1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Glia. Author manuscript; available in PMC 2019 November 05.

-, HHS Public Access
«

Published in final edited form as:
Glia. 2019 July ; 67(7): 1229-1239. doi:10.1002/glia.23595.

Mechano-modulation of nuclear events regulating
oligodendrocyte progenitor gene expression

Eric Tsail2, Patrizia Casaccial 23
1Department of Neuroscience, Icahn School of Medicine at Mount Sinai, New York, New York

2Graduate School of Biomedical Sciences, Icahn School of Medicine at Mount Sinai, New York,
New York

3Department of Biology and Biochemistry, Neuroscience Initiative at the Advanced Science
Research Center of the Graduate Center of The City University of New York, New York

Abstract

Oligodendrocytes differentiate from oligodendrocyte progenitor cells (OPCs) in response to
distinct extracellular signals. This process requires changes in gene expression resulting from the
interplay between transcription factors and epigenetic modulators. Extracellular signals include
chemical and physical stimuli. This review focuses on the signaling mechanisms activated in
oligodendrocyte progenitors in response to mechanical forces. Of particular interest is a better
understanding on how these forces are transduced into the OPC nuclei and subsequently reshape
their epigenetic landscape. Here we will introduce the concept of epigenetic regulation of gene
expression, first in general and then focusing on the oligodendrocyte lineage. We will then review
the current literature on mechano-transduction in distinct cell types, followed by pathways
identified in myelinating oligodendrocytes and their progenitors. Overall, the reader will be
provided with a comprehensive review of the signaling pathways which allow oligodendrocyte
progenitors to “sense” physical forces and transduce them into patterns of gene expression.
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11 INTRODUCTION
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Myelination in the central nervous system (CNS) is carried out by oligodendrocytes, which
are derived from oligodendrocyte progenitor cells (OPCs), that migrate from germinal zones
throughout the developing nervous system (Baumann & Pham-Dinh, 2001). The progression
from undifferentiated progenitors to functionally mature oligodendrocytes mostly coincides
with the postnatal developmental period, although myelination can also occur in the adult
brain (Dawson, Polito, Levine, & Reynolds, 2003; Hughes, Kang, Fukaya, & Bergles, 2013).
This process is tightly regulated by the interplay of intrinsic and extrinsic factors.
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Intracellular components include epigenetic modulators and transcription factors.
Extracellular signals include hormones and growth factors, as well as physical forces, such
as tension or compression and rigidity or elasticity. This review will briefly discuss the
concept of epigenetic regulation of gene expression in the oligodendrocyte lineage and then
focus on the molecular mechanisms that are responsible for transducing physical forces into
a functional response. In order to improve legibility, this review will be focused on
mechanotransduction and the reader is referred to previous reviews published in Glia
(Copray, Huynh, Sher, Casaccia-Bonnefil, & Boddeke, 2009; Hernandez & Casaccia, 2015)
and other journals (Emery, 2010; Emery & Lu, 2015; Liu, Moyon, Hernandez, & Casaccia,
2016) on the topic of epigenetic regulation of oligodendrocyte differentiation.

21 EPIGENETIC REGULATION OF GENE EXPRESSION

Epigenetics refers to all the mechanisms modulating gene expression which do not involve
changes in the DNA sequence. They include post-translational modification of nucleosomal
histones, DNA methylation, chromatin remodeling and microRNAs (miRNA). Nucleosomes
are the basic unit of chromatin and are comprised of 147 base pairs of DNA wrapped around
octamers of the core histone proteins H2A, H2B, H3, and H4. Chromatin can be detected in
a dispersed “relaxed” state, which is transcriptionally active (euchromatin) and accessible to
the transcriptional machinery, or in a compacted state (heterochromatin), which is
transcriptionally inactive, as the tightly packed histones prevent DNA accessibility to
transcription factors and RNA polymerases. While all cells contain the same genome, the
epigenetic landscapes between different cell types and cells at different developmental
stages result in the activation and repression of different sets of genes that are critical for
determining cell identity and behavior. Gene expression is therefore modulated by the
accessibility of specific gene loci to the transcriptional machinery. Understanding which
genomic regions are characterized by heterochromatin and euchromatin within each cell,
allows for the definition of cell-specific patterns of gene expression, which are ultimately
mediated by epigenetic events. These epigenetic modifications are characteristic for each
cell-type and each developmental stage. Intriguingly, in the oligodendrocyte lineage,
progenitor nuclei are characterized by euchromatin while myelinated oligodendrocyte nuclei
are mostly heterochromatic (Mori & Leblond, 1970; Shen, Liu, Li, Wolubah, & Casaccia-
Bonnefil, 2008), thereby suggesting that differentiation of progenitors into oligodendrocytes
requires epigenetic repression of gene expression, a concept which has been covered also in
other reviews (Hernandez & Casaccia, 2015; Liu et al., 2016).

