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Abstract of the Dissertation
The Role of Dystroglycan in Differentiating Oligodendroglia and CNS Myelination
by
Christopher Edward Eyermann

Doctor of Philosophy

in
Molecular and Cellular Pharmacology
Stony Brook University

2012

During central nervous system (CNS) development, individual oligodendrocytes myelinate
multiple axons, thus requiring the outgrowth and extensive branching of oligodendroglial
processes. Extrinsic cues including the extracellular matrix (ECM) molecule laminin regulate
oligodendrocyte maturation; indeed, laminin-deficient mice have fewer myelinated axons, which
may indicate a defect in the ability to properly extend and branch processes. It remains unclear,
however, to what extent ECM receptors contribute to oligodendroglial process remodeling itself.
Here I report that the ECM receptor dystroglycan is necessary for laminin enhancement of
filopodial formation, process outgrowth, and process branching in differentiating
oligodendroglia. During early oligodendroglial differentiation, the disruption of dystroglycan-
laminin interactions, via blocking antibodies or dystroglycan siRNA, resulted in decreased
filopodial number and length, decreased process length, and decreased numbers of primary and
secondary processes. Later in oligodendrocyte differentiation, dystroglycan-deficient cells

developed fewer branches, thus producing less complex networks of processes as determined by
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Sholl analysis. In newly-differentiating oligodendroglia dystroglycan was localized in filopodial
tips, while in more mature oligodendrocytes dystroglycan was enriched in FAK-positive focal
adhesion structures. In addition to its role in promoting cytoskeletal reorganization, I have
recently begun investigating a novel signaling role for dystroglycan in the nucleus. Our
preliminary evidence suggests that dystroglycan localizes to the nucleus in oligodendrocyte
progenitors (OPCs) and may play a role in dystroglycan-dependent modulation of
oligodendroglial differentiation. [-dystroglycan expression in the nuclear fraction of
proliferating OPCs is higher than in differentiating oligodendrocytes; furthermore, I have
detected an increased proportion of a cleaved form of B-dystroglycan in the nucleus of OPCs
relative to differentiated oligodendrocytes. Analysis of OPCs expressing a dystroglycan deletion
construct reveal a preferential localization of the cytoplasmic domain of B-dystroglycan to the
nucleus, redistribution of the dystroglycan-interacting protein dystrophin from the cytosol to the
nucleus, and decreased proliferation in response to growth factor stimulation. Our results suggest
that dystroglycan may contribute to the overall myelinogenic capacity of individual
oligodendroglia by influencing oligodendroglial process dynamics through dystroglycan-laminin
interactions, and potentially modulating differentiation by signaling in the nucleus of

oligodendroglial progenitors.
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Chapter 1

GENERAL INTRODUCTION

Oligodendrocytes are the myelinating cells of the central nervous system (CNS) and
enable the efficient transmission of signals along axons that are critical for normal nervous
system function. Oligodendrocyte development, from oligodendrocyte lineage specification
through myelination, occurs through a series of steps requiring the correct spatial-temporal
regulation of intrinsic and extrinsic signals. The role of the extracellular matrix (ECM) during
oligodendrocyte development has become increasingly recognized as an important regulator of
oligodendrocyte development; however, the mechanisms by which ECM molecules transmit

signals to affect oligodendrocyte development remain poorly understoood.

Laminin is an ECM molecule that recently has been shown to affect the generation of
oligodendrocyte progenitors and the development of fully mature oligodendrocytes in laminin-
deficient or knockout mouse models. The laminin receptor subunit, B1 integrin, is expressed in
oligodendrocytes and has previously been shown to affect oligodendrocyte survival in cell
culture experiments. However, several studies using conditional B1 integrin knockout mouse
models have concluded that B1 integrin is not required for oligodendrocyte proliferation or
differentiation. These experimental studies have suggested that another laminin receptor
expressed in oligodendrocytes may contribute to the phenotype observed when laminin is either

deficient or absent.



Dystroglycan is a second laminin receptor expressed in oligodendrocytes where it is has
been reported to regulate oligodendrocyte differentiation (Colognato et al. 2007). In Schwann
cells, the myelinating cells of the peripheral nervous system (PNS), dystroglycan has been
reported to have a number of important roles during Schwann cell development. While the role
of dystroglycan during oligodendrocyte development remains poorly understood, reports that
dystroglycan may localize actin remodeling proteins suggests a possible role for dystroglycan in
regulating cytoskeletal dynamics, possibly during early differentiation when oligodendrocytes
begin to extend and branch processes. In addition, nuclear localized dystroglycan has been
reported in several cell types. It is unknown whether dystroglycan localizes in the nucleus of
oligodendrocytes; however, this suggests another possible mechanism by which dystroglycan

may regulate oligodendroglial development.

The goal of the following thesis is to elucidate the functional role of the laminin receptor,
dystroglycan, in the normal development and maturation of oligodendrocytes in the CNS. In
order to clinically address diseases in which CNS myelin is compromised, it is important to fully
investigate the mechanisms that regulate oligodendroglial maturation so that potential therapies
to treat these disorders may be uncovered. The following chapter will provide broad overview of
the functional implications of myelination, and describe the important steps during
oligodendrocyte lineage specification, proliferation, and differentiation with particular emphasis
on the role of the ECM. A potential role for dystroglycan in regulating oligodendrocyte

development will be discussed in the following chapter.



Myelination

CNS myelination occurs postnally following neurogenesis in rodents (Richardson et al.
2006) and humans perinatally persisting from several weeks to years respectively (Welker and
Patton 2012). The spatial-temporal regulation of the events both preceding and during
myelination are thus critical to proper nervous system function. Myelin is a lipid-rich
membraneous extension formed by oligodendrocytes in the central nervous system (CNS), and
Schwann cells in the peripheral nervous system (PNS), that discontinuosly enwraps and insulates
axons in a multilamellar sheath forming discrete functional domains that allow the efficient
propagation of nerve impulses along axons. In both the CNS and PNS, myelinated segments of
the axolemma (internodes) are separated by unmyelinated regions of the axolemma which are
known as nodes of Ranvier (nodes). Compact myelin spans the length of the internode, while

non-compact myelin forms the paranodal loops that contact the axolemma.

Residing within the nodes, along with associated para- and juxtapara- nodal domains, is
the molecular machinery that enables the rapid conduction of action potentials along an axon.
Voltage-gated Na” channels densely packed at the node, and voltage-gated K™ channels at the
juxtaparanode, facilitate depolarization of the axonal membrane and the subsequent initiation of
an action potential which is propagated along the axon in a process known as saltatory
conduction (McTigue and Tripathy 2008). Concentrating voltage-gated Na' channels at the node
enables membrane depolarization and the initiation of an action potential to occur more rapidly
with fewer voltage gated channels required. This is potentiated by the insulating capacity and
composition of the myelin sheath which serves as a barrier to Na' diffusion (Chrast et al. 2011).
Approximately 70% of the dry weight of myelin contains lipids (cholesterol, phospholipids, and

glycosphingolipids), of which cholesterol and phospholipids contribute 27% and 31%
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respectively (Jackman et al. 2009). Myelin basic protein (MBP) and proteolipid protein (PLP)
are the two major constituents of the compact myelin sheath and account for 30% and 50% of the

protein content respectively (Privat et al. 1979; Zeller et al. 1984; Griffiths et al. 1998).

Myelin Disorders

Normal brain development and cognitive function illustrates the importance of
myelination in the CNS and is underscored by several aquired or inherited disorders in which
myelin is compromised. The clinical pathologies of disorders affecting CNS myelin vary in their
onset and severity, involving the dysfunction of several different cell types and proteins. Various
degrees of hypomyelination, demyelination and/or dysmyelination may either accompany, or be
exclusive to, conditions affecting myelin in both the CNS and PNS. Ultimately, myelin
phenotypes associated with these disorders result in axonal damage and degeneration, which in

turn, compromises the integrity of central and peripheral nervous system circuitry.

Multiple sclerosis (MS), for example, is an aquired demyelinating disorder affecting
millions of people worldwide with devastating consequences for patients, particularly in the
progressive stage of the disease. Clinical presentation can be in the form of an attack causing
varied but common disturbances in both children and adults with symptoms such as optic
neuritis, sensory, and motor disturbances. Lesions in presumably myelinated white matter
revealed by magnetic resonance imaging (MRI), are often located within the ventricular and

periventricular subcortical white matter (Barkhof et al. 1997; Dale et al. 2000).

Axonal degeneration in MS arises as result of an inflammatory autoimmune response

targeting oligodendrocytes. The immune hypothesis proposes that differentiated Th17 cells that
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are able to cross the blood brain barrier using a chemokine receptor, become activated by myelin
epitopes, and secrete cytotoxic factors (TNF-o) that destroy oligodendrocytes (Eugster et al.
1999; Furtado et al. 2008; Reboldi et al. 2009). Inflammatory response includes the infiltration
of T cells, macrophages, reactive microglia, and reactive astrocytes (Nakahara et al. 2010).
However, reported lack of reactive gliosis and macrophage infiltration in some human MS
lesions has suggested that immune response may be secondary to oligodendrocyte death (Barnett
and Prineas 2004). In support of primary oligodendrogliopathy, oligodendrocytes deficient in the
myelin component 2'3'-cyclic nucleotide phosphodiesterase (CNP) myelinate normally;
however, later axon degeneration in CNP-deficient oligodendrocytes suggests intrisic

oligodendrocyte properties support axon survival (Lappe-Siefke et al. 2003).

Normal myelination may also be compromised by inherited mutations in genes that affect
central and peripheral nervous system development. For example, the hereditary congenital
dystrophy MDCI1A, caused by a mutation in the gene encoding the a2-subunit of the ECM
protein laminin, is often associated with peripheral myopathy, white matter defects, and other
CNS abnormalities (Renaud 2012). Mouse models of MDCIA have revealed that dysfunctional
myelination may be caused by defects in the development of oligodendrocytes in the CNS, and
Schwann cells in the PNS. While several abnormalities associated with Schwann cell
development in MDCI1A are currently known, whether or not CNS deficits are associated with
dysregulated oligodendrocyte development remains poorly understood. However, recent in vivo
studies have reported that laminin promotes oligodendrocyte suvival and maturation (Relucio et

al. 2009, 2012).



Oligodendrocyte Progenitor Development

Oligodendrocyte development occurs in several distinct phases: lineage specification,
proliferation, differentiation, and myelination. The progression through each of these stages can
be characterized by the aquisition of specific cell surface markers including receptors, membrane
proteins, and membrane lipids (Fig. 1-1). Developmental stage is also associated with the
expression of transcription factors, adaptor proteins, and various epigenetic modifications.
Additionally, developmental stage is also defined by dramatic morphological transformation
which occurs as oligodendrocytes develop from proliferating precursor cells into fully mature
myelinating oligodendrocytes. The lineage progression of oligodendrocytes from their initial
specification, through their early development as a pool of proliferative and migratory
precursors, is critical for normal CNS development. The following section will highlight some of

the important steps and regulatory molecules that are necessary for oligodendrogenesis.

Neurons and glial cells are the major cell types in the vertebrate CNS (Peters et al. 1990).
Glial cells include oligodendrocytes, astrocytes and microglia. Microglia are derived from the
hematopoietic system during development and are macrophages of the CNS; neurons,
oligodendrocytes and astrocytes are all derived from the neuroepithelium during development
(Liu and Rao 2004). Oligodendrocytes arise from several discrete regions of the neuroepithelium
during embryogenesis and postnatally from ventricular and subventricular zones.
Oligodendrocyte lineage specification involves a number of factors including morphogenic
proteins, membrane associated molecules, growth factors, and transcription factors. Evidence
suggests that oligodendrocytes are specified from pool of progenitors that may give rise to
neurons and oligodendrocytes. In the spinal cord, the motor neuron progenitor (pMN) domain
gives rise first to neurons, and later to oligodendrocytes both expressing the basic helix-loop-
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helix (bHLH) transcription factor Olig2. The homeodomain transcription factor, Nkx2.2, is also
found co-expressed with Olig genes in oligodendrocyte progenitors (Lu et al. 2002; Zhou and
Anderson 2002). Members of the transforming growth factor beta (TGFfB) superfamily,
specifically bone morphgenic proteins (BMPs) 2 and 4, are dorsally derived factors that
antagonize oligodendrocye precursor specification (Mabie et al. 1997; Mehler et al. 2000). Sonic
hedgehog (Shh) is a ventrally derived morphogenic protein that promotes oligodendrocyte
lineage specification (Orentas et al. 1999). The transmembrane glycoprotein Notch and basic
fibroblast growth factor (FGF) have also been shown to provide instructive cues towards
oligodendrocyte lineage specification (Bansal et al. 1996; Grandbarbe et al. 2003; Park and

Appel 2003).

Oligodendrocyte and type-2 astrocyte precursors (O2A cells) are the best recognized glial
intermediate cell types studied to date and are identified initially by the expression of cell surface
antigens recognized by the monoclonal antibody A2BS5, and later in more mature precursors by
the monoclonal antibody O4 (Miller 2002). O2A cells are additionally identified by the
expression of the platelet-derived growth factor receptor alpha (PDGF-aR), and mRNA for the
myelin genes 2'.3'-cyclic-nucleotide 3'-phosphodiesterase (CNP) and DMZ20, a proteolipid
protein (PLP) isoform (Pringle et al. 1992; Miller 2002). In vitro experiments have shown that
O2A cells can differentiate into type-2 astrocytes as well as oligodendrocytes, while in vivo, only
oligodendrocytes have been shown to arise from these intermediate cells (Espinosa de los
Monteros et al. 1993; Kondo and Raff 2000). Interestingly, O2A cells may revert into
multipotent neural stem cells in vitro or remain in a dividing proliferative state indefinitely
suggesting that these cells may have an instrinsic plasticity (Bogler and Nobel 1994; Kondo and

Raff 2000). Oligodendrocyte progenitor cells are also identified by the cell surface marker



chondroitin sulfate proteoglycan NG2. NG2 expressing cells have been suggested to represent
another resident glial cell in the CNS, polydendrocytes, that also retain lineage plasticity
(Aguirre and Gallo 2004; Zhu et al. 2008; Nishiyama et al. 2009). While NG2+ polydendrocytes
are found throughout the CNS after adulthood, some of which may ultimately differentiate into
mature myelinating oligodendrocytes, the majority of these cells divide much slower than

precursors derived much earlier in development (Polito and Reynolds 2005).

survival CC1+
04+
process branching GC+
MBP+
PLP+
CNP+/04+/GC+
/ 04+/GC+
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s —> '
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Proliferation
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Figure 1-1. Oligodendrocyte Development
(Modified from: Robert H. Miller 2002)



From caudal locations in the developing spinal cord, ventrally derived oligodendrocyte
precursors migrate towards more dorsal regions; while in more rostal regions, oligodendrocyte
precursors populate the developing forebrain from their ventral origin in the lateral and medial
ganglion eminence, and later the entire cerebral cortex from the subventricular zone (Lachapelle
et al. 1984; Warrington et al. 1992; Gonye et al. 1994; Miller 2002). Several proteins have been
shown to influence the migration of oligodendrocyte progenitors including platelet-derived
growth factor A (PDGF), polysialic acid neuronal cell adhesion molecule (PSA-NCAM), the
chemokine CXCLI, and netrin 1 (Trotter et al. 1988; Armstrong et al. 1990; Wang et al. 1994;

Spassky et al. 2002; Tsai et al. 2002).

Proliferation of oligodendrocyte progenitors occurs primarily in the developing white
matter upon specification and subsequent migration throughout the CNS (Miller et al. 1997).
Among the most important and well studied mitogens for oligodendrocyte precursor cells is
PDGF, which is distributed throughout the CNS by astrocytes and neurons (Yeh et al. 1991;
Pringle et al. 1992). As noted previously, O2A cells express the PDGF-aR receptor through
which both the enhancement of their proliferation and survival are promoted (Noble et al. 1988;
Richardson et al. 1988; Barres et al. 1992). The effect of PDGF as a mitogen is also potentiated
in response to basic fibroblast growth factor (FGF), having previously been shown to promote
the up-regulation of PDGF-aRs in oligodendrocyte precursors (Bogler et al. 1990; McKinnon et
al. 1991). The nerve growth factor (NGF) family member neurotrophin-3 (NT3), neuronal
growth factor neuregulin-1 type III (NRG1), and insulin-like growth factor-1 (IGF-1) have have
all been reported to have mitogenic effects on oligodendrocyte precursors as well (McMorris et
al. 1986; Barres et al. 1992; Barres et al. 1994a; Vartanian et al. 1999; Jiang et al. 2001; Hsieh et

al. 2004).



Oligodendrocyte Differentiation

Having reached their final destinations in the presumptive white matter regions of the
CNS, oligodendrocyte progenitors receive input from a number of intrinsic and extrisic factors
that drive their terminal differention allowing the transition to a mature myelinating
oligodendrocyte. Developmentally, the transition from a newly-formed oligodendrocyte to a
fully mature oligodendrocyte is characterized by the sequential expression of myelin proteins and
lipids. Soon after oligodendrocytes become terminally differentiated, they begin to lose the
expression of A2B5, PDGF-aR and NG2. Newly-formed oligodendrocytes can be identified by
the expression of galactocerebroside (GalC), followed by the myelin component 2',3'-cyclic
nucleotide phosphodiesterase (CNP), and finally by the expression of the major protein
components of the myelin sheath, myelin basic protein (MBP) and proteolipid (PLP) (Fig. 1-1).
Dramatic morphological transformation also characterizes the differentiation phase of
oligodendrocyte development. From a multipolar newly-formed oligodendrocyte, maturing
oligodendrocytes begin to extend dozens of highly branched processes toward target axons, and
after making contact, elongate these processes along the axon before spirally enwrapping them
with a compact myelin sheath. Finally, since the number of oligodendrocytes produced is in
excess of the number required to myelinate axons in the CNS, the surviving oligodendrocyte
population must be matched to the number of axons they are required to myelinate. In the
developing optic nerve, for example, approximately 50% of the newly-formed oligodendrocytes
undergo programmed cell death as a consequence of competition for a limiting amount of
survival signals including PDGF (Barres et al. 1992). In the next few sections, I will address
some of the intrinsic and extrinsic factors that regulate the transition from a proliferating

progenitor, to a fully mature myelinating oligodendrocyte.
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Intrinsic Requlation

Terminal differentiation of oligodendrocyte precursor cells involves the coordinated
timing of a number of intrinsic and extrinsic factors. Intrinsic mechanisms including the
expression of transcription factors, epigenetic modifications, and cell cycle regulators can
influence the timing of both cell cycle exit, and the onset of differentiation. Myelin gene
regulatory factor (MRF), for example, is a transcriptional activator expressed exclusively in post-
mitotic oligodendendrocytes that functionally regulates myelin gene expression, including the
major myelin proteins proteolipid protein (PLP) and myelin basic protein (MBP) (Emery et al.
2009). The Sox family transcription factor, Sox10, and the transcription factor, Oligl, are also
expressed early, persist throughout the oligodendrocyte lineage, and induce the expression of
myelin genes (Stolt et al. 2002; Lu et al. 2002; Liu et al. 2007). The transcription factor, Tcf4, a
transcriptional activator in the Wnt signaling pathway, has been reported to both activate and
repress myelin gene expression suggesting that Tcf4 may activate factors that repress myelin
gene expression (He et al. 2007; Shimizu et al. 2005; Fancy et al. 2009; Rosenberg and Chan
2009). Evidence that Tcf4 is a transcriptional repressor was illustrated in a study that revealed
the transcription factor Yin Yang 1 (YY), binding to the Tcf4 promotor, could recruit a histone
deacetylase (HDAC) and thereby inhibit Tcf4 expression allowing for the expression of myelin
genes (He et al. 2007). Indeed, the global deacetylation of histone H3 and epigenetic
modification to DNA, are also recognized as intial event that occurs between the transition from
cell cycle exit to the onset of differentiation and the expression of myelin proteins (Shen et al.

2005).

The timing between cell cycle exit and differentiation is also determined by the

accumulation of cell cycle regulators which balance both the proliferative capacity, as well as,
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the differentiation potential of oligodendrocyte prescursors. The concept of an intrinsic timer was
proposed some time ago in which oligodendrocyte precursors were suggested to divide a finite
number of times prior to cell cycle exit and the onset of differentiation (Temple and Raff 1986).
This was believed to result as a consequence of the accumulation of intrinsic factors that, over
time, would increase the responsiveness to signals promoting differetiation. Subsequent studies

Kipl

showed that accumulation of the cyclin-dependent kinase inhibitor 1B (p27™""), the cyclin-

dependent kinase inhibitor 1 (p21°"™), and the cyclin-dependent kinase inhibitor 1C (p21¥"?) in
oligodendrocyte precursors is correlated with cell cycle exit and differentiation (Cassacia-

Bonnefil et al. 1997; Zezula et al. 2001; Dugas et al. 2007).

Extrinsic Requlation

A number of extrinsic regulators of oligodendrocyte differentiation are known and
include soluble factors, cell surface-associated molecules, and components of the extracellular
matrix. The soluble factor thyroid hormone triiodothyronine (T3) contributes to the terminal
differentiation of oligodendrocytes and is thought to act upon the intrisic timer by inhibiting the
activator protein 1 (AP-1) transcription factor (Barres et al. 1994b; Hess et al. 2004). Insulin-like
growth factor 1 (IGF-1) has also been reported to influence the numbers of mature
oligodendrocytes, promote myelin protein expression, and increase myelin sheath thickness
(Carson et al. 1993; Ye et al. 1995a,b; Mason et al. 2000; Ye et al. 2002). Fibroblast growth
factor (FGF), in addition to its role in oligodendrocyte precursor specification and proliferation

as described previously, is another soluble factor produced by neurons and astrocytes that has
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recently been reported to regulate the later stages of oligodendrocyte differentiation (Furusho et

al. 2012).

