Differentiation

The transcriptional program of OL differentiation and myelination is highly influenced and
reliant on a parallel process of epigenetic regulation, which plays a fundamental role in
governing the accessibility of transcriptional machinery to DNA sequences and comprises
DNA methylation, histone modifications, ATP-dependent chromatin remodeling, a network
of noncoding RNAs (e.g., microRNAs and IncRNAs) (Figure 1-4).

HDAC:s Histone deacetylases (HDACS) are a class of chromatin modifying enzymes
that remove acetyl groups from lysine residues on a histone, allowing chromatin compaction
and gene silencing. HDACs can be subdivided into four classes based upon
sequence/structural homology to yeast counterparts: class I (HDAC1-3, and 8), class II
(HDAC4-7 and 9-10), NAD-dependent class III (SIRT1-7), and class IV (HDACI1)
(Falkenberg and Johnstone, 2014). Pharmacological inhibition and siRNA-mediated
silencing of HDAC1/2 impair OL differentiation in vitro and in vivo (Marin-Husstege et al.,
2002; Shen et al., 2005). Ablation of HDAC1 and HDAC2, but not individual HDAC:S,
blocks OL differentiation and myelination, suggesting functional redundancy of HDACI1 and
HDAC2 in myelination (Ye et al.,, 2009). HDACI1/2 are often found together with

multiprotein co-repressor complexes to inhibit expression of OPC differentiation inhibitors
9



(He et al., 2007; Ye et al., 2009). HDAC1 recruits YY1 to the promoter of OPC
differentiation inhibitors such as Id2/4 and Hes5 and repress their expression. In addition,
HDAC1 and HDAC2 can disrupt the B-catenin/TCF transcription complex, and thereby
prevent expression of Wnt signaling target genes (Ye et al., 2009). Different from
HDAC1/2, HDAC3 functions as a molecular switch for oligodendrocyte and astrocyte
lineage determination. HDAC3 ablation in oligodendrocyte lineage cells results in a severe
failure of myelination in CNS, with a significant increase of astrocytes and a concomitant
loss of oligodendrocytes (Zhang et al., 2016). Genome-wide occupancy analysis reveals that
Hdac3 interacts with p300 to activate oligodendroglial lineage-specific genes, while
suppressing astroglial differentiation genes (Zhang et al., 2016). At present, the role of other
HDACs in OL development remains to be defines. A class III HDAC (NAD+)-dependent
deacetylase sirtuin 2 (SIRT2) is enriched in OLs and  has been implanted in OL
cytoskeleton remodeling and process arborization (Li et al., 2007b). Class IV HDACI1 is
reported to regulate OL-specific gene expression and cell development in an oligodendroglial
cell line (Liu et al., 2009).

HMTs HMTs (Histone methyltransferases) are histone-modifying enzymes that
catalyze the transfer methyl groups to lysine and arginine residues of histone proteins.
Enhancer of zeste homolog 2 (Ezh2) is a Polycomb group protein which deposits triple
methyl groups on lysine residue K27 of histone H3 (H3K27me3). Overexpression of Ezh2 in
differentiating NSCs resulted in an increase in oligodendrocytes and a reduction in

astrocytes, whereas silencing of Ezh2 led to completely opposite effects (Sher et al., 2008).
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In oligodendrocytes, Ezh2 directly targets and represses genes associated with neuronal and
astrocytic lineage and suppression of Ezh2 activity in oligodendrocytes resulted in
derangement of the oligodendrocytic phenotype and re-expression of neuronal and astrocytic
genes (Sher et al., 2012). Recently genome-wide profiling of the repressive histone marks
uncovers that H3K9me3 marks are increased during OL differentiation, at genes related to
neuronal lineage and regulation of membrane excitability(Liu et al., 2015). Silencing H3K9
HMT impaired oligodendrocyte differentiation and functionally altered the response of
oligodendrocytes to electrical stimulation (Liu et al., 2015).Those observations suggest a
working model that initial loss of neurogenic ability from neural stem cells to OPC is likely
established through repression of neuronal genes by the deposition of H3K27me3 marks by
EZH2, which is active at the OPC stage whereas later changes related to decreased
excitability of OPCs and differentiation into myelinating OLs are dependent on the
deposition of repressive H3K9me3 mark (Liu et al., 2015).

ATP-dependent Chromatin remodeling enzymes In addition to histone
modifications, accessibility of transcription factors to specific binding sites in differentiating
oligodendrocytes can be achieved via displacement of nucleosomes by ATP dependent
chromatin remodeling complexes. So far, Smarca4/Brgl is the only chromatin remodeling
enzyme defined in oligodendrocyte lineage progression. BRGI1-dependent chromatin
remodeling is required for the transition from OPCs to OLs but dispensable during the later

stage of oligodendrocyte maturation (Bischof et al., 2015; Yu et al., 2013b). BRG1 chromatin
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remodeler is prepatterned with OLIG2 to facilitate expression of oligodendrocyte lineage-
specific genes (Yu et al., 2013b).

MicroRNAs miRNAs function mainly to inhibit the expression of anti-differentiation
factors by forming an RNA-induced silencing complex with 3’ untranslated regions of target
mRNAs and reducing the final output of target genes at the post-transcriptional level. miR-
219 and miR-338 is highly enriched in differentiating OLs, and overexpression of miR-219
or miR-338 is sufficient to accelerate OPC differentiation in culture and promote precocious
expression of OL lineage markers in the developing chick neural tube and mouse CNS (Zhao
et al., 2010). miR-219 expression likely permits or promotes OL differentiation by
suppressing of multiple differentiation brakes, such as PDGFRa, Hes5, Sox6, Zfp238 and
FoxJ3 (Dugas et al., 2010; Zhao et al., 2010). miR23 restrains the expression of lamin B1, of
which the overexpression causes severe myelin loss (Lin and Fu, 2009). Furthermore, miR-
23a overexpression in vivo enhances both OL differentiation and myelin formation by
modulating the PTEN/Akt/mTOR signaling axis (Lin et al., 2013). On the other hand, a
series of miRNAs are required to maintain OPCs in an immature, proliferating state. OPC-
enriched miRNAs, miR-214 and miR-199a-5p, prevent precocious differentiation by
inhibiting expression of Mobp and C110rf/Myrf in OPCs, respectively (Letzen et al., 2010).
miR-17-92 clusters promotes OPC proliferation by influencing Akt signaling, and targeted
inactivation of the miR-17-92 cluster in post-mitotic oligodendrocytes leads to a reduction in

oligodendrocyte number in vivo(Budde et al., 2010). In aggregates, multiple miRNAs act
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combinatorically to modulate the activities of transcription factors and signaling networks
posttranscriptionally and thereby regulate OL fate specification and differentiation.

Long noncoding RNAs (IncRNAs) IncRNAs are emerging as important regulators of
diverse biological processes. The expression and function of IncRNAs in CNS cell types
have not begun until recently. OLMALINC is identified as a primate-specific lincRNA that is
highly expressed in the white matter of the human frontal cortex and knockdown of
OLMALINC in human oligodendrocyte cell lines upregulates inhibitors of OL differentiation
(Mills et al., 2015). LncRNAs are also implicated in the differentiation of OPCs from NSCs.
Lnc-OPC, an OPC-specific IncRNA, is essential for OPC cell fate determination (Dong et al.,
2015).

DNA methylation DNA methylation is an important epigenetic regulatory mechanism
during the nervous system development. DNA methyltransferases and ten-eleven
translocation enzymes (TETs) are dynamically expressed in the oligodendrocyte lineage
cells, suggesting that DNA methylation and hydroxymethylation are essential for
oligodendrocyte differentiation (Zhang et al., 2014; Zhao et al., 2014). Indeed, TET1, TET2,
and TET3 are necessary for oligodendrocyte differentiation in vitro. Genetic ablation of
Dnmtl in OPCs results in severe hypomyelination of the CNS associated with aberrant
alternative splicing events and activation of an ER stress response, suggesting that DNA
methylation acts as a regulator of the OPC state and subsequent transition into differentiating

oligodendrocytes.
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Figure 1-4 Epigenetic control of oligodendrocyte progenitor cell differentiation. The
differentiation process includes three subsequent stages: repression of alternative lineage
choice genes, suppression of genes inhibiting differentiation, followed by activation of
myelin genes. (Adapted from (Liu et al., 2016).

As described above, despite the emerging studies designated to elucidate the regulatory
circuits mediated by transcription factors and histone modifications during oligodendrocyte
development, the roles of epigenetic regulators including ATP-dependent chromatin
remodelers and IncRNAs remain largely unexplored. Next, I will give a general review on
function of CHD chromatin remodelers and IncRNAs, and their roles in transcriptional

regulation in development and disease.
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CHD CHROMATIN REMODELERS IN DEVELOPMENT AND DISEASE

Chromatin Remodeling and Remodelers

In the eukaryotic nucleus, the genomes are condensed and organized into complex higher-
order structures by packaging of chromosomal DNA into a compact nucleoprotein structure.
The basic packaging unit of DNA is the nucleosome core, formed by wrapping naked DNA
around a histone octamer. Such nucleosomal packaging occludes the regulatory DNA
sequences and inhibits sequence specific recognition by most of the transcription factors. To
overcome nucleosomal DNA accessibility problems and enable dynamic access to packaged
DNA, cells have evolved a set of specialized chromatin remodeling complexes (remodelers).
These modulators utilize energy derived from ATP hydrolysis to restructure, mobilize or
eject nucleosomes, thereby freeing the DNA element and allowing the binding of sequence
specific regulators (Clapier and Cairns, 2009).

The catalytic subunit of all ATP-dependent chromatin-remodeling complexes consists of a
conserved ATPase domain with defined flanking domains. There are currently four different
subfamilies of chromatin remodeling complexes; e.g., the SWI/SNF (switching
defective/sucrose nonfermenting), CHD (chromodomain helicase DNA binding), ISWI
(imitation switch) and INO8O (inositol requiring 80) family. Each of these subfamilies
consists of several protein members that contain multiple different subunits. While all four
subfamilies share a similar ATPase domain and utilize ATP hydrolysis to alter chromatin

structure, they are also specialized for particular cellular processes and biological contexts,
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modulated by unique domains residing in their catalytic ATPase domain and their unique

associated subunits.

Chromodomain Helicase DNA-Binding (CHD) Family of Chromatin Remodelers

The CHD (Chromodomain-Helicase-DNA binding) family of ATP-dependent chromatin
remodelers is characterized by two signature sequence motifs: tandem chromodomains in the
N-terminal region, and the central SNF2-like ATPase domain located in the central region
(Marfella and Imbalzano, 2007; Murawska and Brehm, 2011). The common chromodomain
(chromatin organization modifier) is an evolutionarily conserved sequence motif that serves
as a module to mediate chromatin interactions by binding directly to DNA, RNA, and
methylated histone H3 (Smith and Peterson, 2005 {de la Serna, 2006 #2335). The SNF2-like
ATPase domain is found in many proteins involved in a myriad of cellular processes
including chromatin assembly, transcription regulation, DNA repair, DNA replication,
development and differentiation (Smith and Peterson, 2005; Tsukiyama, 2002; Woodage et
al., 1997).

The CHD family is divided into three subfamilies according to the presence or
absence of additional structural motifs (Figure 1-5) (Murawska and Brehm, 2011). The first
subfamily contains CHD1 and CHD2, which has a C-terminal DNA-binding domain that
preferentially binds to AT-rich DNA motifs (Figure 1-5) (Delmas et al., 1993; Marfella and
Imbalzano, 2007; Stokes and Perry, 1995). The second subfamily includes CHD3 and CHD4

(also referred to as Mi-2a and Mi-2f, respectively). These proteins lack the DNA-binding
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domain, yet, instead, they possess paired N-terminal PHD Zn-finger-like domains, which are
involved in chromatin remodeling by the recognition and binding of methylated histone
peptides (Eberharter et al., 2004; Ragvin et al., 2004). Subfamily III, which comprises CHDS5
to CHD?9, is defined by additional C-terminal motifs, like SANT or BRK domains. SANT
(switching-defective protein 3, adaptor 2, nuclear receptor co-repressor, transcription factor
IIIB) domains are demonstrated to interact primarily with unmodified histone tails and

couple histone binding to enzyme catalysis (Aasland et al., 1996; Boyer et al., 2004).
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Figure 1-5 Schematic representation of structural domains of human CHD family of
proteins. Subfamily I members (CHD1-2) are characterized by tandem chromodomains, a
SNF2-like ATPase domain, and a DNA binding domain. Subfamily II members (CHD3-5)
manifest additional paired PHD (Plant homeo domain) Zn-finger-like domains followed by
the chromodomains. Subfamily III members (CHD6-9) are characterized by the presence of
additional C-terminal SANT domain followed by two BRK domains.
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In line with the functional structure domains present in CHD family, CHD remodelers
can organize chromatin and eject nucleosomes, setting up a dynamic flux of
assembly/disassembly, and thereby, influence transcriptional repression or activation.
Different CHD remodelers are involved in multiple phases of the transcription cycle,
including transcription initiation, transcription elongation, RNA processing and splicing, and

transcription termination (Figure 1-6)(Murawska and Brehm, 2011).
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Figure 1-6 CHD remodelers at various steps of transcription cycle. Schematic
representation of different CHD remodelers at various stages of transcription, including
initiation, elongation, termination.

CHD remodelers, such as CHD1, have been reported to regulate nucleosome structure
and density at promoters and, thereby, enable transcription initiation (Figure 2-2). Depletion
of CHDI1 (or its Schizosaccharomyces pombe orthologues Hrpl and Hrp3) results in a

genome wide increase in histone H3 density at promoters and a global loss of gene
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transcription, suggesting that Chdl is required to deplete nucleosomes, which in turn may
stimulate transcription initiation (Walfridsson et al., 2007). Other CHD proteins appear to
create nucleosome-depleted enhancers to facilitate the binding of transcription factors and the
RNAP II machinery. CHD7 has been demonstrated to bind H3K4me1/2/3 peptides via its
chromodomains and occupy DNase I hypersensitive sites enriched for H3K4mel, a hallmark
of active enhancers. Similarly, CHD8 cooperates with AR in enhancer binding and loss of
CHDS abrogates AR binding and gene activation (Menon et al., 2010). Mi-2 (CHD4) has
also been implicated in facilitating the recruitment of the transcription factor HEB and the
histone acetyltransferase p300 to the CD4 enhancer element during T cell development
(Menon et al., 2010).

Nucleosomes represent a barrier to transcription elongation. Nucleosomes ahead of
elongating RNAP II are partially disassembled or displaced and then reassembled when
RNAP II has passed through. CHD has been implicated in transcription elongation, likely
through depositing new nucleosomes in the wake of elongating RNAP II at actively
transcribed regions. In drosophila, all four CHD members colocalize with RNAPII to sites of
active transcription on polytene chromosomes(Clapier and Cairns, 2009). Drospphila CHD1
(dCHD1) colocalizes with elongating RNAPII and has the capacity to assemble nucleosomes
in vitro. Yeast studies provide strong support, as yChdl physically interacts with elongation
factors, including the FACT and PAF complexes, and associates with the transcribed body
but not with promoters of active genes(Clapier and Cairns, 2009; Krogan et al., 2002; Simic

et al., 2003).
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CHD remodelers have also been involved in RNA splicing regulation. hCHDI1
functionally associate with spliceosomal U2snRNP complex and depletion of CHDI1
decreases splicing rate in vitro and in vivo(Sims et al., 2007). Similarly, dMi-2 might be
involved directly in RNA processing and defective dMi-2 function compromised the splicing

of the hsp83 transcripts in Drosophila larva.

CHD dysfunction in cancer and developmental disorders

Increasing evidence has linked genomic lesions such as mutations, deletions, translocations
and copy number variations (CNVs), in CHD family members to human disease syndromes
{Li, 2014 #2369}. Recent studies have revealed that a number of CHD proteins are potent
tumor suppressors and their deficiencies contribute to development of a variety of cancers
(Table 1-1). CHDS was identified as a tumor suppressor gene mapping to human 1p36, a
genomic region frequently deleted in a broad range of cancers including neural, epithelial and
hematopoietic malignancies and functionally Chd5 controls proliferation, apoptosis, and
senescence via the pl19(Arf)/p53 pathway (Bagchi et al., 2007). Frameshift mutations of
CHD7 and CHDS frequently occur in cancers of the stomach and colon, indicating a tumor-
suppressive role for Chd7 and Chd8 (Kim et al., 2011). Increasing evidence also supports for
a role of CHD4 perturbation in serous tumors and other cancers. Somatic missense mutations
in CHD4 as well as copy number gain and loss of the region of human chromosome 12 that

harbors CHD4 are found in serous carcinomas (Le Gallo et al., 2012; Zhao et al., 2013).
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Similarly, genomic studies identified CHD6 mutations in colorectal cancer and bladder

cancer.

Table 1-1 Overview of the dysfunction of CHD proteins in human cancer.

Gene Function Abnormalities in Cancer Cancer Types
neuroblastoma , glioma, breast
cancer, lung cancer, ovarian

Frequent deletions cancer, gastric cancer,
CHD5 Tumor Compromised expression | gallbladder carcinoma ,
suppressor Promoter hypermethylation | colorectal cancer, hepatocellular
Mutation and/or deletion carcinoma, melanoma, leukemia
and laryngeal squamous cell
carcinoma(Li and Mills, 2014)
Splice sit tati
Tumor . priee SI. © mua 1or.15 prostate cancer(Huang et al.,
CHD1 SUPPressor intragenic Breakpoints 2012)
u . .
PP Focal deletions/mutations
Frameshift mutations .
Tumor . . gastric cancer, colorectal
CHDS Compromised expression
suppressor cancer(Tahara et al., 2014)

Copy number gain and loss

of the region of human .

chromosome 12 that serous endometrial tumor(Le
CHD4 Gallo et al., 2012), serous

harbors CHD4 .

. . carcinoma(Zhao et al., 2013)

Somatic (missense)

mutations

Mi tati

aliissezzi;rrl zni;;)(r)lrial colorectal cancer(Ali Hassan et

CHD6 8 : al., 2014), bladder cancer(Gui et

region that al., 2011)

encompasses CHD6 N

pancreatic cancer(Colbert et al.,
2014
Rearrangements (PVT1- lun z:an r(Pleasance et al
. al.
CHD7 CHD? fusion) Hng canger{Heasanice et ak.
. 2010)
Mutations

colorectal cancer(Tahara et al.,
2014)
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In addition to dysfunctions in cancers, CHD proteins play important roles in the
development of multicellular organisms. Table 1-2 gives an overview of all human CHD
family members and their possible or known functions in humans or other species as well as
their existing mutant models. For instance, disruption in genes encoding CHD chromatin
remodelers such as CHD2, CHD7 and CHDS play important roles in the pathogenesis of
autism spectrum disorders (Neale et al., 2012). Similarly, CHD?2 is identified as a risk gene
for epileptic encephalopathy (Carvill et al., 2013), and CHD4-6 perturbation may contribute

to intellectual disability and other neurological dysfunction (Kaminsky et al., 2011).

Table 1-2 Overview of the dysfunction of CHD proteins in developmental disorders.

Gene Mutants phenotype

Maintenance of mouse embryonic stem cell(Gaspar-Maia et al., 2009)
CHD1 | Chdl-null embryos arrest at the peri-implantation stage in mice (E6.5) (Guzman-
Ayala et al., 2015)

Chd2-null mutants display growth delay and perinatal lethality, and Chd2

HD2 . L
¢ heterozygotes showed gross kidney abnormalities (Marfella et al., 2006)

Chd4 null mutants display embryonic lethality before implantation with complete
penetrance (O'Shaughnessy-Kirwan et al., 2015)

Conditional null leads to Spleen and thymus hypoplasia(Williams et al., 2004)
and hypomyelination in PNS (Hung et al., 2012)

CHD4

CHD6 | Chd6 Exon 12 —/— mice lack coordination and are ataxic (Lathrop et al., 2010)

Male Chd5 KO mice have deregulated spermatogenesis, characterized by
CHD5 immature sloughing of spermatids, spermiation failure, disorganization of the
spermatogenic cycle and abnormal head morphology in elongating spermatids

(Zhuang et al., 2014)
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Chd7 null mouse embryo dies at E10.5. Heterozygous mice shows head bobbing
and circling, behavior due to inner ear defect, heart malformations, cleft palate,
choanala atresia and genital anomalies (Bergman et al., 2010; Bosman et al.,
2005)

Chd7 is required for adult neurogenesis and control multipotent neural crest
formation (Bajpai et al., 2010; Feng et al., 2013)

CHD7

Chd8 knockout mice show early embryonic lethality and growth retardation
(Nishiyama et al., 2004).

Chd8 haploinsufficiency results in autistic-like phenotypes in mice (Katayama et
al., 2016).

CHDS8

CHD7 Mutation and CHARGE Syndrome

CHARGE syndrome is a multiple anomaly disorder named by its constellation of birth
defects including ocular coloboma, congenital heart defects, choanal atresia, retardation of
growth and development, genital hypoplasia and ear anomalies associated with deafness
(Sanlaville and Verloes, 2007; Vissers et al., 2004). Additional symptoms including
hyposmia, cleft lip/palate, and tracheoesophageal fistula are also reported, leading to a high
variability in the clinical presentation of CHARGE syndrome patients (Zentner et al., 2010).
The life expectancy of patients with CHARGE syndrome also varies widely, from five days
to approximately 46 years (Zentner et al., 2010). 60-90% of the individuals diagnosed with
CHARGE Syndrome have de novo heterozygous mutations in CHD7. The human CHD7
gene, located on chromosome 8ql12.1, comprises 188kb of DNA and contains 38 exons.

Human CHD?7 proteins comprises 2997 amino acids and is highly evolutionary highly
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conserved among species, with orthologs described in Xenopus, mouse, chicken, zebrafish,
C.elegans, Drosophila and yeast (Robert P. Erickson 2004). Nonsense, deletion, missense
and splicing site mutations have all been reported and presumably to result in CHD7
haploinsufficiency. Human CHD?7 mutations are distributed throughout the coding sequence
and no mutation hotspots have been observed (Sanlaville and Verloes, 2007).