Transcriptional activation within euchromatin is possible because post-translational
modifications of specific lysine and arginine residues in the tail of nucleosomal histones
modify the protein-DNA association. For a more thorough review of these changes and the
interplay between transcription factors and epigenetic modulators in the oligodendrocyte
lineage we refer the reader to previous work published in Glia (Copray et al., 2009;
Hernandez & Casaccia, 2015). Here we highlight two well-studied mechanisms of gene
activation: (1) histone acetylation (Table 1) and (2) chromatin remodeling. Acetylation of
histones is catalyzed by histone acetyltransferases (HATS/KATSs), which utilize acetyl-CoA
to transfer acetyl groups onto lysine residues of N-terminal histone tails. The acetylation of
histone H3 lysine 9 (H3K9ac) marks active promoters and H3K27ac marks active enhancers
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(Creyghton et al., 2010; Guillemette et al., 2011; Karmidoya, Krebs, Oulad-Abdelghani,
Kimura, & Tora, 2012; Pokholok et al., 2005; Tie et al., 2009; Wolffe & Pruss, 1996).
Acetylated lysine residues are then bound by a-helical structural motifs known as
“bromodomains”, which act to promote gene activation through the recruitment of
transcription factors, coactivators and components of the transcription initiation complex.

Repressive heterochromatin can be further distinguished between facultative
heterochromatin—referring to focal regions of the genome that are repressed by
deacetylation and trimethylation of H3K27—and can be reactivated (Trojer & Reinberg,
2007), and constitutive heterochromatin—referring to stably repressed genomic regions,
often characterized by deacetylation and H3K9 trimethylation of histones and DNA
methylation—identified in centromeres, telomeres, high copy number of DNA tandem
repeats, and transposons but also includes the heterochromatic regions identified at the
nuclear periphery. Epigenetic mechanisms of gene repression include deacetylation and
methylation of specific lysine residues in nucleosomal histone tails (Table 1), DNA
methylation and microRNA expression. Trimethylation of lysines 9 and 27 on histone H3
(H3K9me3, H3K27me3) is associated with heterochromatin formation and transcriptional
repression (Barski et al., 2007; Boggs et al., 2002; Kim & Kim, 2012). Repressive histone
methylation is catalyzed by a family of histone methyltransferases (HMTSs) with high
specificity for residues K9 or K27 on histone H3. These enzymes catalyze the transfer of
methyl groups from S-Adenosylmethionine onto the specific lysine residue in the histone
tails. Methylated lysine residues can be recognized by specific domains of proteins called
“chromodomains” (Jacobs & Khorasanizadeh, 2002). Transcriptional repression is also
mediated by DNA methylation. This involves the methylation of cytosine residues within
CpG dinucleotide sequences by DNA methyltransferases (DNMTs) which precludes the
recognition of transcription factor binding sites (if it occurs at the promoter region) or
prevents the elongation of transcripts (if it occurs at the gene body region). In addition to
methylation, gene repression can also be mediated by miRNAs, which are short non-coding
RNAs that target complementary mRNA transcripts for degradation. Chromatin remodelers
may induce epigenetic activation or repression of gene expression, using energy from ATP
hydrolysis to facilitate access of the transcriptional machinery to chromatin (Ho & Crabtree,
2010). These complexes include several proteins with distinct functions, such as binding to
acetylated (via bromodomains) or to methylated (via chromodomains) lysine residues in the
nucleosomal histones and catalyzing the ATP-dependent repositioning or ejecting of
histones, to favor transcriptional activation or repression.

2.11 Epigenetic regulation in the oligodendrocyte lineage

Histone modifications, DNA methylation, and chromatin remodeling all play critical roles in
regulating OPC differentiation. As OPCs transition into myelinating oligodendrocytes, the
previously described morphological changes of nuclear chromatin (Mori & Leblond, 1970;
Shen et al., 2008) are induced by the accrual of repressive epigenetic events, which result in
global changes in gene expression, including downregulation of genes regulating
proliferation and transcriptional inhibition of differentiation (Hernandez & Casaccia, 2015;
Liu et al., 2016). The downregulation of these gene categories precedes myelin gene
expression (Swiss et al., 2011) and is reflected in the progressive formation of
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heterochromatin (Liu et al., 2012; Magri et al., 2014; Shen, Li, & Casaccia-Bonnefil, 2005;
Wu et al., 2012).