Cell-cell adhesion molecules also play a role in the initiation of differentiation, and in
promoting survival and myelination. For example, removal of PSA from PSA-NCAM is required
not only for normal CNS myelination, but also for strengthening the interactions between other
membrane proteins including L1 cell adhesion molecule, N-cadherin, and integrins (Charles et
al. 2000; Fujimoto et al. 2001; Johnson et al. 2005; Fewou et al. 2007). This coordination of
adhesive properties may allow for alternate signaling complexes to form and thereby regulate the
maturation of oligodendrocytes, although this has yet to be demonstrated experimentally. The
induction of an oligodendroglial fate, as described previously, is regulated by the Notch receptor.
However, y-secretase-mediated cleavage of the Notch intracellular domain (NICD), NICD
translocation to the nucleus, and upregulation of myelin-associated glycoprotein (MAG) has also
been reported suggesting that Notch may have dual roles in promoting oligodendrocyte

specification and differentiation (Givogri et al. 2002; Hu et al. 2003).

Studies over the last two decades have revealed that components of the extracellular
matrix contribute signals that are important for regulating the development of myelinating glia in
both the CNS and PNS. As described previously, merosin-deficient congenital muscular
dystrophy type 1A (MDC1A) is caused by mutations in the gene encoding the a2-subunit of the
ECM molecule laminin and is associated with both peripheral myopathy and white matter
defects (Shorer et al. 1995; Caro et al. 1999; Philpot et al. 1999; Miyagoe-Suzuki et al. 2000; Di
Muzio et al. 2003; Quijano-Roy et al. 2004). Laminins are secreted heterotrimers assembled
from 3 subunits (afy) resembling a cruciform structure composed of 3 NH,-terminal short arms

and 1 COOH-terminal long arm (Colognato et al. 1999). Domains located within these arms
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enable matrix assembly, interactions with other ECM molecules, and interactions with a number
of cell-surface molecules. Laminin is widely distributed as a major component of basement
membranes, which support a number of functions throughout development in many structures

including muscle, peripheral nerve, and the brain (Miner and Yurchenco 2004).

Myelination defects associated with either laminin a2 deficiency or the complete absence
of laminin a2 have been studied most extensively using the laminin a2-deficient dystrophic
mouse (dy/dy), or the laminin o2 null mouse (LAMA2). In the PNS, Schwann cells are
surrounded by a basal lamina containing the laminin a2 chain (Feltri and Wrabetz 2005). During
development, Schwann cells migrate into the peripheral nerve and establish a 1:1 association
with a single axon in a process known as radial sorting. Discontinuity of the basal lamina, defects
in radial sorting, bundles of unmyelinated axons within the proximal spinal roots, and decreased
numbers of proliferating Schwann cells have been reported in dy/dy mice (Bray et al. 1977; Feltri

et al. 2002; Colognato et al. 2005).

Increasingly, the role of laminin o2 in regulating oligodendrocyte development and
myelination in the CNS is becoming better understood. In contrast to Schwann cells,
oligodendrocytes do not have an associated basal lamina and only encounter laminin transiently
throughout development; however, laminin a2 is expressed along axons in myelinating tracts
suggesting that target-dependent laminin-receptor interactions may regulate later stages of
oligodendrocyte development and myelination (Colognato et al. 2002). Colognato et al. showed
that such a target-mediated mechanism exists in the form of switch that promotes the survival of
pre-myelinating oligodendrocytes, in which integrin a6f1-laminin o2 interactions change

neuregulin-mediated dependence on the phosphatidylinositol-3-OH kinase (PI(3)K) signaling
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pathway, toward activation of the mitogen-activated protein kinase (MAPK) pathway, and
enhance oligodendrocyte survival by inhibiting the pro-apoptotic regulatory protein BAD. A
subsequent study reported that the Src family kinase Fyn, downstream of laminin a2-1 integrin,
amplified the PDGF-mediated survival of newly-formed oligodendrocytes (Colognato et al.
2004). An earlier in vitro study had shown that when oligodendrocytes were difererentiated on
laminin a2 substrate, they formed extensive myelin sheets suggesting that laminin o2-receptor
interactions are important for stimulating the production of the myelin membrane required for

wrapping axons (Buttery et al. 1999).

The significance of decreased laminin o2 expression on CNS myelination and
oligodendrocyte development has been examined in dystrophic dy/dy mice. The results of these
studies have shown an increase in oligodendrocyte progenitors, decreased numbers of mature
oligodendrocytes, and dysmyelinated axons in the spinal cord and optic nerve suggesting that
laminin o2-mediated signaling is necessary for normal oligodendrocyte differentiation (Chun et
al. 2003; Relucio et al. 2009). Furthermore, Relucio et al. report the increased expression of
inhibitory proteins that regulate Fyn activation, a Src family kinase necessary for normal CNS
myelination (Sperber et al. 2001). A new report has lent further support for the role of laminin
o2 during oligodendrocyte development, this time using the LAMA?2 null mouse (Relucio et al.
2012). Relucio et al. reported an increase in oligodendrocyte precursor cell death in the germinal
niche of the subventricular zone, delayed oligodendrocyte differentiation, and thinner myelin in
the corpus callosum suggesting that laminin o2 promotes the survival of newly-formed

oligodendrocyte progenitors, which in turn may contribute to delayed or altered myelination.

15



Oligodendrocytes express two laminin receptors: o681 integrin and dystroglycan (Milner
and ffrench-Constant 1994; Buttery and ffrench-Constant 1999; Colognato et al. 2007). The
contribution of 1 integrin upon oligodendrocyte development and myelination has been
reported in two separate studies using two different conditional oligodendrocyte specific 1
integrin knockout mouse lines, and one CNS-specific 1 integrin knockout mouse line. In the
first study, Bl integrin was excised via Cre recombinase under the 2',3'-cyclic nucleotide 3'-
phosphodiesterase (CNP) promoter, active in pre-myelinating oligodendrocytes. In the second
study, B1 integrin was excised 1) via Cre recombinase under the chondroitin sufate proteglycan 4
(NG2) promoter (active in oligodendrocyte progenitors), and 2) via Cre recombinase under the
Nestin promoter (active in neural stem cells). CNP-B1-null mice exhibit increased apoptosis in
the cerebellum, however, are myelinated normally in all regions (Benninger et al. 2006). NG2-
B1-null and Nestin-B1-null mice contain thinner myelin; however, all three lines from the two
studies exhibit normal oligodendroglial lineage progression (Barros et al. 2009). Since these two
studies do not fully recapitulate the defects associated with either the laminin-deficient (dy/dy)
mouse, or the laminin a2-null (LAMAZ2) mouse, it suggests that dystroglycan may also mediate

the effects of laminin on normal oligodendrocyte development.
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Chapter 2

INTRODUCTION TO DYSTROGLYCAN

Dystroglycan is most well known as an integral membrane component of the dystrophin
glycoprotein complex (DGC) in skeletal muscle where it binds laminin in the extracellular
matrix, linking to the actin cytoskeleton via dystrophin intracellularly, thereby forming a tether
between the outside and inside of the cell. Originally, dystroglycan was discovered as a laminin-
binding protein isolated in the brain and known for a time as cranin (Smalheiser and Schwartz
1987; Gee et al. 1993; Smalheiser and Kim 1995). Around the same time, a highly glycosylated
component of the DGC in skeletal muscle was isolated and functionally shown to act as a
transmembrane linker (Ervasti and Campbell 1991; Ibraghimov-Beskrovnaya et al. 1992; Ervasti
and Campbell 1993). As this transmembrane linker was enriched in glycans and interacted with
dystrophin in the DGC, the name dystroglycan was coined and is in common usage today. Since
then, a great deal has been learned about the role of dystroglycan in a number cell types as a

component of several different membrane complexes.

Dystroglycan is composed of two subunits (a/f}) that are translated from a single
transcript encoded by the DAG1 gene (Fig. 2-1). Formed as a propeptide, dystroglycan is
transported into the endoplasmic reticulum and cleaved within a full SEA (sea urchin,
enterokinase, agrin) module via what is thought to be an autoproteolytic evolutionarily conserved

mechanism (Akhavan et al. 2007). o/B-Dystroglycan are further post-translationally modified by
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the addition of O- and N-linked glycans prior to being transported to the membrane. Located on
the extracellular membrane surface, a-dystroglycan (120-156 kDa, depending on carbohydrate
modifications) is a dumb-bell-shaped protein with globular N- and C-terminal domains separated
by a highly glycosylated central mucin-like domain through which extracellular matrix (ECM)
ligand-binding activities are mediated. The N-terminal domain of B-dystroglycan (43 kDa), a
type 1 transmembrane protein, interacts with the C-terminus of a-dystroglycan at the cell surface
via non-covalent interactions. The short 120 residue, unfolded, proline-rich intracellular C-
terminal domain of B-dystroglycan contains a number of conensus motifs with over 40 predicted
interaction sites (Moore and Winder 2010). The juxtamembrane domain of B-dystroglycan
contains consensus motifs for a nuclear localization sequence (NLS), extracellular signal-
regulated kinase (ERK), ezrin-radixin-moesin (ERM), and receptor-associated protein of the
synapse (rapsyn). The extreme C-terminus of B-dystroglycan contains Src homology 2 (SH2)
and Src homology 3 (SH3) consensus sequences, as well as, a WW (PPXY) domain that binds to
a WW-like motif within the C-terminal domain of dystrophin (or its homologue utrophin) which
binds to actin (Baressi and Campbell 2006). As a component of the dystrophin glycoprotein
complex (DGC) in muscle, dystroglycan is closely associated with a number of other
transmembrane proteins including sarcoglycans (SG-a, SGB, SGy, SG0), and sarcospan which

are thought to stabilize the DGC in the membrane (Baressi and Campbell 2006).

The central mucin domain of a-dystroglycan binds several ECM molecules that contain
laminin globular (LG) modules including laminin (Ervasti and Campbell 1993; Gee et al. 1993;
Yamada et al. 1994; Smalheiser and Kim 1995; Montanaro et al. 1999), agrin (Gee et al. 1994;
Yamada et al. 1996), perlecan (Peng et al. 1998; Talts et al. 1999), neurexin (Sugita et al. 2001),

and pikachurin (Sato et al. 2008). LG 4/5 domains of laminin a2 bind with high affinity to the
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mucin domain of a-dystroglycan. Perturbations of the O-linked carbohydrate modifications to o.-
dystroglycan can significantly reduce, or completely abbrogate, its interactions with laminin
(Michele et al. 2002). The consequences of disturbed laminin-dystroglycan interactions results in
phenotypes that resemble CNS abnormalities occurring in congential muscular dystrophies
(CMDs). Diseases associated with dysfunctional (or absent) dystroglycan are collectively

referred to as dystroglycanopathies.
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Dystroglycanopathies

Mutations in genes encoding known or putative glycosyltransferase enzymes that directly
or indirectly post-translationally modifiy of a-dystroglycan with carbohydrate chains necessary
for binding to its extracellular ligands, e.g. laminin, are collectively known as secondary
dystroglycanopathies. To date, only two known cases with a mutation in DAG1 itself have been
reported; these are referred to as primary dystroglycanopathies (Frost et al. 2010; Hara et al.
2011). The clinical severity of dystroglycanopathies ranges from mild to severe peripheral
myopathy with significant brain and eye involvement (Cormand et al. 2001; Clement et al. 2008;
Guglieri et al. 2008). Brain abnormalities include white matter defects, agenesis of the corpus
callosum, transient dysmyelination, cobblestone lissencephaly, polymicrogyria, cerebellar cysts,
cerebellar hypolasia, ventricular enlargement, and occaisional hemispheric fusion (Kondo-Iita et
al. 1999; Cormand et al. 2001; Clement et al. 2008). Late-onset limb-girdle muscular dystrophy
(LGMD) lies at the mild end of the clinical spectrum in severity, while the congenital muscular
dystrophies 1C and 1D (MDC1C, MDC1D) are moderate, followed by significant impairment in
the disorders Fukuyama congenital muscular dystrophy (FCMD), muscle-eye-brain disease
(MEB), and Walker-Warburg syndrome (WWS) (Barresi and Campbell 2006; Clement et al.
2008; Frost et al. 2010). To date, a variety of genetic anomalies including deletions, insertions,
frameshifts, splice variants, and missense mutations have been reported in these disorders
affecting the following six known or putative glycosyltranferase genes: Protein-O-mannosyl
transferase 1 (POMTL), Protein-O-mannosyl transferase 2 (POMT1), Protein-O-mannose 1,2-
N-acetylglucoaminyltransferase 1 (POMGnNT1), fukutin, Fukutin-related protein (FKRP), and

like-acetylglucosaminyltransferase (LARGE) (Godfrey et al. 2007).
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Mentioned above, there are only two known cases of primary dystroglycanopathy. The
first described case is of a girl followed from age 5 years to 11 years with severe learning
disabilities resulting from a 2-Mb heterozygous deletion of chromosome 3 that includes DAG1
(Frost et al. 2010). Frost et al. report cortical abnomalities based on MRI examination including
ventricular enlargement and patchy white matter abnormalities. The second case was reported in
a woman with LGMD whose brain was structually normal, however, had severe mental
retardation and was later found to have a missense (Thr192—>Met) mutation in DAG1 (Dincer et
al. 2003; Hara et al. 2011). Hara et al. show that this mutation reduced the capacity of laminin to
bind a-dystroglycan both in the patient, and, in vivo using a T192—>M mouse, which further
analysis suggested was a direct result of inhibiting modification of phosphorylated O-mannosyl

glycans on a-dystroglycan via LARGE.

Dystroglycan In The Brain: Lessons From Animal Models

This section highlights some of the known roles of dystroglycan during normal brain
development following the lessons learned from studies on conditional DAG1 knockout mice,
and mice lacking the putative glycosyltransferases that modify dystroglycan. The Dagl null
mouse is embryonic lethal (E6.5) due to a breach in an extraembryonic membrane (Reichert's
membrane) that has been suggested to separate maternal and embryonic circulations (Williamson
et al. 1997). A brain-specific conditional dystroglycan null mouse was later generated (GFAP-
Cre/DG-null) using Cre-loxP technology to drive Cre recombinase expression under the glial
fibrillary acid (GFAP) promoter and excise the floxed Dagl allele at embryonic day 13.5,

producing viable and fertile mice. (Moore et al. 2002). GFAP-Cre/DG-null mice have cortical
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and cerebellar abnormalities resembling those found in congenital muscular dystrophies
including intrahemispheric fusion, abnormal neural migration, breaches of the pial basement
membrane, and neuronal heterotopias. Basement membrane disruptions found in the GFAP-
Cre/DG-null mice have been suggested to reflect dysfunctional laminin-receptor interactions
which have previously been shown to facilitate laminin polymerization and basement membrane
formation (Colognato et al. 1999; Miner and Yurchenco 2004). Deletion of dystroglycan earlier
in the epiblast (E7.5) was subsequently accomplished using a Mox-2-Cre transgenic mouse line
to generate the MORE-DG null mouse (Satz et al. 2008). MORE-DG null mice exhibit severe
brain and eye abnormalities that phenotypically resemble severe cases of WWS. In addition to
the brain defects noted in the GFAP-Cre/DG-null mouse above, the MORE-DG null mice have
overall smaller brain size, cerebellar hypoplasia, reduced laminin expression, cortical dysplasia

and ventricular enlargement.

In order to distinguish the function of dystroglycan between neurons and glia in the brain,
the following study excised dystroglycan at E10.5 using a NEX-Cre transgenic mouse line to
create the NEX-Cre/DG-null mouse with NEX expression restriced to neurons of the
telencephalon, cortical neurons, and hippocampal neurons (Satz et al. 2010). Concurrently, Satz
et al. also generated a Nestin-Cre transgenic line producing (Nestin-Cre/DG-null mice) that
excised dystroglycan earlier (E10.5) than the GFAP-Cre/DG-null mouse, and restricted
expression of Nestin-cre more broadly to include all neurons and glia derived from neural stem
cells (NSCs). Brain-specific deletion of dystroglycan in the Nestin-Cre/DG-null mouse resulted
in abnormal cortical and cerebellar migration, glial/neuronal heterotopias, megalencephaly,
hydrocephalus, and cortical malformations resembling cobblestone lissencephaly. Compared to

GFAP-Cre/DG-null mice, with dystroglycan excision occuring later in development, brain
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defects were generally more severe and suggested a temporal requirement for dystroglycan
during normal brain development. Interestingly, the neuronal-specific Nex-Cre/DG-null mice did
not have similar brain defects suggesting that dystroglycan has distinct functions in neurons and

glia during normal brain development.

The function of dystroglycan has also been examined in mouse models of secondary
dystroglycanopathy including mice lacking the glycosyltransferase LARGE (Largemyd,
myodystrophy). LARGE post-translationally modifies dystroglycan by the addition of glycans to
its mucin domain thereby increasing the affinity of a-dystroglycan to bind extracellular ligands
including laminin. Lal’gemyd mice are a model of MDCID and phenocopy many of the
abnormalities described for the dystroglycan knockout mice noted above (Holzfeind et al. 2002;
Michele et al. 2002; Satz et al. 2010). Intriguingly, overexpression of LARGE in Large™? mice
was shown to ameliorate the functional deficits of dystroglycan and restore its ability to bind
laminin creating the possibility that a similar therapeutic intervention might someday be applied

to patients with various dystroglycanopathies (Barresi et al. 2004).

Myelination In The PNS: A Role For Dystroglycan

Because of the nature of its role in the DGC, and in disorders including congenital
muscular dystrophy, dystroglycan has been studied intensely in the peripheral nervous system
where a role for dystroglycan has been identified in Schwann cell development and myelination.
Two important distinctions between Schwann cells and oligodendrocytes have been stated
previously, but are worthwhile to mention again. The first is the association with laminin and a

basal lamina. Schwann cells are in intimate contact with a laminin-rich basal lamina that
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surrounds their outer membrane. Oligodendrocytes do not have a similar association with a basal
lamina and only contact laminin transiently during development. The second important
distinction is in the number of axons that Schwann cells and oligodendrocytes myelinate. During
their early development, Schwann cells undergo a process called radial sorting in which a 1:1
relationship between a Schwann cell and the axon it will myelinate is formed. In contrast, an
oligodendrocyte may extend dozens of highly branched processes toward target axons and
myelinate up to 50 or more axons (Chong et al. 2012). Thus, while their ultimate function is the
same, the interactions with ECM and cytoskeletal rearrangements that need to take place for

successful myelination are clearly different, and this important point should be kept in mind.

As described previously, merosin-deficient congenital muscular dystrophy type 1A
(MDC1A) is caused by mutations in the gene encoding the a2-subunit of the ECM molecule
laminin and is associated with both peripheral myopathy and white matter defects (Shorer et al.
1995; Caro et al., 1999; Philpot et al. 1999; Miyagoe-Suzuki et al. 2000; Di Muzio et al. 2003;
Quijano-Roy et al. 2004). PNS defects associated with laminin a2 deficiency have been studied
most extensively using the laminin a2-deficient dystrophic mouse (dy/dy). Discontinuity of the
basal lamina, defects in radial sorting, bundles of unmyelinated axons within the proximal spinal
roots, and decreased numbers of proliferating Schwann cells have been reported in dy/dy mice
(Matsumura et al. 1996). Sequential deletion of Schwann cell laminin receptors (o681 integrin,
o6PB4 integrin, dystroglycan) was subsequently undertaken in order to determine laminin

receptor involvement in the defects associated with dy/dy mice.

In the first study, conditional Schwann cell-specific deletion of B1 integrin resulted in

impaired axonal sorting and severe peripheral neuropathy (Feltri et al 2002). A subset of
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Schwann cells were able to myelinate normally, however, suggesting that an additional laminin
receptor was likely involved. Regional differences were discovered after a further comparison of
the B1 integrin conditional knockout and dy/dy mouse revealing that bundles of unmyelinated
axons were prominent in the proximal spinal roots and distal nerve of dy/dy and B1 integrin mice
respectively (Previtali et al. 2003). Since o634 integrin and dystroglycan are expressed after
birth at the onset of myelination, Previtali et al. suggested that specific laminin-receptor
interactions, before and after birth explained the regional differences in axonal sorting and
myelination. However, when a6B4 integrin was conditionally knocked out, Schwann cells
myelinated normally with the defects arising after myelination due to abnormal myelin folding
and myelin maintenance (Nodari et al. 2008). Conditional deletion of both a6B4 integrin and
dystroglycan, however, induces major myelin folding abnormalities and regional demyelination
suggesting that a6p4 integrin is only required for myelin stability. Not until the o6p1
integrin/dystroglycan double knockout was generated, were the dy/dy and (1 integrin
myelination defects phenocopied (Berti et al. 2011). These results showed that the requirement
for laminin-receptor engagement was not redundant, but relied on the sequential engagement of

B1 integrin and dystroglycan during normal Schwann cell development.

To assess the role of dystroglycan during normal Schwann cell development, conditional
Schwann cell-specific dystroglycan knockout mice (PO-DG-null) were generated. PO-DG-null
exhibit abnormal myelin outfoldings in sciatic nerve, disorganized microvilli at Nodes of
Ranvier, and a reduction in voltage-gated Na" channel clustering at the nodes (Saito et al. 2003).
Additionally, PO-DG-null lysates were found to contain only the DGC components utrophin, o.1-
syntrophin, DRP2, and periaxin; WT mice, on the other hand, contain all of the known DGC

components. A subsequent study compared the dy/dy to the PO-DG-null and characterized
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remarkably similar phenotypes, although the PO-DG-null defects were slightly more severe
(Occhi et al. 2005). Taken together, these studies revealed functional roles for dystroglycan in
nodal organization, myelin sheath elongation and myelin folding. Additionally, the more severe
phenotype seen in PO-DG-null mice, in comparison to the dy/dy and LARGE™ mice, suggests
that cytoplasmic dystroglycan interactions play an important role in normal Schwann cell

development and myelination.