Despite the major clinical features described above, CNS anomalies are also reported in
CHARGE patients (Blake et al., 1998). Unilateral and bilateral hypoplasia of the olfactory
bulb and/or arhinencephaly are most commonly reported in CHARGE (Asakura et al., 2008;
Sanlaville et al., 2006) Other defects, including agenesis of the corpus callosum, cerebellar
hypoplasia, delayed brain myelination, hydrocephaly, and atrophy of the cerebral

cortex have also been reported (Jongmans et al., 2006).

CHD7 Mutant Mice: Models of Charge Syndrome

Several mouse models of CHARGE syndrome have been established to explore molecular
basis for the diverse clinical manifestations of CHARGE syndrome. The first Chd7 mutant
mice (Chd7"™" were identified by ethylnitrosourea (ENU) mutagenesis, and carry a

e
Whi/ mice

heterozygous nonsense mutation in exon 11 (2918G—A leading to W973X). Chd7
were viable, with phenotypes that include head bobbing, circling behaviors, disrupted lateral
semicircular canals, hyperactivity, reduced postnatal growth, variable cleft palate, choanal

atresia, cardiac septal defects, hemorrhage, prenatal death, genital abnormalities,

keratoconjunctivitis sicca (dry eye), and olfactory defects(Bosman et al., 2005).Heterozygous
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loss of function Chd7%’* mice generated with gene-trap technology have phenotypic features
similar to those generated by ENU mutagenesis (Hurd et al., 2007), further supporting for
vestibular dysfunction as a consequence of Chd7 mutation. Chd7%"" mice also display severe
inner ear defects, olfactory bulb hypoplasia, defective neural stem cell proliferation(Layman

79" mice, conditional

et al., 2009).Consistent with the neurological defects observed in Chd
depletion of Chd7 in adult neural stem cells leads to a reduction of neuronal differentiation
and aberrant dendritic development of newborn neurons. CHD7 stimulates the expression of
Sox4 and Sox11 genes via remodeling their promoters to an open chromatin state (Feng et
al., 2013). In addition, CHD7 also function as a transcriptional cofactor of the essential NSC
regulator Sox2 to regulate genes that are mutated in human syndromes (Engelen et al., 2011).
Despite the extensive studies of Chd7 function in the development of multiple organs that are

affected in CHARGE Syndrome, mechanisms underlying the CNS phenotypes, especially

CNS myelination, remain poorly understood.

LONG NON-CODING RNAS IN DEVELOPMENT AND DISEASE

A large portion (~75%) of the mammalian genome is transcriptionally active despite the fact
that only a small fraction of them (< 2%) encodes proteins (Djebali et al., 2012). Both human
and mouse genomes encode thousands of long noncoding RNAs (IncRNAs) , which are
operationally defined as transcripts of greater than 200 nucleotides that function by means

other than coding for proteins; IncRNAs are typically transcribed by RNA polymerase II and
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are frequently spliced and polyadenylated (Rinn and Chang, 2012). In contrast to mRNAs,
IncRNAs tend to be expressed at lower levels and are predominantly localized in the nucleus

(Derrien et al., 2012).

IncRNAs in development
In recent years, IncRNAs have emerged as an important layer in the epigenetic and
transcriptional regulatory circuits that control spatial and temporal gene expression. IncRNAs
exhibit exquisite cell- and tissue-specific expression and thereby are capable to transduce
higher-order spatial information. During epidermal differentiation, ANCR suppresses the
differentiation pathway in the epidermis and maintain the stem cell compartment (Kretz et
al., 2012), while a different IncRNA termed terminal differentiation-induced noncoding RNA
(TINCR) promotes epidermal differentiation (Kretz et al., 2013). Similarly, multiple
IncRNAs have also been implicated in the development of mesodermal tissues (Figure 1-7).
One example is the heart-specific IncRNA Braveheart, which is a key factor involved in
cardiac lineage commitment. Knockdown of Braveheart resulted in a severe reduction in the
number of spontaneous beating cardiomyocytes formed during embryoid body differentiation
(Klattenhoff et al., 2013) (Figure 1-7).

Transcription and alternative splicing of IncRNAs in the brain appear to be the most
complex among all organs (Mercer et al., 2010). Notably, IncRNAs are widely expressed and
exhibit precisely regulated expression patterns in mammalian nervous system. 40%

(equivalent to 4,000-20,000 IncRNA genes) of annotated IncRNAs are expressed specifically
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in the brain (Derrien et al., 2012). An early example of IncRNAs controlling neural cell fates
involves the Evf2 IncRNA and the DIx5/6 genomic locus (Bond et al., 2009). Evf2 is
transcribed antisense to DIx6, and controls GABAergic interneuron activity by regulating the
cellular levels of the DIx5 and DIx6 transcription factors (Bond et al., 2009). Six3o0s and
Dlx1los are identified as two adult SVZ-enriched InRNAs (Ramos et al., 2013). Depletion of
Six30s IncRNA leads to fewer Tujl and more OLIG2 positive cells, whereas depletion of
Dix1las specifically affected the number of Tujl-positive cells (Figure 1-7) (Ramos et al.,
2013). In addition, systematic loss-of-function studies have identified dozens of IncRNAs
that are necessary for establishing pluripotency or driving neural lineage entry (Guttman et
al., 2011). For example, TUNA, a highly conserved IncRNA in fish and human, is required
for the maintenance of pluripotency. TUNA depletion in zebrafish led to altered
neurodevelopment and impaired locomotor response (Lin et al., 2014).

Overall, IncRNAs exert critical functions in adult tissue stem cells and regulate cell-

fate choice and stem/progenitor cell turnover.
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Figure 1-7 IncRNAs Control Differentiation and Self-Renewal. (Adapted from (Flynn and
Chang, 2014)).

Mechanisms of IncRNA-Dependent Transcriptional Regulation

In general, transcriptional regulation by IncRNAs could work either in cis, within the same
genomic locus, or in trans, affecting gene transcription in a different locus or even on
different chromosomes. Extensive studies of IncRNA function have implicated IncRNAs as
transcriptional regulators through both epigenetic regulations of chromatin structure and
RNA-transcription factor interactions. Several mechanistic themes of IncRNAs function have

emerged and are discussed below (Figure 1-8):
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Scaffolds: IncRNAs can serve as adaptors to bring two or more proteins into discrete
complexes (Spitale et al., 2011) (Figure 1-8). A prime example of IncRNA scaffolds involves
HOTAIR, which can simultaneously bind both PRC2 and LSD—CoREST complex via
specific domains of RNA structure (Tsai et al., 2010). Additional examples include the
IncRNA Rmrp, the gene mutated in patients with cartilage-hair hypoplasia. Rmrp is involved
in the assembly of DDX5-RORyt complex and mediated the regulation of RORfyt
transcription program in Th17 cells (Huang et al., 2015).

Decoys: IncRNAs can act as a “molecular sink” for RNA-binding proteins and
thereby titrate away its protein target. For example, the IncRNA Gas5 (Growth arrest—
specific 5) in involved in glucocorticoid resistance; Gas5 binds to the DNA-binding domain
of the glucocorticoid receptor (GR) by acting as a decoy “glucocorticoid response element
(GRE)”, thus, competing with DNA GREs for binding to the GR (Kino et al., 2010).

Guides: many IncRNA can function as guides and are individually required for the
proper localization or recruitment of transcription machinery or chromatin-modifying
complexes. As an example, the lateral mesoderm-specific IncRNA Fendrr serves as a guide
to localize PRC2 complex to the Pitx2 promoter; as a consequence, depletion of Fendrr in
vivo led to a de-suppression of Pitx2 expression with an decreased occupancy of PRC2 at its
promoter (Grote et al., 2013).

Chromatin Architecture: IncRNA also controls chromatin structure, including
nucleosome positioning and chromosome looping. For example, multiple 17B-oestradiol

(E2)-induced eRNA transcripts were found to interact with cohesin in vitro and to induce
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looping interactions between their enhancer elements and the promoters of nearby target
genes (Li et al., 2013). Another example involves a trans-regulatory IncRNA Firre. RNA-
chromatin immunoprecipitation analyses indicate that Firre transcripts were localized across
five distinct trans-chromosomal loci, which reside in spatial proximity to the Firre genomic
locus and genetic deletion of the Firre locus resulted in loss of colocalization of these trans-
chromosomal interacting loci, suggesting a model in which IncRNAs such as Firre can
interface with and modulate nuclear architecture across chromosomes (Hacisuleyman et al.,
2014).

mRNA processing: IncRNAs can act at various steps of mRNA processing and
stability control. Several IncRNAs like MALATI1 can affect alternative splicing through
interactions with splicing factors (Tripathi et al., 2010). Another classes of IncRNAs, natural
antisense IncRNAs may affect the alternative splicing of their overlapping transcripts by
virtue of masking splice sites through base complementarity. For example, Zeb2 antisense
IncRNA overlaps with the 5’ splice site in the intron of Zeb2 and it therefore binds to Zeb2
pre-mRNA and prevents splicing of the Zeb2 5’-UTR (Beltran et al., 2008).

mRNA stability control: IncRNAs have also been implicated in both positive and
negative regulation of mRNA stability. For instance, epidermal differentiation regulatory
IncRNA TINCR is demonstrated to interact with the staufenl (STAU1) protein and thereby
mediate stabilization of differentiation mRNAs (Kretz et al., 2013).

miRNA sponges: IncRNAs also can act as decoys to attenuate miRNA-mediated

regulation through sequestration of proteins or RNA-dependent effectors. Examples include
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the muscle-specific IncRNA LINCMDI1. LINCMDI1 is shown to bind and sequester miR-

133, thereby protecting protecting their target RNAs from repression (Cesana et al., 2011).

Over all, IncRNAs are demonstrated to regulate all aspects of gene expression,

including transcription, processing and post-transcriptional control pathways. Despite the

emerging evidence supporting the essential roles for IncRNAs in diverse developmental

processes, complete biological inference of IncRNA function still remains a challenging task.
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Figure 1-8 Models of IncRNA mechanisms of action. IncRNAs can function as scaffolds to
bring two or more proteins into a complex, or as decoys that titrate away a protein target, or
as guides to recruit proteins such as chromatin modifying enzymes or transcription
machinery, or as mediators of chromosome looping and subdomain, or as regulators of

31



mRNA splicing and stability control, or as miRNA sponges. (Adapted from (Rinn and
Chang, 2012)).

32



CHAPTER TWO

CHD7 IS REQUIRED FOR CNS MYELINATION AND REMYELINATION

INTRODUCTION

As introduced in Chapter 1, chromatin remodeling control is essential to orchestrate cell
growth and differentiation, and to maintain proper cell identity (Ho and Crabtree, 2010;
Luna-Zurita and Bruneau, 2013). Mutations in chromatin-modifying enzymes have been
implicated in the pathogenesis of various human diseases, manifesting in
growth/developmental defects, neurological disorders and tumorigenesis (Brookes and Shi,
2014; Jakovcevski and Akbarian, 2012). One class of chromatin-modifying enzymes, the
chromodomain helicase DNA-binding (CHD) family of SNF2H-like ATP-dependent
nucleosome remodeling enzymes, has emerged as an important regulator of multiple
biological processes(Martin, 2010). Mutations in CHD7 are the major cause of human
CHARGE syndrome (Coloboma of the eye, Heart defects, Atresia of the choanae, severe
Retardation of growth/development, Genital abnormalities and Ear abnormalities), an
autosomal dominant disorder characterized by a non-random association of multiple birth
defects impairing normal development(Bergman et al., 2014; Martin, 2010). CHD7
modulates chromatin configurations to control cell-type specific transcriptional machinery,
thereby controlling temporal and spatial gene expression 8—11 (Bajpai et al., 2010; Engelen
et al., 2011; Schnetz et al., 2010). Most CHARGE patients exhibit some degree of
intellectual disability, and many present with structural abnormalities of the corpus callosum
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and cerebellar vermis(Martin, 2010; Yu et al., 2013a). Recent reports of white matter defects
in the brain of patients with CHARGE syndrome (Gregory et al., 2013; Liu et al., 2014),
suggest a possible role for CHD7 in myelination in the central nervous system (CNS).
Oligodendrocytes (OLs) produce myelin sheaths that electrically insulate axons and
promote rapid propagation of action potentials in the CNS. Differentiation of OL precursor
cells (OPCs) into mature OLs requires precise coordination between epigenetic programming
and transcriptional regulation. Nuclear reorganization has been implicated in the temporal
and spatial regulation of gene expression during oligodendrocyte differentiation process
(Nielsen et al., 2002). Recently, the SWI/SNF chromatin-remodeling enzyme Smarca4
(Brgl) has been demonstrated to complex with a pioneer transcription factor Olig2 to target
active enhancer elements to initiate the differentiation of OL lineage cells (Yu et al., 2013b).
Herein, we identify Chd7 as a downstream target of Brgl and Olig2. We find that
expression of Chd7 is highly enriched in OL lineage cells, with a peak of expression in
differentiating OLs. Inactivation of Chd7 causes defects in OL differentiation and
myelination while sparing OPC formation. We further show that Chd7 is required for OL
remyelination after demyelinating injury. By genome-wide mapping of Chd7 targeting sites
and co-immunoprecipitation, we demonstrate that Chd7 complexes with Sox10 and directly
activates a distinct set of critical regulators for OL differentiation. Moreover, our studies
identify the osteoblast-differentiation factor Osterix/Sp7 as an OL-specific Chd7 downstream
target in the CNS, and demonstrate a critical requirement of Osterix for OL differentiation.

Collectively, these data provide evidence that the chromatin remodeler Chd7 interacts with
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Sox10 to bridge Brgl/Olig2 activity during OL differentiation and controls the onset of OL

myelination and remyelination via directly activating myelinogenic programs.

RESULTS

OL-enriched Chd7 is a direct target of Brgl and Olig2 complex

We have previously shown that Brgl and Olig2 co-occupancy in the genome establishes a
transcriptional program to initiate OPC differentiation (Yu et al., 2013b). We integrated
transcriptome profiling of the spinal cord from BrglcKO mutants (Brgl™™*;0ligl-Cre™")
by gene-chip microarray (Yu et al, 2013b)and genome-wide Brgl/Olig2 occupancy at
multiple phases of OL differentiation and identified Chd7 as a candidate target gene of
Brgl1/Olig2. Brgl and Olig2 bound strongly at multiple sites both around the promoter region
and within the Chd7 gene locus, accompanied by the presence of an activated histone
acetylation mark H3K27Ac in OPCs and early differentiating immature OLs (iOLs) (Figure
2-1A). Expression of Chd7 was substantially downregulated in BrglcKO mice (Figure 2-
1B). Consistently, the number Chd7-expressing cells appeared to be markedly reduced in the
Brgl1cKO spinal cord at postnatal day 14 (P14) (Figure 2-1C). These observations suggest

that Chd7 is a downstream target of Brgl and Olig2.
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Figure 2-1 Identification of chromatin remodeler Chd7 as a direct target of the Brgl
and Olig2 complex (A) Track view of ChIP-Seq density profile for Olig2, Brgl and
H3K27Ac centered at the Chd7 locus in OPCs and OLs. (B) qRT-PCR analysis of
myelination-associated genes and Chd7 in spinal cords from control and Brg1cKO animals at
P14. The data are presented as mean + s.e.m. (n = 3 mice; *P < 0.05, **P < 0.01 and ***P <
0.001; two-tailed unpaired Student’s t test). (C) Immunostaining showing Chd7 expression in
spinal cords of control (Brgl'™"*; Oligl-Cre”") and BrglcKO animals at P14. Arrows
indicate Chd7+ cells. Scale bars represent 50 pm.

To further characterize Chd7-expressing cell types in the developing cortex, we co-
immunostained Chd7 with cell type—specific markers, including Olig2 for the OL lineage,
CC1 for OLs, glial fibrillary acidic protein (GFAP) and glutamine synthetase (GS) for
astrocytes, and a pan-neuronal marker NeuN. Chd7 was detected in most Olig2-positive cells
(Figure 2-2A). The majority of Chd7+ cells in the OL lineage were CC1+ differentiated OLs
in the corpus callosum, optic nerve and spinal cord at P14 (Figure 2-2B-E). Intense Chd7
expression was detected in OLs, but at a lower level in PDGFRa+ OPCs (Figure 2-2F) in the
P14 cortex. Similarly, in culture, Chd7 appeared to be more robustly expressed in MBP+
(myelin basic protein) mature OLs than in PDGFRo+ OPCs (Figure 2-2J), suggesting a
potential role of Chd7 at the OL differentiation onset. In contrast, we did not observe Chd7

expression in GFAP+ or GS+ astrocytes in the corpus callosum (Figure 2-2G,H). In addition,
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Chd7 was hardly detectable in NeuN+ neurons in the cortex at P24 (Figure 2-2I). These data

reveal that Chd7 is highly enriched in differentiating OLs in the developing CNS.
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Figure 2-2 Chd7 is specifically enriched in oligodendrocytes. (A) Co-immunolabeling of
Chd7 and Olig2 on the corpus callosum (CC) of wild-type brain at P7. Scale bar represents
20 pum. (B) Co-immunolabeling of Chd7 and CCI in the CC of P14 mice. Arrows indicate
co-labeled cells. Scale bar represents 50 pm. (C,D) Immunolabeling of Chd7 and CC1 on
longitudinal sections of optic nerves (C) and coronal sections of the spinal white matter (D)
at P14. Arrows indicate colabeled cells. Scale bars represent 25 um (C) and 50 um (D). (E)
The percentage of CC1 or PDGFRa+ cells among total Chd7+ cells in the cortex (Ctx),
spinal cord (SC) and optic nerve (ON) from P14 wild-type mice (n = 3 mice). The data are
presented as mean + s.e.m. (F) Immunostaining showing expression of CC1, PDGFRa and
Chd7 in the cortical section of P14 mice. Arrows and arrowheads indicate CC1+ Chd7hi OLs
and PDGFRo+ Chd7low OPCs, respectively. Scale bar represents 30 pm. (G-I)
Immunostaining for Chd7 and GFAP (arrows in j) in the P24 cortex, glutamine synthetase
(GS) (arrows in k) in the P7 cortex and NeuN (arrows in 1) in the P24 cortex. Arrows indicate
GFAP+ astrocyte. Scale bars represent 25 um (G) and 20 pm (H,I). (J) Immunolabeling of
Chd7 with PDGFRa in OPCs (left) or with MBP in OLs (right) in vitro. Scale bars represent
50 um. (K-L) Representative T2-weighted MRI scans of cortices (K) and
brainstem/cerebellar regions (L) in a control subject and a 3-year-old boy with CHARGE
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syndrome carrying a CHD7 nonsense truncation mutation (7252C>T). In n, asterisks indicate
the white matter, and arrowheads indicate cerebrospinal fluid—filled fluid space. Arrows in o
indicate white matter structures in the brainstem and cerebellum region that are dysmorphic
in the patient.

To explore the potential function of Chd7 in human CNS myelination, we examined
the white matter of a cohort of 17 patients with CHARGE syndrome carrying CHD7
mutations. Magnetic resonance imaging (MRI) scans revealed severe cerebral white matter
defects in 47% (8 of 17) of the CHARGE patients. Compared with the age-matched normal
brain, the brains of these patients exhibited volumetric loss of cerebral white matter (Figure
2-2K) and dysmorphic features in the white matter regions of the brainstem and cerebellum
(Figure 2-2L) that are commonly seen in patients with CHARGE syndrome (Gregory et al.,
2013), indicating that white matter defects are a prominent feature of CHARGE syndrome
with CHD7 mutations. These observations, together with Chd7 expression in the OL lineage,

raise the possibility that CHD7 may be functionally required for CNS myelination in humans.

Chd?7 is required for proper myelination in the CNS

To investigate the function of Chd7 in CNS myelination in vivo, we selectively ablated Chd7
in OL lineage cells by breeding the floxed Chd7 allele with mice carrying an OL-lineage
expressing Oligl-Cre line (Fig. 2-3A). Chd7 expression was substantially reduced in the
corpus callosum of the Chd7 conditional knockout mice (Chd7"*" lOXP;Oligl-CreJr/_,
Chd7cKO) at P14, suggesting that the floxed Chd7 allele was effectively recombined in the

Chd7cKO brain as compared with the control (Chd7'***;Oligl-Cre”") (Figure 2-3B).
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Chd7cKO animals were born at the expected Mendelian frequency and were of normal body
size and weight. Similarly, expression of Mbp and Plp1 (proteolipid protein 1) mRNAs was
visibly diminished in both the spinal cord and corpus callosum of Chd7cKO mice at neonatal
and perinatal stages (Figure 2-3C,D). Similarly, the numbers of CC1+ OLs in Chd7cKO
cortices were significantly decreased (Figure 2-3E,F). Consistently, cerebral white matter
volume assessed by total MBP+ area in the corpus callosum was significantly reduced in
developing Chd7cKO mice (Figure 2-3G,H). These observations suggest that Chd7 is

required for the onset of OL differentiation in the CNS.
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Figure 2-3 Chd7 is required for proper CNS myelination. (A) Diagram depicting Cre-
mediated excision of the floxed Chd7 exon 2. (B) Immunolabeling of Chd7 and Olig2 in the
corpus callosum of P14 brain from control and Chd7cKO mice. Scale bars represent 40 pum.
(C) mRNA expression of Mbp in the spinal cord of control and Chd7¢KO mice at PO, P7 and
P14. Scale bars represent 100 um. Arrows point to the spinal white matter region. (D) mRNA
expression of Plp in P7 and P14 brain sections from control and Chd7cKO mice. Scale bars
represent 100 um. Arrows point to the white matter. (E) Immunostaining for CC1 and Olig2
in the corpus callosum from control and Chd7cKO mice at P7. Scale bars represent 100 pm.
(F) Quantification of CC1+ OLs as a percentage of total Olig2+ cells in the corpus callosum
of control and Chd7cKO at indicated ages. The data are presented as mean + s.e.m. (P9, n =3
control and 2 mutant mice; P15, n = 4 controls and 4 mutants; *P < 0.05, **P < 0.01 and
*#%P <0.001.; two-tailed unpaired Student’s t test). (G) Immunolabeling of MBP on coronal
brain sections from control and Chd7cKO mice at P9. Nuclei were counterstained with 4,6-
diamidino-2-phenylindole (DAPI; blue). Scale bars represent 1 mm. (H) Quantification of
total cerebral white matter volume (MBP+) of control and Chd7¢cKO mice at P9 and P15.
The data are presented as mean = s.e.m. (P9, n = 3 control and 3 mutant mice, *P < 0.05, **P
< 0.01 and ***P < 0.001.; two-tailed unpaired Student’s t test). (I,J) Electron micrographs of
transverse optic nerve sections from P14 (I) and P28 (J) control and Chd7cKO mice. Scale
bars represent 4 um. (k) Quantification of myelinated axons as a percentage of total axons.
The data are presented as mean + s.e.m. (P14, n = 3 control and 3 mutant mice, P = 0.0017, ¢
= 10.73; P28, n = 4 controls and 4 mutants, P = 0.0217, ¢t = 3.656; two-tailed unpaired
Student’s t test). (I) Quantification of myelin sheath thickness (g-ratio) in control and
Chd7cKO optic nerves (P < 0.0001; control, g-ratio = 0.7227 + 0.007414, n = 196 axons
from 3 control optic nerves; Chd7cKO, g-ratio = 0.8325 + 0.003235, n = 202 axons from 3
Chd7cKO optic nerves; two-tailed unpaired Student’s t test).