The transcriptional repression that drives early OPC differentiation is dependent on the
removal of activating acetylated histone marks, catalyzed by histone deacetylase (HDAC)
proteins. Pharmacological HDAC inhibition and conditional knockout models have
demonstrated that progressive deacetylation of histone H3 by class | HDACs is required to
promote oligodendrocyte differentiation (Cunliffe & Casaccia-Bonnefil, 2006; He &
Casaccia-Bonnefil, 2008; Liu, Muggironi, Marin-Husstege, & Casaccia-Bonnefil, 2003;
Marin-Husstege, Muggironi, Liu, & Casaccia-Bonnefil, 2002; Shen et al., 2005; Ye et al.,
2009). Ablation of Hdacl and Hadac2 or impairment of their recruitment to the genome of
oligodendrocyte progenitors led to activation of the Wnt signaling pathway, resulting in
upregulation of differentiation inhibitors /a2/4 and repression of oligodendrocyte specific
genes, such as OligZ and Mbp (He & Casaccia-Bonnefil, 2008; Ye et al., 2009).

Increasing levels of H3K9me3 and H3K27me3 were detected in white matter tracts over the
course of developmental myelination, with H3K27me3 marks already present at the OPC
stage and H3K9me3 accumulating during the transition to differentiated oligodendrocytes
(Liu et al., 2015). These data were in agreement with the finding that EZH2 (Enhancer of
Zeste Homolog 2), the enzyme responsible for the deposition of the H3K27me3 mark, was
identified as an important mediator of OPC specification in neural stem cells (NSC), where
it likely served the role of repressing genes regulating pluripotency as well as neuronal and
astrocytic genes (Sher, Boddeke, Olah, & Copray, 2012; Sher et al., 2008). The genomic
deposition of H3K9me3 marks and of DNA methylation marks, in contrast, increased during
the transition from progenitors into oligodendrocytes (Liu et al., 2015; Moyon et al., 2016)
and further contributed to stable repression of genes related to alternative lineages and
regulation of proliferation. Oligodendrocyte lineage-specific ablation of the DNA
methyltransferase Dnmt1 in mice severely impaired developmental myelination and resulted
in aberrant alternative splicing and loss of immature oligodendrocytes, due to activation of
an endoplasmic reticulum (ER) stress response (Moyon et al., 2016).

While repressive madifications contribute to the establishment of lineage specific formation
of constitutive heterochromatin, the progression toward a fully differentiated, myelinating
phenotype also requires transcriptional activation of pro-differentiation and myelin genes.
Transcriptional activation during OPC differentiation has been proposed to be mediated by
the ATP-dependent SWI/SNF (switch/sucrose non-fermentable) chromatin remodeling
complex containing the enzyme BRG1 (Brahma-related gene-1). However the functional
consequence of BrgI ablation depended on timing and differentiation stage and suggested
the existence of other mechanisms regulating the late transition. A severe phenotype was
detected when BrgI was ablated during OPC specification as it prevented oligodendrocyte
differentiation by impairing the recruitment of RNA polymerase Il and OLIG2 to the
genome (Yu et al., 2013). A much milder phenotype was detected when ablation of Brg1
occurred at the early stages of oligodendrocytes (Bischof, Weider, Kuspert, Nave, & Wegner,
2015). This evidence suggested that the chromatin remodeling complex containing BRG1
plays an important role in driving the initial differentiation of OPCs, but is not essential for
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terminal differentiation, thereby supporting the need for further research into the chromatin
remodeling complexes modulating the later stages.

RESPONSE OF CELLS TO PHYSICAL STIMULI

During development, highly plastic stem cells need to decide their fate and differentiate into
distinct cell types. This decision is in part dependent on the distinct mechanical properties of
different tissues (Engler, Sen, Sweeney, & Discher, 2006). In other words, stem cell lineage
commitment is modulated by the mechanical properties of their microenvironment.
Mesenchymal stem cells (MSCs), for instance, can be directed toward distinct lineages, by
varying the mechanical properties of the substrate on which they are cultured. MSCs grown
on soft acrylamide gels with a stiffness similar to brain tissue (0.1-1 kPa) will exhibit
neurogenic transcript profiles, while MSCs grown on gels with muscle-like stiffness (11
kPa) or bone-like stiffness (34 kPa) will display myogenic or osteogenic transcriptional
profiles, respectively (Engler et al., 2006).