Dystroglycan Function: Beyond the DGC

Numerous additional functions have been uncovered for dystroglycan apart from its
discovery as a component of the DGC in recent years including roles in signaling, cytoskeletal
reorganization, adhesion, cytokinesis, and cell division. The ability of dystroglycan to participate
in these varied processes is reflected by the number of consensus motifs in the cytoplasmic
domain of B-dystroglycan that have been shown either directly, or indirectly, to scaffold proteins
that mediate these functions. Proteolytic processing of B-dystroglycan has also been observed in
a variety of tissues, and although the significance is still poorly understood, the cleavage product
is elevated in some pathological diseases including cancer (Sgambato and Brancaccio 2005). In
addition, while B-dystroglycan contains a nuclear localization sequence (NLS), it has only
recently been found to localize there in several cell types while its function there remains
obscure. The following section will describe some of these alternative functions for

dystroglycan.

A role for dystroglycan in signaling was not expected given its structural function in

skeletal muscle. Interestingly, several reports surfaced that p-dystroglycan could be
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phosphorylated in an adhesion-dependent manner and, in response to laminin, influence the
interaction of dystroglycan with dystrophin (Russo et al 2000; Ilsley et al. 2001). Tyrosine
phosphorylation of -dystroglycan at its extreme C-terminus was found to inhibit the interaction
of dystrophin/utrophin with B-dystroglycan's C-terminal WW domain, which suggested that this
phosphorylation could regulate dystroglycan function (Russo et al 2000; Ilsley et al. 2001). It
was later shown that this tyrosine phosphorylation of B-dystroglycan was mediated by SH2
domain containing proteins including Fyn, c-Src, Csk, NCK, and SHC (Sotgia et al. 2001).
Sotgia et al. also show that these SH2 domain containing proteins interact with B-dystroglycan
suggesting the possibility that tyrosine phosphorylation of dystroglycan might act as a switch to
promote the recruitment of other SH2 domain containing proteins. This possibility, however, is
still unresolved. Growth factor receptor-bound protein 2 (Grb2), an SH2/SH3 domain containing
adaptor molecule involved in mitogen activated protein kinase (MAPK) / extracellular signal-
regulated kinase (ERK) signaling, has also been reported to interact with dystroglycan in muscle
and brain (Cavaldesi et al. 1999; Russo et al. 2000). This interaction is mediated through an SH3
domain in the extreme C-terminal domain of B-dystroglycan which overlaps the dystrophin
binding WW domain and suggests that competitive interactions influence binding to
dystroglycan (Yang et al. 1995). While the functional significance of these competitive
interactions is unknown, a recent study from our lab identified a ternary complex containing
dystroglycan, Grb2, and insulin receptor substrate 1 (IRS-1) (involved in IGF-1 mediated MAPK
signaling) in differentiating oligodendrocytes (Galvin et al. 2010). Galvin et al. found that
maximal MAPK activation in response to IGF-1, downstream of dystroglycan-laminin

interaction, was dependent on dystroglycan and necessary for IGF-1 to promote oligodendrocyte
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differentiation. Thus, dystroglycan-laminin interactions may recruit complexes to dystroglycan

that potentiate signaling by other receptors.

One of the first indications that dystroglycan, instead of merely existing as a static
constituent to link the actin cytoskeleton to the ECM, could modulate cytoskeletal dynamics was
the discovery that B-dystroglycan could bind directly to F-actin, independently of the dystrophin
homologue utrophin, and bundle actin filaments (Chen et al. 2003). Overexpression of
dystroglycan in REF52 fibroblasts induced an apparent dissolution of stress fiber formation
throughout the cell and tightly reorganized actin toward the periphery of the cell body;
furthermore, Chen et al. reported that overexpression also induced the formation of microvilli
with enriched dystroglycan expression. The ezrin-radixin-moesin (ERM) cytoskeletal adapter
protein, ezrin, was later found to interact directly with B-dystroglycan in the juxtamembrane C-
terminal domain and mediate the ability of dystroglycan to form these microvilli structures
(Spence et al. 2004). A following study revealed that a ternary complex consisting of -
dystroglycan, ezrin and the Rho GDP/GTP exchange factor (RhoGEF), Dbl, was sufficient to
induce filopodia formation (Batchelor et al. 2007). By recruiting ezrin and Dbl (a RhoGEF for
the Rho GTPase, Cdc42) to the cell membrane, Batchelor et al. showed that -dystroglycan

localized Cdc42 activation resulting in the formation of filopodia.

It is unclear whether dystroglycan can modulate the oligodendroglial actin cytoskeleton;
however, considering the functional role of dystroglycan in recruiting molecules that modify
actin, it is intriguing possibility that dystroglycan may regulate the morphological transformation
of newly-differentiated oligodendrocytes during initial process outgrowth and process branching.

Indeed, actin reorganization is required during early oligodendrocyte differentiation as F-actin
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assembly precedes the invasion of microtubules into processes which is required for process
extension (Song et al. 2001). Process formation is generally thought to start by the initial
formation of thin filopodia containing bundles of F-actin that protrude from the oligodendrocyte
cell membrane. These filopodia then coalesce forming a wider lamellopdia containing a
branching network of microfilaments, followed closely behind by invading microtubules (Bauer
et al. 2009). Evidence that dystroglycan can drive filopodia formation suggests a potential
mechanism by which oligodendrocytes can initiate process extension and branching (Batchelor
et al. 2007). Failure to properly extend and branch processes would drastically reduce survival,
decrease the number of internodes formed, and compromise the ability of oligodendrocytes to

myelinate properly.

Dystroglycan has also been previously implicated in regulating cell cycle progression. An
increased accumulation of cells in S-phase has been reported in dystroglycan-depleted mammary
mouse epithelial cells (Sgambato et al. 2006). A possible role for dystroglycan during cell
division was later proposed after the observation that dystroglycan localized in the cleavage
furrow and midbody during cytokinesis in REF52, 3T3, and Hela cells (Higginson et al. 2007).
Higginson et al. showed that the cytoplasmic tail of B-dystroglycan is required for localization to
the cleavage furrow, and that dystroglycan depleted cells were delayed in the S-phase to G2/M-
phase transition consistent with the previous report. Dystroglycan, Dp71, and the nuclear
envelope protein lamin B1 were also found to co-localize in the cleavage furrow, mitotic spindle,
and midbody of neuronal PC12 cells during cell division (Villarreal-Silva et al. 2011). Dp71 is a
71 kDa dystrophin isoform generated by alternative splicing and is the most abundant dystrophin
isoform present throughout the brain (Waite et al. 2009). Dp71 lacks an actin binding domain;

however, dystroglycan retains the ability to interact with Dp71. Villarreal-Silva et al. report that
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PC12 cells depleted of Dp71 were stalled in the GO/G1 phase with marked growth arrest
coinciding with a decrease in proliferation, and decreased expression of dystroglycan and lamin
B1 in the cleavage furrow, mitotic spindle, and midbody. From these studies one can conclude
that both dystroglycan and Dp71 localize with machinery necessary for progression through the
cell cycle; however, it remains unclear how Dp71 regulates dystroglycan expression, and,
whether or not the cell cycle delay is a consequence of redistribution of these or other proteins
involved in cell division. Interestingly, a role for B-dystroglycan in oligodendrocyte precursor

proliferation or cell cycle dynamics has not been investigated.

One of the more intriguing developments over the last few years concerning alternative
roles for dystroglycan have been reports finding dystroglycan and components of the DGC in the
nucleus of several cell types. The characterization of the specific components of the DGC and
nuclear binding partners have been the the initial focus of these investigations. The first putative
nuclear DGC complex was identified in Hela cells and included B-dystroglycan, Dp71, B-
sarcoglycan, a- and B- syntrophin, al- and - dystrobrevin and neuronal nitric oxide sythase
(nNOS) (Fuentes-Mera et al. 2006). All of the aforementioned DGC members were observed in
the nuclear matrix of Hela cells via confocal microscopy, cell fractionation and
coimmunopreciptiation experiments. 3-dystroglycan, Dp71 and B-dystrobrevin were additionally
shown to interact with lamin Bl and actin. With the exception of [-syntrophin and [-
dystrobrevin, the same DGC components were identified together in the nuclear envelope of
C,Ci2 muscle cells and showed particular enrichment of B-dystroglycan and o-sarcoglycan
(Gonzalez-Ramirez et al. 2008). In agreement with the previous study mentioned above showing
that cells depleted of Dp71 showed a marked decrease in the expression of B-dystroglycan in the

cleavage furrow, mitotic spindle, and midbody during cell division; PC12 cells depleted of Dp71
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also show a decrease in the expression of B-dystroglycan and other DGC components expressed
in the nuclear matrix (Villarreal-Silva et al. 2010). Interestingly, Silva et al. noted increased
expression of the dystrophin homologue utrophin; however, immunoprecipitations failed to show
increased interaction with B-dystroglycan or any other DGC member suggesting that utrophin

could not compensate for the depletion of Dp71.

Trafficking of the DGC into the nucleus remained an unresolved question and was
assumed to be mediated by B-dystroglycan since of the DGC components mentioned,
dystroglycan contained the only predicted NLS sequence. This question was finally answered in
two separate studies. A functional bipartite NLS was identified in the C-terminal domain of -
dystroglycan that mediated the nuclear import of constructs containing full length dystroglycan,
B-dystroglycan, or a full length monomeric uncleavable precursor designed to mimic the
propeptide prior to SEA autoproteolysis (Oppizzi et al. 2008; Lara-Chacon et al. 2010). In a
screen of several cancer cell lines, Oppizzi et al. found that nuclear B-dystroglycan expression
levels are highly variable, and furthermore, suggested that nuclear import seems to be
independent of extracellular ligand binding as there is no correlation between nuclear
localization of B-dystroglycan and a-dystroglycan glycosylation. Using an in vitro reconstituted
nuclear transport assay, Lara-Chacon et al. report that the nuclear transport molecules importin-
o and importin- bound with high affinity to the dystroglycan NLS and were required for
dystroglycan transport into the nucleus. Lara-Chacon et al. also suggest that tyrosine
phosphorylated p-dystroglycan is sequestered in the nucleus. Together these studies have
identified common DGC components including B-dystroglycan which form a putative complex

in the nuclear matrix of three different cell lines. The functional significance of nuclear localized
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dystroglycan is currently unknown, but the consensus based on each of these studies suggests
that dystroglycan, together with elements of the DGC, may function to anchor and/or organize
the nuclear matrix facilitating cell division, intranuclear sorting, and, possibly, transcriptional
regulation. Whether or not oligodendrocytes or their precursors contain nuclear localized f3-

dystroglycan is not currently known.

Finally, post-translational processing of dystroglycan has been reported to include not only
glycosylation of a-dystroglycan, but the enzymatic cleavage of B-dystroglycan as well. A
truncated 30 kDa B-dystroglycan form has been reported in a number of breast cancers cell lines
and squamous carcinoma cells (Loasso et al. 2000). This truncated form of B-dystroglycan was
shown to be the result of proteolytic processing of B-dystroglycan, and was followed by
detachment of a-dystroglycan from the cell surface (Loasso et al. 2000; Singh et al. 2004). The
membrane-associated matrix metalloproteinases (MMPs) -2 and -9 were implicated in mediating
the cleavage of B-dystroglycan in the extracellular N-terminal domain near the cell surface
(Yamada et al. 2001; Zhong et al. 2006). Furthermore, aberrant accumulation of the trucated 30
kDa B-dystroglycan form in several oral squamous cell carcinomas have been noted; in contrast,
full length o/B-dystroglycan expression is largely gone in these cells (Shang et al. 2008). In the
context of cancer, dysregulation of ECM-cell interactions are thought to perturb cell behaviors
and promote tumor growth and invasiveness (Sgambato and Brancaccio 2005). It should be
noted that the retention of the truncated pB-dystroglycan and its significance are not understood.
Instead, the focus has been primarily on a-dystroglycan and its detachment from basement

membrane structures as a mechanism to potentiate cancer growth and invasiveness.
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While the role of the truncated form of B-dystroglycan remains unclear, in the
dystrophin-null model of Duchenne muscular dystrophy (the mdx mouse), MMP -2 and -9 are
more active in Schwann cell peripheral nerve, and the 30 kDa B-dystroglycan form accumulates
in Schwann cell membranes (Hnia et al. 2006). Interestingly, a later study showed that the
conditional deletion MMP-2 and -9 in Schwann cells resulted in decreased B-dystroglycan
cleavage and the formation of abnormal Schwann cell compartments during development (Court
et al. 2011). Importantly, Court et al. show that B-dystroglycan and a-dystroglycan may have
functions independent of each other since each may polarize to different Schwann cell abaxonal
domains and interact with alternate DGC components. To illustrate, a complex between
dystroglycan (a/p), dystrophin-related protein 2 (Drp2) and periaxin in the outer cell membrane
is stabilized by periaxin in appositions (Sherman et al. 2001). MMP-2 and -9 cleave B-
dystroglycan where it remains in the outer membrane in Cajal Bands and exchanges its
interactors to include utrophin or Dpl116 (Court et al. 2011). MMP-2/9 " mice have larger
appositions and smaller Cajal Bands suggesting that regulated [B-dystroglycan cleavage is
required for normal Schwann cell myelination (Court et al. 2011). In the CNS, myelination
deficits in the corpus callosum and decreased numbers of mature oligodendrocytes have been
reported in the MMP-9 and -12 null mouse, although it should be noted that the myelination
delay was transient (Larsen et al. 2006). Since the myelination deficit was transient, there are
likely mechanisms to compensate for the loss of MMP-9 and -12. However, that does not
preclude the spatial-temporal requirement for MMP activity during normal oligodendrocyte
development, and whether or not a cleaved form of dystroglycan is present in oligodendrocytes

is still an open question.
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A Role For Dystroglycan In Oligodendrocyte Development

Perturbing dystroglycan function in differentiating oligodendrocytes, either by disturbing
laminin-dystroglycan interactions with blocking antibodies or depleting dystroglycan via siRNA,
has been reported to reduce the number of myelinating segments in DRG co-cultures and cause a
delay in differentiation (Colognato et al. 2007). However, the delay in differentiation was not
attributable to a defect in survival, as only Bl integrin was was necessary to enhance
oligodendrocyte survival in response to the survival factor PDGF (Colognato et al. 2007). This
finding suggests that dystroglycan and B1 integrin may act either in concert, or sequentially to

promote different stages of oligodendrocyte development.

Interestingly, laminin has been previously shown to potentiate the formation of myelin
sheets by oligodendrocytes differentiated in vitro (Buttery and ffrench-Constant 1999). The
ability to elaborate myelin membrane requires the extensive formation and arborization of
numerous oligodendrocyte processes that support the myelin membrane in a physical sense, as
well as, by facilitating the transport of myelin proteins into growing myelin. Previous work in
our lab has demonstrated that dystroglycan-deficient oligodendrocytes grown in culture produce
less myelin basic protein (MBP), a major protein component of myelin (Colognato et al. 2007).
The myelination defects associated with the dy/dy mouse may, therefore, partially reflect the
inability of oligodendrocytes to properly extend and branch processes, which are necessary for
both making contact with target axons, and supporting the polarized transport of myelin proteins

from the cell body out towards the myelin membrane.

The recent findings that B-dystroglycan localizes to the nucleus in some cell types raises

another possible mechanism by which dystroglycan may regulate oligodendrocyte development
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(Oppizzi et al. 2008; Lara-Chacon et al. 2010). Together with the dystrophin isoform Dp71, 3-
dystroglycan has been found to localize in both the nuclear envelope and at the cleavage furrow
during cytokinesis (Higginson et al. 2008; Villareal-Silva et al. 2011). As it is currently
unknown whether [-dystroglycan localizes to the nucleus or cleavage furrow in
oligodendrocytes, it is tempting to speculate whether a similar localization may contribute to
normal oligodendrocyte development as well. I have begun to investigate these possibilities, the

results of which are shown in Chapter 4.

Together, these studies suggest that dystroglycan may have several important roles during
normal oligodendrocyte development. For instance, it was unknown whether dystroglycan
regulates processes formation and branching in newly-formed oligodendrocytes, or, whether
dystroglycan localizes to the nucleus in oligodendrocytes or their progenitors. The goal of the
following dissertation research was to investigate the role of dystroglycan in normal
oligodendrocyte development, and to test the hypothesis that dystroglycan regulates process
outgrowth and branching, localizes to the nucleus, and contributes to the to the overall

myelinogenic capacity of of individual oligodendroglia.

35



Chapter 3

DYSTROGLYCAN PROMOTES FILOPODIAL FORMATION AND

BRANCHING IN DIFFERENTIATING OLIGODENDROGLIA

INTRODUCTION

The correct regulation of oligodendroglial morphology is critical to enable the efficient
and timely myelination of central nervous system (CNS) axons. Differentiating oligodendrocytes
undergo extensive cytoskeletal remodeling to enable multiple cell processes to extend toward,
contact, and wrap around dozens of axons (Richter-Landsberg et al. 2008). While several
intrinsic mechanisms e.g. the cytoskeletal regulator, WAVEI, have been shown to be critical for
oligodendroglial process outgrowth (Kim et al. 2006), the role of extrinsic factors such as the
extracellular matrix (ECM) in regulating oligodendrocyte morphology remains poorly
understood.

Deficiencies in the ECM protein laminin, however, have revealed that laminin is
necessary for normal oligodendroglial development. Mutations in the gene encoding the a2
subunit of laminin-2, LAMAZ2, cause a subtype of congenital muscular dystrophy (CMD) known
as merosin-deficient congenital muscular dystrophy or MDC1A (Miyagoe-Suzuki et al. 2000),
which presents with varying degrees of white matter abnormalities and severe cognitive deficits

(Jones et al. 2001). The dystrophic dy/dy mouse, a laminin-a2 deficient model of MDCI1A, has
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regional myelin abnormalities that include inappropriately unmyelinated axons as well as thinner
myelin (Chun et al. 2003; Relucio et al. 2009). Oligodendrocytes express two laminin receptors:
integrin a6PB1 and dystroglycan (Buttery and ffrench-Constant 1999; Colognato et al. 2007;
Milner and ffrench-Constant 1994). Oligodendrocytes that lack integrin B1-subunits extend
shorter processes than do control oligodendrocytes (Barros et al. 2009). However, conditional
deletion of the integrin B1-subunit in oligodendrocytes leads to normal myelin (Benninger et al.
2006), or thinner myelin (Barros et al. 2009), depending on the Cre driver used, yet in both
cases, appropriate numbers of axons are myelinated. These data suggest that an additional
laminin receptor, possibly dystroglycan, may contribute to the inability of oligodendroglia in
laminin-deficient mice to myelinate the correct number of axons.

As a component of the dystrophin glycoprotein complex (DGC), dystroglycan is known
for its mechanical role in linking the ECM with the actin cytoskeleton to stabilize the
sarcolemma during muscle contraction (Barresi et al. 2006; Moore et al. 2010). However, recent
studies have implicated dystroglycan as a cytoskeletal modulator, where, for example,
dystroglycan has been found to associate indirectly with FAK in fibrillar adhesions to regulate
myoblast cell spreading (Thompson et al. 2009). In addition, dystroglycan helps mediate the
assembly of myoblast podosomes - transient adhesion structures found in many migrating cell
types - by localizing Tks5 and Src (Thompson et al. 2008). And, in both Swiss 3T3 and REF52
cells, dystroglycan was shown to recruit the Rho GTPase Cdc42 to the cell membrane thereby
helping drive filopodia formation (Batchelor et al. 2007). Our previous work demonstrated that
disrupting oligodendroglial dystroglycan interactions led to smaller MBP-positive myelin sheets,
as well as fewer myelin segments in co-culture with DRG neurons (Colognato et al. 2007),

suggesting that dystroglycan may indeed regulate oligodendroglial process dynamics.
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In the current study I investigated whether dystroglycan-laminin interactions regulate
filopodia formation, process outgrowth and branching in pre-myelinating oligodendrocytes. |
report that laminin positively-regulates filopodia formation, and confirmed that laminin regulates
process outgrowth and process branching (Eyermann et al. 2012). This in agreement with
previous reports that have shown that culturing on laminin enhances the cell area of
differentiating oligodendrocytes (Buttery and ffrench-Constant 1999; Lafrenaye and Fuss et al.
2010). I found that dystroglycan localizes within filopodia and in processes at leading edges and
at branch points, and, that dystroglycan partially co-localizes with FAK in oligodendroglial focal
adhesions (Eyermann et al. 2012). In addition, I found that disrupting dystroglycan-laminin
interactions, either with blocking antibodies or via dystroglycan-specific siRNA, reduced
filopodia formation, process outgrowth and branching (Eyermann et al. 2012). These data
suggest that dystroglycan modulates cytokeletal remodeling during oligodendrocyte
development, and may contribute towards the ability of oligodendrocytes to myelinate large

numbers of axons in the CNS.

RESULTS

Process outgrowth and filopodia formation are increased in response to laminin

Filopodia are small filamentous projections extending from the cell membrane and have
been proposed to contribute to oligodendrocyte process outgrowth (Bauer et al. 2009; Mattila et
al. 2008). To examine a potential role for laminins in regulating filopodia formation in newly
differentiated oligodendrocytes, cells were grown for 12 hours on PDL or laminin-2 (Lm)

substrates, after which filopodia were seen to be forming along the length and near the leading
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distal edge of processes (Fig. 3-1A). The mean number of filopodia formed was increased when
oligodendrocytes were differentiated on laminin for 12 hours (Fig. 3-1B: 49.4 + 3.3 on Lm, vs.
26.8 £ 1.4 on PDL, n =3, P =< 0.001). To control for differences in the number of filopodia
formed as a function of the surface area covered by the cells, I normalized the number of
filopodia to the cell perimeter, and again found that the relative number of filopodia formed was
increased when oligodendrocytes were differentiated on laminin (Fig. 3-1C: 0.24 £ 0.016
filopodia per micron on Lm, vs. 0.15 £ 0.013 on PDL, n =3, P =< 0.001). Additionally, mean
filopodia length was also increased slightly when oligodendrocytes were differentiated on
laminin (Fig. 3-1D: 2.67 um + 0.053 pm on Lm, vs. 2.46 um + 0.062 um on PDL, n =3, P =<
0.001).