Consistent with the reduction in mature OLs, ultrastructural analysis of optic nerves
revealed compromised axonal ensheathment, with a markedly reduced number of myelinated
axons in Chd7cKO animals at P14 (Figure 2-3J,K). At P28, the number of myelinating axons
increased, but was still less than the control (Figure 2-3J,K). Notably, the thickness of myelin

sheaths measured by g-ratio (the ratio between the diameter of the axon itself and the axon

40



plus its myelin sheath), was substantially thinner in Chd7cKO optic nerves than in controls
(Figure 2-3J,L). Notably, this hypomyelination effect appeared to be transient, as the number
of CC1+ OLs gradually increased during development and finally caught up in the spinal
cord of adult mice (Figure 2-4A,B). By P60, the degree of myelination was essentially
indistinguishable in the spinal cord between control and Chd7cKO mice (Figure 2-4C,D).
Thus, these observations indicate that Chd7 loss causes a markedly delay in CNS myelination
and that increased numbers of differentiated OLs may account for the myelination recovery

in adult Chd7cKO animals.
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Figure 2-4 OL number and myelination is recovered in adult Chd7 mutant mice. (A)
Immunolabeling of CC1 on transverse spinal cord sections from Chd7cKO and control mice
at postnatal days 4, 7, 15 and 60. Scale bar, 100 um. (B) Quantification of CC1+ cells density
(top) and CC1+ cell proportion among total Sox10+ cells (bottom) in the white matter region
of spinal cords from Chd7cKO and control mice at P1, P4, P7, P15 and P60 (mean + SEM, n
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= 3*P < 0.05, **P < 0.01 and ***P < 0.001; unpaired two-tailed Student’s t test; bottom
panels, F(1, 19) = 56.75; Two-way ANOVA test). (C) Representative electron microscopy
images for P60 spinal cord of control and Chd7cKO mice. Scale bar, 2 pum. (D)
Quantification of myelin thickness determined by g-ratio. n = 3 animals of each genotype. No
statistical difference of g-ratio between control and mutants.

Chd7 regulates the transition from OPC to OL

Given the possibility that the dysmyelinating phenotype in Chd7c¢KO mice could be a result
of a failure to generate OPCs, we assessed OPC development in the brain. Expression of the
OPC marker PDGFRa was comparable between control and Chd7cKO cortices at P7 and
P14 (Figure 2-5A). Quantification of PDGFRo+ cells at postnatal stages (PO, P7 and P21)
indicated that deletion of Chd7 did not alter OPC formation (Figure 2-5B). Supporting this,
we found similar OPC proliferation rates (percentage of Ki67+ proliferative OPCs; Figure 2-
5C,D) and survival (absence of activated Caspase 3) between Chd7cKO and control mice.
Collectively, our observations demonstrate that Chd7 deletion does not alter OPC generation

and expansion.
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Figure 2-5 Chd7 deletion does not affect OPC development. (A) In situ hybridization for
Pdgfra on forebrain sections of control and Chd7cKO mice at P7 and P14, as indicated. Scale
bars represent 100 pm. (B) Quantification of the number of Pdgfro+ cells per area (0.04
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mm?2) in the cortex (Ctx) and spinal cord (SC) of control and Chd7cKO. The data are
presented as mean + s.e.m. (PO SC, n = 4 control and 3 mutant mice,; P7 SC, n = 3 controls
and 3 mutants,; P21 SC, n = 4 controls and 3 mutants; P7 Ctx, n = 3 controls and 3 mutants;
two-tailed unpaired Student’s t test). (C) Immunostaining for Ki67 and PDGFRa in the
corpus callosum from P7 control and Chd7¢cKO mice. Scale bars represent 20 um. (D)
Quantification of Ki67+ cells as a percentage of PDGFRa+ OPCs in the corpus callosum of
P7 control and Chd7cKO mice (n = 3 control and 3 mutant animals; Whiskers show the
minimum and maximum, boxes extend from the first to the third quartiles with cross lines at
the medians; two-tailed unpaired Student’s t test).

To further determine whether defects in OL differentiation are a cell-autonomous
effect of Chd7 ablation, we purified OPCs from the neonatal cortex of Chd7loxP/loxP pups,
transduced them with adenoviral vectors expressing either eGFP as a control (Ade-GFP) or
Cre-IRES-eGFP (Ade-Cre-GFP), and analyzed their ability to differentiate in vitro after
withdrawal of the mitogens PDGFAA and NT3. Chd7"*""*" OPCs transduced with Ade-
GFP or wild-type OPCs transduced with Ade-Cre-GFP were able to differentiate into mature
MBP+ OLs. Chd7" """ cells transduced with Ade-Cre-GFP, however, essentially failed to
differentiate into MBP+ OLs (Figure 2-6A,B), suggesting that Chd7-deleted OPCs are

intrinsically defective in maturation.

To examine the effects of inactivation of Chd7 on OPC differentiation during
postnatal development in a time-controlled manner, we generated OPC-inducible Chd7
mutants by breeding Chd7 "™ mice with PDGFRa-CreERT mice, which express OPC-
specific tamoxifen-inducible Cre (Kang et al., 2010) and a Rosa26tdTomato reporter.
Tamoxifen administration in PDGFRa-CreERT:Chd7" """ mutants (Chd7-iKO) pups at P3

induced effective recombination of both Chd7 and Rosa26 loci, with approximately 90% of
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PDGFRa+ OPCs expressing tdTomato and not Chd7 after 11 d post-induction (Figure 2-6C).
Loss of Chd7 in OPCs led to a marked (~76%) reduction in differentiating OLs (CC1lhigh-
expressing cells) in the cortical regions of Chd7-iKO mice compared with control littermates
(PDGFRa-CreERT-:Chd7™")  (Figure 2-6D,F). Similarly, expression of myelin
oligodendrocyte glycoprotein (MOG) in mature OLs was reduced compared with robust
expression in controls (Figure 2-6E,F). Collectively, these observations indicate that the
primary role of Chd7 lies in the genesis of differentiated OLs from OPCs rather than OPC

generation and expansion.
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Figure 2-6 Chd7 deletion impairs OPC differentiation in a cell-autonomous manner. (A)
Immunolabeling of MBP after 2 d of differentiation in Chd7"*”"*" OPCs transduced with
control GFP- or Cre-GFP—expressing adenoviruses. Arrows and arrowheads indicate the GFP
or Cre-GFP virus transduced cells, respectively. Scale bars represent 50 pm. (B)
Quantification of MBP+ OLs as a percentage of total GFP+ cells after 2 d of differentiation
(n = 4 independent experiments, ***P < (0.001; Whiskers show the minimum and maximum,
boxes extend from the first to the third quartiles with cross lines at the medians; two-tailed
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unpaired Student’s t test). (C) Left, diagram showing tamoxifen (TAM) administration to
Chd7-iKO mice from P3 to P10 followed by tissue collection at P14. Right, immunolabeling
for Chd7, PDGFRa and tdTomato on the corpus callosum of wild-type and Chd7-
iKO;Rosa26Tom mice. Nuclei are counterstained with DAPI. Scale bars represent 20 pm.
(D,E) Immunolabeling for CC1 and PDGFRa (D) or MOG (E) on sagittal corpus callosum
(CC) sections of TAM-treated control and Chd7-iKO mice at P14. Ctx, Cortex; SVZ,
subventricular zone. Scale bars represent 20 um. Boxed areas in upper panels are shown at a
high magnification in corresponding lower panels. (F) Quantification of CC1+ OL density
(left) and percentage of MOG+ area (right) in the corpus callosum of TAM-treated control
and Chd7-iKO mice at P14 (n = 3 controls and 3 Chd7-iKO animals; *P < 0.05, ***P <
0.001; Whiskers show the minimum and maximum, boxes extend from the first to the third
quartiles with cross lines at the medians; two-tailed unpaired Student’s t test).

Chd?7 is critical for OL remyelination after demyelination

Given that myelination was normal in adult Chd7cKO animals, that is, the numbers of
myelinated axons and myelin morphology were comparable between Chd7cKO and control
mice (Figure 2-4); we assessed the function of Chd7 in the remyelination process following
lysolecithin-induced demyelination. Local injection of lysolecithin in the white matter
induces rapid myelin breakdown followed by myelin regeneration through an OPC
recruitment phase at 7 d post-lesion (Dpl 7) and a remyelinating phase at Dpl 14 (Franklin,
2002). In normal adult spinal white matter, expression of Chd7 was hardly detectable;
however, Chd7 was re-expressed following demyelination induced by lysolecithin beginning
at Dpl 7 (Figure 2-7A) and the number of Chd7+ cells increased substantially at Dpl 14 in the
lesion (Figure 2-7B). Chd7 was mainly expressed in Sox10+ OLs and was predominantly

confined to CC1+ differentiating OLs at Dpl 14 (Figure 2-7C).
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Figure 2-7 Chd7 is required for timely CNS remyelination. (A,B) Immunostaining
showing Chd7 and MBP at Dpl 7 and 14 in spinal cord LPC lesions from 8-week-old mice.
Scale bars represent 50 um. (C) Immunostaining showing Chd7, CC1 and Sox10 at Dpl 14 in
spinal cord LPC lesions. Scale bar represents 50 um. (D) In situ hybridization for Mbp and
Plp and immunolabeling for PDGFRa and Olig2 in spinal LPC lesions of control and
Chd7¢KO mutants at Dpl 7 and 14. Scale bars represent 100 pm. (E,F) Quantification of
Plp1+ OLs and PDGFRo+ OPCs in LPC lesion sites at Dpl 7 and 14. The data are presented
as mean + s.e.m. (Plpl at Dpl 7, n = 4 controls and 4 mutant animals, *P < 0.05, **P < 0.01
and ***P < 0.001; two-tailed unpaired Student’s t test). (G) Immunostaining for CC1 in LPC
lesions from control and Chd7cKO spinal cords at Dpl 14. Scale bars represent 100 um. (H)
Quantification of CC1+ OLs in LPC lesion sites at Dpl 14 (n = 4 controls and 4 mutant
animals, **P < 0.01; Whiskers show the minimum and maximum, boxes extend from the
first to the third quartiles with cross lines at the medians; two-tailed unpaired Student’s t
test). (I) Electron microscopy images of LPC lesions from control and Chd7¢cKO spinal cords
at Dpl 14. Scale bars represent 2 um. (J) The percentage of remyelinated axons in LPC-
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induced lesions of control and Chd7cKO spinal cords at Dpl 14 (n = 4 controls and 4 mutant
animals, *P < 0.05; Whiskers show the minimum and maximum, boxes extend from the first
to the third quartiles with cross lines at the medians; two-tailed unpaired Student’s t test). (K)
The myelin g-ratio in LPC-induced lesions of control and Chd7cKO mutants at Dpl 14
(control, g-ratio = 0.8943 £ 0.005128, n = 128 remyelinated axons from 4 control mice;
Chd7cKO, g-ratio = 0.9330 + 0.003088, n = 126 remyelinated axons from 4 mutant mice; P
<0.0001; two-tailed unpaired Student’s t test).

To determine the potential role of Chd7 in OL regeneration, we examined the re-appearance
of myelin genes and OLs in the lesion during remyelination in control and Chd7¢KO mice.
At Dpl 7 and Dpl 14, Mbp and Plpl expression and the number of Plp1+ differentiating OLs
(Figure 2-7D,E) were substantially reduced in Chd7¢cKO compared with control lesions. In
addition, the number of CC1+ OLs in Chd7cKO mice during remyelination was markedly
reduced (Figure 2-7G,H). In contrast, loss of Chd7 did not appear to impair the recruitment
of PDGFRa+ OPCs (Figure 2-7 D) and the number of OPCs in the lesion was comparable
between control and Chd7cKO mice (Figure 2-7 D,F). Notably, far fewer myelinated axons
were detected in the lesions of Chd7cKO mice than in controls (Figure 2-7I). The percentage
of myelinating axons and the thickness of newly generated myelin sheaths around axons
assessed by g-ratios at Dpl 14 were substantially reduced in Chd7¢cKO mutants (Figure 2-
71,K). Similar results of reduction in OL regeneration were obtained for remyelination in the
adult corpus callosum of Chd7cKO mice (Figure 2-8). Altogether, these observations

indicate that Chd7 has a crucial role in OL remyelination in the context of white matter

injury.
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Figure 2-8 Chd7 is required for brain remyelination. (A,B) Immunofluorescence staining
of representative lesions in the corpus callosum from adult (P90) LPC-injected Chd7cKO and
control littermates at dpl 7 stained for CC1 (green) & Oligl (A) or PDGFR v (B) & CCl1
(green). Right panels are higher magnification of boxed insets in left panels. Arrows indicate
new OLs (CClhigh/Oliglhigh cells) in the remyelinating area. Internal dotted line represents
the border of lesion core (almost devoid of OLs) and external dotted line the remyelinating
border area. Scale bar, 20 pm. (C) Quantification of PDGFRo+ cell (OPCs) and CC1 high-
expressing cells (differentiating OLs) in LPC lesion sites at dpl 7 (mean + SEM, n = 3; ***pP
< 0.001; n, number of animals; unpaired two-tailed Student’s t test).

Chd7 regulates transcriptional programs for OL maturation

To investigate the underlying molecular mechanisms of dysmyelination in Chd7-deficient
animals, we performed transcriptome profiling and analyzed global gene expression patterns
in Chd7cKO and control spinal cords at P8. We identified genes altered in Chd7cKO pups
that were either upregulated (n = 256) or downregulated (n = 545) relative to controls (fold

change > 1.5, P < 0.05; Figure 2-9A). Among those, a cohort of myelin structural genes and
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critical myelination regulators, including Myrf/Gm98 and Sox10 (Emery et al., 2009; Finzsch
et al., 2008), were downregulated in the Chd7cKO spinal cord (Figure 2-9A B), consistent
with deficient myelin formation phenotype. Similarly, quantitative real-time PCR (qRT-
PCR) analysis confirmed a marked reduction in myelination-promoting genes, such as Myrf
and Sox10, and an increase in differentiation inhibitors, including /d2/4 and Hesl (Figure 2-
9C). Gene ontology (GO) analysis further revealed that the genes downregulated in Chd7-
deficient mice are enriched for those that function in cytoskeletal organization and lipid
metabolism in addition to myelination (Figure 2-9D). Congruent with physiological and
morphological features of OLs in vivo, cytoskeleton and lipid metabolism pathways are
highly active when OLs acquire complex morphology and assemble myelin sheaths around
axons (Swiss et al., 2011). Consistently, analysis of the potential gene regulatory network
revealed dysregulation in the genes involved in actin assembly and lipid homeostasis, and in
OL lineage-enriched genes in Chd7 mutants (Figure 2-9E). Those alterations were further
confirmed by qRT-PCR analysis of Chd7cKO spinal cords (Figure 2-9F,G). Together, these
data suggest that Chd7 manages a gene regulatory network that controls OL differentiation

and myelination.

Chd7 selectively targets enhancers of myeliogenic genes

RNA-seq analysis does not establish whether a given regulated transcript is a direct Chd7
target. To identify Chd7 direct target genes, we used chromatin-immunoprecipitation and
sequencing (ChIP-Seq) to assess Chd7 genome-wide occupancy in maturing OLs (mOL),

which were differentiated from OPCs after 3 d of triiodothyronine (T3) exposure. Chd7 peak

49



density was enriched within +5-kb elements proximal to transcriptional start sites (Figure 2-
10A,B). Chd7-occupied regions exhibited features of the active chromatin status,
characterized by a bimodal distribution of H3K27Ac around Chd7 peaks and co-occupancy
of Olig2 (Figure 2-10A,C,D), an OL transcription factor that has been shown to target
functional enhancers. Notably, among Chd7 target genes that were differentially expressed
following Chd7 deletion, the majority (~84%) was downregulated (Figure 2-10E,F),
suggesting that Chd7 predominantly functions as a transcriptional activator for promoting the

OL differentiation program.
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Figure 2-9 Chd7 controls the core myelinogenic regulatory network. (A) Volcano plots
depict gene expression changes between control and Chd7cKO spinal cord at PS.
Significantly differential transcripts were highlighted in color and totaled in each direction
(false discovery rate < 0.05). (B) Heat map representing the expression of OL
differentiation—related genes in control and Chd7cKO spinal cords from two independent
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animals. (C) qRT-PCR analysis of myelination-associated genes in P8 control and Chd7cKO
spinal cords. The data are presented as mean + s.e.m. (n = 3 controls and 3 mutant tissues;
Mbp, *P < 0.05, **P < 0.01 and ***P < 0.001; two-tailed unpaired Student’s t test). (D) The
gene ontology (GO) analysis of the significantly downregulated genes between control and
Chd7cKO. (E) Protein-protein interaction networks among downregulated genes in
Chd7cKO are plotted using a ToppGene suite. (F,G) qRT-PCR validation of selected genes
involved in lipid metabolism (F) and cytoskeleton organization in control versus Chd7cKO
spinal cords at P8 (G). The data are presented as mean + s.e.m. (n = 3 controls and 3 mutant
tissues; *P < 0.05, **P < 0.01 and ***P < (.001; two-tailed unpaired Student’s t test).

Gene ontology analyses revealed a strong association between Chd7-targeted loci
with several regulatory arms of pathways and modules related to OL maturation (Figure 2-
10G). Among Chd7-targeted genes were those encoding molecules involved in
transcriptional control of myelinogenesis (Sox10, Myrf, Oligl, Zfp191 and Sip1/Zeb2), lipid
metabolism and cytoskeleton assembly, as well as key myelin components (Mbp, UgtS, Plp1
and Cnp; Figure 2-10H) When comparing Chd7 binding with those in embryonic stem cells
(ESCs) (Schnetz et al., 2010) or neural stem cells (NSCs) (Engelen et al., 2011), the binding
sites of Chd7 in OLs minimally overlapped with those in ESCs or in NSCs (Figure 2-10I),
suggesting a unique role of Chd7 in OL differentiation. Accordingly, Chd7 target genes were
generally expressed at relatively high levels in the OL lineage compared with other cell types
(Figure 2-10J). This significant correlation between Chd7 occupancy and elevated
myelination-associated gene expression further suggests that Chd7 selectively activates
specific gene sets for OL differentiation. Collectively, our data suggest that that the
chromatin remodeler Chd7 selectively target the distal enhancer elements of a subset of

genes that are unique for oligodendrocyte differentiation.
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Figure 2-10 Chd7 Targets Lineage-Specific Regulators during OL Differentiation. (A)
ChIP-seq density heat maps for Chd7, H3K27Ac and Olig2 within £5 kb of the Chd7 peak
center. (B) Histogram showing the distribution of ChIP-seq peaks relative to the
transcriptional start site (TSS). (C,D) Average H3K27Ac and Olig2 ChlIP-seq enrichment
profiles around the central position of Chd7 binding regions. (E) Pie chart showing relative
percentage of Chd7 target genes that were significantly upregulated or downregulated in
Chd7cKO. (F) Box plots for mRNA levels of Chd7 targeted genes in control and Chd7cKO
mutants. Whiskers show the minimum and maximum, boxes extend from the first to the third
quartiles with notches at the medians (n = 144 genes with Chd7 occupancy within 5 kb of
TSS; Mann-Whitney-Wilcoxon rank test). (G) Representative GO functional categories for
Chd7 targeted genes. (H) ChIP-seq showing Chd7 enrichment at selected gene loci (Sox10,
Myrf, Mbp and Ugt8). Tracks represent sequence tag enrichments for Chd7, H3K27Ac,
Olig2, Brgl, H3K4me3 and IgG. Genome scale bars represent 5 kb. (I) Venn diagram
showing minimal overlaps of Chd7 genome-occupancy in OLs and ESCs or NSCs,
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respectively. (J) Box plot representing Chd7 target gene expression values in log2 FPKM in
OLs, astrocytes, neurons, microglial and endothelial cells. Higher expression of Chd7 target
genes were observed in OLs. Whiskers show minimum and maximum, box limits are first
and third quartile and crosses show average. (n = 704, P < 10-10; n, number of genes with
Chd7 occupancy within 5Kb from TSS; Mann—Whitney—Wilcoxon rank test).