The specification and development of the diverse cell types within the CNS is also
modulated by mechanostimuli. For instance, the decision of NSCs to differentiate into either
neurons, oligodendrocytes, or astrocytes, is influenced by substrate stiffness (Georges,
Miller, Meaney, Sawyer, & Janmey, 2006; Leipzig & Shoichet, 2009; Saha et al., 2008).
When cultured on soft gels (0.1-0.5 kPa), NSCs were directed toward the neuronal lineage,
while on slightly stiffer gels (1-10 kPa) they were directed toward glial lineages (Georges et
al., 2006; Leipzig & Shoichet, 2009; Saha et al., 2008). OPC differentiation is also
modulated by surface rigidity, as shown by their response to culture on polyacrylamide gels
of varying stiffness and on glass surfaces. OPC migration and proliferation was enhanced by
growth on soft substrates, in the range of 0.4-1 kPa (Jagielska et al., 2012). Their
differentiation was potentiated on substrates with stiffness between 1.5 and 6.5 kPa,
comparable to healthy brain tissue (Jagielska et al., 2012; Lourenco et al., 2016; Urbanski et
al., 2016), further supporting OPCs as mechano-sensitive cells (Figure 1).

OPC:s are also capable of functionally responding to spatial constraints, modeled in vitro
through high density plating, co-culture with inert microspheres and direct mechano-
stimulation (Hernandez et al., 2016; Rosenberg, Kelland, Tokar, De la Torre, & Chan, 2008).
OPCs also responded to tensile strains, mimicked by laminin-coated elastomeric culture
surfaces, which affected the proliferative and migratory properties of OPCs and induced
their differentiation (Jagielska et al., 2017; Makhija et al., 2018) in a lineage-specific
fashion, as the same tensile forces impaired the differentiation from neural stem cells
(Arulmoli et al., 2015).

MECHANO-TRANSDUCTION IN THE OLIGODENDROCYTE LINEAGE

It is clear that while all cells are exposed to varying forms of mechanical cues, the
intracellular response is dependent not only on the stimulus, but also on the cell type and
stage of differentiation, which are characterized by distinctive epigenetic landscapes and
gene expression patterns. Exposure of OPCs to mechanical strain and high density induced
by microspheres, for instance, has been recently reported to modulate chromatin structure as
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it promoted the formation of heterochromatin and of the associated H3K9me3 histone marks
(Hernandez et al., 2016). Significantly reduced fluctuations in nuclear shape (a characteristic
feature of differentiated cells) were also reported in OPCs exposed to constant mechanical
strain compared with unstrained cells (Makhija et al., 2018). Strain-induced OPC
differentiation required histone deacetylation as pharmacological inhibitors of HDACs
retained cells at an immature state (Jagielska et al., 2017). In addition to changes in
chromatin structure through modulation of levels of epigenetic modifiers, mechano-
stimulation has also been shown to modulate the expression levels of transcription factors in
OPCs. RNA-sequencing of OPCs exposed to tensile strain, for instance, revealed
upregulation of 7¢f7/2, Sox10, Nkx2-2, Zfp191, and Olig2 (Jagielska et al., 2017). OPCs
grown on soft substrates show cytoplasmic localization of OLIG1 (Urbanski et al., 2016),
which is a characteristic feature of differentiated oligodendrocytes (Arnett et al., 2004). It
remains to be explored whether distinct forms of mechano-stimulation (tension,
compression, and substrate rigidity) differentially modulate the expression levels and
subcellular localization of transcription factors, or they converge onto the same intracellular
signal. Together these studies underscored the importance of mechanical stimuli in inducing
both epigenetic and transcriptional changes. However, the molecular intermediates linking
external force to nuclear transcriptional changes are only partially understood. Three
potential molecular pathways have been suggested to modulate OPC differentiation and will
be sequentially reviewed here: (1) the linker of nucleoskeleton and cytoskeleton (LINC),
which bridges the cytoskeleton and chromatin; (2) the cytosolic transcriptional coactivators
yes-associated protein (YAP) and WW domain containing transcription regulator 1 (TAZ/
WWTR1) that shuttle into the nucleus in response to mechano-stimulation; and (3) nuclear
actin.

The protein complex called LINC acts as a direct physical connection between the plasma
membrane and nuclear chromatin (Figure 2a). It is composed of spectrin repeat containing
nuclear envelope (SYNE) proteins that bind to the cytoskeleton and Sad1l and UNC-84
(SUN) proteins that bind to nuclear lamins and chromatin fibers (Martins, Finan, Farshid, &
Lee, 2012). The LINC complex has been demonstrated to be integral in the propagation of
force from the cytoskeleton to the nucleus (Lombardi et al., 2011). Isolated cell nuclei have
been shown to respond to tension and increase their stiffness through a mechanism involving
LINC complex-dependent phosphorylation and activation of Emerin, an inner nuclear
membrane protein, by Src family kinases (Guilluy et al., 2014). The same complex has also
been shown to mediate global changes in gene expression in response to shifts in substrate
rigidity (Alam et al., 2016). The levels of the LINC complex components SUN1 and SYNE4
in oligodendrocytes are responsive to tensile strain (Jagielska et al., 2017). In this lineage,
the SYNE protein SYNE1 was shown to be required for heterochromatin formation in OPCs
and for compression-induced enhancement of myelination in co-culture (Hernandez et al.,
2016).