To evaluate whether laminin can positively regulate process outgrowth during early
stages of oligodendrocyte maturation, I differentiated cells for 4, 12, 24, or 72 hours on PDL or
laminin and measured process length. Representative images of F-actin in oligodendrocytes
differentiated for the previously mentioned time points on PDL or Lm are shown (Fig. 3-1E).
Mean process length was not significantly increased on laminin 4 hours into differentiation (Fig.
3-1F: 25.5 um + 0.6 pm on Lm, vs. 24.7 um = 0.6 um on PDL, n =3, P = 0.367); however,
process length was significantly increased on laminin at 12, 24 and 72 hours into differentiation
(Fig. 3-1F: 12h, 39.6 um £ 1.3 um on Lm, vs. 34.5 pum £ 1.3 um on PDL, P =< 0.001; 24h, 58.3
pm + 1.8 um on Lm, vs. 50.4 um + 1.6 um on PDL, P = 0.002; 72h, 64.4 um + 1.8 um on Lm,
vs. 56.9 um = 1.5 um on PDL, P = 0.001; n = 3). It should be noted that for all morphometric
experiments I only evaluated oligodendrocytes, which were identified as such by performing

immunocytochemistry with appropriate antibodies to oligodendroglial lineage stage-specific
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proteins e.g. CNP (Fig. 3-1G). Taken together, these data suggest that laminin positively

regulates filopodia formation and process outgrowth in pre-myelinating oligodendrocytes.

Primary process formation and process branching by newly-formed oligodendrocytes is
increased in response to laminin

I next sought to determine whether laminin potentiated process formation and branching
in differentiating oligodendrocytes. Oligodendrocyte processes were classified according to the
order by which they form initial protrusions from the cell body, and subsequently, by the order in
which they branch off from primary processes (illustrated in Fig. 3-2A). I first sought to
determine whether laminin promoted primary process formation and branching to form
secondary processes by immature oligodendrocytes differentiated for 4 or 12 hours on PDL or
laminin (Fig. 3-2B). The mean number of primary processes per cell was slightly increased in
cells differentiated 4 hours on laminin (Fig. 3-2C: 2.2 £0.1 on Lm vs. 1.9+ 0.1 on PDL,n=3, P
= 0.001); however, there was no significant difference in the mean number of secondary
processes in cells differentiated 4 hours on PDL or laminin (Fig. 3-2D: 2.3 £ 0.1 on Lm vs. 2.3 £
0.1 on PDL, n =3, P = 0.815). In cells differentiated on laminin for 12 hours, however, both the
mean number of primary processes (Fig. 3-2E: 2.7 £ 0.1 on Lm vs. 2.2 £ 0.1 on PDL,n=3,P =
< 0.001) and secondary processes (Fig. 3-2F: 4.3 £ 0.2 on Lmvs. 3.5+ 02 on PDL,n=3,P =
0.008) were increased. These data suggest that process outgrowth and branching by newly

differentiated oligodendrocytes is potentiated in response to laminin.
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Process branching complexity is increased in response to laminin

Efficient myelination requires that an oligodendrocyte contacts and ensheathes as many
as 50 axons, which is dependent on higher-order process branching (Richter-Landsberg 2008).
Laminin has previously been shown to increase MBP positive membrane area in vitro (Buttery
and ffrench-Constant 1999), which involves the elaboration of numerous process branches in
order to support the extensive myelin membrane. I therefore investigated whether laminin
potentiated higher-order process branching complexity in pre-myelinating oligodendrocytes.
Sholl analysis, illustrated in Fig. 3-3A, was used to evaluate process branching complexity.
Oligodendrocytes were differentiated for 24 hours on PDL or laminin (Fig. 3-3B), and the mean
number of intersections made at a distance of 10 microns from the origin was similar (Fig. 3-3C:
5.8 £ 0.4 on Lm, vs. 49 + 0.4 on PDL, n = 3, P = 0.107). However, the mean number of
intersections made at distances of 20, 30 and 40 microns from the origin was significantly
increased when cells were differentiated on laminin for 24 hours (Fig. 3-3C; at 20 um: 8.2 £ 0.7
on Lm, vs. 6.3 £ 0.8 on PDL, P = 0.013; at 30 um: 8.0 £ 0.8 on Lm, vs. 5.9 £ 0.7 on PDL, P =
0.009; at 40 um: 6.5 £ 0.8 on Lm vs. 4.6 £ 0.6 on PDL, P = 0.014; n = 3). Differences in the
intersections made at the furthest distance evaluated, 50 microns, however, were variable and
therefore not statistically significant, when cells were differentiated for 24 hours on PDL or
laminin (Fig. 3-3C: 5.5+ 0.8 on Lm, vs. 3.8 £ 0.6 on PDL, P =0.106, n = 3).

Additionally, I evaluated process branching in more mature oligodendrocytes in F-actin
positive processes and associated branches of cells differentiated for 72 hours on PDL or laminin
(Fig. 3-3D). Here, the mean number of intersections made at a distance of 10 microns from the
origin was significantly increased when cells were differentiated on laminin for 72 hours (Fig. 3-

3E: 11.8 £ 0.8 on Lm, vs. 9.3 £ 0.7 on PDL, P = 0.014, n = 3). However, while there was a
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modest increase in the intersections made at distances of 20, 30, 40 and 50 microns from the
origin in response to laminin, the differences were not statistically significant when cells were
differentiated on either laminin or PDL (Fig. 3-3E; at 20 um: 24.7 £ 2.0 on Lm vs. 21.2 £ 1.5 on
PDL, P =0.231; at 30 um: 25.5 £ 2.5 on Lm vs. 21.7 £ 1.8 on PDL, P =0.318; at 40 um: 20.7 £
2.0onLmyvs. 17.6 £ 2.2 on PDL, P = 0.183; at 50 um: 14.1 = 1.7 on Lm vs. 12.3 £ 1.6 on PDL,
P = 0.362; n = 3). Together, these data suggest that laminin positively regulates process
branching complexity in pre-myelinating oligodendrocytes;, however, at later time points

branching complexity begins to “catch up” on non-laminin substrates.

Dystroglycan is localized in processes, process branch points, and in focal adhesions
Dystroglycan has previously been shown by our group to be expressed by differentiating
oligodendrocytes both in vitro and in vivo (Colognato et al. 2007); however, dystroglycan
localization in oligodendroglial processes has not been fully evaluated. Therefore, I used a live-
labeling technique to visualize dystroglycan immunoreactivity in newly-formed
oligodendrocytes differentiated for 4 or 12 hours, and in more mature pre-myelinating
oligodendrocytes differentiated for 24 or 72 hours; oligodendrocytes were co-stained to visualize
F-actin. In newly-formed oligodendrocytes differentiated for 4 hours, dystroglycan was
expressed cortically around cell bodies, as well as at the leading edge of extending processes
(Fig. 3-4A). Dystroglycan expression was also observed at branch points in pre-myelinating
oligodendrocytes differentiated for 24 or 72 hours (Fig. 3-4A, lower insets). These observations
suggest that dystroglycan is positioned at sites where it may contribute to cytoskeletal

reorganization including primary process formation, outgrowth, and branching.
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Focal adhesion kinase (FAK) has been shown to regulate process outgrowth and
branching, and has been found to coprecipitate with dystroglycan in brain synaptosomes
(Cavaldesi et al. 1999; Hoshina et al.2007; Lafrenaye et al. 2010). Therefore, I next asked
whether dystroglycan associated with FAK in oligodendrocytes. First, via immunostaining I
found that dystroglycan and FAK partially overlap in punctate structures resembling focal
adhesion sites (Fig. 3-4B). To further investigate potential dystroglycan-FAK associations, I
performed coimmunoprecipitation assays and found that B-dystroglycan antibodies coprecipitate
FAK in lysates obtained from oligodendrocytes differentiated for two days (Fig. 3-4C).
Conversely, I also found that antibodies directed against FAK coprecipitate B-dystroglycan (Fig.
3-4C). I therefore conclude that dystroglycan is located in processes and at branch points, often
in focal adhesion type structures, thus is well placed to mediate cytoskeletal reorganization

during process outgrowth and branching.

Dystroglycan blocking antibody decreases filopodia formation and length

Dystroglycan has previously been reported to localize Rho GTPase activation near the
cell membrane in Swiss 3T3 and REF52 cell lines, and thereby promote filopodia formation
(Batchelor et al. 2007). I therefore sought to determine whether dystroglycan localizes in
filopodia formed in newly-differentiated oligodendrocytes (12 hours in differentiation medium).
Using dystroglycan immunocytochemistry in combination with F-actin labeling, I found that
dystroglycan was located in punctate structures at the tips of filopodia, as well as near the base of
some filopodia forming near the leading edges of secondary branch points (Fig. 3-5A:
Dystroglycan Live Label, inset). Additionally, I used a dystroglycan-expressing lentiviral

construct (DAG1-GFP) to further evaluate and confirm dystroglycan localization in filopodia. I
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observed DAG1-GFP expression at the tips of filopodia, in filopodia at the leading edge of
processes, and in filopodia protruding from the cell body of oligodendrocytes differentiated for
48 hours (Fig. 3-5A: Dystroglycan GFP Lentivirus, insets i-iv).

I next asked whether using dystroglycan blocking antibodies (IIH6) to disrupt
dystroglycan-laminin interactions in differentiating oligodendrocytes would decrease filopodia
formation and length. Filopodia in oligodendrocytes differentiated for 12 hours on laminin in the
presence of dystroglycan blocking or control antibodies were visualized by F-actin labeling (Fig.
3-5B). The mean number of filopodia was decreased when oligodendrocytes were differentiated
in the presence of dystroglycan blocking antibody (Fig. 3-5C: 53.1 £+ 2.4 in control, versus 29.6 +
1.5 with ITH6, n = 3, P =< 0.001). To control for differences in the number of filopodia formed
as a function of the cell area, I normalized the mean number of filopodia to the cell perimeter
measured in microns, and found that this relative number of filopodia was also decreased when
oligodendrocytes were differentiated with dystroglycan blocking antibody (Fig. 3-5D: 0.225 +
0.01 in control, versus 0.12 + 0.01 with IIH6, n=3, P = < 0.001). Additionally, mean filopodia
length was significantly decreased when oligodendrocytes were differentiated with dystroglycan
blocking antibody (Fig. 3-5E: 2.65 um £ 0.05 um in control, versus 2.00 um £ 0.04 pm with
IIH6, n=3, P = < 0.001). Taken together, these data suggest that dystroglycan-laminin

interactions promote filopodia formation by newly-formed oligodendrocytes.

Dystroglycan blocking antibody decreases process outgrowth and process branching
I next asked whether disrupting dystroglycan-laminin interactions would attenuate
process outgrowth and branching in differentiating oligodendrocytes. Oligodendrocytes were

differentiated for 24 or 72 hours on laminin, in the presence of dystroglycan blocking antibody
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(ITH6) or control antibody (Fig. 3-6A). In the presence of IIH6 for 24 hours, mean process length
was significantly decreased (Fig. 3-6B: 46.3 um + 1.2 um with IIH6, vs. 58.7 um £ 1.7 um in
control, P = < 0.001, n = 3). Mean process length was also decreased in more mature
oligodendrocytes differentiated with IIH6 for 72 hours (Fig. 3-6C: 59.0 um + 1.5 pum with 1IH6,
vs. 71.3 um £ 2.0 um in control, P =< 0.001, n = 3).

I also tested whether blocking dystroglycan-laminin interactions with IIH6 decreased
primary process formation (Fig. 3-6D). Here, I observed a significant decrease in the mean
number of primary processes formed by oligodendrocytes differentiated for 24 hours in the
presence of ITH6 (Fig. 3-6E: 4.3 + 0.1 with ITH6, vs. 5.3 £ 0.2 in control, P = < 0.001, n = 3).
Next, I asked whether process branching complexity was affected by blocking dystroglycan
receptor interactions. Using Sholl analysis, I observed no substantial differences in the mean
numbers of intersections made by oligodendrocytes differentiated on laminin for 24 hours in the
presence of ITH6 at 10 and 50 microns from the origin (Fig. 3-6F; at 10 um: 5.7 £ 0.4 with I[IH6
vs. 6.0 £ 0.5 in control, P = 0.964; at 50 um: 4.3 + 0.7 with IIH6 vs. 5.2 £ 0.9 in control, P =
0.454; n = 3). 1 did, however, observe a significant decrease in the mean numbers of intersections
made by oligodendrocytes differentiated on laminin for 24 hours in the presence of IIH6 at
distances 20, 30 and 40 microns from the origin (Fig. 3-6F; at 20 um: 7.1 + 0.6 with ITH6 vs.
10.2 £ 1.0 in control, P = 0.006; at 30 um: 5.7 £ 0.6 with IIH6 vs. 10.0 £ 1.5 in control, P =
0.008; at 40 um: 4.8 £ 0.8 with ITH6 vs. 7.0 £ 0.9 in control, P = 0.046; n = 3).

Finally, I asked whether in more mature oligodendrocytes, primary process formation and
process branching complexity were affected by blocking dystroglycan-laminin interactions (Fig.
3-6G). The mean number of primary processes was decreased in oligodendrocytes differentiated

on laminin for 72 hours in the presence of IIH6 (Fig. 3-6H: 5.2 = 0.2 with I1IH6, vs. 6.3 £ 0.2 in
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control, P = < 0.001, n = 3). Again, process branching complexity was not significantly
decreased by dystroglycan blocking antibody at a distance of 10 microns from the origin (Fig. 61:
9.5+ 0.7 with IIH6 vs. 11.1 £ 0.7 in control, P = 0.070, n = 3). At distances of 20, 30, 40 and 50
microns from the origin, however, I observed a significant decrease in the mean numbers of
intersections made by oligodendrocytes differentiated in the presence of 1IH6 (Fig. 3-6I: at 20
pm, 14.3 £ 1.0 with [IH6 vs. 22.3 + 1.7 in control; at 30 um, 15.4 = 1.2 with ITH6 vs. 26.1 £ 2.5
in control; at 40 um, 11.0 £ 1.0 with I[IH6 vs. 22.6 + 2.6 in control; at 50 um, 7.7 £ 0.8 in with
ITH6 vs. 14.0 £ 1.3 in control; P =< 0.001; n = 3). These data suggest that dystroglycan-laminin
interactions positively regulate primary process formation and branching complexity in pre-
myelinating oligodendrocytes. It should be noted that no changes in oligodendroglial death were

observed in the presence of IIH6 (Colognato et al., 2007).

Dystroglycan and B1 integrin blocking antibodies decrease process outgrowth and process
branching

I next asked whether dystroglycan and B1-containing integrins (i.e. a6f1 for laminin
interactions) cooperate to facilitate process extension during pre-myelinating stages of
oligodendrocyte maturation. Oligodendrocytes were therefore differentiated in the presence of
dystroglycan (IIH6) and B1 integrin (HA2/5) blocking antibodies, or control antibodies, for 24
and 72 hours (Fig. 3-7A). When differentiated on laminin for 24 hours in the presence of both
IIH6 and HA2/5, mean process length was significantly decreased (Fig. 3-7B: 45.7 um = 0.9 um
with [TH6 and HA2/5, vs. 59.1 um £ 1.3 pm in control, P = < 0.001, n=3). Mean process length
was also significantly decreased in mature oligodendrocytes differentiated for 72 hours on

laminin in the presence of ITH6 and HA2/5 (Fig. 3-7C: 55.5 um + 1.2 um with [IH6 and HA2/5,
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vs. 77.6 um £ 1.6 um in control, P = < 0.001, n=3). I next asked whether blocking dystroglycan
and B1 integrin receptor interactions affected process branching complexity. Oligodendrocytes
were differentiated on laminin in the presence of IIH6 and HA2/5 or control antibodies for 24h
(Fig. 3-7D) and 72h (Fig. 3-7F). Using Sholl analysis, I observed significant decreases in the
mean numbers of intersections made at each radius from the origin measured (Fig. 3-7E; at 10
pm: 6.0 £ 0.3 with [TH6 and HA2/5 vs. 8.7 £ 0.5 in control, P = < 0.001; at 20 um: 10.0 £ 0.7
with IIH6 and HA2/5 vs. 13.7 £ 1.2 in control, P = 0.021; at 30 um: 10.0 £ 0.7 with IIH6 and
HA2/5 vs. 15.8 £ 1.4 in control, P =< 0.001; at 40 um: 7.5 £ 0.5 with [IH6 and HA2/5 vs. 12.1 +
1.4 in control, P = 0.010; at 50 um: 5.3 £ 0.5 with IIH6 and HA2/5 vs. 8.9 £ 1.2 in control, P =
0.040; n=3). When oligodendrocytes were differentiated for 72 hours in the presence of IIH6 and
HAZ2/5, I also observed significant decreases in the mean numbers of intersections made at 30, 40
and 50 microns from the origin (Fig. 3-7G; at 30 um: 17.8 = 1.8 with I[IH6 and HA2/5 vs. 30.2 £+
2.7 in control, P =< 0.001; at 40 um: 13.0 = 1.4 with IIH6 and HA2/5 vs. 26.6 & 2.4 in control, P
=<0.001; at 50 um: 7.7 £ 0.8 with IIH6 and HA2/5 vs. 17.2 £ 1.4 in control, P = < 0.001; n=3).
I did not, however, observe substantial decreases in the mean numbers of intersections made at
10 or 20 microns from the origin (Fig. 3-7G; at 10 um: 9.6 £ 0.6 with IIH6 and HA2/5 vs. 10.2
0.6 in control, P = 0.552; at 20 um: 17.6 = 1.4 with IIH6 and HA2/5 vs. 21.1 £ 1.5 in control, P =
0.093; n=3). Given that blockade of both receptor types (Fig. 3-7) has a more pronounced effect
than the sole blockade of dystroglycan (Figs. 3-5,3-6), this suggests that dystroglycan-laminin
and B1 integrin-laminin interactions both positively regulate process outgrowth and branching

complexity, and are not functionally redundant.
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Dystroglycan siRNA decreases process outgrowth, process formation and process
branching

In order to more fully assess the requirement for dystroglycan in the regulation of process
dynamics, I determined whether the absence of dystroglycan affected process formation,
outgrowth, and branching during early oligodendrocyte maturation. Oligodendrocyte progenitor
cells (OPCs) transfected with either siRNA directed against dystroglycan (DG siRNA) or control
siRNA (Ctrl siRNA), were maintained for 48 hours as OPCs (to allow sufficient time for
knockdown), followed by trypsinization and replating on laminin-coated wells in differentiation
medium. To ensure adequate depletion of dystroglycan protein, lysates from oligodendrocytes
differentiated for 24 or 72 hours were resolved by SDS PAGE and immunoblotted with
antibodies against B-dystroglycan (B-DG) (Fig. 3-8A). Oligodendrocytes were transfected with
either DG siRNA or Ctrl siRNA and differentiated for 24 or 72 hours on laminin, followed by F-
actin labeling to visualize processes (Fig. 3-8B). Depletion of dystroglycan significantly
decreased process length in oligodendrocytes differentiated on laminin for 24 hours (Fig. 3-8C:
41.3 um £ 1.1 um with DG siRNA, vs. 55.6 um + 1.5 pum with ctrl siRNA, P =< 0.001, n = 3);
and, in mature oligodendrocytes differentiated for 72 hours (Fig. 3-8D: 69.7 um £ 2.3 um with
DG siRNA vs. 89.0 um £ 2.3 um with ctrl siRNA, P =< 0.001, n = 3). I next evaluated primary
process formation and branching in oligodendrocytes with reduced dystroglycan expression (Fig.
3-8E). After 24 hours of differentiation on laminin, the mean numbers of both primary and
secondary processes was significantly decreased in oligodendrocytes transfected with siRNA
targeting dystroglycan (Fig. 3-8F: 4.0 £ 0.2 with DG siRNA vs. 5.4 + 0.2 with ctrl siRNA, P =<
0.001, n = 3; Fig. 3-8G: 4.6 £ 0.3 with DG siRNA vs. 8.7 £ 0.4 with ctrl siRNA, P =< 0.001, n

=3). In more mature oligodendrocytes differentiated for 72 hours on laminin, the mean number
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of primary processes was significantly decreased in oligodendrocytes transfected with
dystroglycan siRNA (Fig. 3-8H: 4.7 £ 0.2 with DG siRNA vs. 6.1 £ 0.2 with ctrl siRNA, P =<
0.001, n=3).

Finally, Sholl analysis was performed to address whether dystroglycan influences process
complexity. In oligodendrocytes that were depleted of dystroglycan, the mean numbers of
intersections at all distances measured (10, 20, 30, 40 and 50 microns from the origin) were
significantly decreased following differentiation on laminin for 72 hours (Fig. 3-8I; at 10 um: 5.2
+ 0.3 with DG siRNA vs. 7.0 = 0.4 with ctrl siRNA, P = 0.002; at 20 um: 7.2 = 0.5 with DG
siRNA vs. 12.5 £ 0.9 with ctrl siRNA, P =<0.001; at 30 um: 7.3 £ 0.4 with DG siRNA vs. 14.4
+ 1.0 with ctrl siRNA, P =< 0.001; at 40 um: 4.5 £+ 0.4 with DG siRNA vs. 13.1 + 1.0 with ctrl
siRNA, P =< 0.001; at 50 um: 3.1 + 0.4 with DG siRNA vs. 9.7 £ 0.8 with ctrl siRNA, P =<
0.001; n = 3). In summary, these data suggest that dystroglycan normally regulates the
cytoskeletal dynamics associated with oligodendroglial process formation, extension, and,

particularly, process branching.

DISCUSSION

The morphological transformation of oligodendrocytes requires coordinated
reorganization of the cytoskeleton, in turn involving numerous intracellular proteins that affect
the sequential polymerization of actin and microtubules in order to extend and branch processes
toward multiple target axons (Lunn et al. 1997; Song et al. 2001; Rumsby et al. 2003). Here 1

report that in addition to promoting the expansion of myelin membrane (Buttery and ffrench-
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Constant 1999), laminin promotes the formation and extension of oligodendroglial filopodia;
and, that the ECM receptor, dystroglycan, is necessary for laminin’s ability to enhance
oligodendroglial filopodia formation, processes extension, and process branching (Eyermann et
al. 2012).