Chd7 interacts with Sox10 to activate myelination program

As an ATP-dependent nucleosome-remodeling factor, Chd7 requires additional
transcriptional cofactors to target and activate gene expression. To investigate whether any
specific DNA sequence motifs were enriched at Chd7 binding sites, we used the de novo
DNA motif—discovery program MEME(Bailey et al., 2006)to identify consensus-sequence
motifs associated with Chd7 targeted sites. This analysis revealed that Chd7 binding sites
with the consensus binding motif C(T/A)TTG(T/A)(T/A) for Sox10 (MEME motif score E =
5.7 x 10”"7; Figure 2-11A), a transcription factor required for terminal differentiation of the
OL lineage(Lopez-Anido et al., 2015), were most overrepresented. To determine whether
Chd7 and Sox10 colocalization result from a direct interaction between these two proteins or
unrelated occupancy, we performed co-immunoprecipitation by expressing Sox10 and Chd7
in 293T cells or by pulling-down endogenous Sox10 using a Chd7 antibody in an
oligodendroglial cell line, Oli-neu, under differentiating conditions (Schuster et al., 2002).
We found that Chd7 formed a complex with Sox10 in the 293T cells transfected with Sox10
and Chd7 and differentiating Oli-neu cells (Figure 2-11B,C), suggesting that Chd7 and
Sox10 targeting to these sites occurred through a physical complex of these proteins. To
determine whether Sox10 and Chd7 co-occupied the same regulatory elements in mOLs, we

then charted genome-wide occupancy of Sox10 in mOL using ChIP-seq. We found that
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approximately 40% of Chd7 peaks overlapped with those of Sox10 in mOL (Figure 2-

11D,E).
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Figure 2-11 Chd7 interacts with Sox10 to activate myelination program. (A) MEME
analysis of the most highly represented de novo motif in the Chd7 cistrome in OLs. Sox10
binding motif was identified as the most significant matching binding site. Letter size
indicates nucleotide frequency (presented as bits) at each position (horizontal axis). (B,C)
Co-immunoprecipitation of HA-Sox10 with Chd7 from transiently transfected 293T cells (B)
or endogenous Sox10 with Chd7 in differentiating Oli-Neu cells (C). (D) Venn diagrams
depicting overlap between Chd7 and Sox10 occupancy in OLs. (E) Heatmap of Sox10 and
Chd7 signal at all Chd7-binding sites. 2 kb upstream and downstream of the anchor sites are
plotted. (F,G) ChIP reads density plots for levels of H3K27Ac and Sox10 at loci targeted by
Sox10 only and co-targeted by Sox10/Chd7. (H) Luciferase activity of Cnp (left) and Plp!
(right) promoter—driven reporters in 293T cells co-transfected with Chd7, Sox10 or both. The
data are presented as mean + s.e.m. (Cnp-Luc, n = 3 independent experiments, *P < (0.05;
Plpl-Luc, n = 4 independent experiments, *P < 0.05; pairwise comparison for Sox10
compared with Sox10 + Chd7). (I) qRT-PCR analyses of differentiating markers Mbp, Plpl,
Cnp and Myrf in Oli-Neu cells transduced with Sox10, Chd7 or both under proliferation
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condition. The data are presented as mean + s.e.m. (n = 3 biological replicates; *P < 0.05,
**P < 0.01 and ***P < 0.001; multiple comparisons with t test). (J) gPCR validation of
knockdown efficiency of Sox10 and Chd7 in primary rat OPCs under differentiation
conditions. The data are presented as mean + s.e.m. n = 5 biological replicates; *P < 0.05,
*akp < 0.001; two-tailed unpaired Student’s t test. (K) qRT-PCR analyses of OL-
differentiation associated genes following treatments with scrambled (n = 3), Sox10 (rn = 5),
Chd7 (n = 5), and both Sox10 and Chd7 siRNAs (n = 5), respectively. Data are presented as
mean + s.e.m. (n, numbers of biological replicates; *P < 0.05, **P < 0.01 and ***P < 0.001;
multiple comparisons with t test). (L) qRT-PCR analyses of differentiated OL markers Mbp,
Cnp and Myrf in Oli-Neu cells transduced with Sox10, Chd7 K998R mutant form or both
under proliferation condition. The data are presented as mean + s.e.m. (n = 4 independent
experiments; *P < 0.05, **P < (.01 and ***P < (0.001.

Intriguely, Chd7 and Sox10 co-occupied sites were highly enriched with the
activating histone mark H3K27ac as compared with the Sox10 loci without Chd7
colocalization (Figure 2-11F). Moreover, Sox10 binding exhibited a preference for Chd7-
occupied sites (Figure 2-11G), indicating that Chd7 occupancy defines enhancer elements,
favoring Sox10 recruitment with a more accessible chromatin state associated with gene
activation. Consistently, a combination of Chd7 and Sox10 overexpression enhances the
activity of Cnp and Plpl promoter reporters (Figure 2-11H) and promotes expression of OL
differentiation genes to a greater degree than when they were expressed individually in Oli-
neu cells (Figure 2-111). Reduction of both Chd7 and Sox10 by siRNA-mediated knockdown
caused much stronger inhibition in the expression of myelination-related genes than
individual Chd7 or Sox10 downregulation during OPC differentiation (Figure 2-11J,K),
raising the possibility of genetic interaction and cooperativity between Chd7 and Sox10 in
the control of OL differentiation. Notably, Sox10-mediated activation of myelin-associated

genes was inhibited by the presence of an ATPase-defective mutant variant of Chd7
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(Chd7K998R)(Bajpai et al., 2010) (Figure 2-11L), suggesting an inhibitory effect of the
Chd7***™ mutant on Sox10 function. Together, these findings suggest that Chd7 and Sox10

have cooperative functions in activating the transcriptional program for OL differentiation.

Osterix and Creb312 are Chd7 targets for OL maturation

The observation that Chd7 transcriptionally activates an OL-specific gene network prompted
us to search for Chd7-driven candidate genes that contribute to OL differentiation. By
integrating Chd7 genome occupancy and transcriptome profiling, and considering genes
downregulated in the Chd7cKO and occupied by Chd7 as candidate targets, we identified a
cohort of potential transcriptional regulators that have yet to be characterized in OL
development, including Osterix (Sp7), Creb312, Zfp365, Zfp167 and Sorbs3. Notably, Osterix
encodes a zinc finger—containing transcription factor that is essential for osteoblast differ-
entiation and bone formation(Nakashima et al., 2002), and Creb3/2 encodes cAMP-
responsive element binding protein 3—like 2, a basic leucine zipper (bZIP) transcription
factor, which is critical for chondrogenesis(Saito et al., 2009). We chose Osterix and Creb3/2
for further characterization because malformations of the temporal bone are also a common
feature in CHARGE syndrome (Amiel et al., 2001; Friedmann et al., 2012). Chd7 targets the
proximal elements of both gene loci around transcription start sites marked by H3K4me3 as
well as distal enhancer elements marked by H3K27Ac (Figure 2-12A). Expression of Osterix
and Creb3I2 was essentially diminished in the spinal cord of Chd7cKO animals (Figure 2-

12B) while Chd7 overexpression induced Osterix and Creb3[2 expression in OPCs under
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both proliferation- and differentiation-promoting conditions (Figure 2-12C). Collectively,

these data suggest that Chd7 directly activates Osterix and Creb3[2 in the OL lineage.
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Figure 2-12 Osterix and Creb312 are direct Chd7 transcriptional targets and required
for proper OL differentiation. (A) ChIP-seq tracks for Chd7, H3K27Ac, Olig2, H3K4me3
and IgG at Osterix (left) and Creb3l2 (right) loci. Genome scale bars represent 5 kb. (B)
gRT-PCR analyses of Osterix and Creb3[2 in P8 control and Chd7cKO spinal cords. The
data are presented as mean + s.e.m. (n = 3 controls and 3 mutant tissues; **P < 0.01; two-
tailed unpaired Student’s ¢ test). (C) gqRT-PCR analyses of Osterix and Creb3[2 in control
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and Chd7-overexpressing Oli-Neu cells under proliferation (pro) or differentiation (diff)
conditions spinal cords. The data are presented as mean + s.e.m. (n = 3 biological replicates;
*P <0.05, ¥*P < 0.01 and ***P < 0.001; two-tailed unpaired Student’s ¢ test). (D) qRT-PCR
analyses of Osterix and Creb312 expression during OL differentiation. The data are presented
as mean * s.e.m. (n = 3 biological replicates). (E,F) Immunolabeling of Osterix or Creb312,
CNP or MBP and Olig2 in primary mouse OLs. Scale bars represent 50 pum. Boxed area
(scale bars represent 25 pum) is shown at a high magnification at right. Arrows indicate the
colabeling cells. (G) qPCR validation of knockdown efficiency of Osterix and Creb3/2 in
primary rat OLs. The data are presented as mean + s.e.m. (n = 3 independent experiments,
**P < 0.01; two-tailed unpaired Student’s ¢ test). (H) gRT-PCR analyses of OL
differentiation—associated genes following treatments with scrambled, Osterix or Creb3I2
siRNAs. The data are presented as mean + s.e.m. (n = 3 independent experiments; *P < 0.05,
**#P < 0.01 and ***P < 0.001; two-tailed unpaired Student’s ¢ test). (I) qRT-PCR analysis of
Osterix (left) and Creb312 (right) expression in OPCs transfected with siRNAs against Chd7
with control vector or vectors overexpressing Osterix and Creb312, respectively. The data are
presented as mean + s.e.m. (Osterix, n = 4 independent experiments, Creb3l2, n = 5
independent experiments, *P < 0.05, **P < (0.01; two-tailed unpaired Student’s 7 test). (J)
qRT-PCR analysis of differentiation-associated genes (Mbp, Plpl, and Myrf) in OPCs
transfected with siRNAs against Chd7 with control vector or vectors overexpressing Osterix
and Creb312, respectively. The data are presented as mean + s.e.m. (n = 3 (scrambled
siRNA), 3 (Chd7 siRNA + pCIG), 4 (Chd7 siRNA + Osterix), 4 (Chd7 siRNA + Creb312); n,
numbers of biological replicates; *P < 0.05; multiple comparisons with ¢ test. (K) RNA
abundance represented as FPKM in indicated neural cell types. Data are presented as mean +
s.e.m. n = 2 biological replicates. (1) RNA in situ hybridization for Mbp, Plpl and PDGFRo.
on transverse spinal cord sections from Osterix+/— and Osterix—/— mice at E18.5. Scale bars
represent 100 um. (m) Immunolabeling for Mag and MBP on transverse spinal cord sections
from Osterix+/— and Osterix—/— mice at E18.5. Scale bars represent 50 um.

Consistent with the Chd7 expression pattern, Osterix and Creb3[2 expression levels
increased substantially as OPCs differentiated into mature OLs (Figure 2-12D). Similarly, we
detected intense Osterix and Creb312 protein expression in cultured differentiating OLs
bearing complex myelin processes (Figure 2-12E,F). To evaluate the role of these OL-

enriched genes in OL differentiation, we knocked down endogenous Osterix and Creb3I2
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expression in OPCs using RNA interference (Figure 2-12G). Downregulation of Osterix and
Creb312 inhibited expression of myelination genes including Cnp, Mbp, Plpl, Mag and Myrf
(Figure 2-12H). Notably, exogenous overexpression of Osterix, but not Creb3/2, restored, at
least partially, the defects in expression of myelination-associated genes caused by Chd7
knockdown in OPCs (Figure 2-12LJ), pointing to the possibility that Osterix may mediate
Chd7 function in OL differentiation.

Osterix is uniquely expressed in the OL lineage in the CNS, particularly in newly
formed OL, according to neural cell-type transcriptome database (Zhang et al., 2014)( Figure
2-12K). To further determine the role of Osterix in OL development in vivo, we examined
the expression of markers for mature OLs and OPCs in Osterix-null animals, which die at
birth. At embryonic day 18.5 (E18.5), the last collectable stage for Osterix-null embryos,
expression of Mbp and Plpl was markedly diminished in the spinal cord, whereas the
number of PDGFRa-expressing OPCs was comparable to that of control littermates (Figure
2-12L). Consistently, expression of MAG and MBP assayed by immunostaining was mark-
edly reduced as compared with the control (Figure 2-12M). These observations indicate that
the Chd7 downstream regulator Osterix, an OL-enriched transcriptional regulator, is required

for the onset of OL differentiation.

DISCUSSION
Epigenetics and chromatin remodeling are increasingly appreciated to play critical roles in
development and human diseases. We demonstrate here that loss-of-function in Chd7 leads

to defects in CNS myelination and remyelination. The dysmyelinating phenotype in our
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mouse model resembles some of the features observed in CHARGE syndrome with proven
CHD7 mutations, including delayed myelination and white matter defects (Figure 2-
2K,L)(Gregory et al., 2013; Liu et al., 2014).

Our data suggest that Chd7 regulates OPC differentiation in a cell-autonomous
manner. Deletion of Chd7 does not appear to affect the developmental transition from Olig+
progenitors to PDGFRo+ OPCs, but blocks proper transitioning from OPC to OL.
Consistently, temporal specific Chd7 deletion in PDGFRa+ OPCs leads to a failure of OPCs
to differentiate. In addition, our studies using a LPC-induced demyelinating animal model
further demonstrate that Chd7 is critical for remyelination, and is therefore an important
determinant of effective myelin repair.

The genome-wide, base-resolution mapping of the Chd7 targeted cistrome here
reveals that Chd7 selectively targets the enhancers of myelinogenic factors encompassing
Myrf, Nkx2.2, Sipl and Oligl, and activates a transcriptional program for OL differentiation,
consistent with the Chd7 function as a transcriptional rheostat to regulate, or fine-tune gene
expression levels (Schnetz et al., 2010). We further identify a cohort of previously
uncharacterized Chd7-targets in OL such as the bone formation regulators Osterix and
Creb312, and demonstrate that these transcriptional factors are also critical for
oligodendroglial maturation. Despite its critical role in osteoblast lineage differentiation 31,
Osterix is expressed predominantly in maturing OLs in the CNS. We find that Osterix
positively regulates OL differentiation in vitro and in vivo. It is worth noting that Osterix
regulates expression of osteopontin, which is associated with multiple sclerosis pathogenesis

(Braitch and Constantinescu, 2010; Comi et al., 2012). Since malformations of the temporal
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bone are a common feature in CHARGE syndrome (Amiel et al., 2001; Friedmann et al.,
2012), it is possible that regulation of Osterix by Chd7 may also contribute to temporal bone
defects in CHARGE patients. These observations suggest that Chd7-controlled gene
regulatory networks for OL differentiation may serve as an important intracellular cue to
control the myelination process in the CNS and other seemingly unrelated malformations of

other organs in CHARGE patients.

Chd7 interacts with Sox10 to regulate myelinogenic program

As an ATP-dependent nucleosome-remodeling factor, Chd7 requires additional
transcriptional cofactors to target and activate gene expression. Our studies identify Sox10 as
an important co-activator of Chd7 for target gene transcription during OL differentiation.
Interestingly, mutations in Sox10 and Chd7 are both reported in Kallmann syndrome, a
congenital disorder that exhibits hypogonadotropic hypogonadism and anosmia, features also
frequently present in CHARGE syndrome (Jongmans et al., 2009). The clinical relevance
between Sox10 and Chd7 mutations in these human diseases indicate a potential convergent
role in developmental and pathogenic processes. Although the interaction of Chd7 with
Sox10 provided the mechanistic basis for the role of Chd7 in myelinogenesis, the Chd7
mutant phenotype in mice seems less severe than that caused by deletion of Sox10 (Finzsch
et al., 2008). These observations suggest that Chd7 may function as an important accessory
factor that quantitatively enhances the OL differentiation and myelination program that can
proceed in its absence, but at a lower level. Alternative possible explanation could be

redundancy with other CHD family proteins, such as CHDS8, which is also highly expressed
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in oligodendrocytes (data not shown) and has been implicated in CHARGE syndrome

pathogenesis through binding with Chd7 (Batsukh et al., 2010).
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Figure 2-13 Genome occupancy of Chd7 with Sox10 and Olig2.(A) Aggregate plot of the
average tag density of Chd7 binding sites at regions occupied by: Chd7 and Sox10 (red), and
Chd7 only (green). (B) Aggregate plot of the average tag density of Chd7 binding sites at
regions occupied by: Chd7 and Olig2 (red), and Chd7 only (green).

How Chd7 is temporally and spatially targeted to specific sites in chromatin remains
to be determined. Recruitment of pioneer transcription factors by DNA consensus motifs
clustered on regulatory elements could prime chromatin, which, in turn, recruits remodeling
factors for activating downstream target gene expression (Voss and Hager, 2014; Zaret and
Carroll, 2011). In line with this, Olig2 has been shown to act as a prepatterning factor that
directs the recruitment of Brgl to OL lineage-specific regulatory elements during the
transition from OPC to immature OL 22 (Yu et al., 2013b). Different from this, our analysis
of the Chd7 and Sox10 binding cistrome indicates that Sox10 preferentially occupies Chd7-

targeted elements, while the frequency of Chd7 occupancy is comparable between elements
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with or without Sox10 targeting (Figure 2-13). Since Sox10 occupancy in genomic loci
increases gradually over the course of OPC maturation (Zhao et al., 2016), it seems likely
that Chd7 is targeted to the chromatin first and then recruits Sox10. Intriguingly, Olig2 and
Chd7 genome-wide binding cistromes indicate that Olig2 might possibly be prerequisite in
the recruitment of Chd7 to regulatory elements (Figure 2-13B). Therefore, a potential
sequential recruitment of priming factors such as Olig2, chromatin remodeling machinery
such as Brgl and Chd7, following by late phase regulators such as Sox10 may occur during
OL lineage progression (Figure 2-14).

Implications for human diseases

Our study reports dysmorphic white matter in a significant portion of CHARGE patients with
proven CHD7 mutations. The critical role for Chd7 in CNS myelination discovered here
through OL lineage-specific mutagenesis implies that mutations in CHD7 may contribute to
myelination and white matter defects seen in patients with CHARGE syndrome. A
significant proportion of CHARGE patients develop growth retardation or delay, ranging
from mild to severe. Given that white matter abnormalities caused by CHD7 mutations
appear more severe in some of CHARGE patients compared with those in Chd7¢KO mice; it
is possible that altered expression or activity of Chd7 in other neural cell types such as
neurons or neural stem cells (Micucci et al., 2014) may also contribute to the human
phenotype. Nonetheless, our studies show that Chd7 is highly enriched in differentiating OLs
and critical for CNS myelination and remyelination. These observations suggest that
dysmyelination caused by CHD7 mutations might contribute, at least partially, to

developmental white matter defects seen in CHARGE patients (Liu et al., 2014). Whilst
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heterozygous Chd7 knockout mutants in the OL lineage are phenotypically normal, depletion
of Chd7 expression in mice causes a myelination deficiency, indicating that a minimum
threshold level of Chd7 expression is necessary for myelinogenesis. The phenotypic variation
between the CHD7 haploinsufficient human mutants and heterozygous knockout mice could
be due to a differential sensitivity to gene dosage across species or dominant negative effects
of human mutant proteins.

Our studies further provide multiple lines of functional genomics data that shed light
on the molecular basis whereby Chd7 directly regulates not only a network of genes essential
for OL myelination, but also genes associated with development and morphogenesis of
multiple organs including craniofacial, eye and ear structures that are affected in CHARGE
patients 5. Examples include genes involved in the developmental processes of craniofacial
and bone development such as Osterix, Creb312, Col2a, Fgfrl/2 and Rarg (Nakashima et al.,
2002; Sahlman et al., 2001), eye development such as Pax6, Mitf and Rarg (Bharti et al.,
2012; Graw, 2010), and ear development such as Ddrl, Prkra, Foxgl, Fgfri/2 and Rarg
(Meyer zum Gottesberge et al., 2008; Pauley et al., 2006; Schimmang, 2013).Notably,
retinoic acid receptor gamma (Rarg) acts as a direct target of Chd7 in OLs, consistent with
recent reports that Chd7 regulates the expression of Rarg (Micucci et al., 2014). Since Rarg
signaling serves as a positive regulator of OL myelination and remyelination (Huang et al.,
2011), its downregulation in Chd7 mutants may also contribute to CNS myelination defects
in CHARGE syndrome. Together, our findings indicate that Chd7 serves as a nodal point of
the regulatory network for the development of a diverse array of lineages spanning OLs and

other cell types including osteoblasts, encompassing the phenotypes in CHARGE patients.
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Our unbiased genome-wide target gene analysis could provide a molecular framework to
identify signaling pathways and molecules as therapeutic targets for promoting myelin

regeneration in patients with demyelinating diseases and CHARGE syndrome.

Priming
Remodeling
; Myelination
Activation ; Cytoskeleton
—: Lipid metabolism

Figure 2-14 Scheme of Chd7/Sox10-mediated chromatin remodeling and myeliogenic
gene program activation. The pioneer factor Olig2 recognizes and binds its cognate site in
condensed chromatin (Priming), and further brings in chromatin remodeling factor to prime
the enhancer for subsequent activation (Remodeling). Later phase transcription factors such
as Sox10 are subsequently recruited and collaboratively active pathways that are required for
oligodendrocyte differentiation and CNS myelination.
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CHAPTER THREE

RECONSTRUCTION OF THE LNCRNA GENOMIC LANDSCAPE IN

OLIGODENDROCYTES

INTRODUCTION

Myelination in the central nervous system (CNS) by oligodendrocytes (OLs) is required for
rapid propagation of action potentials. At present, the factors that promote the initiation of
OPC differentiation and overcome the block for successful remyelination in demyelinating
diseases are poorly defined. OL lineage development can be orchestrated by extrinsic and
intrinsic cues and coordination of genetic and epigenetic regulators, including transcription
factors, chromatin remodelers and small non-coding RNAs, that activate the myelinogenic
program while suppressing differentiation inhibitory pathways (Emery and Lu, 2015;
Zuchero and Barres, 2013).