Additional possible mediators of transcriptional changes in response to external forces are
members of the YAP/TAZ family (Figure 2b) of mechano-responsive transcriptional
coactivators that shuttle from the cytoplasm to the nucleus upon activation and interact with
TEA domain (TEAD) transcription factors (Dupont et al., 2011; Low et al., 2014; Vassilev,
Kaneko, Shu, Zhao, & Depamphilis, 2001). The biological effect of YAP/TAZ activation by
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mechanical cues is highly cell-type specific. For example, YAP activation in embryonic stem
cells promotes self-renewal (Lian et al., 2010; Ohgushi, Minaguchi, & Sasai, 2015), while in
MSCs and cardiac progenitors YAP alone (Zhong et al., 2013), TAZ alone (Kyung et al.,
2014), or YAP or TAZ promote differentiation (Dupont et al., 2011; Mosqueira et al., 2014).
In oligodendrocytes, YAP was shown to translocate to the nucleus in response to both tensile
strain (Shimizu et al., 2016) and rigid substrates (Urbanski et al., 2016). YAP was also
upregulated in OPCs exposed to tensile strain (Jagielska et al., 2017). Therefore YAP is
clearly responsive to mechanical stimulation in OPCs, but the exact molecular mechanism
through which it modulates oligodendroglial gene expression is still not well understood. It
is likely that YAP and the LINC complex might exert their effects through overlapping
mechanisms. YAP is seen to translocate from the cytoplasm to the nucleus in response to
both tension and rigid substrates (Driscoll, Cosgrove, Heo, Shurden, & Mauck, 2015;
Elosegui-Artola et al., 2017; Guilluy et al., 2014). Ablation of LINC complex components in
both fibroblasts (Guilluy et al., 2014) and MSC (Driscoll et al., 2015) reduced nuclear
localization of YAP/TAZ in response to stretch. Similarly, ablation of LINC complex
components in fibroblasts inhibited YAP nuclear shuttling (Elosegui-Artola et al., 2017).
Interestingly, it was demonstrated in fibroblasts that translocation of YAP into the nucleus
was mediated by an increase in nuclear pore permeability in response to the mechanical
force exerted by stiffer substrates (Elosegui-Artola et al., 2017).

The transduction of mechanical signals from the plasma membrane to the nucleus is likely to
be mediated through a combination of LINC complex activation and shuttling of YAP/TAZ
between the cytoplasm and nucleus (Figure 3). The functional interaction between YAP/TAZ
and the LINC complex has been well documented in other cell types (Driscoll et al., 2015;
Elosegui-Artola et al., 2017; Guilluy et al., 2014), but this remains to be confirmed in OPCs
in response to mechanical stimuli. In addition to YAP/TAZ and the LINC complex, a third
and final proposed mechanism for the transduction of mechanical cues into the OPC nucleus
is nuclear actin.