Transcribed from a single gene, DAGL, dystroglycan is translated as a propeptide and
proteolytically processed into o/ subunits. a-Dystroglycan is an extracellular glycoprotein, but
remains non-covalently associated with transmembrane 3-dystroglycan. a-Dystroglycan contains
a glycosylated central mucin domain, which binds with high affinity to LG 4/5 globular domains
of laminin and other LG-containing ECM proteins e.g. agrin, neurexin. As a component of the
dystrophin glycoprotein complex (DGC), muscle dystroglycan provides a structural bridge
between the actin cytoskeleton, via dystrophin binding to the C-terminus of B-dystroglycan, and
the ECM, via laminin binding to a-dystroglycan (Barresi et al. 2006). Mutations in dystroglycan
itself (primary dystroglycanopathy; Hara et al. 2011), or in known or putative
glycosyltransferases that modify a-dystroglycan (secondary dystroglycanopathies) show many
similarities to MDC1A (Clement et al. 2008). In mice, brain-specific deletion of dystroglycan
recapitulates many of the same abnormalities associated with congenital muscular dystrophy and
dystroglycanopathies. For example, aberrant neuronal ectopias, discontinuities of the pial
basement membrane, and blunted hippocampal long-term potentiation - also noted in Largemy‘]I
mice with a mutation of Large - have been reported in dystroglycan mutant mice (Moore et al.
2002; Satz, et al. 2008; Satz et al. 2010). To date it remains unclear if oligodendroglial
dysfunction is associated with dystroglycanopathies, however, preliminary evidence suggests
that brain- or oligodendrocyte-specific loss of dystroglycan in mice delays CNS myelination

(F.M., C.E., and H.C., unpublished observations).
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Interactions between laminins and laminin receptors have long been implicated in PNS
myelination. Loss of laminin-2 from the Schwann cell basal lamina leads to peripheral
dysmyelination (Matsumura et al. 1997), while a6p1 integrin and a6p4 integrin inactivation
results in impaired axonal sorting, or long-term destabilization of the myelin sheath, respectively
(Feltri et al. 2002; Nodari et al. 2008). The combined deletion of o634 integrin and dystroglycan
results in major myelin folding abnormalities (Nodari et al. 2008); and interestingly, a new report
shows that combined a6P1 integrin and dystroglycan deletion not only phenocopies the loss of
laminin-2, but that each receptor has distinct sequential functions during radial sorting (Berti et
al. 2011). Schwann cell dystroglycan has been further shown to affect sodium channel clustering
at Nodes of Ranvier, Schwann cell process outgrowth, and nodal structure including microvilli
organization and elongation of internodes (Saito et al. 2003; Occhi et al. 2005; Court et al.
2009). Thus, many of the phenotypes in dystroglycan-null Schwann cells suggest that
dystroglycan may regulate Schwann cell cytoskeletal remodeling during myelination.

Filopodia have been suggested to function primarily as 'antennae' in a variety of cell
types that sense and respond to cues in the local microenvironment (Mattila et al. 2008), and are
thought to have a role in the morphological differentiation of oligodendrocytes by forming the
initial protrusions from the cell body which coalesce into a lamellipodium at the leading edge of
a growing process (Bauer et al. 2009). Process outgrowth by oligodendrocytes has often been
compared to neurite outgrowth, which in the case of cortical neurons, is dependent on filopodia
formation and promoted in a directed orientation by laminin (Dent et al. 2007; Jang et al. 2010).
Here 1 have shown for the first time that both filopodia formation and filopodia length are
increased in newly-formed oligodendrocytes differentiated on laminin substrate (Fig. 3-1:A-D)

(Eyermann et al. 2012). Laminin is expressed in pre-myelinated axon tracts of the CNS
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(Colognato et al. 2002), thus it is possible that filopodia formation by oligodendrocytes in
response to laminin may serve as a permissive guidance cue promoting process outgrowth along
target axons. I found that dystroglycan is expressed in filopodia at the leading edge of processes
and near emerging process branch points (Fig. 3-5A); and, dystroglycan blocking antibodies
decrease both filopodia formation and filopodia length in cells grown on laminin (Fig. 3-5:B-E)
(Eyermann et al. 2012). Dystroglycan blocking antibodies did not, however, cause a significant
difference in filopodia formation or length when oligodendrocytes were differentiated on PDL.
These data suggest that dystroglycan’s ability to interact with ECM proteins may help to
promote, or stabilize, filopodial extension, perhaps, due to the existence of an oligodendroglial
dystroglycan complex that is recruited in the presence of laminin (Eyermann et al. 2012). Indeed,
B-dystroglycan can interact directly with F-actin, while dystroglycan over-expression promotes
actin re-organization and filopodia formation (Chen et al. 2003). Ezrin, an ezrin-radixin-moesin
(ERM) family protein that functions as a scaffold linking actin to the cell membrane, has been
shown to interact with the juxtamembrane domain of (B-dystroglycan, and thus recruit Dbl, a
guanine exchange factor (GEF) for the Rho GTPase Cdc42, into a complex near the cell
membrane to stimulate filopodia formation (Batchelor et al. 2007; Spence et al. 2004). Thus, by
blocking dystroglycan receptor interactions, the recruitment of cytoskeletal-associated proteins to
dystroglycan may be decreased.

I found that dystroglycan was expressed in puncta along the length of extending
processes, at the leading edge, and in branch points, suggesting that dystroglycan may be
positioned to affect process outgrowth and branching (Fig. 3-4A) (Eyermann et al. 2012).
Process length, process number, and process branching complexity were significantly decreased

when laminin-dystroglycan interactions were perturbed with dystroglycan blocking antibodies
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(Fig. 3-6:A-I) (Eyermann et al. 2012). Since oligodendrocytes derived from mice in which 1
integrins had been deleted from the CNS also exhibit decreased process outgrowth (Barros et al.
2009), I assessed the contribution of B1 integrin during pre-myelinating stages of process
outgrowth in double-blocking experiments with antibodies to perturb laminin interactions with
both dystroglycan and a6f1 integrin (Fig. 3-7:A-G). I was surprised to find that branching
complexity and process length was, while somewhat more affected, not substantially more
affected (with the exception of a more drastic decrease in length at 72 hours), when
oligodendrocytes were differentiated in the presence of both blocking antibodies in contrast to
dystroglycan blocking antibodies alone (Fig. 3-7:A-G) (Eyermann et al. 2012). It should be
noted that for continuity throughout our Sholl experiments, only cells with at least one process
50um in length were analyzed for branching complexity, and only a small proportion of
oligodendrocytes met these requirements in the presence of both blocking antibodies (data not
shown). Out data may, therefore, reflect the ability to a small subset of oligodendrocytes to
overcome the disruption of all laminin-receptor interactions. Along these lines, it has been
suggested that dystroglycan and 1 integrin competition for binding with laminin reflects some
of the differences observed when B1 integrin function has been compromised in vivo (O'Meara et
al. 2010).

Finally, I also found that process length, process formation, and process branching
complexity were significantly decreased when oligodendrocytes were depleted of dystroglycan
via siRNA (Fig. 3-8:A-I), with process branching being particularly affected (Fig. 3-8:G,I)
(Eyermann et al. 2012). When oligodendrocytes were differentiated on PDL, dystroglycan
blocking or depletion did not result in significant changes in process formation, outgrowth, or

branching (data not shown) (Eyermann et al. 2012). The more pronounced reduction in process
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complexity that was observed in the presence of dystroglycan siRNA, compared to the reduction
seen with dystroglycan blocking antibodies, may reflect the fact that dystroglycan loss interferes
with integrin association with signaling adaptors, thus enabling a more complete shut down of
adhesion-based signals (as compared to using blocking antibodies that solely perturb
extracellular interactions). In epithelial cells for example, disruption of endogenous laminin-
dystroglycan interactions can disrupt a6f1 integrin-mediated activation of ERK (Ferletta et al.
2003), and, laminin engagement by dystroglycan can decrease the interaction between (1
integrin and laminin (Driss et al. 2006).

Focal adhesion kinase (FAK), a common interacting signaling molecule for both 1
integrin and dystroglycan, is found in ECM-cell adhesion sites and integrates signals
downstream of integrins and growth factors affecting cell shape, adhesion, and motility (Mitra et
al. 2005). Dystroglycan has been reported to interact with FAK in brain synaptosomes
(Cavaldesi et al. 1999), and, more recently it was demonstrated for the first time that -
dystroglycan localizes in focal adhesions (Thompson et al. 2010). Here I report that dystroglycan
partially co-localizes with FAK in oligodendroglial processes (Fig. 3-4B), and can be
coimmunoprecipitated together (Fig. 3-4C), indicating that dystroglycan and FAK may be
associated in focal adhesions (Eyermann et al. 2012). A role for FAK in regulating process
outgrowth has been shown to occur in a Fyn-dependent manner in the CG4 oligodendrocyte-like
cell line (Hoshina et al. 2007). More recently it was reported that network expansion (a measure
of process branching complexity) was decreased in oligodendrocytes depleted of FAK via
siRNA, specifically in cells in contact with laminin but not fibronectin (Lafrenaye and Fuss
2010). Interestingly, it has been reported that mice with conditional loss of FAK have cortical

abnormalities resembling those associated with dystroglycanopathies (Beggs et al. 2003). In
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addition, decreased numbers of myelinated fibers and primary processes have been observed via
ultrastructural analysis of optic nerve in an inducible oligodendrocyte-specific FAK” mouse at
the onset of myelination (Forrest et al. 2009), while CNP-Cre mediated deletion of FAK prior to
myelination resulted in increased threshold for myelination favoring larger diameter axons in
optic nerve (Camara et al. 2009). The failure to extend multiple processes that might target more
small caliber axons was proposed in a model by Camara et al. to explain these results, and it is
tempting to speculate whether loss of dystroglycan-FAK interactions in focal adhesions
contributes to this.

Based on the findings in this study, I propose a model in which laminin can potentiate
filopodia formation, process outgrowth, and branching at least in part by interacting with
dystroglycan during several stages of oligodendrocyte differentiation (Fig. 3-9) (Eyermann et al.
2012). During initial myelination events, therefore, it may be that oligodendrocyte processes that
make contacts with laminin-associated axon tracts have a selective advantage in terms of process
growth and branching. Given that oligodendrocyte progenitor cells express relatively low levels
of dystroglycan (Colognato et al. 2007), it may be that increased dystroglycan expression in
differentiating oligodendrocytes helps to “jump start” the ability of oligodendroglia to begin the
myelination process itself. Future studies to address these and other questions would further
expand our knowledge regarding the potential molecular mechanisms that underlie the

myelination defects associated with laminin deficits.
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Figure 3-1. Process outgrowth and filopodia formation are increased in response to
laminin. Oligodendrocyte progenitor cells (OPCs) were differentiated for 4, 12, 24 or 72 hours
on poly-D-lysine (PDL) or laminin (Lm) substrates. A) Representative micrographs of newly-
formed oligodendrocytes (OLs) differentiated for 12 hours depict F-actin (green) and DAPI for
nuclei (blue). Scale bars = 10 um. Insets show an increase in the number of filopodia formed in
an OL when differentiated on Lm in comparison to PDL. B) Bar graph depicting the mean (+
SEM) number of filopodia formed by OLs differentiated for 12 hours on either PDL or Lm. C)
Bar graph depicting the relative number of filopodia formed by OLs differentiated for 12 hours
on either PDL or Lm and normalized against the perimeter (pm) of each cell. Bars represent the
mean (= SEM) filopodia formed per micron of cell perimeter. D) Bar graph depicting the mean
(+ SEM) filopodia length (um) of OLs differentiated for 12 hours on PDL or Lm. E)
Representative micrographs of OLs differentiated for 4, 12, 24, and 72 hours on PDL or Lm
substrates depict F-actin (green) and DAPI (blue). Process length is increased when OLs are
differentiated on Lm relative to OLs differentiated on PDL. Scale bars = 50 um. F) Bar graph
depicting the mean (+ SEM) process length of OLs differentiated for 4, 12, 24 and 72 hours on
PDL and Lm substrates. G) Differentiated OLs were analyzed throughout all experiments using
OL lineage specific markers co-stained with phalloidin to visualize actin in filopodia and
processes. A representative micrograph in which CNP immunoreactivity (red) in combination
with phalloidin (green) is shown in an OL differentiated for 72 hours. Scale bars = 50 um, **P<
0.01; ***P <0.001.
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Figure 3-2
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Figure 3-2. Primary process formation and process branching are increased in response to
laminin. A) Cartoon depicting the types of processes analyzed in the following experiments.
Primary (1°) processes extend from the OL cell body; secondary (2°) processes are extensions
from branch points in primary processes; and finally, although not evaluated here, tertiary (3°)
processes are formed by extensions beyond 2° process branch points. B) Representative
micrographs of newly formed OLs differentiated 4 or 12 hours on PDL or Lm substrates depict
F-actin (green) and DAPI for nuclei (blue). When compared to OLs differentiated on PDL, OLs
differentiated 4 or 12 hours on Lm show increased formation of 1°processes; however, the
number of 2° processes formed is increased when OLs are differentiated on Lm for 12 hours, but
not 4 hours. Scale bars = 25 um. C,E) Bar graphs depicting the mean (+ SEM) number of 1°
processes formed by OLs differentiated 4 (C) or 12 (E) hours on PDL or Lm. D,F) Bar graphs
depicting the mean (£ SEM) number of 2° processes formed by OLs differentiated 4 (D) or 12
(F) hours on PDL or Lm (**P < 0.01; ***P<0.001).
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Figure 3-3
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Figure 3-3. Process branching complexity is increased in response to laminin. A) Cartoon
description of Sholl analysis as a measure of OL process branching complexity. Left panel: A
representative micrograph of a newly-formed OL differentiated 24 hours and visualized using
GalC immunoreactivity (red) and phalloidin labeling of F-actin (green). Middle panel: Using a
Sholl analysis plugin for Image J software, the RGB image is converted to an 8-bit black and
white skeletonized image. Right panel: A series of concentric circles is superimposed around the
center of the cell (origin) and the average number of intersections the skeletonized OL makes at
each radius is determined. The following parameters were used: 10 um starting radius, 50 pm
ending radius, 10 pm step size, and 0.1 pum span. B,D) Representative micrographs of OLs
differentiated for 24 (B) or 72 (D) hours on PDL or Lm substrates depict F-actin (green) and
DAPI for nuclei (blue). OLs differentiated on Lm typically exhibit more complex branching in
comparison to OLs differentiated on PDL, particularly at an earlier stage of differentiation (24
hrs). Scale bars = 50 um. C,E) Bar graph depicting the mean (+ SEM) number of intersections
made by oligodendrocytes differentiated for 24 (C) or 72 (E) hours on PDL or Lm substrates as
evaluated using Sholl analysis (*P <0.05; **P <0.01).
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Figure 3-4
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Figure 3-4. Dystroglycan is localized in processes, process branch points, and in focal
adhesions. A) Representative micrographs of differentiated OLs showing a-dystroglycan (DG)
(red) immunoreactivity in combination F-actin labeling (green) and DAPI for nuclei (blue). In
newly-formed OLs differentiated for either 4 or 12 hours, DG immunoreactivity is localized at
the cortical cell body and in the leading edge of processes (asterisks) as shown in the insets. As
OLs differentiate, processes begin to branch and DG immunoreactivity can frequently be found
enriched at process branch points (See arrowheads in insets for OLs differentiated 24 or 72
hours). Scale bars = 25 um. B) Representative orthogonal view confocal images showing -
dystroglycan (DG) (red) and FAK phosphotyrosine 397 (FAK) (white) immunoreactivity, in
combination with F-actin labeling (green). Inset from the top left panel is shown in the top right
panel, and illustrates DG co-localization with FAK in a focal adhesion near the leading edge of a
process. Bottom panels show individual channels in the z plane corresponding to the inset in the
top right panel. Scale bar = 20 um. C) Lysates obtained from OLs grown for 96 hours on PDL
yield immunoprecipitation complexes containing dystroglycan and FAK. Antibodies directed
against B-DG coimmunopreciptated FAK (top panel), while in reverse, antibodies directed
against FAK coimmunoprecipitated -DG (bottom panel).
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Figure 3-5
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Figure 3-5. Dystroglycan blocking antibody decreases filopodia formation and length. A)
Dystroglycan Live Label: Representative micrograph of an OL differentiated for 12 hours
showing oa-dystroglycan (aDG) (red) immunoreactivity using a live labeling technique, in
combination with F-actin labeling (green) and DAPI for nuclei (blue). Inset below shows aDG
immunoreactivity at the tip (arrowheads) and near the base (asterisk) of filopodia. Scale bar = 10
um. Dystroglycan GFP Lentivirus: OPCs were infected with a full length DAG1-GFP lentiviral
construct and subsequently differentiated for 48 hours. Representative micrographs depict
DAGI1-GFP (green) and DAPI (blue). Top Panel: inset (i) shows DAG1-GFP localization at the
tip of a filopodium (arrowhead), while inset (ii) shows DAGI1-GFP localization in both longer
(arrowhead) and shorter (asterisk) filopodia along a process. Bottom Panel: inset (iii) shows
DAGI1-GFP in filopodia along the cell body (asterisks), while inset (iv) shows DAGI1-GFP
localization in filopodia at the leading edge of a process (arrowheads). Scale bars = 25 um. B)
Representative micrographs of an OL differentiated for 12 hours on Lm in the presence of
dystroglycan blocking antibody (IIH6) or control antibody (ctrl), visualized using F-actin
labeling (green) and DAPI (blue). Both the number of filopodia and filopodia length were
decreased when OLs are differentiated in the presence of IIH6. Scale bars = 10 um. C) Bar graph
depicting the mean (+ SEM) number of filopodia formed by OLs differentiated for 12 hours on
Lm in the presence or absence of IIH6. D) Bar graph depicting the relative number of filopodia
formed by OLs differentiated for 12 hours on Lm in the presence of IIH6 or control antibody and
normalized to the perimeter (um) of each cell. Bars represent the mean (+ SEM) filopodia
formed per micron of cell perimeter. E) Bar graph depicting the mean (= SEM) filopodia length
(um) of OLs differentiated for 12 hours on Lm in the presence of I[IH6 or control antibody (***
P <0.001).
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Figure 3-6
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Figure 3-6. Dystroglycan blocking antibody decreases process outgrowth and process
branching. A) Representative micrographs of OLs differentiated for 24 and 72 hours on Lm
depict F-actin labeling (green) and DAPI for nuclei (blue). At both 24 and 72 hours of
differentiation, OL process lengths are decreased in the presence of dystroglycan blocking
antibody (IIH6). Scale bars = 50 um. B,C) Bar graphs depicting the mean (+ SEM) process
length of OLs differentiated on Lm for 24 hours (B) or 72 hours (C) in the presence of IIH6 or
control antibody (ctrl). D,G) Representative micrographs of OLs differentiated for 24 (D) or 72
(G) hours on Lm in the presence of IIH6 or control antibody and visualized with phalloidin
(green) and DAPI (blue). Process branching was less complex when OLs were differentiated in
the presence of IIH6. Scale bars = 50 um. E,H) Bar graph depicting the mean (= SEM) number
of 1° processes formed by OLs differentiated for 24 (E) or 72 (H) hours on Lm in the presence
of ITH6 or control antibody. F,l) Bar graph depicting the mean (= SEM) number of intersections
made by OLs differentiated for 24 (F) or 72 (I) hours on Lm in the presence of IIH6 or control
antibody as evaluated using Sholl analysis (*P <0.05; **P < 0.01; ***P <0.001).
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Figure 3-7
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Figure 3-7. Dystroglycan and B1 integrin blocking antibodies decrease process outgrowth
and process branching. A) Representative micrographs of OLs differentiated in the presence of
dystroglycan (ITH6) and B1 integrin (HA2/5) blocking antibodies, or control antibodies (ctrl), for
24 and 72 hours on Lm depict F-actin labeling (green) and DAPI for nuclei (blue). In the
presence of IIH6 and HA2/5, process length is significantly decreased compared to controls at
both 24 and 72 hours. Scale bars = 50 um. B,C) Bar graphs depicting the mean (= SEM) process
length at 24 (B) and 72 (C) hours in the presence of [IH6 and HA2/5 or control antibodies. D,F)
Representative micrographs illustrating process branching complexity of OLs differentiated for
24 (D) or 72 (F) hours in the presence of IIH6 and HA2/5, or control antibodies, depict F-actin
labeling (green) and DAPI (blue). In the presence IIH6 and HA2/5, process branching
complexity is significantly decreased at both 24 and 72 hours compared to controls. Scale bars =
50 um. E,G) Bar graph depicting the mean (+ SEM) number of intersections made by OLs
differentiated for 24h (E) or 72h (G) in the presence of [IH6 and HA2/5, or control antibodies, as
evaluated using Sholl analysis (*P <0.05; **P =0.01; ***P <0.001).
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Figure 3-8
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Figure 3-8. Dystroglycan siRNA decreases process outgrowth, process formation and
process branching. A) Immunoblot analysis showing B-dystroglycan (BDG) and actin (loading
control) in cell lysates of OLs transfected with either control siRNA (ctrl) or dystroglycan siRNA
(DG) and differentiated for 24 or 72 hours. B) Representative micrographs of OLs transfected
with ctrl or DG siRNA and differentiated for 24 or 72 hours on Lm; F-actin labeling (green) and
DAPI for nuclei (blue). OLs transfected with DG siRNA exhibited a decrease in process length.
Scale bars = 50 um. C,D) Bar graphs depicting the mean (£ SEM) process length of OLs
transfected with ctrl siRNA or DG siRNA and differentiated on Lm for 24 hours (C) or 72 hours
(D). E) Representative micrographs of OLs transfected with ctrl siRNA or DG siRNA and
differentiated for 24 or 72 hours on Lm; F-actin labeling (green) and DAPI (blue). DG siRNA
resulted in decreased primary process formation and process branching complexity. Insets in
images of OLs differentiated for 72 hours illustrate the reduction in process branching. Scale
bars = 50 um. F,H) Bar graph depicting the mean (+ SEM) number of 1° processes formed by
OLs transfected with ctrl siRNA or DG siRNA and differentiated for 24 (F) or 72 (H) hours on
Lm. G) Bar graph depicting the mean (£ SEM) number of 2° processes formed by OLs
transfected with ctrl siRNA or DG siRNA and differentiated for 24 hours on Lm. |) Bar graph
depicting the mean (+ SEM) number of intersections made by OLs transfected with ctrl siRNA
or DG siRNA and differentiated on Lm for 72 hours as evaluated using Sholl analysis (**P
<0.01, ***P <0.001).
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Figure 3-9
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Figure 3-9. Dystroglycan-Lm interactions promote filopodia formation, process outgrowth,
and process branching in differentiating oligodendrocytes. (1) Upon cell cycle exit,
oligodendrocyte progenitor cells (OPCs) differentiate into newly-formed oligodendrocytes and
undergo a dramatic morphological transformation. These immature oligodendrocytes extend
numerous processes containing thin filopodial projections found near the leading edge of
processes; membrane proteins localized in or near these projections respond to cues within the
local extracellular microenvironment. (2) Secondary and higher order process branching,
associated with more mature pre-myelinating oligodendrocytes, increases the capacity of an
oligodendrocyte to contact multiple target axons. Laminin, found within pre-myelinating axon
tracts, binds to the oligodendroglial receptor, dystroglycan, and promotes process extension,
filopodia formation, and branching by newly-formed oligodendrocytes. Overall, laminin-
dystroglycan interactions may help to ensure that individual oligodendrocytes obtain their
maximal myelinogenic capacity.
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Chapter 4

B-DYSTROGLYCAN LOCALIZES TO THE NUCLEUS IN

OLIGODENDROGLIAL CELLS: FUNCTIONAL IMPLICATIONS

INTRODUCTION

Dystroglycan is best known for it central role in skeletal muscle, where as a component
of the dystrophin glycoprotein complex (DGC), it forms a structural link between the
extracellular matrix and the actin cytoskeleton. Transcribed from a single gene, DAGL,
dystroglycan is translated as a propetide and cleaved into two subunits (/). a-Dystroglycan is
an extracellular membrane protein, modified by the addition of O- and N-linked carbohydrates,
which facilitate binding to several ECM molecules including laminin and perlecan. o-
Dystroglycan remains tightly associated with its transmembrane subunit, B-dystroglycan,
through non-covalent interactions at the extracellular surface. The intracellular domain of f-
dystroglycan contains binding sites for several proteins including dystrophin, an actin-binding
adaptor protein that forms a crucial bridge between the actin cytoskeleton and dystroglycan.