IncRNAs have been implicated in regulation of both normal development (Grote et
al., 2013; Guttman et al., 2011; Kretz et al., 2013) and disease processes across different cell
types and tissues(Gupta et al., 2010; Hu et al., 2014; Hung and Chang, 2010; Ulitsky and
Bartel, 2013). Recent work points to the critical role of IncRNAs in transcriptional and post-
transcriptional control of gene expression, the formation of complexes with epigenetic
regulatory machinery, and chromosomal architecture organization (Hacisuleyman et al.,

2014; Kretz et al., 2013; Ng et al., 2012; Yang et al., 2011). Dysregulation of IncRNAs has
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been associated with human disorders caused by chromosomal deletions and translocations
(Batista and Chang, 2013; Yang et al., 2014).

Whether IncRNAs are responsible for OL myelination in a temporally specific
manner during development and remyelination is unknown. Although studies have shown
expression of IncRNAs during CNS development (Mercer et al., 2010; Ramos et al.,
2013)and in OPCs (Dong et al., 2015), a mechanistic understanding of the functions of
IncRNAs in myelinogenesis in the CNS remains elusive. At present, diverse and bi-
directionally transcribed IncRNAs based on genomic localization have not been fully
categorized in the OL lineage. Identification and characterization of IncRNAs during OL
lineage progression are critical to our understanding of the mechanisms of myelinogenesis
and myelin repair.

Herein, we provide the first all-inclusive IncRNA annotation and mapping in mouse
OLs at different stages. We profiled dynamic IncRNA expression during OL lineage
differentiation by utilizing paired-ended next-generation sequencing of RNA and de novo
transcriptome reconstruction. Through gene co-expression network analysis, we defined a
group of IncRNAs that are tightly associated with OL differentiation. Our gain- and loss-of-
function studies in vitro indicate that those OL-enriched IncRNAs are required for proper
OPC. Collectively, our study provides a comprehensive mapping of IncRNAs in the OL
lineage and demonstrates a critical role of IncRNA-mediated regulation for OL

differentiation.

RESULTS
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Comprehensive de novo mapping of IncRNAs during OL lineage progression

To gain insights into the functions for IncRNAs during OL development, we first set out to
create an all-inclusive high-quality catalog of such transcripts using an ab initio
transcriptome reconstruction pipeline (Trapnell et al., 2010; Trimarchi et al., 2014) that
incorporates evidence of RNA transcripts from a collection of high-throughput RNA
sequencing datasets (paired-end stranded-specific, 80-90 million reads/sample) from primary
mouse OPCs and OLs that were differentiated with triiodothyronine (T3) for 1 day (iOL,
immature OL) and 3 days (mOL, maturing OL) (Figure 3-1A). To identify putative IncRNA
genes, we selected transcripts that were longer than 200 nucleotides and multiexonic and that
did not overlap with protein-coding genes on the same strand. We then removed transcripts
with coding-potential assessment (CPAT) scores higher than 0.44, which has been shown to
identify noncoding RNAs (Wang et al., 2013). The high stringency annotation revealed 2392
IncRNA transcripts derived from 1342 unique gene loci (Figure 3-1A). Of these loci, 42%
were not found in the Ensembl database (Figure 3-1B). Approximately 75% of IncRNAs
detected here are intergenic, 6% are located within the introns of well-defined mRNA or
IncRNA genes, and 19% are antisense to a known gene (Figure 3-1C,D). The
oligodendrocytic IncRNAs identified had very little protein-coding potential as measured by
the CPAT algorithm (Figure 3-1 E). As observed previously among data from various cell
types (Cabili et al., 2011), IncRNA exons were less conserved than protein-coding exons as
shown by PhastCons scores (Figure 3-1F), and their average expression levels were lower

than those of protein-coding genes in OL lineage cells (Figure 3-1G).
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We next examined the expression patterns of oligodendrocytic IncRNAs over a diverse panel
of cell types including neurons, astrocytes, microglia(Zhang et al., 2014), neuronal tissues,
and other somatic tissues(Yue et al., 2014). We scored the specificity of each gene by its
average fractional expression level in OL lineage cells and found greater tissue specificity
(Ts) of IncRNAs than protein-coding genes (Figure 3-1H,I), which corroborates the notion

that IncRNA expression is highly cell-type specific (Guttman et al., 2009).

A B C D
OpPC T ioL T moL Intergenic _E_E_-_
o N Opposite
’@‘ >
! 19%
Intronic Intronic
6%
\ lRNA / Opposite i ’
-
100 bp PE strand specific
RNA Sequencing E > G H
§ 10 310
g 08 IncRNA S os INCRNA INGRNA| IncRNA l """""""""""""" °
5 06 §o,e A
) § 04 g 04 mRNA | {[iHt | @
Alignment to mm10 2 02 mRNA B 02 mRNA mRNA e- &
with Tophat 3 g 0 02 04 06 08 10
0 02 04 06 08 10 G o 02 04 06 08 10 5 6 5 10
CPAT Score PhastCons Score log2_FPKM Tissue Specificity (Ts)

Ab initio transcript
Assembly with Cufflinks | primary oligodendrocytes primary neuronal tissues primary somatic tissues

l i o
- N o
- EE 118 ® o~
L o N S5 o m == " - N - N o
) . -~ ol 2 122 828FF ) e =N e 12
Filter known protein J TN e s 3% _5352% 2S£ 8882 UL IIdR3F I
di 00ggidaz35885599095588 8885888352200 e=3
coding genes EER2002222° 00 83555500 ex 22282833 ceEDD

!

Remove transcripts
with coding potential
CPAT score > 0.44

l

Remove single exonic
transcripts

!

Oligodendrocyte IncRNAs
2392 transcripts, 1342 loci

l

Estimate INcRNA expression
Characterize genome modifications

1342)

== IncOL1
IncOL2
IncOL3
IncOL4
IncOL5
IncOL6

Oligodendrocyte expressed IncRNAs (n:

70



Figure 3-1 de novo mapping of IncRNAs transcriptome in OL lineage cells. (A) A
schematic illustration of the procedure adopted to discover IncRNAs in primary mouse OPCs
and OLS. (B) Venn diagram showing the fractions of IncRNA genes that were previously
annotated and newly identified in OL lineage cells. (C) Three IncRNA categories classified
based on relationships with protein-coding neighbors. (D) Pie charts of numbers of IncRNAs
in each category for all IncRNAs annotated in this study. (E) Cumulative frequency plot of
coding potential CPAT scores for mRNA (red) and IncRNA (blue) genes. (F) Cumulative
frequency plot of PhastCons conservation scores for mRNA (red) and IncRNA (blue) genes.
(G) Violin plot of log2 maximum expression values (FPKM) for mRNA and IncRNA genes.
Whiskers show the minimum and maximum, boxes extend from the first to the third quartiles
with cross lines at the medians. Unpaired Student’s t test with Welch’s corrections. (H) Box
plot of tissue specificity index (Ts Score) for mRNA (red) and IncRNA (blue) genes. Ts
scores are calculated by analysis of fractional expression in OLs across all the tissues
examined. Whiskers show the minimum and maximum, boxes extend from the first to the
third quartiles with cross lines at the medians. Unpaired Student’s t-test with Welch’s
corrections. (I) A heatmap representation of all OL-expressing IncRNAs across OL lineage
cells at different stages, primary neuronal cell types and tissues, and various other somatic
tissues.

IncRNAs are dynamically regulated and expressed during OL lineage progression

To further characterize the IncRNA expression pattern obtained from our RNA-seq analysis,
we analyzed transcription start site (TSS) regions for the presence of histone modifications.
In agreement with previous reports (Casero et al., 2015; Trimarchi et al., 2014), a large
majority of the promoters in the identified IncRNAs were associated activating histone marks
H3K4me3 and H3K27ac in mouse cortical cells (Lu et al., 2016b) (Figure 3-2A). More
importantly, whereas IncRNAs evolve rapidly and often lack orthologues in other species
(Diederichs, 2014), we found that a significant portion of IncRNAs is also present in the
syntenic loci of rat OL lineage cells, evident by the enrichment of H3K4me3 and H3K27ac in

conserved genomic regions (Figure 3-2B,C), suggesting that these IncRNAs play a
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functionally conserved role during OL development. In addition, genomic occupancy by
Sox10, an OL differentiation regulator (Lopez-Anido et al., 2015), was detected at many
putative IncRNA promoters in rat OLs (Figure 3-2B,C), suggesting that Sox10

transcriptionally regulates these IncRNAs.
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Figure 3-2 TSSs of IncRNAs are conserved and show active chromatin profiles. (A)
Heatmap representation of ChIP-seq signal density for H3K4me3 and H3K27ac centered on
annotated IncRNA TSSs (+ 5 kb). ChIP data were from mouse OPC-like cells(Lu et al.,
2016b). (B) Heatmap representation of ChIP-seq signal density for H3K4me3, H3K27ac, and
Sox10 for 5 kb centered on predicted IncRNA TSSs in primary rat OPCs and OLs. (C)
Histogram depicting ChIP-seq signal density on all predicted IncRNA promoters for
H3K27ac, H3K4me3, and Sox10 in primary rat OLs.

To investigate the dynamics of IncRNA expression during OL differentiation, we profiled
their expression over the course of OPC differentiation and maturation. These analyses
yielded a subset of IncRNAs that displayed differential expression between differentiating
OLs and OPCs (Figure 3-3A). Notably, a large fraction of IncRNAs was dramatically

upregulated as OPCs differentiated (Figure 3-3A). To determine the IncRNAs expression
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pattern during regeneration, we then characterized the temporal changes in IncRNA
expression after contusive spinal cord injury in mice (Chen et al., 2013). The spinal cord
injury resulted in an acute loss of OLs followed by OPC recruitment and differentiation
(Franklin, 2002). Similar to dynamic changes of OL-associated genes, expression of a large
fraction of oligodendrocyte-enriched IncRNAs such as IncOL1 was reduced at 2 days post
lesion (dpl) with a small group reactivated at 7 dp/ during the regeneration process (Figure 3-
3 B). These data suggest a potential importance of IncRNAs for OL regeneration,

diminishing during OL loss and conversely increasing during differentiation.
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Figure 3-3 IncOLs are dynamically expressed during OL differentiation and
regeneration. (A) Heatmaps showing top differentially expressed protein-coding (left) and
IncRNA (right) genes during mouse OPC maturation. (B) Heatmaps showing top
differentially-expressed protein-coding (left) and IncRNA (right) genes during the time
course of spinal cord injury. Hierarchical sample clustering is shown at the right of the
heatmap.

Co-expression networks between IncRNAs and protein-coding genes in OLs
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Expression of many IncRNAs is highly correlated with that of their protein-coding neighbors,
and some IncRNAs influence the expression of nearby genes (Briggs et al., 2015; Rinn and
Chang, 2012). Therefore, we first assessed the proximities and Pearson correlations of
neighboring pairs of IncRNAs and mRNAs. Even though some IncRNAs were transcribed
proximally (within 5 kb) of the promoters of protein-coding neighbors, as a group, no
obvious correlations determined by correlation coefficients were observed between the
majority of IncRNAs and adjacent mRNAs in the OL lineage (data no shown), suggesting
that expression of the majority of OL-enriched IncRNAs is not related to local transcriptional
activity of neighboring protein-coding genes or involved in the same biological processes.

To assess the potential functions of oligodendrocytic IncRNAs, we then evaluated the co-
relationship of IncRNAs and protein-coding genes using the Markov clustering algorithm
(MCL), which assigns genes into modules based on their similarity in expression
patterns(van Dongen and Abreu-Goodger, 2012). We identified 19 clusters contained at least
100 correlated IncRNAs and protein-coding genes (Figure 3-4A) that are associated with
known biological processes including neurogenesis and neural differentiation (Figure 3-4B).
We focused on the IncRNA genes in cluster I because these genes are primarily associated
with the process of neurogenesis and gliogenesis. Assessment of the Pearson correlation
between IncRNA and protein-coding genes within MCL cluster I, which represents the
highest IncRNA proportion, revealed that this group of IncRNAs is indeed highly correlated
with the myelinogenic gene program (Figure 3-3C). In particular, IncOLI and IncOL4 levels

positively correlate with the levels of myelination-associated mRNAs such as Mbp and
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Nkx2.2 across a panel of various cell types and tissues (Figure 3-4D), suggesting that this

group of IncRNAs is likely involved in OL myelination.

Gene clusters Genes in Cluster |

1| M Neurogenesis «
2| NN Sensory perception
3| MRNA metabolic process
4| Negative regulation of neuron differentiation
5 Mitotic cell cycle
6| MPosttive regulation of cell projection organization
7| Carboxylic acid metabolic process
8|l Endothelial tube morphogenesis
9| I Vasculature development

10 NN Immune response

12| Translational termination
13| Nucleotide catabolic process

14|l Phosphatidylserine biosynthetic process

15| Histone acetylation

16 Steroid metabolic process

17| Lysosome organization

18| Neural tube development

19|

sauab Buipoo uigjoid

@ Protein-coding gene Positive Connections )
0 20 40 60 80 100 120 Coexpression PCC B =
@ IncRNA Negative Connections ~log, (P value) 05 0 05
IncOL1 vs Mbp IncOL1 vs Nkx2.2 IncOL4 vs Mbp IncOL4 vs Nkx2.2
10 10 10
o r=0.927 R ® &~ r=0.864 ® o r=0.914 s o r=0.864 o ©
g s o g 5 O‘M g ? :,“é s ° %
= ° = o o = ® o
S o & = £ s LI = 0ot ©°
- se g1 e ° sSo ° °©
& % p < ° ° o o o© < g °
= Y o ° ° w o ° o °
= 1 8 [ g, =5 [
k-] o & 3 ° (_'g’ ° o o 0o
=10 _°-1u -10 %m
-0 -5 0 5 1 -10 -5 [ 5 -0 5 o0 5 10 -10 -5 0 5
log, (FPKM) IncOL1 log, (FPKM) IncOL1 log, (FPKM) IncOL4 log, (FPKM) IncOL4

Figure 3-4 Co-expression networks between IncRNAs and protein-coding genes in OLs.
(A) Cytoscape representation of the 19 largest MCL clusters in the gene co-expression
network from all tissues and cells examined. (B) GO enrichment for the 19 largest MCL
clusters. The most significant GO categories are displayed. (C) Heatmaps displaying Pearson
correlation coefficients of IncRNA and protein coding genes in MCL cluster I. Columns and
rows represent protein-coding genes and IncRNAs, respectively. Myelin-associated genes
and IncOLs are highly correlated. (D) Correlations between IncRNAs and myelinogenic
genes across OL lineage cells, primary neuronal cell types and tissues, and various other
somatic tissues. Each dot represents the expression levels (FPKM) of IncRNA and mRNA in
one sample.

Selected OL-enriched IncOLs are required for proper OL differentiation
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Given that a set of OL-enriched IncOLs were identified in our IncRNA de novo
reconstruction and network analysis, we next sought to validate and characterize the
expression and function of candidate IncOLs. We selected four IncRNAs from the IncOL set
for further analysis: IncOLI (aka 9630013A420Rik), IncOL2 ( aka 9530059014Rik), IncOL3
(aka 1700047M11Rik), three previously annotated, but poorly characterized IncRNAs, and
IncOL4 , a previously unannotated IncRNA (Figure 3-5A). LncOL1-4 are transcribed from
genomic regions associated with active histone marks including H3K4me4 and H3K27Ac
(Figure 3-5A). Despite varying cellular abundance of total transcripts detected(relative level
to GAPDH), all four IncRNAs were robustly expressed in mouse CNS tissues such as brain
and spinal cord but were barely detectable in other somatic tissues (Figure 3-5b).
Furthermore, concurrent with dynamic expression of OL differentiation regulators such as
Tcf712/Tcf4 (Zhao et al., 2016) in the developing spinal cord, IncOL1-4 expression was
detected at the neonatal stage PO and peaked at the perinatal stage P14, followed by a sharp
decline into adulthood, suggesting that it is involved in OL differentiate but not for myelin
maintenance (Figure 3-5C). Consistently, IncOL1-4 were substantially upregulated during
OPC differentiation in vitro (Figure 3-5D).

To determine /ncOLI-4 function in OL differentiation, we attenuated their expression in
primary mouse OPCs individually using siRNAs. Knockdown of the IncOL1-4 significantly
inhibited expression of myelin genes including Mbp, Plpl and Cnp (Figure 3-5E,F),
suggesting that induction of these IncRNAs is required for proper OL differentiation. Next,
we investigated whether the gain-of-function of IncOL1-4 could promote OL differentiation

genes induction. To ensure the proper processing and secondary structure formation, we
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cloned murine IncOL1-4 into the pBI-CMV3 vector to allow transcription of IncRNAs and a
GFP reporter ZsGreenl from constitutively active bidirectional human cytomegalovirus
promoters (Figure 3-5G). Forced expression of IncOLI, IncOL2 and IncOL4 significantly
enhanced the induction of myelin gene expression, but /ncOL3 overexpression exhibited
moderate, if any, impact on OL differentiation (Figure 3-5G). In particular, overexpression of
IncOL1, the most abundant IncRNA detected in oligodendrocyte lineage cells, dramatically

induced a set of differentiation signature genes (Figure 3-5G).
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Figure 3-5 OL-enriched IncRNAs are required for OL differentiation. (A) UCSC
Genome browser tracks of IncOL1-4 loci Tracks depict RNA-seq signals for OPCs and OLs
along with ChIP-seq signals for H3K4me3 and H3K27ac. Bottom tracks depict de novo
transcript models created from Cufflinks and RefSeq annotations. (B) qRT-PCR analyses of
IncOL1-IncOLA transcript levels in 13 murine tissue samples at postal day 14. (C) qRT-PCR
analyses of IncOL1 and Mbp transcript levels in mouse spinal cords at various developmental
stages. Data are presented as means + S.E.M, n = 3 at each time point. (D) gPCR analyses for
IncOL1-IncOLA in primary mouse OPCs and OLs. Data are presented as means = S.E.M, n =
3 at each time point; paired Student’s t-test. (E) qPCR validation of efficiency of siRNA-
mediated inhibition of IncRNA expression. Data are presented as means + SEM; n = 4
independent experiments, **p < 0.01, *** p < (0.001; paired Student’s t-test. (F) qRT-PCR
analyses of OL-differentiation associated genes following treatments with scrambled or
IncRNA-targeted siRNAs. Data are presented as means + S.E.M; n = 4 independent
experiments, *p < 0.05, **p < 0.01, *** p <0.001; one-way ANOVA with post hoc Tukey’s
test. (G) ) qRT-PCR analyses of OL-differentiation associated genes in rat OLs transduced
with control or IncRNA-overexpressing vectors. Bottom is a schematic presentation of
IncRNA-overexpressing vectors used in the experiments. Data are presented as means =+
S.E.M; n = 4-6 independent experiments, *p < 0.05, **p < 0.01, *** p < 0.001; paired
Student’s t-test.

DISCUSSION

Decoding regulatory elements and factors that control OL myelination is crucial for
identifying new therapeutic targets to treat demyelinating disorders. Our study presents the
first integrated transcriptional map, to our knowledge, of IncRNA elements at multiple stages
during OL lineage progression, and defines the association of distinct OL-expressing
IncRNA clusters with corresponding protein-coding genes. Through global gene-expression
profile analyses of OL lineage cells, we provide a resource that parses the IncRNA circuitry

and their functional relationship with protein-coding genes in controlling OL development.
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By integrative analyses of transcriptome profiling and genome-wide chromatin states, we
systematically constructed and cataloged IncRNAs that are actively transcribed during OL
differentiation. Previously studies only annotated IncRNAs in OPCs (Dong et al., 2015) and
used the Ensembl public databases to identify glial cell differentiation from mixed neural
progenitors using a microarray platform(Mercer et al., 2010). The IncRNAs annotated in the
present de novo annotation not only include IncRNAs previously annotated, but also identify
over 500 unique, previously un-annotated IncRNAs that are enriched during OL
differentiation. In contrast to the previous studies that only polyA (+) RNAs were included,
our IncRNA dataset included both poly-A (+) and poly-A (-) IncRNAs, IncRNAs transcribed
from the opposite strand of mRNAs and confirmed with active histone marks in the promoter
regulatory elements. IncRNA expression profiling at multiple phases during OL
differentiation and regeneration after spinal cord injury revealed that transcription of
IncRNAs, like mRNAs, is dynamically regulated during development and repair. Our
analyses reveal tissue and temporal specificity and genetic diversity of complex IncRNAs,
which allow fine-mapping the dynamic processes of OL development and demyelinating
diseases.

The unmapped nature of IncRNAs and their interaction with protein-coding genes during OL
lineage progression has represented a substantial obstacle to the delineation of the
transcriptional and epigenetic network that regulates step-wise myelinogenesis. The
temporally restricted expression patterns of IncRNAs in the OL lineage suggest that IncRNAs
may control the development and function of OLs in a stage-specific manner. The

reconstruction of a conserved co-expression network that links IncRNAs with protein-coding
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gene expression and their functions allows identifying the potential functions of IncRNAs

during OL lineage progression and remyelination.
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CHAPTER FOUR

TIMELY CNS MYELINATION AND REMYELINATION IS REGULATED BY A

LNCOL1/SUZ12 COMPLEX

INTRODUCTION

Mammalian genomes encode thousands of long noncoding RNAs (IncRNAs), which are
identified as emerging regulators in diverse biological processes (Rinn and Chang, 2012;
Schmitt and Chang, 2016). Genome-wide association and expression profiling followed by
gain- and loss-of-function studies in cell-based in vitro systems have enabled us to uncover
important roles of OL-enriched IncRNAs (IncOLs) during the transition from OPCs to OLs
(Chapter 3). Yet, direct in vivo evidence of the functional significance of IncOLs in CNS
myelination and remyelination by genetic perturbation remains elusive.