51 NUCLEAR ACTIN AS AN EPIGENETIC MODULATOR OF GENE
EXPRESSION

In the oligodendrocyte lineage, actin dynamics has been mostly studied in relation to the
process of extension and wrapping of the oligodendrocyte membrane around the axons
(Nawaz et al., 2015; Zuchero et al., 2015). Acto-myosin contractility mediated by non-
muscle myosin Il (NMII), in response to activated RhoA signaling (Lourengo & Gréos,
2016), has also been proposed to affect branching and myelination. Pharmacological
inhibition of NMII increased oligodendrocyte branching complexity, membrane spreading
and the number of myelinated segments in oligodendrocyte-dorsal root ganglion (DRG)
neuron co-cultures (Kippert, Fitzner, Helenius, & Simons, 2009; Wang et al., 2012; Wang,
Tewari, Einheber, Salzer, & Melendez-Vasquez, 2008). In addition, exposure of OPCs to
mechanical stimuli (i.e., tension) was associated with upregulation of the two upstream
activators of NMII RhoA and ROCK-II (Jagielska et al., 2017) and the in vivo ablation of
this myosin removed the inhibitory effect of rigid substrates on branching complexity of
oligodendrocytes (Urbanski et al., 2016).
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Besides these roles of actin in the cytoplasm and membrane extensions, it is now well
established that actin plays important functions in the cell nucleus. In HelLa cells, for
instance, it has been shown that the subcellular localization of actin is regulated through
active nuclear import (mediated by Importin 9) (Dopie, Skarp, Rajakyld, Tanhuanpad, &
Vartiainen, 2012) and export (mediated by Exportin 6) (Stiiven, Hartmann, & Gérlich,
2003). /n vitro studies have demonstrated that nuclear actin associates with all three RNA
polymerases. Since RNA polymerase | is responsible for over 50% of the ribosomal RNA
synthesis, RNA polymerase Il is responsible for transcription of protein-encoding genes and
microRNAs and RNA polymerase Il is required for efficient transcription of tRNAs and
small ribosomal subunit synthesis (Hofmann et al., 2004; Hu, Wu, & Hernandez, 2004;
Kukalev, Nord, Palmberg, Bergman, & Percipalle, 2005; Philimonenko et al., 2004), we
suggest that actin may play an important role in the communication between the cytoplasm
and the nuclear expression of protein encoding genes as well as for components of ribosomal
assembly. Nuclear actin has also been shown to complex with heterogeneous
ribonucleoprotein U (hnRNP U), a protein that functions in pre-mRNA processing and
transport (Kukalev et al., 2005). The actin-hnRNP U complex has been reported to interact
with the lysine histone acetyltransferase KAT2B and disruption of the actin-hnRNP U
complex has important functional consequence on the activity of this HAT, as it results in
decreased levels of histone acetylation (Obrdlik et al., 2008). Nuclear actin also associates
with and inhibits the activity of HDAC1 and HDAC2 (Serebryannyy, Cruz, & de Lanerolle,
2016), thereby supporting an overall function in regulation of histone acetylation levels.
Finally, nuclear actin is required for the integrity and the activity of the BRG1-containing
SWI/SNF chromatin remodeling complex (Kapoor & Shen, 2014; Wang et al., 1996; Zhao et
al., 1998). Together, these studies in distinct cell types support a role for nuclear actin as
regulator of histone acetylation and transcriptional activation.

In OPCs, localization of globular actin (G-actin) to the nucleus is induced by exposure of
cells to spatial constraints, which also activates the LINC complex (Hernandez et al., 2016).
The exact mechanism through which nuclear import occurs has not yet been investigated.
Given that this effect is seen within 1 min of OPC stimulation, it could likely be consequent
of the rapid depolymerization of filamentous actin (F-actin). The concept of rapid
depolymerization of cytoskeletal F-actin in oligodendrocyte lineage cells has been
previously reported within the context of process outgrowth and myelin wrapping (Liu et al.,
2003; Nawaz et al., 2015; Zuchero et al., 2015). However depolymerization of F-actin in the
cytoplasm may occur also in response to mechanical forces caused by physical constraints
such as those induced by high cell density, or culturing in the presence of high-density
microspheres (Hernandez et al., 2016; Rosenberg et al., 2008). Actin was shown to co-
immunoprecipitate with both the LINC complex and the repressive H3K9me3 histone mark
in protein extracts from white matter tracts (Hernandez et al., 2016). This was of particular
interest, especially since ablation of actin in other cell types (i.e., fibroblasts) led to aberrant
genome-wide localization of H3K9me3 (Xie et al., 2018). Therefore, these studies
conducted in oligodendrocyte lineage cells suggest that nuclear actin in this glial lineage
may play an important role in regulating the repressive histone marks that are necessary for
heterochromatin formation and for OPC differentiation (Liu et al., 2015). In addition to
establishing heterochromatin, it is worth exploring the role of nuclear actin in mediating
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gene activation in OPCs, as actin has been shown to associate with all three RNA
polymerases (Hofmann et al., 2004; Hu et al., 2004; Kukalev et al., 2005; Philimonenko et
al., 2004). Ablation of actin in fibroblasts results in a dramatic reduction of genome-wide
BRG1 binding (Xie et al., 2018). Given the role of BRGL1 in activating pro-differentiation
genes during OPC differentiation (Yu et al., 2013), it is conceivable that actin might also
regulate gene activation in the oligodendrocyte lineage through BRG1. This redistribution of
globular actin to the nucleus may therefore be critical for mediating both epigenetic
repression and activation of gene expression in response to mechanical cues during OPC
differentiation.

61 CONCLUSION

Over the course of CNS development, cells are exposed to both chemical and physical
signals. The latter include signals of spatial constraint, tension and substrate elasticity or
stiffness. These biophysical signals, in tandem with soluble chemical factors, are transduced
to the nucleus of undifferentiated progenitor cells and ultimately impact cell fate and
function. Different regions of the brain and spinal cord, particularly the white vs. gray
matter, have distinct mechanical properties (Budday et al., 2015; Christ et al., 2010; Johnson
et al., 2013), which can also be impacted by the process of inflammation or injury and scar
formation. These variations in tissue stiffness ultimately create diverse cellular
microenvironments that affect how oligodendrocyte progenitors in those specific regions
develop and behave. Additionally, the mechanical properties of brain tissue have been shown
to be altered in multiple sclerosis (Makhija et al., 2018; Ruscielewicz et al., 2014;
Streitberger et al., 2012; Wuerfel et al., 2010) and in response to injury (Moeendarbary et al.,
2017). A better understanding of pathways governing the mechanobiology of OPC
differentiation is therefore also likely to be essential for promoting remyelination.