Mutations in the gene that encode dystrophin, DMD, result in the absence of dystrophin,
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disruption of the link between the ECM and the cytoskeleton, and cause the degenerative muscle
disease Duchenne muscular dystrophy (DMD).

For many years, much emphasis has been placed on understanding the complex post-
translational pathways that modify a-dystroglycan. Mutations in known or putative
glycosyltransferases that modify a-dystroglycan result in a decreased affinity for laminin
binding. As is the case in DMD with a disturbed linkage between the DGC and the cytoskeleton,
the reduced ability of a-dystroglycan to bind laminin in the ECM also disrupts the integrity of
the DGC, thus causing several congenital muscular dystrophies including Walker-Warburg
syndrome (WWS), muscle-eye-brain disease (MEB), and Fukuyama CMD (FCMD). Together,
the disorders associated with dysfunctional dystroglycan are referred to as dystroglycanopathies.
However, dystroglycan function is also crucial for normal central nervous system (CNS)
development. In addition to peripheral myopathy associated with dystroglycanopathy, brain
abnormalities, white matter defects, and severe cognitive disabilities have also been linked to
dysregulated dystroglycan function in humans. Cobblestone lissencephaly, neuronal ectopias,
cerebellar dysplasia, and ventricular enlargement are often found in patients with these disorders,
and are recapitulated in transgenic mouse models with either deleted or dysfunctional
dystroglycan. The conditional deletion of deletion of dystroglycan in the entire CNS has severe
consequences for normal brain development (Satz et al. 2008). Conditional deletion in neurons
or astrocytes does not, however, fully recapitulate the phenotype associated with the entire CNS
knockout of dystroglycan (Moore et al. 2002; Satz et al. 2010). White matter defects associated
with dystroglycanopathies have not been investigated in mouse models, nor has the
oligodendrocyte-specific deletion of dystroglycan been reported to date, although work in our lab

is currently underway to address this.
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More recently, the view of dystroglycan has begun to shift in which the cytosolic domain
of B-dystroglycan has gained more attention as a potential signaling platform, or quite possibly
as a signaling molecule in its own right. For example, the discovery that -dystroglycan could be
tyrosine phosphorylated in an adhesion-dependent manner and recruit SH2 domain containing
proteins including the Src family kinase Fyn, first opened the door to the idea of dystroglycan as
a signaling platform (Russo et al. 2000; Isley et al. 2001; Sotgia et al. 2001). Mitogen activated
protein kinase (MAPK) and extracellular signal-regulated protein kinase (ERK) were later
reported to interact directly with the juxtamembrane domain of dystroglycan (Spence et al.
2004). Finally, cytoskeletal adaptor protein interactions with 3-dystroglycan have been shown to
recruit Rho GDP/GTP exchange factors (GEFs) for the Rho GTPase Cdc42 and localize Cdc42
activation resulting in cytoskeletal modifications (Batchelor et al. 2007).

Recently, it was found that B-dystroglycan could function independently from o-
dystroglycan forming an alternate complex with modified components of the DGC in the outer
membrane of Schwann cells (Court et al. 2011). Interestingly, formation of this complex is
precipitated by matrix metalloproteinase-2 and -9 cleavage of dystroglycan, forming a truncated
30 kDa isoform of B-dystroglycan, which accumulates in the nerves of dystrophin-deficient
(mdx) mice (Hnia et al. 2006; Court et al. 2011). B-dystroglycan has also been found to co-
localize with the short dystrophin isoform Dp71 in the cleavage furrow of dividing REF52 and
PC12 cells; furthermore, deletion of either B-dystroglycan or Dp71 also attenuates cell cycle
progression in REF52, PC12, Hela and Swiss 3T3 cells (Higginson et al. 2008; Villarreal-Silva
et al. 2011). An association between B-dystroglycan and Dp71 has additionally been observed in
the nuclear membrane of a number of different cell types including C2C12 muscle, Hela, and

PC12 neural cells, where it has been proposed to form a complex in the nuclear lamina and
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stabilize the nuclear matrix (Fuentes-Mera et al. 2006; Gonzalez-Ramirez et al. 2008; Villarreal-
Silva et al. 2010). Intriguingly, a functional nuclear localization sequence (NLS) has also been
identified in B-dystroglycan within the last few years prompting suggestions that dystroglycan
may have a signaling role within the nucleus (Oppizzi et al. 2008; Lara-Chacon et al. 2010).
Whether or not this is the case, is currently unknown.

Oligodendrocytes were recently found to express dystroglycan (Colognato et al. 2007).
Dystroglycan depletion causes delayed oligodendrocyte differentiation and decreases maximal
activation of MAPK in response to IGF-1, an important neurotrophic factor in oligodendrocyte
development (Colognato et al. 2007; Galvin et al. 2010). Together, these findings suggest that
dystroglycan is an important regulator of oligodendroglia development. However, the specific
functional contribution of B-dystroglycan during oligodendrocyte development has not been
explored in detail. Considering the evidence that B-dystroglycan can localize to the nucleus in a
number of cell types, it would be interesting to ascertain whether B-dystroglycan is similarly
localized in the nucleus of oligodendrodroglia.

There are currently two unknowns concerning B-dystroglycan in oligodendroglia: 1) the
subcellular distribution of B-dystroglycan, and 2) whether the cytosolic domain of [-
dystroglycan has a role in normal oligodendrocyte development, independent of a-dystroglycan.
I have examined the first question by using subcellular fractionation and immunocytochemistry
in order to demonstrate the presence of endogenous -dystroglycan in various cellular fractions
in oligodendrocyte progenitor cells and differentiated oligodendrocytes. To address the second
question, I have overexpressed the cytosolic domain of [B-dystroglycan in oligodendrocyte

progenitor cells, and examined a functional role in regulating the cell cycle and in localizing
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components of the DGC. The experiments presented in the following chapter therefore make an

initial foray into addressing both of these questions.

RESULTS

Subcellular distribution of B-dystroglycan in oligodendrocytes and progenitor cells

The subcellular localization of B-dystroglycan in nuclear fractions has been reported in
A549 human lung, Hela, Hepa-1 mouse hepatic, C2C12 mouse muscle, and mammary epithelial
cell lines (Fuentes-Mera et al. 2006; Oppizzi et al. 2008; Lara-Chacon et al. 2010).
Oligodendrocytes express dystroglycan, however, the subcellular distribution of B-dystroglycan
is currently unknown. In order to assess the subcellular distribution of oligodendroglial -
dystroglycan, I performed subcellular fractionation experiments using lysates obtained from
oligodendrocyte progenitors (OPCs) or immature oligodendrocyes. OPCs isolated from rat
mixed glial cultures were expanded for 3 days on poly-D-lysine (PDL) coated plates in
proliferation media (Sato's medium supplemented with 20 ng/ml PDGF and 20 ng/ml FGF).
Alternatively, purified OPCs were grown on PDL coated plates for 3 days in differentiation
media (Sato's medium supplemented with 0.5%FCS). After 3 days, the cells were lysed and
separated into cytosolic, nuclear, and total protein fractions. Lysates were then subjected to
immunoblot analysis using anti-B-dystroglycan antibody, anti-lamin B1 antibody for the nuclear
loading control, and anti-a-tubulin antibody for the cytosolic loading control (Fig. 4-1A).

I found very little contamination between cytosolic and nuclear fractions with a-tubulin

(55 kDa) expression being restricted to the cytosolic fraction, and lamin B1 (68 kDa) expression
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restricted to the nuclear fraction, as expected. I found two forms of B-dystroglycan in the total,
cytosolic, and nuclear fractions corresponding to full length (43 kDa) and cleaved (30 kDa) -
dystroglycan; these forms were found in both OPCs and in differentiated oligodendrocytes
(DIFF) (Fig. 4-1A). Cleaved B-dystroglycan has been reported to be elevated in a number of
breast cancer cell lines and is also found independently of a-dystroglycan in Schwann cell
compartments (Sgambato and Brancaccio 2005; Court et al. 2011). The relative percent
distribution of total B-dystroglycan (full length + cleaved) in the nuclear fraction of OPCs and
differentiated oligodendrocytes (DIFF) was evaluated by densitometry as shown in Figure 4-1B.
While there was a twofold increase in total B-dystroglycan levels in the nuclear fraction of OPCs
compared to the nuclear fraction of differentiated oligodendrocytes, this difference was not
significant (Fig. 4-1B; 8.4% + 3.2% in the nuclear fraction of OPCs vs. 4% + 1.6% in the nuclear
fraction of differentiated oligodendrocytes, n=3, P = 0.285).

I next asked whether there was a difference in the relative distribution of the full length
versus the cleaved form of [-dystroglycan in the nuclear fractions of OPCs and
oligodendrocytes. To my surprise, I found that the cleaved -dystroglycan was the predominant
form found in the nuclear fractions of both OPCs and oligodendrocytes (Fig. 4-1C; 98.7% =+
1.3% cleaved B-dystroglycan vs. 1.3% + 1.3% full length B-dystroglycan in OPCs, n=3,
*#%P<0.001; and, 85% =* 9.3% cleaved PB-dystroglycan vs. 15% + 9.3% full length B-
dystroglycan in oligodendrocytes, n=3, **P=0.006). However, there was no significant
difference in relative distribution of either cleaved or full length B-dystroglycan in the nuclear
fractions of OPCs compared to oligodendrocytes (Fig. 4-1C; 98.7% £ 1.3% cleaved pB-

dystroglycan in OPCs vs. 85% + 9.3% cleaved B-dystroglycan in oligodendrocytes, n=3,
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P=0.219); 1.3% + 1.3% full length B-dystroglycan in OPCs vs. 15% £ 9.3% full length B-
dystroglycan in oligodendrocytes, n=3, P=0.219).

Additionally, I asked whether there was a difference in the relative distribution of the full
length versus the cleaved form of B-dystroglycan in the cytosolic fractions of OPCs and
oligodendrocytes. In this case, I encountered the opposite result. While cleaved p-dystroglycan is
the predominant form in the nucleus of both OPCs and oligodendrocytes, full length -
dystroglycan is predominantly found in the cytosolic fraction of both OPCs and oligodendrocytes
(Fig. 4-1D; 100% full length B-dystroglycan vs. 0% cleaved B-dystroglycan in the cytosolic
fraction of OPCs; and 98% + 2% full length B-dystroglycan vs. 2% + 2% cleaved B-dystroglycan
in the cytosol of oligodendrocytes, n=3, ***P<0.001). Not surprisingly, there is no significant
difference between levels of either full length or cleaved length B-dystroglycan in the cytosolic
fraction of OPCs in comparison to oligodendrocytes (Fig. 4-1D; 100% full length B-dystroglycan
in OPCs vs. 98% £ 2% full length B-dystroglycan in the cytosol of oligodendrocytes, n=3,
P=0.374; and 0% cleaved B-dystroglycan in OPCs vs. 2% + 2% cleaved [(-dystroglycan in the
cytosol of oligodendrocytes, n=3, P=0.374).

Finally, I asked whether or not B-dystroglycan was localized in the nucleus of other glial
cells in the CNS. I performed subcellular fractionation on astrocytes as described above and
found that B-dystroglycan is expressed in both the cytosol and nucleus (Fig. 4-1E). Interestingly,
full length B-dystroglycan is expressed predominately in the cytosol of astrocytes similarly to
OPCs and oligodendrocytes; in contrast, the full length also seems to be the predominant form of
B-dystroglycan in the nucleus while cleaved B-dystroglycan seems to be more weakly expressed.

This may illustrate different functional roles for B-dystroglycan in oligodendrocytes and their
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precursors versus astrocytes. Taken together, these findings show that B-dystroglycan is found in
the nuclear fractions of both OPCs and oligodendrocytes, suggesting that -dystroglycan may

potentially play role in regulating oligodendroglial functions via interactions in the nucleus.

Endogenous B-dystroglycan expression in oligodendrocytes and progenitor cells

Next | asked whether B-dystroglycan can be detected via immunocytochemistry in
oligodendrocyte progenitor cells (OPCs) and immature oligodendrocytes. Oligodendrocytes have
previously been shown to express dystroglycan using a-dystroglycan antibodies; however, the
antibodies used to detect dystroglycan (IIH6) recognized carbohydrate epitopes on o-
dystroglycan at the extracellular surface of the cell (Colognato et al. 2007; Galvin et al. 2010).
Since o/B-dystroglycan have been viewed primarily as an obligate pair, B-dystroglycan
expression has been assumed to coincide with a-dystroglycan immunoreactivity. While this is
certainly most likely true in most cases, B-dystroglycan expression has been reported in the outer
membane of Schwann cells in the absence of a-dystroglycan (Court et al. 2011). Using
antibodies directed against B-dystroglycan, I was able to visualize expression in OPCs and
oligodendrocytes differentiated for 3 days in vitro (Fig. 4-2). In OPCs, [B-dystroglycan
expression is distributed throughout the cell body extending into the processes (Fig. 4-2A). The
pattern of staining is alternately diffuse and punctate with occasional strong localization either in
or near the nucleus. The punctate pattern is consistent with a-dystroglycan immunoreactivity
(Colognato et al. 2007; Galvin et al. 2010), however, B-dystroglycan levels seem particularly
prominent in the cell body and the nucleus. The pattern of B-dystroglycan location is similar in

immature oligodendrocytes with -dystroglycan expression extending out into processes and into
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process branches (Fig. 4-2B). Immunoreactivity is also very strong in the cell body and shows

occaisional prominent staining associated with the nucleus.

Overexpression of cytosolic B-dystroglycan shows preferential localization in the nucleus of
oligodendrocyte progenitor cells

In order to visualize the expression pattern of the cleaved (30 kDa) form of -
dystroglycan, I transfected oligodendrocyte progenitor cells (OPCs) with a truncated construct
containing the entire cytosolic domain of B-dystroglycan fused to green fluorescent protein
(GFP) (Cyto-BDG-GFP). A schematic of this construct in relation to full length dystroglycan is
found in Figure 4-3A. Transfected OPCs were seeded onto PDL coated glass coverslips and kept
in proliferation media (Sato's medium supplemented with 20ng/ml PDGF and 20 ng/ml FGF)
overnight. 12-24 hours later, transfection efficiency was confirmed visually by fluorescence
microscopy, the cells were fixed, and immunolabeling was performed with antibodies to detect
GFP and dystrophin. To provide additional confirmation of transfection efficiency, I obtained
lysates from transfected cells, separated protein extracts via SDS-PAGE, and detected GFP via
immunoblot. The Cyto-BDG-GFP construct migrates at ~55 kDa in a 10% gel, while the vector
control (Ctl-GFP) migrates at ~25 kDa (Fig. 4-3B). GFP immunoreactivity in OPCs transfected
with the Cyto-BDG-GFP construct or Ctl-GFP construct was visualized via confocal microscopy
(Fig. 4-3C). GFP expression is preferentially localized in the nucleus of Cyto-BDG-GFP
transfected cells. GFP staining is also apparent in the cytosol, but is less concentrated than the
nucleus. OPCs expressing Ctl-GFP show weak staining within the nucleus and prominent
staining in the cytosol. Interestingly, when co-labeling with antibodies to detect dystrophin, I

noted a marked redistribution of dystrophin out of the cytosol and into the nucleus of OPCs
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transfected with the Cyto-BDG-GFP construct. A similar redistribution of dystrophin was not
apparent in Ctl-GFP transfected cells. These data suggest that B-dystroglycan and dystrophin

may form a complex in the nucleus of OPCs.

Cytosolic B-dystroglycan is redistributed out of the nucleus following microtubule
disruption

It is currently unknown how [-dystroglycan is shuttled to the nucleus, and, whether it is
trafficked from the plasma membrane in response to a signal, or if it is sent directly from the
Golgi. Interestingly, tyrosine phosphorylation of B-dystroglycan in response to laminin causes
internalization of B-dystroglycan within vesicles where it colocalizes with the endosomal marker
transferrin in Cos-7 cells (Sotgia et al. 2003). Sotgia et al. further speculate that 3-dystroglycan
internalization may function as an intracellular signaling platform. Many proteins are trafficked
via motor proteins along microtubules throughout the cell, which suggests a potential mechanism
by which B-dystroglycan can be trafficked to the nucleus. I've noted that GFP immunoreactivity
strongly co-localizes with what appears to be microtubules in some oligodendrocytes transfected
with a full length o/B-dystroglycan-GFP construct (data not shown). This led me to ask 1)
whether dystroglycan may be trafficked along microtubules, and 2) whether or not disrupting
microtubules would affect localization of the cytosolic B-dystroglycan construct (Cyto-BDG-
GFP) which shows particularly strong nuclear localization. In order to address the first question,
I first sought to answer the second. Microtubule depolymerization can be induced in the presence
of nocodazole. Oligodendrocytes cultured in the presence of nocodazole exhibit marked process
retraction following the collapse of the microtubule network (Song et al. 2001). I transfected

oligodendrocyte progenitor cells (OPCs) with either Cyto-BDG-GFP or vector control (Ctl-GFP)
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constructs and treated them with either 10 pg/ml nocodazole or vehicle control, DMSO (CTL),
for 2 hours after which they were subsequently fixed. Anti-GFP antibodies were used to detect
GFP, while anti-a-tubulin was used to visualize microtubules and confirm depolymerization. In
the absence of nocodazole, Cyto-BDG-GFP and Ctl-GFP transfected OPCs exhibit normal
microtubule distribution in a mesh like pattern throughout the cell body, extending in parallel
bundles into the processes (Fig. 4-4:A,G,J). Nocodazole treated cells exhibited a retraction of
processes and the collapse of microtubules resulting in punctate o-tubulin staining throughout
the cell body (Fig. 4-4:D,M,P). GFP expression in Ctl-GFP transfected cells was evenly
distributed throughout the cytosol in both nocodazole treated and untreated cells (Fig. 4-
4:B,E,C,F). As expected, Cyto-BDG-GFP transfected cells treated with vehicle control exhibited
strong nuclear localization of GFP (Fig. 4-4:H,K,I,L). However, in the presence of nocodazole,
GFP was redistributed out of the nucleus and into the cytosol of Cyto-BDG-GFP transfected
cells (Fig. 4-4:N,0,Q,R). These results show that microtuble disruption does affect the
localization of Cyto-BDG-GFP; furthermore, they suggest that it is possible that dystroglycan

may be actively trafficked along microtubules in oligodendrocyte progenitor cells.