IncOLI, a CNS-enriched IncRNA, is highly induced during OL differentiation and
regeneration (Chapter5). We have demonstrated that knockdown of IncOLI in vitro by
siRNAs inhibited myelin gene expression while enforced expression of /ncOLI in cultured
OPCs enhance the induction of differentiation genes. However, the physiological function of
IncOL1 at the tissue and organismal levels has not been investigated. To address this directly,
we have established /ncOLI knockout mice utilizing CRISPR/Cas9 technology. We found
that genetic inactivation of IncOL1 causes defects in CNS myelination and remyelination
following injury. Furthermore, we found that /ncOLI interacts and recruits a suppressor of

zeste 12 protein homolog (Suz12) in the polycomb repressive complex 2 (PRC2) to suppress
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OL differentiation inhibitory pathways. Collectively, our study provides a comprehensive
mapping of IncRNAs in the OL lineage for elucidating the transcriptional and epigenetic
regulation of myelinogenesis and demonstrates a critical role of LncRNAs for OL

differentiation and subsequent CNS myelination.

RESULTS
IncOL1 is an OL-restricted IncRNA that promotes OL differentiation
As deliberated in Chapter 5, our ranking of oligodendrocytic IncRNAs by their abundance,
regulation during the transition from OPC to OL, and potential functions identified IncOL1
as a top candidate modulator of OL differentiation. In mouse and rat OL lineage cells,
IncOL1 is located within the second intron of Pcdhl7 and is actively transcribed in the
direction opposite Pcdh17 (Figure 4-1A). Peaks in genomic occupancy by Sox10 and Olig2,
two critical OL transcriptional regulators, were observed near the IncOL1 TSS in rat OLs.
Occupancy of activating histone marks H3K4me3 and H3K27ac as well as Olig2 (Yu et al.,
2013b)was markedly enhanced around the TSS of IncOL1 in differentiating OLs relative to
OPCs (Figure 4-1A), suggesting greater chromatin accessibility and transcription activity at
the IncOL1 promoter during OL differentiation. /ncOLI expression is restricted to OL
lineage cells as transcripts of IncOL1 were not detected in other neural cell types such as
neural progenitor cells and astrocytes (Figure 4-1A).

In line with the enhancement of activating histone marks at the /ncOLI promoter,
IncOLI transcript levels were substantially induced during OL differentiation in culture

(Figure 4-1B). In situ hybridization revealed prominent expression of IncOL1 in CNS white
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matter tracts in the brains and spinal cords of mice at perinatal stages (Figure 4-1C,D).
IncOL1 was expressed exclusively in a subset of Olig2” OL lineage cells (Figure 4-1E).
Moreover, IncOL1 was co-expressed in cells that expressed the mature OL markers CC1 and
Sip1/Zeb2 (Weng et al., 2012) (Figure 4-1E) but was only weakly detected in PDGFRo"
OPCs (Figure 3E). Taken together, our data indicate that IncOL1, an evolutionally conserved
IncRNA, is restricted to differentiating OLs in the OL lineage.

To determine the cellular localization of IncOL1, we performed RNA fluorescence in
situ hybridization (FISH) in OPCs and differentiating OLs. IncOL1 was detected both in the
cytoplasm and nucleus of OPCs, but it is enriched in the nuclear fraction and formed multiple
“foci” in the nucleus of differentiating OLs (Figure 4-1F). Consistent with this, fractionation
of cellular components of Oli-Neu cells, an oligodendroglial cell line (Jung et al., 1995)
followed by quantitative RT-PCR demonstrated that the nuclear fraction of IncOL1 was
associated with chromatin (data not shown), suggesting a potential role of the IncOL1
transcript in transcriptional regulation during OL differentiation.

Given that siRNA-mediated silencing of IncOL1 significantly inhibited myelin gene
expression (Figure 3-5F), we then evaluated the functional role of IncOLI in OL maturation,
we attenuated IncOL1 expression by transduction of OPCs with a lentiviral vector for
expression of shRNAs designed to target IncOL1. OPCs depleted of IncOL1 exhibited a

defect in differentiation into MBP" OLs (Figure 4-1G,H).
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Figure 4-1 IncOL1 is a conserved oligodendrocyte-specific IncRNA that regulates OL
differentiation. (A) Genome browser tracks of IncOL1 locus in primary mouse OLs (top)
and its corresponding genomic locus in primary rat OLs (bottom). Top tracks depict RNA-
seq signals for mouse OPCs and OLs and ChIP-seq signals for H3K4me3 and H3K27ac (Lu
et al., 2016a). Bottom tracks represent RNA-seq signals for rat OPCs, OLs, astrocytes
(Astro), and neural precursor cells (NPC) and ChIP-seq signals for H3K4me3, H3K27ac,
Olig2 and Sox10 in primary rat OPCs and OLs. (B) gqRT-PCR analyses of IncOL1, Myrf, and
Mbp transcript levels in primary mouse OPCs, iOLs, and mOLs. Data are presented as means
+ S.E.M, n = 3 at each time point. (C-D) In situ hybridization showing that expression of
IncOLI is enriched in white matter of brain and spinal cord at the indicated developmental
time points. Arrows point to IncOL1-expressing cells. CC: corpus callosum; SC: spinal cord.
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Scale bar, 100 pm. (E) In situ hybridization for IncOL1 (blue) and Immunohistochemistry for
Olig2, Sipl/Zeb2, CCl or PDGFRa (brown) at P14. Arrows indicate IncOL1" cells.
Arrowheads indicate PDGFRa" OPCs without weak IncOL1 expression. Scale bar, 10 pm.
(F) FISH for IncOL1 in primary OPCs and OLs differentiated for three days. Nuclei are
counterstained with DAPI. Scale bar, 5 um. (G) Immunostaining for MBP (red) and Olig2
(blue) after 48 or 72 hr of differentiation (PDGFAA and NT3 withdrawal) in control or
IncOL1-shRNA transduced mouse OLs. Scale bar, 50 pum. (H) Histogram depicting
quantification of the percentage of MBP" cells among GFP" transduced cells. Data are
presented as means = S.E.M; n = 3 independent experiments; *p < 0.05, **p < 0.01; one-way
ANOVA with post hoc Tukey’s test. (I,J) Cortical sections at E17.5, 3 days after
electroporation with control (pBl-zsgreen) or IncOLI overexpressing (pBI-IncOL1/zsgreen)
vectors. Panel L shows high magnification of transduced cells co-labeled with GFP, MBP,
and Olig2. Scale bars in K, 50 um; in L, 25 pm.

Next, we investigated whether the gain-of-function of IncOL1 could promote
precocious OL formation in vivo. Electroporation of the IncOLI-expressing vector into the
cortical ventricular zone of developing embryos at E14.5 led to the precocious formation of
MBP" OLs that expressed Olig2 at E17.5 (Figure 4-1L1J), at which stage no MBP" OLs are
observed in the control cortex. These observations suggest that enforced expression of

IncOLI in neural progenitors induces OL differentiation in the cortex.

Loss of IncOL 1 leads to defects in OL differentiation and myelination onset in vivo

To investigate the functional requirement for IncOL1 in OL development in vivo, we
generated IncOLI-knockout (KO) mice using CRISPR-Cas9 technology (Doudna and
Charpentier, 2014; Shalem et al., 2015).Two pairs of single guide RNAs (sgRNAs) were
designed to delete a 5.7-kb region covering the first 4 exons of IncOL1 (Figure 4-2A). Pups
from the FO generation were screened for indels and confirmed by Sanger sequencing of
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potential off-target sites. A founder carrying a monoallelic deletion was chosen and
backcrossed with wild-type mice for three generations. IncOL1-KO mice were born at
expected Mendelian ratios from heterozygous intercrosses (Figure 4-2B). Quantitative RT-
PCR confirmed the loss of transcripts of IncOL1 containing regions targeted for deletion in
brain tissues of homozygous mutant mice (Figure 4-2C). Levels of transcripts containing the

3’ non-deleted regions of IncOL1 were also substantially downregulated (Figure 4-2C).
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Figure 4-2 IncOL1-deficient mice exhibit defects in the onset of OL differentiation and
in myelination. (A) Schematic diagram of CRISPR/Cas9-mediated knockout strategy at the
IncOL1 locus. Two sgRNA recognition sites for IncOL1 deletion are demarcated in red. P1-
PS5 (primer pairs 1-5) are sites for primer binding for qRT-PCR amplification used for
validation of knockout efficiency of different exons in IncOL1. (B) Validation of IncOL1-KO
mouse lines by PCR analysis. Genomic DNA was amplified with primers selective for the
wild-type allele and with primers spanning the deleted region.(C) qPCR analyses of IncOL1
transcript levels with primers indicated on the x-axis in brains from IncOL1-KO and control
littermates at P12. Primers P1 and P2 are located in deleted genomic regions and P3, P4, and
PS5 are in genomic regions that remain in the IncOL1-KO mice. Data are presented as means
+ S.E.M; n = 3 animals; **p < 0.01, ***p < 0.001; Student’s t-test. (D) Coronal sections of
P1 spinal cords from control and IncOL1-null animals were co-immunostained for CC1 (red)
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and Olig2 (green). Scale bar, 50 um. (E) Quantification of CC1" OLs as a percentage of total
Olig2" cells in P1 control and IncOL1-KO spinal cords. Data are presented as means +
S.E.M; n =3-4 animals; * p <0.05; Student’s t-test. (F) Immunofluorescence labeling for
Olig2 (blue) and MBP (red) in P6 control and IncOL1-KO corpus callosum. Scale bars, 50
um. (G) Quantification of MBP" OLs as a percentage of all Olig2" cells within the corpus
callosum of control and IncOL1-KO mice at P6. Data are presented as means + S.E.M; n =4
animals; * p <0.05; Student’s t-test. (H) Quantification of PDGFRo" OPC density in control
and IncOL1-KO brains (Br) and spinal cords (SC). Data are presented as means = S.E.M; n =
3-4 animals. (I) Representative electron micrographs of transverse optic nerve sections from
P9 control and IncOL1-KO animals. Scale bar, 2 um. (J) Representative electron micrographs
of transverse optic nerve sections from P17 control and IncOL1-KO animals. Scale bar, 2 um.
(K) Quantification of the percentage of axons myelinated at P9 and P17. Data are presented
as means + S.E.M; each data point is an average for a single animal; n = 4 animals; * p
<0.05, ***p < 0.001; Student’s t-test. (L) Scatter plots of g-ratios of individual fibers from
IncOL1-KO (black circles) and littermate controls (red circles) at P17. Between 300 and 400
axons from three mice of each age and genotype were analyzed; ***p < 0.001.

When the developing spinal cords at P1 were analyzed, the percentage of CCl1"
differentiating OLs among Olig2" OL lineage cells was significantly lower in IncOL1-KO
mice than in control littermates (Figure 4-2D,E). Similarly, expression of MBP, a mature OL
marker, was reduced in the IncOL1-KO brain compared to controls (Figure 4-2F,G). In
contrast, the total numbers of PDGFRa" OPCs were comparable between control and
IncOL1-KO animals (Figure 4-2H). These observations suggest that IncOL1 is required for
timely OPC differentiation but not their formation. Strikingly, ultrastructural analysis of optic
nerves from IncOL1-KO mice at the onset of myelination e.g. P9 showed severe defects in
myelinogenesis with an absence of myelinated axons (Figure 4-21,K). At the postnatal week
two e.g. P17, the peak period of myelinogenesis, the number of myelinating axons had

increased in IlncOL1-KO mice relative to P9 but was still less than that in control mice
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(Figure 4-2J,K). Notably, the myelin sheaths (as measured by g-ratio, the ratio of the
diameter of the axon to the diameter of the axon plus its myelin sheath) were significantly
thinner in IncOL1-mutant optic nerves than controls (Figure 4-2K). At adulthood, however,
the number of mature OLs and degree of myelination were indistinguishable between adult
IncOL1-KO and control mice (Figure 4-3). Collectively, these observations indicate that
IncOLI mainly regulates for OL differentiation and the onset of myelination, but not myelin

maintenance.
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Figure 4-3 OL number and myelination recovery in adult IncOL1 mutant mice. (A, B)
In situ hybridization analyses for (A) Plpl and (B) Mbp on transverse spinal sections from
wildtype and IncOL1-null mice at P60. Scale bars, 100 um. (C) Percentages of myelinated
axons in the spinal white matter regions of wildtype and IncOL1-null mice at P60. Data are
presented as means + S.E.M; n = 3 animals; Student’s t-test.

To determine whether defects in OL maturation in IncOL1-KO animals are cell-
autonomous due to IncOL1 deletion, we cultured OPCs isolated from control and IncOL1-KO
neonates and analyzed their capacity to proliferate and to differentiate in vitro. In the
presence of mitogen PDGFAA, IncOL1-KO OPCs proliferated as cells that expressed both
PDGFRa and Ki67 (Figure 4-4A,B). In contrast to efficient differentiation of control OPCs
into CNP" and MBP" OLs upon treatment with T3, IncOL1-KO OPCs exhibited significant

deficits in their capacity to differentiate into mature OLs (Figure 4-4C,D), suggesting that the
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lack of IncOL1 results in OPCs that are intrinsically defective in differentiation and

maturation.
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Figure 4-4 IncOL1-deficient OPCs exhibit intrinsic defects in the transition from OPCs
to OLs. (A) Immunostaining for Sox10 (red), Ki67 (green), and PDGFRa (blue) on control
and IncOLI-null OPCs cultured with PDGFAA and NT3. Scale bar, 50 um. (B)
Quantification of Ki67" proliferating and Ki67 non-proliferating OPCs as a percentage of
total Sox10” PDGFRa" OPCs derived from control or IncOL1-null mice. Data are presented
as means + S.E.M; n = 3 independent experiments. (C) Immunostaining for MBP (red), CNP
(green), and Olig2 (blue) on mouse OPCs from control and IncOLI-null mice. Cells
differentiated with T3 for 24 and 72 hr are shown. Scale bar, 50 um. (D) Quantification of
the proportions of CNP" (left) or MBP" (right) OLs in primary mouse OL cultures from
control and IncOL1-null mice. Data are presented as means + S.E.M; n = 2-4 independent
experiments; *p <0.005, **p <0.01; one-way ANOVA with post hoc Tukey’s test.
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IncOL1 is required for OL remyelination after demyelination

Despite downregulation in adult CNS tissues, IncOLI transcription was reactivated during
the subacute phases of spinal cord injury (Figure 3-3). We reasoned that IncOL1 might
participate in myelin repair after demyelinating injury. To test this hypothesis, we injected
lysolecithin (LPC) into the white matter of adult control and IncOL1-KO mice at P60, when
the numbers of myelinated axons and myelin morphology were comparable between IncOLI1-

KO and wild-type animals (Figure 4-3). Focal injection of LPC induces rapid myelin
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breakdown followed by myelin regeneration through an OPC recruitment phase at 7 dpl and
a remyelinating phase at 14 dpl (Franklin and Ffrench-Constant, 2008). In normal adult
spinal white matter, expression of IncOL1 was hardly detectable; however, IncOL1 levels
were increased over the course of remyelination following LPC-induced demyelination

(Figure 4-5A-C).
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Figure 4-5 IncOL1 is required for myelin repair. (A) gqRT-PCR analyses for IncOL1 and
Tcf712 levels in spinal cord lesions at various time points post LPC-induced demyelination.
Data are presented as means + S.E.M; n = 4 animals at each time point. dp/, day post-lesion.
(B) In situ hybridization for IncOLI1 in representative spinal cord lesions from 8-week old
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wildtype control mice at 7 and 14 dpl. Scale bars, 100 pm. (C) Quantification of IncOLI1-
expressing cells in unlesioned and lesioned regions of spinal cords of wildtype control mice
at 7 and 14 dpl. Data are presented as means + S.E.M; n = 3; Student’s t-test. (D) In situ
hybridization for IncOL1, Plp, Cnp, and Mag in representative spinal cord lesions from
control and IncOL1-KO mice at 14 dpl. Scale bars, 100 um. (E) Quantification of mature
OLs in 14 dpl demyelinated spinal cord of IncOL1-null and control mice. Data are presented
as means + S.E.M; n =9, ***p < 0.001; Student’s t-test. (F) Immunostaining for CC1 (red)
and Olig2 (green) in representative spinal cord lesions from control and IncOL1-KO mice at
14 dpl. Scale bar, 100 pm. (G) Quantification of CC1" OLs in lesions at 14 dpl. Data are
presented as means + S.E.M; n = 9, **p < 0.01; Student’s t-test. (H) Immunostaining for
PDGFRa (green) and Olig2 (red) in representative LPC-induced lesions from control and
IncOL1-KO mice at 14 dpl. Scale bar, 100 um. (I) Quantification of PDGFRo" OPCs in
lesions at 14 dpl. Data are presented as means + S.E.M; n = 9. (J) Representative electron
microscopy images of LPC-induced lesions from control and IncOL1-KO mice at 16 dpl.
Scale bar, 2 um. (K) The percentage of remyelinated axons in LPC-induced lesions of control
and IncOLI-KO mice at 16 dpl. Data are presented as means £ S.E.M; n = 3, *p < 0.05;
Student’s t-test. (L) The myelin g-ratio in LPC-induced lesions of control and IncOL1-KO
mice at 16 dpl. n = 3 animals/genotype, p < 0.001; Student’s t-test.

To determine the potential role of IncOL1 in OL remyelination, we examined the re-
appearance of myelin genes and OLs in the lesion during regeneration processes. At 14 dpl,
we observed an increase of myelin genes Cnp, Plpl, Mbp, Mag, or CC1" OLs in control
animals, whereas expression of these myelin genes and the number of CC1" OLs were
substantially reduced in /ncOL I mutants (Figure 4-5D-G). In contrast, loss of IncOL1 did not
appear to impair the recruitment of PDGFRa" OPCs as numbers of OPCs in lesions were
comparable between control and IncOLI-null animals (Figure 4-5H,I). Ultrastructural
analysis indicated that there were far fewer myelinated axons in the lesions of IncOL1-KO
mice than in controls (Figure 4-5J,K). In addition, newly generated myelin sheaths around

axons at 14 dpl were substantially thinner in IncOL1-KO mutants than in controls (Figure 4-
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5L). Thus, these observations suggest that IncOL1 is crucial for OL remyelination, but not
OPC formation, in the context of white matter injury.

IncOL1 interacts with the Suz12/PRC2 complex to control OL differentiation program
Given that nuclear IncRNAs have been shown to regulate gene expression through
interactions with specific protein partners(Maass et al., 2014), we hypothesized that IncOL1
exerts its regulatory function through interaction with certain transcriptional regulators. To
identify potential IncOL1-interacting proteins, we adopted a sequence-based RNA-protein
interaction prediction algorithm catRAPID (Bellucci et al., 2011) and identified a cohort of
candidate IncOL1 interacting partners. Among the candidates was Suz12, which is required
for the enzymatic activity of polycomb repressive complex 2 (PRC2). PRC2 is an epigenetic
regulator that participates in transcriptional repression by catalyzing histone H3
trimethylation (Conway et al., 2015). The canonical PRC2 complex consists of Eed, Suz12,
and the histone methyltransferase Ezh2, which is required for PRC2 activity.