In recent years, much work has been done to identify the molecular players that are
responsible for mediating cellular responses to mechanical stimuli. This review highlights
the effect that external mechanical signals have on nuclear events modulating gene
expression during oligodendrocyte progenitor differentiation. Since gene expression is
driven by the interplay of histone marks, DNA methylation and chromatin remodeling
complexes, much work still remains to resolve the exact pathways bridging
mechanostimulation and epigenetic changes in this lineage.
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GLOSSARY

Bromodomain
a-helical structural domain that recognizes and binds acetylated lysine residues on histones
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BRG1 (Brahma-Related Gene-1)
major catalytic subunit of the SWI/SNF complex with both helicase and ATPase activities

Chromodomain
structural domain that recognizes and binds methylated lysine residues on histones

CNS (central nervous system)
nerve tissues comprising of the brain and spinal cord

CpG
region of DNA that contains a cytosine followed by a guanine and is targeted by DNA
methyltransferases

DNMT (DNA Methyltransfer ase)
enzyme that catalyzes the methylation of cytosine residues in CpG dinucleotide sequences in
DNA

DNMT1 (DNA Methyltransferase 1)
DNA methyltransferase that is responsible for maintaining DNA methylation patterns
following DNA replication in proliferating cells

Euchromatin
regions of chromatin containing active genes where DNA is accessible to transcription
factors and RNA Polymerases

EZH2 (Enhancer of Zeste Homolog 2)
histone methyltransferase that catalyzes the transfer of 3 methyl groups onto H3K27,
mediating transcriptional repression

H3K 9ac
acetylation of lysine residue 9 in histone H3, marking transcriptional activation (Table 1)

H3K27ac
acetylation of lysine residue 27 in histone H3, marking transcriptional activation (Table 1)

H3K9me3
trimethylation of lysine residue 9 in histone H3, marking transcriptional repression (Table 1)

H3K27me3
trimethylation of lysine residue 27 in histone H3, marking transcriptional repression (Table
1)

HAT/KAT (Histone Acetyltransferase)
enzyme that catalyzes the transfer of acetyl groups from acetyl-CoA to lysine residues on N-
terminal tails of histones

HDAC (Histone Deacetylase)
enzyme that removes acetyl groups from histone lysine residues
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HDAC1/2 (Histone Deacetylase 1/2)
members of the class | histone deacetylases that remove acetyl groups from lysine residues
on all 4 core histones, mediating transcriptional repression

Heterochromatin
regions of chromatin containing repressed genes where DNA is tightly wound around the
histones and is inaccessible to the transcriptional machinery

HMT (Histone M ethyltransfer ase)
enzyme that catalyzes the transfer of methyl groups from S-Adenosylmethionine to lysine
residues on N-terminal tails of histones

hnRNP U (Heter ogeneous Ribonucleoprotein U)
RNA binding protein that associates with pre-mRNAs and are involved in pre-mRNA
processing, metabolism, and transport

ID2/4 (Inhibitors of DNA Binding 2/4)
transcriptional regulators that dimerize with and inhibit the function of basic helix-loop-
helix transcription factors

LINC (Linker of Nucleoskeleton and Cytoskeleton) complex
nuclear membrane protein complex that interacts with components of the both the cytoplasm
(microtubules and actin filaments) and the nucleus (nuclear lamins and chromatin)

KAT2B (LysineAcetyltransferase 2B)
acetyltransferase that catalyzes the acetylation of lysine residues on histones H3 and H4,
mediating transcriptional activation

MBP (Myelin Basic Protein)
membrane protein that is a major component of the myelin sheath

MiRNA (micro RNA)
short non-coding RNA sequence that targets mRNA transcripts for degradation

MSC (Mesenchymal Stem Cell)
multipotent adult stem cells that can differentiate into a variety of cell types, including
osteoblasts, myocytes, and neural cells

NKX2-2 (NK2 Homeobox2)
homeobox domain-containing transcription factor that is required for oligodendrocyte
progenitor differentiation

NMII (Non-Muscle Myosin [1)
motor protein that binds to and mediates the contraction of actin filaments, which is critical
for processes such as cell adhesion, migration, and division

NSC (Neural Stem Cell)
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self-renewing multipotent cells that are capable of differentiating into neurons, astrocytes,
and oligodendrocytes

OLIG2 (Qligodendrocyte Transcription Factor 2)
basic helix—loop—helix transcription factor that is required for oligodendrocyte specification