Delayed cell cycle exit in oligodendrocyte progenitor cells overexpressing cytosolic
B-dystroglycan

I've shown thus far that the cleaved form of B-dystroglycan is enriched in the nuclear
fraction of oligodendrocyte progenitors. Overexpression of a construct containing the cytosolic
domain of B-dystroglycan localizes preferentially in the nucleus of oligodendrocyte progenitors,
and coincides with a redistribution of dystrophin from the cytosol to the nucleus. The functional

significance of nuclear localized B-dystroglycan is still unknown; however, several recent studies
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have implicated B-dystroglycan in regulating the cell cycle (Higginson et al. 2008; Villarreal-
Silva et al. 2011). In order to address the functional significance of nuclear localized -
dystroglycan in oligodendrocyte progenitor cells (OPCs), I next asked whether proliferation
would be affected in OPCs expressing the cytosolic B-dystroglycan construct (Cyto-BDG-GFP).
To answer this question, I transfected oligodendrocyte progenitor cells (OPCs) with either Cyto-
BDG-GFP or vector control (Ctl-GFP) constructs and treated them with increasing amounts of
the soluble growth factor PDGF. Proliferation was evaluated by BrdU incorporation. 12-14 hours
post-transfection, I washed the cells twice in serum free Dulbecco's modified Eagle's medium
(DMEM), prior to adding PDGF (in Sato's modified medium), and cultured them for 8 hours
after which they were subsequently fixed. Anti-GFP antibodies were used to detect GFP, while
anti-BrdU was used to visualize BrdU incorporation into replicating DNA. Nuclei were stained
with DAPI. Representative micrographs of Cyto-BDG-GFP, Ctl-GFP and BrdU
immunoreactivity in untreated and treated (10 ng/ml) OPCs are shown in Figure 4-5A.
Proliferation was assessed by counting the number of BrdU-positive cells in the GFP-positive
cell population. The percent BrdU and GFP double-positive population was evaluated in 3
independent experiments counting a minimum of 100 GFP-positive cells per condition. BrdU
incorporation in response to high levels of growth factor (10 ng/ml and 20 ng/ml) was not
significantly different between OPCs expressing Cyto-BDG-GFP or Ctl-GFP (Fig. 4-5B: at 10
ng/ml: 49.6% £ 1.9% in Cyto-BDG-GFP vs. 50.7% + 1.4% in Ctl-GFP, P=0.668; at 20 ng/ml:
56.6% £ 1.7% in Cyto-BDG-GFP vs. 52.7% £ 1.2% in Ctl-GFP, P=0.130; n=3). However, there
was a small, but significant difference in BrdU incorporation in conditions without PDGF or
with limiting amounts of growth factor (Fig. 4-5B: at 0 ng/ml PDGF: 36.2% + 1.7% in Cyto-

BDG-GFP vs. 26.4% * 2.1% in Ctl-GFP, *P=0.023; at 1 ng/ml: PDGF: 52.8% % 1.3% in Cyto-
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BDG-GFP vs. 44.7% + 2.2% in Ctl-GFP, *P=0.032; n=3). These results show that in conditions
that promote cell cycle exit (i.e. 0 ng/ml PDGF), OPCs expressing Cyto-BDG-GFP are delayed
in exiting the cell cycle. Thus, nuclear localized B-dystroglycan may indeed play a role in

regulating the cell cycle in oligodendrocyte progenitor cells.

DISCUSSION

B-dystroglycan subcellular distribution and expression in oligodendroglia

In the first two figures of this chapter, I demonstrated the subcellular distribution of -
dystroglycan (Fig. 4-1), and the location of endogenous B-dystroglycan in oligodendroglial cells
(Fig. 4-2). Using subcellular fractionation, I reported that B-dystroglycan is present in the cytosol
and nucleus of both oligodendrocyte progenitor cells (OPCs) and immature oligodendrocytes
(10OLs). I also found that two distinct forms of -dystroglycan are found in the cytosolic, nuclear,
and total cell lysates of OPCs and iOLs. The first is the full length (43 kDa) isoform of -
dystroglycan, and the second is a cleaved (30 kDa) isoform of B-dystroglycan. I was initially
surprised to find that the subcellular distribution of total B-dystroglycan (full length + cleaved)
was twofold higher in the nuclear fraction of OPCs compared to the nuclear fraction of
differentiated oligodendrocytes. While this difference was not significant, these results are
consistent with my previous observations (data not shown) that increased total -dystroglycan
levels are found in the nucleus of OPCs compared to differentiated oligodendrocytes. I further
found that within the nuclear compartment, the cleaved form of B-dystroglycan is almost

exclusively present in both OPCs and iOLs. Furthermore, within the cytosolic compartment, the
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full length form of B-dystroglycan is almost exclusively present. In contrast to previous studies
that examined B-dystroglycan in nuclear fractions of several cell types, to the best of my
knowledge, this is the first time that the cleaved form of B-dystroglycan has been shown as the
most prevalent form within the nuclear fraction of any cell type. I can only find one report that
shows that the cleaved form of dystroglycan is found in the nuclear fraction, in C2C12 muscle
cells in an immunoblot; however, the full length form of B-dystroglycan was still the most
prevalent in the C2C12 nuclear fraction, and the potential significance of the cleaved isoform in
the nuclear fraction was not elaborated upon (Lara-Chacon et al. 2010).

An important point must be mentioned regarding the distribution of the full length and
cleaved forms of [B-dystroglycan, and their distribution within the cytosolic and nuclear
compartment of OPCs and iOLs. The first, is the discrepancy between the total B-dystroglycan
distribution in the nuclear fraction of OPCs versus iOLs. I've shown that there is more total [3-
dystroglycan in the nucleus of OPCs than in the nucleus of iOLs, and that in both OPCs and
10Ls, the most prevalent forms in the cytosolic and nuclear fractions are the full length and
cleaved form of B-dystroglycan, respectively. One way to explain the difference in the amount of
B-dystroglycan in the nuclear fraction is to consider the increased association of B-dystroglycan
with the actin cytoskeleton in differentiating oligodendrocytes. The morphological differentiation
of oligodendrocytes involves cytoskeletal remodeling and growth in order to extend and branch
processes. In simple terms, oligodendrocytes are larger cells, have a more complex actin
cytoskeleton, and thus, more B-dystroglycan interactions with the cytoskeleton are likely to
occur. B-dystroglycan can bind to F-actin directly, or via dystrophin (Chen et al. 2003; Baressi
and Winder, 2006). Although the cell fractionation method I used in these experiments should
not have solubilized the cytoskeleton or the cell membrane (with the exception of the total cell
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fraction), I cannot rule out the possiblity that B-dystroglycan in these compartments contributes
to the cytosolic fraction of iOLs. Therefore, the difference between total B-dystroglycan in the
nucleus of OPCs and iOLs, may simply reflect more actin associated -dystroglycan in the
cytosolic fraction of iOLs.

Another important point to mention is the slight increase in the cleaved form of -
dystroglycan in the nuclear fraction of OPCs in comparison to iOLs. While I did not observe any
significant difference in the levels of cleaved B-dystroglycan between OPCs and iOLs in these
experiments, I have previously observed that that the cleaved form of B-dystroglycan is often
significantly higher in OPCs versus iOLs. One way to explain this is the finding that
dystroglycan expression fluctuates during the cell cycle and peaks during S-phase (Hosokawa et
al. 2002). Dystroglycan levels may also fluctuate in OPCs, and depending on when I lysed the
cells at the beginning of the fractionation experiments, it is conceivable that I may have caught a
large percentage of OPCs in different phases of the cell cycle. It is therefore possible that the
cleaved form of B-dystroglycan is also differentially expressed throughout the cell cycle and may
account for the differences I have observed. It would be interesting to block OPCs in each phase
of the cell cycle and determine if this is the case.

Throughout this chapter I have repeatedly referred to the 30 kDa form of B-dystroglycan
as the "cleaved" form of B-dystroglycan. While matrix metalloproteinase (MMP) -2 and -9 have
been reported to cleave B-dystroglycan (Yamada et al. 2001), I cannot confirm whether this is
the case in oligodendroglia. Work done in our lab suggests that regulated cleavage of f-
dystroglycan does occur during normal oligodendrocyte development in vitro and in vivo (Cindy
Leiton and Holly Colognato, unpublished observations); however, the exact mechanism by
which this occurs remains unclear. It would, however, be interesting to assess whether regulated
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cleavage of B-dystroglycan occurs, for example, throughout the cell cycle as described above. I
was also interested to learn whether the cleaved form of B-dystroglycan was present in different
glial cells, and showed one example from a cell fractionation experiment performed on
astrocytes. Interestingly, the cleaved form and the full length forms of B-dystroglycan are present
in the nuclear fraction of astrocytes at what seem to be comparable levels. This is in contrast to
OPCs and iOLs in which the cleaved form of B-dystroglycan is almost exclusively expressed in
the nuclear fraction. This may suggest that regulated cleavage of P-dystroglycan is differs
between glial cell types, and suggests different functional requirements for B-dystroglycan in the
nucleus.

Finally, I also demonstrated the expression of endogenous -dystroglycan in OPCs and
iOLs by indirect fluorescence microscopy. I showed that [B-dystroglycan is expression
throughout the cytosol in alternately diffuse and punctate staining patterns with a strong presence
in the cell body. I also demonstrated that -dystroglycan is found in or near the nucleus in both
OPCs and iOLs. I showed one example of particularly concentrated B-dystroglycan expression in
the nucleus of an OPC possibly prior to dividing. While I can confirm from this analysis that
endogenous B-dystroglycan expression can be detected in OPCs and iOLs, an obvious pitfall in
this analysis is that nuclear localization of B-dystroglycan cannot be confirmed with a great deal
of certainty without confocal imaging. It would also be interesting to visualize (o/f)
dystroglycan expression together in order to assess whether there are different expression

patterns in different cell compartments (i.e. the nucleus). These experiments will be carried out

in the immediate future.
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Cytosolic B-dystroglycan overexpression

In the final three figures of this chapter, I performed preliminary experiments in OPCs
overexpressing a cytosolic B-dystroglycan (Cyto-BDG-GFP) construct to examine the
subcellular location (Fig. 4-3), trafficking (Fig. 4-4), and functional significance of the cytosolic
domain of B-dystroglycan (Fig. 4-5). I first demonstrated that Cyto-BDG-GFP was found
prominently expressed in the nucleus of OPCs. Cyto-BDG-GFP was also found in punctate
staining throughout the cell body consistent with my findings in Fig. 4-2. These results were
obtained using confocal imaging showing one slice through the middle of the nucleus. The
question arises as to how the Cyto-BDG-GFP construct is being translocated into the nucleus.
Two recent studies have shown that the cytosolic domain of B-dystroglycan contains a functional
bipartite NLS that is required either for direct entry into the nucleus, or facilitated entry via o.-
importin and B-importin (Oppizzi et al. 2008; Lara-Chacon et al. 2010). One way to confirm this
would be to mutate the NLS in our Cyto-BDG-GFP construct and determine whether entry into
the nucleus is restricted. I also showed that B-dystroglycan co-localizes with dystrophin in the
cytosol in vector control (Ctl-GFP) transfected OPCs. I also demonstrated that dystrophin
expression significantly redistributed into the nucleus of OPCs transfected with the Cyto-BDG-
GFP construct. This finding is not unexpected as several recent studies have shown that -
dystroglycan exists in a complex with the dystrophin isoform Dp71 in the nucleus and nuclear
envelope (Fuentes-Mera et al. 2006; Gonzalez-Ramirez et al. 2008; Villarreal-Silva et al. 2010,
2011). However, the anti-dystrophin antibody that I used in this experiment (MANDRA-1)
recognizes all six isoforms of dystrophin (Dp427, Dp260, Dp140, Dp116, Dp71, Dp40). The
most abundant isoform in the brain is Dp71, so it is likely that this is the isoform that I am

detecting in this experiment. However, this should be confirmed via immunoprecipitation and/or
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isoform specific antibodies. I should note that in our lab, there is preliminary RT-PCR data
suggesting that oligodendrocytes express the Dp71 transcript (Azeez Aranmolante, unpublished
observations).

I also found, albeit in a very preliminary experiment, that microtubule disruption in OPCs
overexpressing the Cyto-BDG-GFP construct, redistributes Cyto-BDG-GFP out of the nucleus.
While nuclear localization of B-dystroglycan has been shown, it is currently unknown how [-
dystroglycan is trafficked to the nucleus. However, dystroglycan internalization into vesicles at
the cell membrane upon tyrosine phosphorylation has been shown (Sotgia et al. 2003). Whether
or not these vesicles are transported along microtubules to the nucleus upon B-dystroglycan
phosphorylation is also unknown. However, in my observations of OPCs transfected with a full
length (DG-GFP) dystroglycan construct, I have noted strong GFP expression along what
appeared to be microtubules. In that instance, however, I cannot corfirm whether these were
microtubules since I did not co-stain with tubulin antibodies. Since the Cyto-BDG-GFP construct
localizes so prominently in the nucleus, I hypothesized that disrupting microtubules might also
disrupt trafficking of Cyto-BDG-GFP to the nucleus. Several pitfalls are inherent in this
experiment. First, this was an initial qualitative analysis of the redistribution of Cyto-BDG-GFP
in response to microtubule disruption. I also noted many Cyto-BDG-GFP transfected cells in the
nocodazole treated cells that retained a strong nuclear GFP signal. The significance of this
experiment would certainly be more meaningful if the pixel intensities in the nucleus were
measured in a number of cells over the course of several experiments. The second pitfall is that
nocodazole treatment is eventually cytotoxic to cells. Based on an earlier study done in
oligodendrocytes, I used nocodazole at a concentration of 10 pg/ml for 2 hours (Song et al.

2001). Those experiments were performed in differentiating oligodendrocytes, and it is therefore
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possible that the nocodozole conditions were too harsh for more fragile OPCs. Indeed, I did
notice apoptotic nuclei in many cells treated with nocodazole. In this case, breakdown of the
nuclear envelope may also contribute to decreased GFP signal in the nucleus. These experiments
need to be optimized and repeated using confocal imaging and pixel intensity measurement to
determine whether the initial observations I have shown are indeed representative of functional
trafficking of B-dystroglycan to the nucleus.

In the final figure of this chapter (Fig. 4-5) I identified a functional role for cleaved -
dystroglycan using Cyto-BDG-GFP overexpression followed by BrdU incorporation in
experiments designed to measure OPC proliferation in response to increasing amounts of the
soluble growth factor PDGF. Here I have shown that in high growth factor conditions (10 ng/ml
and 20 ng/ml PDGF) there is no significant difference in the number of BrdU-positive OPCs
expressing either Cyto-BDG-GFP or Ctl-GFP. I was surprised, however, to find that in the
absence of growth factor, or in growth factor limiting conditions (1 ng/ml PDGF), there was a
significant increase in the number of BrdU-positive OPCs expressing Cyto-BDG-GFP over
OPCs expressing Ctl-GFP. This suggests that in conditions that normally promote cell cycle exit,
Cyto-BDG-GFP overexpressing cells are delayed in exiting the cell cycle. Dystroglycan
depletion in Swiss 3T3 cells, on the other hand, has been reported to cause the accumulation of
cells in G1-phase during cell cycle progression assays (Higginson et al. 2007). In another study,
Dp71 depletion in PC12 cells was reported to decrease nuclear B-dystroglycan levels, and cause
a delay in the GO/G1 transition (Villarreal-Silva et al. 2011). In Fig. 4-3, I demonstrated that
Cyto-BDG-GFP and dystrophin are prominently co-localized in the nucleus. Taken together, my
results and the previous two studies suggest that Cyto-BDG-GFP and dystrophin, possibly in a

complex, facilitate cell cycle progression in OPCs. It is unclear how this might occur in OPCs;
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however, accumulation of the cyclin-dependent kinase inhibitor 1B (p27°"*") in oligodendrocyte

precursors is correlated with their differentiation (Cassacia-Bonnefil et al. 1997). I have not

Kipl

determined whether p27™"" levels are decreased in OPCs expressing Cyto-BDG-GFP, but this is

a potential mechanism to explain the delay in cell cycle exit and should be addressed.
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Figure 4-1
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Figure 4-1. Subcellular distribution of B-dystroglycan in oligodendrocytes and progenitor
cells. Subcellular fractionation was performed on lysates obtained from oligodendrocyte
progenitor cells (OPCs) maintained in proliferation media (Sato's medium supplemented with 20
ng/ml PDGF and 20 ng/ml FGF), and from oligodendrocytes grown for 3 days on poly-D-lysine
(PDL) coated dishes in differentiation media. A) Representative immunoblot showing the
subcellular distribution of full length (43 kDa) or cleaved (30 kDa) B-dystroglycan in cytosolic
(C), nuclear (N), and total (T) cell lysates obtained from oligodendrocyte progenitors (OPC) and
differentiated oligodendrocytes (DIFF). Loading controls for the nuclear fractions (lamin B1),
and the cytosolic fractions (a-tubulin), are shown in the blots below. B) Bar graph depicting the
relative percent (:SEM) distribution of total B-dystroglycan (full length, 43 kDa + cleaved, 30
kDa) in the nuclear fraction of OPCs and differentiated oligodendrocytes (DIFF) as determined
by densitometry in 3 independent fractionation experiments. C) Bar graph depicting the relative
percent distribution (£SEM) of full length (B-DG-43) and cleaved (B-DG-30) B-dystroglycan in
the nuclear fractions of OPC and oligodendrocyte lysates (¥**P<0.01). D) Bar graph depicting the
relative percent distribution (£SEM) of full length (B-DG-43) and cleaved (B-DG-30) pB-
dystroglycan in the cytosolic fractions of OPC and oligodendrocyte lysates (***P<0.001). E)
Representative immunoblot showing the subcellular distribution of full length or cleaved B-
dystroglycan in astrocytes cultured on PDL for 2 days in OPC maintenance medium. Both the
full length and cleaved forms of B-dystroglycan are found in the nuclear fraction of astrocytes
(n=1). n.s., not significant.
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Figure 4-2
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Figure 4-2. Endogenous B-dystroglycan expression in oligodendrocytes and progenitor
cells. A) Representative fluorescence micrographs of oligodendrocyte progenitor cells (OPCs)
showing immunoreactivity for B-dystroglycan (red), and a marker for OPCs, NG2 (green), in
combination with DAPI for nuclei (blue). Top two panels show B-dystroglycan distribution in
OPCs throughout the cytoplasm and extending into processes. B-dystroglycan immunoreactivity
is also found in closely associated with the nucleus (see insets, bottom two panels). Arrows in
lower left panel point out diffuse and punctate B-dystroglycan immunoreactivity in the cytoplasm
and around the nucleus. Arrows in lower right panel show two strong concentrations of -
dystroglycan immunoreactivity in the nucleus of a rounded OPC, possibly prior to dividing.
Scale bars = 25 um. B) Representative fluorescence micrographs of oligodendrocyte progenitor
cells (OPCs) showing immunoreactivity for [-dystroglycan (red), and the oligodendrocyte
marker GalC (green), in combination with DAPI for nuclei (blue). Top two panels show -
dystroglycan distribution in oligodendrocytes throughout the cytoplasm and extending into
processes and branches. B-dystroglycan immunoreactivity also strongly co-localizes with the
nucleus (see inset, bottom two panels). Bottom left panel shows strong p-dystroglycan
immunoreactivity associated with the nucleus (outlined). Bottom right panel shows p-
dystroglycan and DAPI co-localization in the same cell as shown in the bottom left panel. Scale
bars =25 um.
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Figure 4-3
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Figure 4-3. Overexpression of cytosolic B-dystroglycan shows preferential localization in
the nucleus of oligodendrocyte progenitor cells. Oligodendrocyte progenitor cells (OPCs)
were transfected with a construct containing the cytosolic domain of B-dystroglycan fused to
GFP, maintained in proliferation media (Sato's medium supplemented with 20 ng/ml PDGF and
20 ng/ml FGF) for an additional day, and fixed for visualization by confocal microscopy or lysed
to determine transfection efficiency. A) A schematic of the cytosolic B-dystroglycan-GFP fusion
construct in comparison to full length dystroglycan and the control GFP vector. The cytosolic
construct consists of the entire C-terminal tail of B-dystroglycan on the intracellular side of the
transmembrane (TM) domain. B) Representative immunoblot showing the transfection efficiency
of the cytosolic B-dystroglycan-GFP fusion construct (Cyto-BDG-GFP) and the control vector
(Ctl-GFP). A band in the Ctl-GFP tranfected cells is detected at 25 kDa, while a band at 55 kDa
is detected in Cyto-BDG-GFP transfected OPCs. C) Representative confocal images showing
GFP (green) and dystrophin (red) immunoreactivity, co-stained with DAPI (blue) for nuclei, in
OPCs transfected with the cytosolic B-dystroglycan construct (Cyto-BDG-GFP) or control vector
(Ctl-GFP). GFP immunoreactivity is prominent in the nucleus of Cyto-BDG-GFP transfected
cells, while in Ctl-GFP transfected cells, GFP immunoreactivity is predominantly cytosolic (see
arrows in left panels). Strong GFP immunoreactivity in the nucleus of OPCs transfected with
Cyto-BDG-GFP is associated with a redistribution of dystrophin from the cytoplasm to the
nucleus (see arrows in middle panels). Scale bars = 10pum.
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Figure 4-4
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Figure 4-4. Cytosolic B-dystroglycan is redistributed out of the nucleus following
microtubule disruption. (A-R) Oligodendrocyte progenitor cells (OPCs) were transfected with
a construct containing the cytosolic domain of B-dystroglycan (Cyto-BDG-GFP) (G-R), or
control vector (Ctl-GFP) (A-F), and subsequently treated for 2 hours with the microtubule
depolymerizing agent nocodazole, or vehicle control, DMSO (CTL). Treated cells were fixed
and immunolabeled with antibodies to detect a-tubulin (red) and GFP (green), in conjunction
with DAPI (blue) to label nuclei, for visualization via fluorescence microscopy. o-Tubulin
immunoreactivity shows that microtubule organization is evenly distributed in a mesh like
framework throughout the cell body, around the nucleus, and in parallel bundles extending into
processes in CTL treated OPCs transfected with either Cyto-BDG-GFP or Ctl-GFP (See arrows:
A,G). In nocodazole-treated cells, microtubules depolymerize and condense while processes
retract (see arrows: D,M). In Ctl-GFP transfected cells, GFP staining is distributed evenly
throughout the cytoplasm in both CTL and nocodazole treated cells (B,E). Strong nuclear GFP
staining is prominent in CTL treated Cyto-BDG-GFP transfected OPCs (H,I, arrows in K,L).
Cyto-BDG-GFP transfected OPCs treated with nocodazole show a redistribution of GFP staining
from the nucleus to the cytosol (see arrows: N,O,Q,R). In contrast, Ctl-GFP transfected OPCs
treated with nocodazole retain GFP immunoreactivity around the nucleus similar to untreated
controls (see arrows: B,C,E,F). Scale bars =25 pum.
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Figure 4-5
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Figure 4-5. Delayed cell cycle exit in oligodendrocyte progenitor cells overexpressing
cytosolic B-dystroglycan. Oligodendrocyte progenitor cells (OPCs) were transfected with a
construct containing the cytosolic domain of B-dystroglycan (Cyto-BDG-GFP), or control vector
(Ctl-GFP), and subsequently treated with increasing amounts of the soluble growth factor PDGF.
After BrdU incorporation for 8 hours, OPCs were fixed and stained for indirect
immunoflourescence microscopy. A) Representative micrograph of OPCs immunolabeled with
antibodies to detect GFP (green) and BrdU (red), in conjunction with DAPI (blue) to visualize
nuclei. More GPF/BrdU double-positive cells are present in the absence of growth factor (0
ng/ml PDGF) in OPCs transfected with Cyto-BDG-GFP versus Ctl-GFP transfected cells. In the
presence of 10 ng/ml PDGF, there is no difference in the number of GPF/BrdU double-positive
cells in OPCs transfected with either Cyto-BDG-GFP or Ctl-GFP. Scale bars = 100 um. B) Bar
graph depicting the percent BrdU and GFP double-positive population (xSEM) of OPCs
transfected with either Cyto-BDG-GFP or Ctl-GFP and treated with increasing amounts of
PDGF for 8 hours. OPCs transfected with Cyto-BDG-GFP showed a significant increase over
Ctl-GFP transfected cells in the percentage of BrdU positive cells in the absence of growth
factor, or in the presence of 1 ng/ml PDGF suggesting delayed cell cycle exit in growth factor-
limiting conditions (n=3; *P<0.04).
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Chapter 5

GENERAL DISCUSSION

The studies contained within this dissertation have been designed to elucidate the
functional role of dystroglycan in normal oligodendrocyte development. Here I have
demonstrated that dystroglycan has a role in promoting filopodia formation, process outgrowth,
and process branching in newly-formed premyelinating oligodendrocytes. Dystroglycan is found
in filopodia, processes, and process branch points where it is positioned to affect local
cytoskeletal reorganization. Laminin mediates the effects of dystroglycan on cytoskeletal
remodeling, as disrupting dystroglycan interactions does not affect filopodia formation, process
extension, or process branching in oligodendrocytes differentiated on poly-D-lysine substrate. In
addition, dystroglycan is found in a complex with focal adhesion kinase (FAK), previously
implicated in regulating process outgrowth and branching downstream of the Src family kinase
Fyn (Hoshina et al. 2007). Taken together, these findings suggest that dystroglycan-laminin
interactions promote cytoskeletal reorganization, and thus, may influence the morphological

differentiation of pre-myelinating oligodendrocytes.