To test whether IncOL1 and Suz12 form a ribonucleoprotein complex, we transiently
transfected HEK293T cells with plasmids expressing IncOL1 RNA and HA-tagged Suzl2
and performed RNA immunoprecipitation using an anti-Suz12 antibody. IncOL1 was present
in the Suzl12 immunocomplex but the control, Gapdh mRNA, was not (Figure 4-6A).
Furthermore, biotin-labeled full-length IncOL1 RNA, but not control RNA, robustly enriched
Suz12 protein from cell lysates of 293T cells that overexpress Suzl2 (Figure 4-6B),
confirming the association between IncOLI and Suz12 in a complex. More importantly, the
IncOL1-Suz12 interaction in vivo was further confirmed by purifying endogenous Suz12 in

primary mouse oligodendrocytes and analyzing co-purified RNA by qRT-PCR. /ncOLI was
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specifically enriched in Suz12 immunoprecipitates compared to the control RNA (Figure 4-
6C). We also confirmed that /ncOLI specifically interacted with Suzl2 and other
components of PRC2 complex, e.g Ezh2 and Eed, in Oli-Neu cells cultured under
differentiation conditions (Figure 4-6D,E). These protein-RNA interaction studies suggest

that IncOL1 and Suz12 form a complex in OLs.
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Figure 4-6 IncOL1 interacts with Suz12/PRC2 complex in OLs. (A) HEK293T cells
overexpressing HA-tagged Suz12 and pBI-IncOL1 were lysed and precipitates with anti-
Suz12 antibody and control IgG were analyzed using qRT-PCR for IncOL1 and Gapdh. Data
are presented as mean + S.E.M; n = 3 independent experiments. *p < 0.05; Student’s t-test.
(B) Immunoblot for HA-Suz12 after RNA pulldown with biotin-labeled IncOL1 RNA or
biotin-labeled RNA control. Pulldown by streptavidin magnetic beads with no RNA probe or
control RNA probe (OPC-expressing Bmp4 RNA) was used as controls. (C) IncOL1 and
Gapdh quantification by qRT-PCR in Suzl2 immunoprecipitates from primary mouse
oligodendrocytes. Data are presented as means = S.E.M; n = 3. **p < 0.01; Student’s #-test.
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(D) Immunoblot for endogenous Suz12 in differentiating Oli-Neu cells after RNA pulldown
with biotin-labeled IncOL1 RNA or biotin-labeled RNA control (OPC-expressing Bmp4
RNA). Pulldown by streptavidin magnetic beads without RNA probe as a negative control.
The larger band appeared as a non-specific protein associated with beads. (E) IncOL1 and
Gapdh quantification by qRT-PCR in Suzl2, Eed and Ezh2 immunoprecipitates from
differentiating Oli-Neu cells. Data are presented as means + S.E.M; n = 3-4 independent
experiments. **p < 0.01; Student’s #-test. (F) P14 mouse spinal cord transverse sections
immunostained for Suzl2 (green), CC1 (red), and PDGFRa (blue). Scale bar, 100 pm.
Boxed area is shown at higher magnification on right; scale bar, 20 um. (G) Immunoblotting
for PRC2 components (Eeh2, Suzl12), MBP, CNP, H3K27me3, histone H3 total, and
GAPDH in rat OPCs at 0, 1, 3, and 5 days of culture under differentiation conditions. (H)
gRT-PCR analyses of Suzl2 and Eed in Oli-Neu cells transduced with retroviral vectors for
expression of shRNAs targeting Renilla luciferase (Rluc) as a control (Ctrl), Suz12, or Eed. *
p <0.05, *** p <0.001; Student’s t-test. (I) Immunostaining for MBP (red) and Olig2 (blue)
after 72 hr of differentiation induced by T3 in GFP" mouse OPCs transduced with retroviral
vectors for expression of shRNAs targeting Renilla luciferase, Suz12, or Eed. White arrows
indicate control transfected MBP" OLs; arrowheads indicate shSuz12 or shEed transduced
cells, respectively. Scale bar, 50 um. (J) Quantification for the percentage of MBP" among
GFP' transduced cells. Data are presented as means + S.E.M; n = 3 independent experiments;
*p < 0.05, **p < 0.01; one-way ANOVA with post hoc Tukey’s test. (K)
Immunofluorescence labeling for Olig2 (blue) and MBP (red) in P7 control and Ezh2";
Oligl-Cre corpus callosum. Scale bars, 100 pm. (L) Immunofluorescence labeling for Olig2
(red) and CC1 (green) in P7 control and Ezh2™; Oligl-Cre corpus callosum. Scale bars, 50
um. (M) Quantification of CC1" OLs and PDGFRa" OPCs as a percentage of total Olig2"
cells in P7 control and Ezh2cKO corpus callosum. Data are presented as means + S.E.M; n =
2-4 animals; * p <0.05, ** p <0.01; Student’s t-test. (N) Immunostaining for MBP (red) and
Olig2 (blue) after 72 hr of differentiation (PDGFAA and NT3 withdrawal). DMSO or 1uM
Unc1999 were added to culture medium as indicated. Scale bar, 25 um. (O) Histogram
depicting quantification of the percentage of MBP' cells among GFP' cells. Data are
presented as means + S.E.M; n = 4 independent experiments; *p < 0.05, **p < 0.01; one-way
ANOVA with post hoc Tukey’s test. (P) qRT-PCR analyses of OL-differentiation associated
genes in rat OLs transduced with control or IncOL1-overexpressing vectors in the absence or
presence of 1uM Uncl1999. Data are presented as means + S.E.M; n = 4 independent
experiments; *p < 0.05, **p < 0.01; one-way ANOVA with post hoc Tukey’s test.
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A Suzl12-PRC2 complex is required for /ncOL I-dependent OL differentiation

Similar to /ncOL1, Suz12 was detected in oligodendrocyte lineage cells, marked by PDGFRa
or CCl, in the spinal white matter at P14 (Figure 4-6F). Intriguely, whereas Suz12 protein
levels were slightly downregulated during OPC differentiation in vitro, H3K27me3 levels,
similar to that of /ncOLI transcripts, substantially increased as OLs became mature (Figure
4-6G), pointing to a possible regulation between /ncOL1 and Suzl2-mediated gene silencing
during OL maturation. To evaluate the functional role of Suz12-PRC2 complex, we knocked
down Suz12 and Eed expression in mouse OPCs using retrovirally-expressed shRNAs (Shi et
al., 2013) (Figure 4-6H). Similar to the IncOLI-deficient OPCs, cells with Suz12 or Eed
silencing exhibited a defect in differentiation into MBP" OLs compared to control OPCs
upon withdrawal of mitogens (Figure 4-61,J), indicating that PRC2 integrity is required for
proper OL maturation in vitro. In addition, selective ablation of the Ezh2 floxed allele with
OL lineage-expressing Oligl-Cre (Ezh2" /ﬂ;Oligl -Cre'™) in mice led to a dramatic reduction
of CC1" and MBP" OLs (Figure 4-6K-M), with an increase of OPC fraction within the OL
lineage, as compared with heterozygous controls (Ezh2"*;Oligl-Cre'”). Consistently,
interference of Ezh1/2 enzymatic function by the small molecule inhibitor Unc1999 (Konze
et al., 2013) diminished OL formation and the induction of myelin-associated genes (Mbp,
Plpl, Mag, Cnp, and Myrf) (Figure 4-6N-P). More importantly, the enhancement of OL
differentiation driven by ectopic IncOL1 expression was overridden by Unc1999-mediated
inhibition of PCR2 activity (Figure 4-6N-P), suggesting that /ncOLI-dependent OL

differentiation requires the function of Suz12-PRC2 complex.
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IncOL1 acts as a modulatory factor for Suzl2 to silence the OPC gene program during
OL differentiation

To investigate the mechanism underlying IncOLI functions in OPC differentiation, we
performed transcriptome profiling analysis of gene expression alteration in differentiating
OLs between IncOL1-KO and control OPCs under differentiation conditions. Consistent with
an impaired OL differentiation phenotype, IncOL1 deletion caused a reduction in expression
of OL-enriched genes (Zhang et al., 2014) (gene Module I) and an increase in expression of
OPC-enriched genes (gene Module II) (Zhang et al., 2014) (Figure 4-7A,B). Intriguingly,
promoters of upregulated genes in OPC-enriched Module II exhibited low levels of active
histone modifications, such as H3K27ac and H3K4me3 than those in OL-enriched Module I
(Figure 4-7C), suggesting that IncOL1 antagonizes the transcriptional program that maintains
OPC state while activating OL differentiation programs. Consistently, gene ontology (GO)
analysis revealed that the genes downregulated in IncOLl-null OLs are associated with
myelination, cytoskeletal organization, and glial cell differentiation, whereas genes
upregulated in IncOLI-null cells are linked to cell growth, proliferation, and neurogenesis
(Figure 4-7D,E). Furthermore, RT-PCR analysis confirmed a substantial reduction in
mRNAs encoding myelin structural markers (e.g. Mbp, Plpl), regulators of lipid
metabolisms (e.g. Pik3r3, Elovll), and proteins involved in cytoskeleton organization (e.g.
Gjc2, Tppp, Matp7) in IncOLI-null OLs compared to controls (Figure 4-7F). However,
expression of OPC signature genes, such as Pdgfra and Cspg4, remains unaltered in IncOL1-
depeleted cells (date not shown), suggesting that IncOL1 ablation does not block but delays

the transition from OPC to OL. In aggregation, these observations indicate that IncOL1
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orchestrates the balance necessary between transcriptional programs to permit OL
differentiation.

Given the upregulation of OPC-associated transcriptional program in the absence of
IncOL1, we hypothesize that IncOL1 may cooperate with a Suzl2-mediated repressive
complex to silence the expression of OPC-enriched genes. To determine how IncOL1 and
Suz12 regulate the changing chromatin states during OL lineage progression, we performed
chromatin immunoprecipitation-sequencing (ChIP-seq) to identify Suz12 binding elements in
OPCs. Strikingly, Suzl2 was essentially excluded from H3K27ac-enriched enhancers and
promoters (Figure 4-7G). Furthermore, expression of Suzl2-targeted genes was
downregulated substantially as compared to those without proximal Suz12 binding in newly
formed OLs and myelinating OLs (Figure 4-7H), suggesting that Suzl2 silences the
transcription of OPC-enriched genes by deposition of repressive H3K27me3 marks on their
enhancers and promoters.

To elucidate whether IncOL1 influences Suz12 function, we assessed the expression
of Suzl2 targeted genes in differentiating OLs derived from control and IncOL1-KO OPCs.
Gene set enrichment analysis (GSEA) demonstrated that the levels of genes targeted by
Suz12 were significantly increased in IncOL1-KO cells (Figure 4-71), suggesting that IncOL1
loss leads to a general de-repression of Suzl2-targeted genes. IncOL1-Suz12 target gene sets
(genes upregulated in IncOLI-null cells with promoters occupied by Suz12) are associated
with cell growth and proliferation, and their expression is enriched in OPCs (Figure 4-77J).
These include Igf2 which encodes a insulin-like growth factor 2 that promotes OPC growth

and proliferation(Frederick and Wood, 2004; Zhang et al., 2010), H19, which is an imprinted
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IncRNA that promotes progenitor cell proliferation(Ratajczak, 2012), and Cyplbl, which
encodes cytochrome P450 family protein that enhances cell proliferation and tumorigenesis
(Kwon et al., 2016; Mitsui et al., 2015) (Figure 4-7K),. These genes are highly expressed
in OPCs but strongly repressed during OL maturation (Dugas et al., 2006; Zhang et al.,
2014), suggesting that their expression maintains OPCs in the precursor state. Furthermore,
gRT-PCR analyses indicated that expression of these genes was significantly induced in
IncOL1-null OPCs and in cells in which Suzl2 expression was silenced (Figure 4-7L,M).
Since IncOL1 depletion had no effect on PRC2 core subunit expression (data not shown),we
then asked whether the induction of Suzl2 targeted genes in /ncOLI null OLs is due to
alteration of Suzl2 recruitment. To test this hypothesis, we performed chromatin
immunoprecipitation followed by quantitative PCR (ChIP-qPCR) for Suz12 in mouse OLs
from control and /ncOL1 deficient mice. The binding of Suz12 was markedly reduced at the
promoter of Igf2, H19 and Cyplbl in the absence of IncOLI (Figure 4-7N), suggesting that
IncOL1 is required for Suzl2 recruitment in OLs. Collectively, these observations suggest
that interacts with Suz12 to promote OL differentiation by promoting the deposition of Suz12

at its targeted gene loci.
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Figure 4-7 IncOL1 acts as a modulatory factor for Suzl2 to regulate transcriptome
dynamics during OL differentiation. (A) A heatmap showing genes differentially
expressed in control and IncOL1-null OLs cultured under differentiation conditions for 24 hr.
Modules I and II represent upregulated and downregulated genes compared to wildtype,
respectively. Data are from two separate cultures. (B) Box plots for mRNA levels of Module
I and II genes in OPCs and newly formed OLs (NFO). Whiskers show the minimum and
maximum, boxes extend from the first to the third quartiles with cross lines at the medians.
Significance was determined using the Mann-Whitney-Wilcoxon test. (C) Box plots
comparing the levels of active histone marks H3K27ac and H3K4me3 in the gene promoters
of genes downregulated (Module I) and upregulated (Module II) in IncOL1-null OL lineage
cells. Whiskers show the minimum and maximum, boxes extend from the first to the third
quartiles with cross lines at the medians. Significance determined using the Mann-Whitney-
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Wilcoxon test. (D, E) GO biological process terms enriched among mRNA genes that show
significantly decreased (D) or increased (E) expression upon IncOLI deletion relative to
control. (F) qRT-PCR analyses of genes involved in different regulatory arms of OL
differentiation. Data are presented as means + S.E.M; n = 3; *p < 0.05, ***p < 0.001;
Student’s t-test. (G) ChIP-seq density heatmaps for Suz12 and H3K27ac within 2.5 kb on
either side of the Suzl2 and H3K27ac peak centers in OPCs. The sites are ranked in
descending order of Suz12 intensity. (H) Box plots for log, fold change in expression levels
of the genes targeted with or without Suz12 in newly formed OLs (NFO) and myelinating
OLs (MO) (Zhang et al., 2014) compared to OPCs. Whiskers show the minimum and
maximum, boxes extend from the first to the third quartiles with cross lines at the medians.
Significance determined using the Mann-Whitney-Wilcoxon test. (I) Gene Signature
Enrichment Analysis plot comparing the Suzl2-targeted genes (top 500 genes with Suz12
binding peak within = 50 kb around TSS) in wildtype or IncOL1-KO mouse OLs. NES,
normalized enrichment score. FDR: false discovery rate. (J) GO biological process terms
enriched among mRNA genes that are targeted by Suz12 with significantly higher expression
levels in IncOL1-null OLs. (K) Genome browser tracks over select gene loci with ChIP-seq
density mapping of Suz12, H3K27ac, and H3K4me3 from rat OLs. (L) qRT-PCR analyses of
Cyplbl, H19, and Igf2 in control and IncOL1-KO OLs. Data are presented as means =+
S.E.M; n = 3 independent experiments, *** p < 0.001; Student’s t-test. (M) qRT-PCR
analyses of Suzl2, Cyplbl, H19, and Igf2 in primary mouse OLs treated with scrambled or
Suzl2-targeted siRNAs. Data are presented as means + S.EM; n = 5 independent
experiments. ** p < 0.01; Student’s t-test. (N) ChIP—qPCR analyses for Suz12 at the Igf2,
H19, Cyplbl promoters or control genomic regions in primary mouse oligodendrocytes from
control and /ncOLIKO mice. Data are presented as means = S.E.M; n = 3. *** p < 0.001;
Student’s t-test.

DISCUSSION

The functions of the vast majority of IncRNA transcripts are currently unknown. We identify
that IncOL1 is an evolutionally conserved and OL-restricted IncRNA. Enforced expression of
IncOLI induces precocious OL formation in the developing brain. Inhibition of IncOL1 by

siRNA silencing in vitro and CRISPR-mediated targeting in vivo establish a critical role of
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IncOLI1 for the timely initiation of OL myelination. The dramatic impact on the onset of
myelination observed upon deletion of IncOL1 is in contrast to the very subtle phenotypes of
many IncRNA knockout mice during development (Nakagawa, 2016). Although myelination
recovery is observed in the adult IncOLI-null mice, this may indicate the functional
redundancy of other factors, which may compensate the loss of IncOLI, and therefore OL
differentiation can proceed at later stages in the absence of IncOL1, but at a suboptimal level.
The requirement of IncOL1 for the myelination onset is consistent with its upregulation in
newly formed myelinating OLs. IncOL1 may act as transiently expressed regulator to boost
the initiation of myelinogenesis while subsides when myelination falls into a steady
maintenance phase in adulthood.

Epigenetic regulation plays an important role in OL development and myelination
(Emery and Lu, 2015). Recent studies have shown that deposition of repressive H3K27me3
marks by the PRC2 complex increases during OL differentiation and contributes to the
terminal differentiation of myelinating OLs(Liu et al., 2015; Sher et al., 2012). Our study
revealed that IncOL1 directly interacts with Suz12, a core component of the PRC2 complex
for H3K27 methylation. We showed that attenuating Suzl2 or Eed expression in vitro
impaired OL differentiation and that genetic inactivation or pharmacological inhibition of
Ezh2 led to a blockage of OL maturation in vivo and in vitro, suggesting that Suz12-PRC2 is
crucial for OL differentiation through transcriptional silencing of OPC-enriched gene
clusters. More importantly, IncOL1-driven OL differentiation diminished by the loss of
Suz12 or PRC2 activity, supporting that IncOL1 exerts its regulatory function through Suz12.

Transcriptome profiling of IncOL1-null OLs indicated that IncOL1 perturbation resulted in a
101



derepression of Suzl2 target genes in a trans-regulatory manner, suggesting that IncOL1 is

required for the repressive activity of the PRC2 complex on Suz12 target gene expression.
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Figure 4-8 Model for the IncOL1-mediated control of OL differentiation. When /ncOLI
expression is turned on, it recruits Suzl2-mediatd PRC2 complex and silences OPC gene
regulatory program that antagonize their differentiation process, and thereby allow the
activation of OL differentiation program. When /ncOLI expression is off, the OPC-

promoting gene program is derepressed and activated, which inhibits OL differentiation
processes.
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Among PRC2-associated IncRNAs, there appear to be at least two distinct functional
mechanisms at play: 1) IncRNA-dependent recruitment or assembly of PRC2 core subunits
and 2) modulation of PRC2 enzymatic activity directly by a nascent IncRNA transcript
(Kaneko et al., 2014). We find that /ncOLI interact with Suz12 to form a repressor complex
to silence gene transcription through implementing repressive H3K27me3 marks on gene
regulatory elements. This aligns with the general theme of increasing heterochromatin and
gene silencing as OLs mature(Nielsen et al., 2002). Though further studies will be required to
fully elucidate the mechanism behind IncOL1 function, our work suggests that IncOL1
promotes OL differentiation, in part, by modulating the recruitment of Suz12 to silence the
OPC-enrichment network including Igf2 and H19 that maintain OPCs in the precursor state.
Thus, the IncOLI interaction with Suz12 forms a repressor complex to control the balance
between OPC maintenance and OL differentiation (Figure 4-8), suggesting an important role

of the interplay between IncRNAs and chromatin remodeling factors in OL development.

IncRNAs in myelin repair

Functional studies of IncRNAs in cardiac and liver regeneration indicate that IncRNAs, like
miRNAs, likely act as fine-tuning factors that enable cells and organs to respond to stress,
injury, and chronic disease (Ounzain and Pedrazzini, 2015; Xu et al., 2013). In line with this,
our study demonstrates that expression of IncRNAs is dynamically regulated across
remyelinating phases. In particular, we showed that IncOL1 is reactivated and required for
robust OL regeneration after demyelinating injury. The crucial role of IncOL1 in the

regulation of OL differentiation and remyelination highlights a therapeutic potential of

103



IncRNAs as a molecular therapy to enhancing myelin regeneration. Given the unique
expression pattern of individual IncRNAs in the OL lineage, modulation of OL-restricted
IncRNA expression will not impact other cell types and would provide unique therapeutic
avenues for promoting myelin repair in demyelinating diseases with lower odds of side

effects.
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CHAPTER FIVE
METHODS AND MATERIALS

Animals/Subjects

All animal studies were approved by the Institutional Animal Care and Use
Committees of the Cincinnati Children’s Hospital Medical Center, USA, and Sorbonne
Universités, UPMC University Paris 06, France. MRI images of CHARGE patients including
males and females from age 2 to age 15 were evaluated by neuroradiologists and compared
with age-matched controls. All human patient images were obtained with informed consent
as outlined by the institutional review board at the Cincinnati Children’s Hospital Medical
Center. The mouse strains used in this study were generated and maintained on a mixed

C57Bl/6;129Sv background and housed in a vivarium with a 12-hour light/dark cycle.

To generate Chd7cKO (Chd7”:0ligl-Cre"”) and heterozygous control (Chd?";Oligl-
Cre"”) mice, mice homozygous for floxed alleles of Chd7 (Chd7") (Hurd et al., 2010) were
crossed with mice carrying Cre recombinase driven by the Oligl promoter (Oligl-Cre™")
(Xin et al., 2005) Generation of Brg/cKO mice has been described previously (Yu et al.,
2013b). Briefly, Brg’/ mice (Sumi-Ichinose et al., 1997) were crossed with Olig/-Cre mice
to generate BrglcKO (Brg/”;0ligl-Cre"") and heterozygous control (Brgl”";Oligl-Cre™")
mice. Osterix/Sp7 mutant mice have been described previously (Nakashima et al., 2002), in
which an IRES-lacZ-polyA/loxP-flanked PGK neo-bpA cassette is inserted into the second

coding exon of Osterix. To generate Chd7 conditional inducible knockout mice, PDGFRo-
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CreER" BAC mice (Kang et al., 2010) and Rosa26""""“reporter mice (Ail4, Jax laboratory)

7 mice.

were crossed with Chd
IncOLI mutant mouse lines were generated using four sgRNAs. sgRNA target sequences are
5> to exonl; catatcacgctattatgcac, 5° to exonl; acttcttcgtgcagetgact; exon 4,
tgaccacccattttgatctc; intron 3 and exon4 junction; gggtggtcatctcctgtgta. The sgRNA design
and vector construction were described previously (Ran et al., 2013). Briefly, pairs of
complementary DNA oligos with compatible overhangs were annealed and cloned into a
pX458 vector that carries a U6 promoter to drive sgRNA expression and a ubiquitously
expressed promoter to drive Cas9-2A-GFP expression (Addgene plasmid #43138). sgRNA
editing activity was then evaluated in mouse mK4 cells (Valerius et al., 2002) by the T7E1
assay (New England Biolabs), and compared side-by-side with Tet2 sgRNA that has been
shown to modify the mouse genome efficiently (Wang et al., 2013). Validated sgRNAs and
Cas9 mRNA were in vitro transcribed using MEGAshorscript T7 kit and mMESSAGE
mMACHINE T7 ULTRA kit (Life Technologies), respectively, according to manufacturer’s
instruction. sgRNAs and Cas9 mRNA were mixed at a concentration of 50 ng/ul each and
100 ng/ul, respectively, and injected into the cytoplasm of one-cell-stage embryos of
B6D2F2 genetic background (Yang et al., 2014). Injected embryos were immediately
transferred into the oviductal ampulla of pseudo-pregnant CD-1 females. Progeny was
genotyped using the following primers: VS3086: 5’-actgggtattactttctggageg-3’; VS3089: 5°-

gaaatgtgggaagcagcge-3’. Appearance of 654 bp band indicated large deletion at the IncOLI
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locus and resulting PCR product was subjected to sequencing to detect the editing sites on
genome. /ncOLI mutant mice were back-crossed with C57/BL6 for three generations.

Mice homozygous for floxed alleles of Ezh2 (Ezh2™™) (Shen et al., 2008) were crossed with
mice carrying Cre recombinase driven by the Olig/ promoter (Oligl-Cre+/') (Xin et al., 2005)
to generate Ezh2cKO (Ezh2"";0ligl-Cre™") and heterozygous control (Ezh2™*;0ligl-Cre™")

mice.

Primary OPC and OL isolation and culture

Primary rat OPCs were isolated as described (Chen et al.,, 2007) with the minor
modifications. Briefly, mixed glial cells were initially cultured in DMEM-F12 medium
supplied with 15% FBS, then switched to B104 conditioned medium for 2 days before
isolating OPCs by mechanical detachment in an orbital shaker. Isolated rat OPCs were grown
in Sato growth medium supplemented with mitogens 10 ng/ml PDGF-AA and 20 ng/ml
bFGF, and differentiated in OL Differentiation Medium (Sato medium supplemented with 15
nM triiodothyronine and 10 ng/ml ciliary neurotrophic factor). Mouse OPCs were isolated
from P5-P6 cortices by immunopanning with antibodies against Ran-2, GalC and O4
sequentially as previously described (He et al., 2016).