OPC (Qligodendrocyte Progenitor Cell)
proliferative precursor cells that derive from neural stem cells and are able to differentiate
into oligodendrocytes

RhoA (Ras Homolog Family Member A)
small GTPase that acts upstream of serine/threonine kinases that phosphorylate and activate
non-muscle myosin Il

ROCK-I1 (Rho Associated Coiled-Coil Containing Protein Kinase 2)
serine/threonine kinase that phosphorylates and activates non-muscle myosin 11

S0OX10 (Sex Determining Region Y Box10)
transcription factor that activates myelin genes during oligodendrocyte progenitor
differentiation

SUN (Sad1 and UNC-84) domain protein
component of the LINC complex that crosses the inner nuclear membrane and interacts with
the nuclear lamina and chromatin

SWI/SNF (Switch/Sucrose Non-Fer mentable) chromatin remodeling complex
large multi-subunit complex that uses ATP hydrolysis to alter the positioning of
nucleosomes

SYNE (Spectrin Repeat Containing Nuclear Envelope) domain protein

component of the LINC complex that crosses the outer nuclear membrane and interacts with
microtubule and actin filaments. Also referred to as KASH (Klarsicht, ANC-1, Syne
Homology) domain proteins

TAZ/WWTR1 (WW Domain Containing Transcription Regulator 1)
transcriptional coactivator that responds to mechanical stimuli by shuttling into the nucleus
and complexing with TEAD transcription factors

TCF7L2 (Transcription Factor 7Like 2)
transcription factor that is critical for oligodendrocyte progenitor differentiation

TEAD transcription factors
transcription factors containing TEA/ATTS DNA binding domains that require interaction
with transcriptional coactivators to activate transcription

tRNA (Transfer RNA)
short RNA molecule that acts to transfer amino acids to the ribosome during translation

YAP (Yes-Associated Protein)
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transcriptional coactivator that responds to mechanical stimuli by shuttling into the nucleus
and complexing with TEAD transcription factors
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FIGURE 1.
Mechanical stimuli modulate oligodendrocyte differentiation and myelination. The growth

of OPCs on soft substrates and the exposure of OPCs to tension and compression promote
myelination in co-culture while growth of OPCs on stiff substrates antagonizes myelination
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The LINC complex and the YAP/TAZ pathway are canonical signaling pathways that
transduce mechanical forces to the nucleus. The LINC complex interacts with the actin
cytoskeleton (a). Forces applied to the cellular membrane are propagated through focal
adhesions and actin fibers, activating the LINC complex and inducing changes in
chromosomal structure and gene expression. In addition to LINC complex activation, force
application also induces activation of the transcriptional co-activators YAP/TAZ and of the
transcription factor TEAD (b). The application of physical forces induces actin stress fiber
formation, which inhibits phosphorylation and subsequent degradation of YAP/TAZ.
YAP/TAZ then translocate to the nucleus to bind TEAD and activate gene expression
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FIGURE 3.
Oligodendrocyte progenitors are exposed to mechanical signals during development.

Development of the central nervous system is characterized by expansive growth within the
spatial constraints of the skull, thereby exerting space-related sensing mechanisms over time.
In addition, progenitors make contact with substrates of different stiffness, due to the distinct
molecular composition of tissues. These mechanical stimuli are ultimately all sensed by
OPCs and transduced into nuclear changes through actin remodeling (1), LINC complex
activation (2), and YAP/TAZ activation (3)
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Transcriptional consequences of histone lysine acetylation and methylation

TABLE 1

M odification

Function

Acetylation ~ H3K9ac
H3K14ac
H3K18ac
H3K27ac
H3K36ac
H4K5ac
H4K8ac
H4K12ac
H4K16ac
H4K9lac
Methylation H3K4mel
H3K4me3
H3K9me3
H3K27me3
H3K36me3
H3K79me3
H4K20mel
H4K20me3

Transcriptional activation (promoters)
Transcriptional activation (promoters)
Transcriptional activation (promoters)
Transcriptional activation (enhancers)
Transcriptional activation (promoters)
Transcriptional activation (promoters)
Transcriptional activation (promoters)
Transcriptional activation (promoters)
Transcriptional activation (promoters)
Transcriptional activation (promoters)
Transcriptional activation (enhancers)
Transcriptional activation (promoters)
Transcriptional repression

Transcriptional repression (promoters)
Transcriptional activation

Transcriptional activation (promoters)
Transcriptional activation

Transcriptional repression

Histone lysine acetylation at both promoter and enhancer regions is associated with transcriptional activation. Histone lysine methylation is
typically associated with transcriptional repression, but in some cases can also be associated with transcriptional activation.
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