Lentivirus/Retrovirus generation and transduction

To generate lentiviruses containing shRNAs targeting murine IncOL1, shRNAs against
IncOL1 were cloned into a lentiviral expressing vector (PLKO.3G, a gift from Dr. Luis
Prada). Lentiviruses were prepared by cotransfected lentiviral expressing vectors with
packaging vectors pMD2.G and psPAX2 (Addgene) into 293T cells using Polyjet
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transfection reagents (SignaGen labs). 48 hours after transfection, viral supernatants were
collected and filtered through a 0.45 um filter, then concentrated by Lenti-X Concentrator

(Clontech, # 631231) according to the manufacturer’s instructions.

To generate retroviruses containing shRNAs against Eed and Suzl2, retroviral expressing
vectors were transfected into Platinum-E (Plat-E) retroviral packaging cell lines. 48 hours
after transfection, viral supernatants were collected and filtered through a 0.45 um filter, then

concentrated by ultra-centrifuging at 19,400 rpm for 2 hours at 4 degree.

OPCs were infected at multiplicity of infection (MOI) of 50 (MOI was determined in human

293T cells).

Tissue processing and in situ hybridization

Mice at various developmental stages were anesthetized with ketamine/xylazine and perfused
with PBS followed by 4% paraformaldehyde (PFA). Spinal cords or brains were dissected,
fixed in 4% PFA overnight, dehydrated in 20% sucrose at 4°C, embedded in OCT and
cryosectioned at 16um. For tamoxifen treatment of PDGFRa-CreER"-Chd7” mice,
tamoxifen (T5648) was dissolved in corn oil (Sigma, C-8267) and injected intraperitoneally
at 3 mg/40 gram (body weight) per day. In situ hybridization was performed as previously
described (Lu et al., 2002). Digoxigenin-labeled riboprobes used in the study were:

murine Mag, IncOL1, Cnp, Mbp, Plp/Dm-20,and Pdgfra.

Immunohistochemistry and immunoblotting
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Cryosections (16-pum thick) or vibratome sections (50-um thick) were permeabilized and
blocked in blocking buffer (0.3% Triton X-100 and 5% normal donkey serum in PBS) for 1 h
at room temperature and overlaid with primary antibodies overnight at 4 °C. After washing
with 0.4% Triton X-100 in PBS, cells or sections were incubated with secondary antibodies
conjugated to Cy2, Cy3 or Cy5 (Jackson ImmunoResearch Laboratories) for 2 h at room
temperature, stained in DAPI for 5 min, washed in PBS and mounted with Fluoromount-G
(SouthernBiotech). Cell images were quantified in a double-blinded manner. . Antibodies
used in the study were: rabbit anti-Olig2 (Millipore, AB9610), rat anti-PDGFRa (BD
Bioscience, 558774), mouse anti-APC (CC1, Oncogene Research, OP80), goat anti-MBP
(Santa Cruz Biotechnology, sc-13914), rabbit anti-Sipl (Santa Cruz Biotechnology, sc-
48789), mouse anti-Cnp, rabbit anti-Ki67 (Abcam, ab15580), rabbit anti-Suzl12 (Cell
Signaling Technology, #3737), rabbit anti-Chd7 (Abcam, AB38124, 1:600), goat anti-
Osterix/Sp7 (Santa Cruz Biotechnology, sc-22538, 1:300), rabbit anti-Creb312 (Santa Cruz

Biotechnology, sc-366044, 1:300).

For immunoblotting, whole cell lysates were prepared by using 1x Passive Lysis Buffer
(Promega, Madison) supplemented with a protease inhibitor cocktail (1:200, Sigma, St.
Louis, MO). After western blotting, proteins were detected with appreciate secondary
antibodies by using chemiluminescence with the ECL kit (Pierce) according to the
instructions of the manufacturer. Antibodies used in the study were: rabbit anti- Histone H3

(Cell Signaling Technology, #4499), rabbit anti-Ezh2 (Cell Signaling Technology, #5246),
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mouse anti-H3K27me3 (Active Motif, 39155), goat anti-MBP (Santa Cruz Biotechnology,

sc-13914), mouse anti-CNP (BioLegen, #836401).

Electron microscopy

Tissue processing was performed essentially as described previously (Yu et al., 2013b).
Briefly, mice were deeply anesthetized with ketamine/xylazine, perfused with 0.1M
cacodylate, followed by 2.5% paraformaldehyde/2.5% glutaraldehyde in 0.1 M cacodylate
(pH 7.2). Spinal cords and optic nerves were dissected, postfixed in 1% OsO4, dehydrated
through a graded ethanol series, infiltrated in propylene oxide and embedded in resin.
Semithin sections were stained with toluidine blue and ultrathin sections were stained with

lead citrate.

Stereological estimation of white matter volume

White matter area was determined by measuring the MBP immunoreactive region as
previously described (Hedtjarn et al., 2005). The volumetric analysis of MBP-positive tissue
was performed according to the method described previously (Roughton et al., 2013)using
the following formula: V=SA - p - T, where V is the total volume, SA is the sum of the area

measured, p is the inverse of the section sampling fraction, and T is the section thickness.

Lysolecithin-induced demyelinating injury
Lysolecithin-induced demyelination was carried out in the ventrolateral spinal white matter
of approximately 8-week-old mice. Anesthesia was induced and maintained by peritoneal

injection of a mixture of ketamine (90 mg/kg) and xylazine (10 mg/kg). After exposing the
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spinal vertebrae at the level of T9-T12, meningeal tissue in the intervertebral space was
cleared, and the dura was pierced with a dental needle. 0.5 ul of 1% lysolecithin (L-a-
lysophosphatidylcholine) via a Hamilton syringe attached a glass micropipette was injected
into the ventrolateral white matter via a stereotactic apparatus. Spinal cord tissues carrying
the lesions were collected 14 dpl, which represents OL differentiation and new myelin sheath
formation (at least 5 mice per control and mutant groups were used for each time point
analysis). Animals were to recover in a warm chamber before being returned into their

housing cages. LPC-induced injuries were conducted in a genotype-blinded manner.

In Utero Electroporation

In utero electroporation was performed on E14.5 embryos from timed pregnant wild-type
CDI1 (Charles River) as previously described (Zhao et al., 2010). Expressing vectors used
were PBI-ZsGreen (vector control) and PBI-ZsGreen-/ncOLI. Embryos were harvested 72

hrs after electroporation for analysis.

RNA fluorescence in situ hybridization

RNA FISH probes were labeled with Alexa Fluor 594 dye (Invitrogen, # F32954). Before the
hybridization, the adherent cells on glass coverslips were fixed (10 min with 4%
formaldehyde), permeabilized with 70% EtOH and dehydrated in 80%, 95%, and 100% v/v
ethanol for 3 min each. Prior to the hybridization, the cells were rehydrated with wash bufter

containing 10% formamide (Ambion, #AM9342) and 2 X SSC (Ambion, #cat. no. AM9765)

for 5 min. FISH RNA probe was denatured at 80 °C for S5min and kept on ice for 3min. Cells

were incubated with denatured probes at 55 °C overnight. After hybridization, the cells were
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washed in 50% formamide and 2X SSC v/v at 42 °C for 15 min three times (with the

addition of DAPI in the last wash) and then in 2XSSC three times.

Cellular Fractionation and RNA Extraction

Subcellular RNA was extracted as previously described (Wang et al., 2008). Oli-neu cells
were lysed in RSB-100 buffer (100 mM Tris-HCI1 pH 7.4, 100 mM NaCl, 2.5 mM MgCIl2,
40 pg/ml digitonin) followed by centrifugation at 2,000xg for 10 min. The supernatant
fraction was collected as cytosolic fraction. The cell pellet was then resuspended in RSB-100
containing 0.5% Triton X-100 (RSB-100T). After centrifugation at 2,000g for 8 min, the
supernatant was collected as nuclear fraction. The resulting cell pellet was resuspended in
RSB-100T and sonicated (Fisher Sonic Dismembrator, Model 300). The soluble DNA-bound
RNA fraction was collected after centrifugation at 4,000g for 15 min. RNA was extracted

with Trizol (Invitrogen) and treated with RNase-free DNase [ (DNA-free; Ambion).

RNA Immunoprecipitation

20 million Oli-neu cells were lysed in 1 ml of lysis buffer (150 mM KCl, 25 mM Tris-HCI,
pH 7.4, 5 mM EDTA, 5 mM MgCl2, 1% NP-40, 1x protease inhibitor, 0.5 mM DTT, 100
U/ml RNAseOUT) for 30 min at 4 °C. The lysate was centrifuged at 13,000 r.p.m. for 30 min
and the resulting protein lysate was incubated with 8 pg of Suz12 or IgG antibody (Anti-
Suz12, Abcam, abl12073; anti-Eed, Millipore, #17-10034; anti-Ezh2, Cell Signaling
Technology, #4905; normal rabbit IgG, Santa Cruz, sc-2027) at 4 °C overnight. Then 45 pL
of protein G Dynabeads (Life Technologies, cat. no. 10003D) that were previously washed

twice in 500 pL lysis buffer were added to the lysate and antibody mix. The lysate, antibody
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and beads were incubated at 4 °C for another 2 h. The beads were washed five times (5 min
each) with 1 mL of lysis buffer. The RNA was extracted by addition of 1 mL of Trizol (Life
Technologies, cat. no. 15596-018) to the beads. For the total input RNA, 10% of the input
lysate was mixed with 1 mL of Trizol. For 1 ml of Trizol, 200 puL of chloroform was added,
and the mix was centrifuged at 4 °C at 13,000 r.p.m. for 15 min. The aqueous layer was then
added to 1 volume of isopropanol, 1/10 volume KOAc and 1 pL of glycoblue and kept at —20
°C for at least one hour. The samples were then centrifuged at 13,000 r.p.m. at 4 °C for 30
min. The supernatant was removed, and the pellet was washed with 1 mL of ice-cold 70%

EtOH twice. The pellet was then resuspended in 20 puL of RNase-free water.

Quantitative PCR analysis

For RNA quantification, total RNA was extracted per the Trizol (Life Technologies) protocol
and cDNA was generated with iScript™ cDNA Synthesis Kit (Bio-Rad). qRT-PCR was
performed using the ABI Prism 7700 Sequence Detector System (Perkin-Elmer Applied

Biosystems). qTR-PCR primers used to detect gene expression levels or genomic enrichment

were:
Gene Symbol Species Experiment | Sequence
IncOLI1-f1: gtacaagaccatccagcataca
IncOLI-rl: ccttgcatgtggctcaataaag
IncOLI1-12: caggagatgaccacccattt
IncOL1-12: atcatggagcttcaggttcag
IncOL1 Mouse RT-qPCR IncOLI-13: cattggcttcctgagacatagt

IncOL1-r3:ggagcacacctgtgatcttatt
IncOL1-f4: ccatcctggttgctaccatatac
IncOLI-r4: attggtggtttogaagagagg
IncOLI-15: ctgcatgctecacttcagta
IncOLI-r5: tatgcaaagecctgggtate
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IncOL2-f: cataggaggtccacagcattag

IncOL -
ncOL2 Mouse RT-PCR IncOL2-r: gcttagagaagaggtggcatatc
IncOL3 Mouse RT-qPCR IncOL3-f: gtctccaggtettggeataaa
IncOL3-r: attcactcccatgaggaacac
IncOL4 Mouse RT-qPCR IncOL4-f: agagagacagcggagattca
IncOL4-r: gctgcaattggtactggatttg
Plpl Mouse/Rat | RT-qPCR PlpI-f: tgcteggcetgtacctgtgtacatt,
Plp-r: tacattctggcatcagcgcagaga
Mbp Mouse/Rat | RT-gPCR Mbp-f: tcacagaagagaccctcaca
Mbp-r: gcegtagtgggtagttettg
Crpl Mouse/Rat | RT-qPCR Cnp1-f: tccacgagtgcaagacgctattca
Cnpl-r: tgtaagcatcagcggacaccatct
H19 Mouse RT-gPCR H19-f: tgctgcaatcagaaccactac
H19-r: ggtgctatgagtctgctctttc
Mag Mouse/Rat RT-qPCR Mag-f: atcctagccacggtcatcta
Mag-r: tcagccacacaccagtattc
Igf2 Mouse RT-qPCR Igf2-f: ccctcageaagtgectaaa
Igf2-r: ggataccaggccaattcatagt
Gjc2 Mouse RT-qPCR G]' c2-f: ttgtgacaacgtctgctatga,
Gjc2-r, gacagaaggtgtggagatgac;
Cyplbl Mouse RT-qPCR Cyplbl-f: tggcectttectectatet
Cyplbl-r: actgacacaacctgcgtatc
GAPDH Mouse/Rat | RT-qPCR Gapdh-f: tgccaaatatgatgacatcaagaa
Gapdh-r: ggagtgggtgtcgctgttg.
Chd7 Mouse RT-qPCR Chd7-f: gectetcatcacgtacagea
Chd7-r: ggatgggggatttgtcctac
Elovll Mouse RT-qPCR Elovli-f: gaaagggctggacacttactt
Elovli-r: cctcttcagtgtgaggagaaag
Creb3 ]2 Mouse RT-qPCR Creb312-f: aagaatacatggacagcctgg
Creb312-1: ttccccatcaccaaagtctg
Osterix Mouse RT-qPCR Osterix-f: ccacccattgccagtaatct

Osterix-r:ggagccatagtgagcttctte
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Igf2-f: gagacagagtgaacgtgaaagg

Igf2 promoter Mouse ChIP-qPCR Ief2-1: tegectacceaagtggatta

H19-f: gactgcgatgtacgagacttc

H19 promoter Mouse ChIP-gPCR | 19 atcaacaaggtcggcttactc

Cyplbl Cyplbl-f: tgctcagagtagtgaccgaa
promoter Mouse ChIP-qPCR Cyplbl-r: ctgaatggagagagtgccatce

Pulldown with biotinylated RNA

RNA pull-down assay was performed essentially as previously reported with minor
modifications (Tsai et al., 2010). The cloned-in transcript in pBlueScript II SK plasmid
vector was linearized with Notl. Phenol-chloroform—extracted and ethanol-precipitated
template was then transcribed with T3 RNA polymerase (Promega, P2083) and biotin-RNA
labeling mix (Roche, 11685597910). The in vitro transcriptions were first treated with DNase
(Promega, M6101), and then purified with RNeasy Mini Kit (QIAGEN). Prior to pull-down,
three micrograms of biotinylated RNA was heated to 90°C for 2 minutes, put on ice for 2
minutes, supplied with RNA structure buffer (10 mM Tris pH 7, 0.1 M KCl, 10 mM MgCl2),
and then shifted to room temperature (RT) for 20 minutes to allow proper secondary structure
formation. 20 million Oli-neu cells were lysed in 1 ml of lysis buffer (150 mM KCI, 25 mM
Tris-HCI, pH 7.4, 5 mM EDTA, 5 mM MgCl2, 1% NP-40, 1x protease inhibitor, 0.5 mM
DTT, 100 U/ml RNAseOUT) for 30 min at 4 °C. The lysate was centrifuged at 13,000 r.p.m.
for 30 min. The RNA was incubated in the lysate for 2 h at 4 °C rocking, after which 40 pL
of MyOne Streptavidin T1 beads was added to the mix. The beads were washed five times (5
min each) with 1 ml of the wash on a magnetic rack and boiled in SDS buffer, and the

retrieved protein was detected by standard western blot technique.
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RNA Extraction and RNA-Sequencing

Total RNA was extracted from samples using the RNeasy Plus mini kit (Life Technologies,
Carlsbad, CA, USA). The resulting RNA samples were then used as input for library
construction with TruSeq Stranded mRNA Library Prep Kit, according to the manufacturer’s
instructions. RNA libraries were then sequenced on the Illumina HiSeq 2000 using 100 bp
paired-end reads. All RNA-seq data were aligned to mm10 using TopHat (Trapnell et al.,
2009) v2.1.0 with default parameters. We used Cuffdiff (Trapnell et al., 2010) v1.3 for all
differential expression (DE) analyses with either UCSC mm10 gene annotation or our custom
annotation containing RefSeq entries plus OL-expressing IncRNAs as described below. In all
DE tests, a gene was considered significant if the fold change was more than 1.5 and q value

was less than 0.05.

Chromatin-immunoprecipitation and sequencing (ChIP-Seq)

ChIP assays were performed essentially as previously described (Yu et al., 2013b). Rabbit
anti-Suz12 (Cell Signaling Technology, #3737) or rabbit anti-Chd7 (Cell Signaling
Technology, # 6505) antibody was used for immunoprecipitation experiments. OLs (~20
million cells) were cross-linked in 1% formaldehyde at room temperature for 10 min and
then quenched with 125 mM glycine for 5 min. Cells were rinsed, resuspended in lysis buffer
(50 mM HEPES, pH 7.6, 140 mM NaCl, 1 mM EDTA, 10% Glycerol, 0.25% Triton X-100
and 0.5% NP-40 and protease inhibitor cocktail) and incubated on ice for 10 min. Lysates
were centrifuged and pellets were resuspended in nuclei washing buffer (200 mM NaCl, 1

mM EDTA, 1 mM EGTA, 10 mM Tris pH 8.0, and protease inhibitor cocktail) with gentle
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rocking at 4°C. Nuclei were pelleted and resuspended in 1 ml of sonication buffer (10 mM
Tris-HCI [pH 8.0], | mM EDTA, 0.5 mM EGTA and protease inhibitor cocktail). Nuclear
suspensions were sonicated with a Covaris S220 sonicator (total time 8 min). Antibody
(chromatin: antibody = 4:1) was added to chromatin and incubated at 4°C overnight.
Chromatin-protein complex was immunoprecipitated with protein A/G plus agarose beads
and washed sequentially, twice with low salt buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCI [pH 8.0], 150 mM NacCl), twice with high salt buffer (0.1% SDS,
1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI [pH 8.0], 500 mM NaCl) and twice with
LiCl buffer (0.25 M LiCl, 1% IGEPAL CA630, 1% deoxycholic acid, | mM EDTA, 10 mM
Tris [pH 8.0]) and once with 1xTE buffer. Immunoprecipitates were then eluted in elution
buffer at 65°C for 1 h. Eluted chromatin was subjected to reverse-crosslink and chromatin
fragment purification with QIAGEN PCR purification columns. ChIP-Seq libraries were
prepared using NEBNext ChIP-Seq Library Prep Kit according to manufacturer’s

instructions.

ChIP-Seq data analysis

FASTQ file was aligned to March 2012 rat genome assembly (rn5) using Bowtie with the
following options: -p 8, -m 1. Resulting SAM files were converted to BAM format using
SAM tools. Peak calling was performed using MACS (Model-based Analysis of ChIP-Seq)

(http://liulab.dfci.harvard.edu/MACS) with a p value cut off of 1x e’

LncRNA Assembly and Annotation
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We sequenced primary mouse OPCs and OLs induced to differentiate for 1 day (referred as

iOL) and 3 days (referred as mOL) in duplicates (60-80 million mate pairs each) to be used

for ab initio transcriptome assembly with Cufflinks v2.2.1. In Brief, Cufflinks were run with
the following options: -u, -N, -g (mm10 GTF file provided as guide), and -M (rRNA and
7SK RNA mask file provided). We generated transcriptome assemblies for each sample
separately and then utilized Cuffmerge to combine all annotations. Any transcripts that
overlapped and transcribed in the same orientation as a known coding region (RefSeq NM
entries) were removed and then merged the annotations using Cuffmerge. We removed any
single-exonic transcripts to reduce transcriptional noise. Any transcripts with a length <200
nt including miRNA and snRNA host genes were removed. Next, we used the CPAT
algorithm (Wang et al., 2013) to predict protein-coding potential of the remaining transcripts.
Any transcript with a CPAT scores greater than 0.44 was removed. The resulting OL-
expressing IncRNA annotation was then compared to the RefSeq or IncRNA annotation in
order to determine the number of novel genes discovered here. Transcripts were considered
divergent if their TSS was less than 2.5 kb from a RefSeq NM TSS on the opposite strand.
All other IncRNAs were considered to be intergenic. This T-ALL IncRNA annotation was
merged with the RefSeqNM annotation using Cuffmerge and used for all subsequent RNA-

Seq expression analyses.

Analysis of histone modification and transcription factor signatures
Published ChIP-seq (H3K4me3, H3K27Acand Sox10) datasets from transformed mouse

OPCs and primary rat OPCs and OLs in NCBI were used to explore the enrichment of
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histone modifications and transcription factors around mouse IncRNA transcriptional start
site and corresponding genomic intervals on rat genome. Metagene plots were generated as
described (Liu et al., 2011). Boxplot representations were generated using the boxplot

function in R.

LncRNA-protein coding gene co-expression analysis

The co-expression network for IncRNAs and protein coding genes was as previously
proposed (Necsulea et al., 2014). For each pair of genes (IncRNA or protein-coding), we
computed the Pearson correlation coefficients (PCCs) of expression patterns. We detected
clusters of highly inter-connected genes with the Markov Cluster (MCL) algorithm (van
Dongen S, 2012), with PCC cutoff set to 0.8 and inflation coefficient set as 2.0. The resulting
19 largest clusters and interaction network were visualized with Cytoscape (Smoot et al.,

2011).

Statistical analysis
All  analyses were done using GraphPad Prism 6.00 (San  Diego

California, www.graphpad.com). Data are shown as mean + s.e.m. or as a Box-and-whisker

plot. Data distribution was assumed to be normal, but this was not formally tested. Statistical
significance was determined using two-tailed Student’s ¢ tests or Wilcoxon rank-sum and
signed-rank tests as indicated. One-way ANOVA test was performed by multiple
comparisons or pairwise comparisons following Turkey’s ranking tests when comparing
multiple groups. Significance was set as * for p < 0.05, ** for p < 0.01, and *** p < 0.001,

unless otherwise indicated. In MEME motif analysis, E value shows the significant
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enrichment of de novo motifs while p value is shown the significant similarity between de
novo motif and known motif. No statistical methods were used to predetermine sample sizes,
but our sample sizes are similar to those generally employed in the field. Quantifications

were performed from at least three independent experiments.
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