In addition, I have examined a novel role for P-dystroglycan in the nucleus of
oligodendrocyte progenitor cells and pre-myelinating oligodendrocytes. Here 1 have
demonstrated that a significant fraction of B-dystroglycan localizes in the nucleus of both

oligodendrocyte progenitor cells and pre-myelinating oligodendrocytes. I have further shown
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that cleaved B-dystroglycan is the predominant form of dystroglycan present within the nucleus
of oligodendrocyte progenitor cells and pre-myelinating oligodendrocytes. Finally, I have
demonstrated that the cytosolic domain of [-dystroglycan, when overexpressed in
oligodendrocyte progenitor cells, preferentially localizes in the nucleus and delays cell cycle exit
in conditions that promote cell cycle exit. These findings suggest that there may be a previously

unknown functional role for dystroglycan in the nucleus during oligodendroglial development.

The two studies contained within this dissertation represent fundamentally different
functional roles for dystroglycan during oligodendroglial development. On the one hand,
dystroglycan mediates interactions with laminin in the extracellular matrix and promotes
cytoskeletal reorganization facilitating the morphological differentiation of newly-formed
oligodendrocytes. On the other hand, B-dystroglycan translocates into the nucleus of
oligodendrocyte progenitors and influences the cell cycle. These two distinct functions suggest
that dystroglycan itself is regulated during oligodendrocyte development. While this possiblity
has yet to be examined, I propose a model in which the regulated cleavage of B-dystroglycan is
required during oligodendrocyte progenitor proliferation for normal cell cycle progression. Upon
cell cycle exit and the initial phase of process outgrowth, o/B-dystroglycan are positioned within
the cell membrane and stabilized to coordinate cytoskeletal skeletal reorganization. A flaw in this
model is that cleaved B-dystroglycan is also in found within the nucleus of pre-myelinating
oligodendrocytes. However, it has been reported that the proteolytic activity of matrix
metalloproteinase (MMP)-9 regulates oligodendroglial process outgrowth by remodeling the

extracellular matrix (ECM) (Oh et al. 1999). Additionally, MMP2-9 are known to cleave [-

dystroglycan (Yamada et al. 2001). Thus, regulated cleavage of -dystroglycan may not only be
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neccessary for remodeling the ECM, but may represent a feedback mechanism that disengages [3-

dystroglycan from the cell membrane, and allows for nuclear translocation.

Dystroglycan regulation of the oligodendroglial cytoskeleton

In order to examine the role of dystroglycan in filopodia formation, process outgrowth
and process branching, I used an in vitro cell culture system utilizing primary rat
oligodendrocyte progenitor cells. Two techniques were used to either disrupt dystroglycan-
laminin interactions, or, to deplete cells of dystroglycan. Oligodendrocytes were either cultured
in the presence or absence of a-dystroglycan blocking antibodies (clone 1IH6), or depleted of
dystroglycan using small interfering (si) RNAs. I[IH6 antibodies recocognize the carbohydrate
epitopes on a-dystroglycan and interfere with laminin-dystroglycan interactions. I demonstrated
that when grown on laminin coated chamber slides in the presence of IIH6, oligodendrocytes
form fewer filopodia, extend shorter processes, and exhibit decreased branching complexity.
Oligodendrocytes also express the the laminin receptor a6f1 integrin (Milner and ffrench-
Constant 1994; Buttery and ffrench-Constant 1999). Since oligodendrocytes derived from mice
lacking the B1 subunit of integrin also extend shorter processes when differentiated in culture, I
also examined process outgrowth and branching in the presence of both IIH6 and the B1 integrin
blocking antibody (Ha2/5) in order to assess the functional contribution of each receptor. To my
surprise, while I saw a decrease in process outgrowth and process branching complexity, it was
not as substantial as expected. This may suggest either the presence of another unidentified
laminin receptor expressed by oligodendrocytes, or competition between dystroglycan and

integrin for binding laminin. Additionally, I showed that when cultured on laminin coated plates,
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oligodendrocytes depleted of dystroglycan via siRNA extended significantly shorter processes,
and exhibited a pronounced reduction in process complexity, as compared to oligodendrocytes
incubated with the dystroglycan-blocking antibody. In this experiment, however, I cannot rule
out the possibility that the transfection procedure itself was damaging to many of the cells that
were analyzed in this experiment, thus contributing the effects I observed. However, transfection

of a control siRNA as the comparing factor, as was done, should have minimized such an effect.

While cell culture is a powerful tool to dissect mechanisms that otherwise would not be
possible in vivo, to truly understand the functional contribution of dystroglycan in normal
oligodendrocyte development, an in Vvivo approach is necessary. I have been undertaking
preliminary studies using a conditional oligodendrocyte specific dystroglycan mouse line, in
which dystroglycan was excised via cre recombinase under the 2'3'-cyclic nucleotide 3'-
phosphodiesterase (CNP) promoter, active in pre-myelinating oligodendrocytes (although this
promoter has been reported to be active in a subset of OPCs as well). Initial observations of these
mice suggest that oligodendrocyte differentiation is delayed in P21 animals. Myelin basic protein
(MBP) levels are decreased in cortical lysates, and the number of CC1 (a marker for mature
oligodendrocytes)-positive cells in the corpus callosum is also decreased compared to WT mice.
However, in aged adults (16+ months) MBP expression is similar to WT mice in cortical,
cerebellar, and spinal cord lysates. Additionally, the number of CC1-positive cells in the corpus
callosum appears normal in older dystroglycan knockout mice. It is unclear if there are any

myelination defects in these mice; however, these experiments are planned in the near future.

To extend the process outgrowth study, the same cortical dissection technique used to
obtain rat primary oligodendrocyte progenitor cells, can also be used to obtain oligodendrocyte

progenitors from the conditional oligodendrocyte-specific knockout mouse. Manipulation of
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these cells would be minimized; however, a drawback is that the cell yield from primary mouse
oligodendrocyte precursor preparations is low in comparison to the yield obtained from rats.
While morphometric analysis could be performed, biochemical studies may be limited.
Morphometric analysis may also be accomplished in vivo. For example, a transgenic mouse line
has been created that expresses membrane-associated EGFP (maEGFP) under control of the
MBP enhancer in limited numbers of oligodendrocytes thereby allowing the visualization of
individual oligodendrocytes (Chong et al. 2012). This mouse can be used for morphometric
anaylsis and 3D rendering of processes using thick sections and confocal microscopy. A
drawback of this approach is that in order to observe dystroglycan loss-of-function, lentiviral-
mediated delivery of dystroglycan targeting siRNAs would need to be performed, or extensive
backcrossing to obtain triple transgenic mice in which CNP-Cre: DAG flox/flox mutants can be

obtained on the MBP-EGFP line.

Another interesting aspect that remains to be explored in terms of dystroglycan regulation
of process outgrowth and branching, is the downstream signaling mechanism. For example, in
REF52 and Swiss 3T3 cells, dystroglycan can recruit a complex containing the ezrin-radixin-
moesin adapter protein, ezrin (Spence et al. 2004). Ezrin, a cytoskeletal adapter protein, then
recruits the Rho GTP/GDP exchange factor Dbl to the cell membrane, thereby localizing
activation of the RhoGTPase Cdc42 which drives filopodia fomation (Batchelor et al. 2007). 1
have shown that filopodia formation is decreased in a-dystroglycan blocking experiments,
however, it remains unknown whether a similar mechanism is found in oligodendrocytes. These
experiments can be performed via immunoprecipitation, GST pull-down assays, or by Cdc42
activation assys. Finally, since dystroglycan is often found in process branch points, it would be

of interest to determine whether or not dystroglycan is in a complex with proteins involved in F-
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actin assembly. Wiskott-Aldrich syndrome protein family verprolin homologous (WASP), is a
molecular scaffold that links the Rho GTPases Rho, Cdc42, and Racl, to the activation of actin-
related protein 2/3 (Arp2/3) (Etienne-Manneville and Hall 2002). WAVEI, similar to
dystroglycan, is upregulated during oligodendrocyte differentiation, and localized along the edge
of processes and branches (Kim et al. 2006). Arp2/3 is involved in actin nucleation, and is likely
enriched branch points in oligodendrocyte processes. It would be informative to know whether
dystroglycan and WAVEL localize together, and whether disrupting dystroglycan function alters

WAVEI1-mediated F-actin assembly.

Nuclear B-dystroglycan: functional implications

Nuclear localization of B-dystroglycan has only recently been reported in a number of
transformed or cancer cell lines including Hela, C2C12 muscle, PC12 neuronal, Swiss 3T3, and
mammary epithelial (MepG-C7, MEpL, MEpG, MEpE, EpH4) (Fuentes-Mera et al. 2006;
Gonzalez-Ramirez et al. 2008; Oppizzi et al. 2008; Lara-Chacon et al. 2010; Villarreal-Silva et
al. 2010; Villarreal-Silva et al. 2011). The only study to report the cleaved 30 kDa isoform in the
nuclear fraction has been in a study that included C2C12 muscle cells, where the cleaved form
was only a minor fraction of the total nuclear B-dystroglycan (Lara-Chacon et al. 2010). A
functional bipartite nuclear localization sequence has been indentified in the cytosolic domain of
B-dystroglycan in two separate studies (Oppizzi et al. 2008; Lara-Chacon et al. 2010). NLS-
mediated tranlocation of B-dystroglycan into the nucleus of a cell was reported in C2C12 muscle

cells. The functional significance of nuclear localized B-dystroglycan is currently unknown.
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Here I have reported for the first time, that 3-dystroglycan is found in the nuclear fraction
of both oligodendrocyte progenitor cells and immature oligodendrocytes. Furthermore, I have
shown that the most prominent form of B-dystroglycan found in the nuclear fraction of both
oligodendrocyte progenitor cells and immature oligodendrocytes is the cleaved 30 kDa form of
B-dystroglycan, which is distinct from the previous studies that have found that intact [3-
dystroglycan is found in the nucleus. I have demonstrated via indirect immunoflourescence
microscopy that endogenous B-dystroglycan is expressed throughout the cytoplasm and in the
nucleus of both oligodendrocyte progenitor cells and immature oligodendrocytes. Using confocal
imaging, | have shown that a construct containing the cytosolic domain of B-dystroglycan is
preferentially found in the nucleus of oligodendrocyte progenitor cells. Additionally, the
cytoskletal adaptor protein dystrophin is redistributed from the cytosol to the nucleus in
oligodendrocyte precursor cells expressing the cytosolic domain of B-dystroglycan. Furthermore,
I found that nuclear localization of the cytosolic B-dystroglycan construct is redistributed out of
the nucleus following disruption of microtubules in oligodendrocyte progenitors. Finally, I have
reported that oligodendrocyte progenitor cells expressing the cytosolic domain of B-dystroglycan
are delayed in exiting the cell cycle in conditions that promote cell cycle exit. Taken together,
these results suggest that nuclear localized B-dystroglycan influences oligodendrocyte progenitor
cell cycle exit, and potentially plays a role in regulating the timing and progression

oligodendroglial development.

The role of nuclear localized B-dystroglycan remains largely unexplored, in any cell type.
However, several studies have identified a dystrophin-associated protein complex (DAPC)

containing the short Dp71 isoform of dystrophin, as well as several other components of the
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dystrophin glycoprotein complex (DGC), in the nucleus of several cell types. -dystroglycan has
been shown, for example, to form a complex in Hela cells with the following components of the
DGC: Dp71, B-dystroglycan B-sarcoglycan, a- and - syntrophin; al- and B-dystrobrevin and
neuronal nitric oxide synthase (nNOS) (Fuentes-Mera et al. 2006). Additional, using nuclear
fractionation assays performed in Hela cells, Fuentes-Mera et al. also reported that Dp71, B-
dystroglycan, B-dystrobrevin, actin, and the nuclear matrix protein lamin B1 co-purified together
in the nuclear matrix fraction. Most of these proteins have been similarly identified in the
nucleus of C2C12 muscle, and PC12 neuronal cells (Gonzalez-Ramirez et al. 2008; Villarreal-
Silva et al. 2010). The previous three reports have speculated that the role of the DAPC in the
nucleus is to stabilize and organinze the the nuclear matrix. Indeed, deletion of Dp71 in PC12
cells has been shown to decrease the nuclear expression of most all of the previously mentioned
DAPC components above, including B-dystroglycan (Villarreal-Silva et al. 2010). The link
between B-dystroglycan and Dp71 in the nuclear envelope was further investigated in PC12 cells
during mitosis and cytokinesis (Villareal-Silva et al. 2011). In this study, Villarreal-Silva et al.
demonstrated that Dp71, B-dystroglycan, and lamin Bl co-localize at the mitotic spindle,
midbody, and cleavage furrow in PC12 cells during mitosis and cytokinesis respectively. In the
absence of Dp71, Villarreal-Silva et al. note a drastic reduction in B-dystroglycan expression in
these structures, commensurate with significant reduction in lamin Bl immunoreactivity and
partial breakdown of the nuclear envelope. Additionally the authors found that BrdU
incorporation is significantly reduced in Dp71-depleted PC12 cells which show a delay in GO/G1
transition. Another independent study previously reported that B-dystroglycan is also localized to
the mitotic spindle, midbody, and cleavage furrow (Higginson et al. 2008). In this study,

Higginson et al. deplete Swiss 3T3 cells of B-dystroglycan and report an accumulation of cells in
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G1 phase of the cell cycle. When viewed together, it is clear that in PC12 and Swiss 3T3 cells, -
dystroglycan and Dp71 are central components of several complexes found in the nucleus,

nuclear matrix, the mitotic spindle, midbody, and cleavage furrow.

How can my results be interpreted in view of theses findings? First, I've found strong co-
localization between a construct containing the cytosolic domain of B-dystroglycan and
dystrophin in the nucleus of oligodendrocyte progenitors. This is consistent with the studies
above in PC12 cells. Second, while depletion of Dp71 results in a decrease in BrdU
incorporation and B-dystroglycan expression in the nucleus of PC12 cells, I have conversely
found that BrdU incorporation is increased in oligodendrocyte progenitor cells overexpressing
the cytosolic domain of [B-dystroglycan. This too seems to correlate with the two studies
mentioned above. Interestingly, I have also observed endogenous B-dystroglycan localized to the
cleavage furrow of dividing oligodendrocyte progenitors (not shown). Additionally, I also quite
frequently observe multinucleated oligodendrocytes following overexpression of the cytosolic 3-
dystroglycan construct. This point is interesting in light of the finding above that Dp71
knockdown decreases expression of the nuclear envelope protein lamin B1 causing breakdown of
the nuclear lamina. Overexpression of the cytosolic domain of B-dystroglycan may dysregulate
the nuclear complex that resides within the nuclear lamina or the cleavage furrow, thus delaying

or perturbing final progression through the cell cycle.

To address these possibilities, I first need to ascertain the dystrophin isoform present in
oligodendrocyte progenitors. In addition, I should identify the other members of the DAPC that
are localized in the nucleus, and whether they are consistent with those found, for example, in

PC12 cells as shown above. [-dystroglycan interactions can be determined via
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immunoprecipitation and co-localization studies using immunocytochemical techniques followed
by confocal microscopy. I can utilize the cytosolic B-dystroglycan construct in functional assays
by mutating the dystrophin binding site to determine the spatial-temporal requirement for -
dystroglycan-dystrophin interactions throughout the cell cycle and during oligodendrocyte
differentiation. These initial steps should provide a greater understanding of the role of nuclear

localized B-dystroglycan in oligodendroglial development.

113



Chapter 6

EXPERIMENTAL METHODS

Cell Culture

Oligodendrocyte progenitor cells (OPCs) were dissociated from P0-P2 rat cortices and
cultured at 37°C, 7.5% CO; on poly-D-lysine (PDL)-coated flasks with high-glucose Dulbecco's
modified Eagle's medium (DMEM) containing 10% fetal calf serum (FCS) (OPC maintenance
media). Media was changed every 3-4 days for 10-14 days to obtain mixed glial cultures
containing OPCs and microglia on astrocyte monolayers. Purified OPCs were obtained by
physical agitation on an orbital shaker, and subsequent differential adhesion (McCarthy and de
Vellis, 1980). For morphometric assays, OPCs were resuspended in a modified Sato's medium
containing 0.5% FCS (differentiation media) and grown in 8-well chamber slides (Nunclon)
coated with 10 pg/ml PDL or laminin-2 (Purified Human Merosin, Millipore). For laminin
coating, slides were pre-coated with PDL for 1 hour, washed, and then coated with laminin for 4
hours at 37°C. After coating, slides were blocked with heat-inactivated bovine serum albumin
(BSA) for 30 minutes at 37°C, and then washed twice with phosphate buffered saline (PBS). For
experiments including dystroglycan blocking antibodies, OPCs were resuspended in
differentiation media containing either dystroglycan blocking antibody (ITH6C4) or an isotype
control IgM (MOPC 104E; Sigma) immediately prior to seeding cells. For dual antibody

blocking experiments using integrin 31 blocking antibody (Ha2/5) and ITH6C4, OPCs were
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seeded in laminin-coated chamber slides for 2 hours, to allow for complete attachment prior to

the addition of either blocking antibodies or control IgM.

DAG1-GFP expressing Virus-Like Particle (VLP) production

The full length DAG1-GFP ORF was excised from pEGFPN3-DAG-GFP with Sall and
Notl; ends were filled in with Klenow polymerase (Chen, 2003). This fragment was ligated to
pHAGE, Tat/Rev-dependent HIV1 based lentiviral packaging vector, and screened for correct
orientation. pHAGE was modified to contain the human Ubiquitin C promoter, cloning sites
(Notl-Xbal), and an EMCYV Internal Ribosomal Entry Site (IRES) followed by mCherry with the
isoprenylation site from human k-ras (mCherryCAAX). DAG1-GFP VLPs were produced by co-
transfection into HEK 293-T cells with Tat, Rev, Gag-pol and VSV-G envelope protein
expressing vectors as described (Mostoslavsky, 2006). Virus-containing culture supernatant was
harvested on the first, second and third days after transfection; supernatant from first and second
day collections were stored on ice until the final collection. Debris was cleared from the virus-
containing supernatant at 3000 g for 10 minutes, followed by filtration with a 0.4um PES-
syringe filter. VLPs were concentrated by ultracentrifugation at 100,000 g for 2 hours. The VLP
pellet was resuspended in 1.2 ml of DMEM (no serum), and stored at -80°C in 100ul aliquots.
OPCs were seeded into PDL-coated chamber slides and maintained overnight in proliferation
media (Sato, 20 ng/ml PDGFa, 20 ng/ml FGF). The next day, media was removed from OPCs
and replaced with infection mixture (one 100pul aliquot of VLPs thawed on ice and diluted into
400ul of DMEM with Sug/ml polybrene) for 2 hours at 37°C, 7.5% CO,. The infection mixture

was removed, replaced with proliferation media, and returned to the incubator overnight. The
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following day, proliferation media was replaced with differentiation media, and oligodendrocytes

were differentiated for an additional 2-3 days.

Dystroglycan siRNA & Cyto-BDG-GFP Transfection

As previously described (Colognato et al. 2007), dystroglycan depletion was achieved
using a pool of 4 siRNA duplexes targeting rat dystroglycan mRNA (Dharmacon), while a pool
of 4 rat non-targeting siRNA duplexes was used as a control. Fluorescent siGLO siRNA
(Dharmacon) was used to determine the percentage of cells with siRNA uptake (~90%). A
dystroglycan deletion construct (a generous gift from Dr. Steve Winder) lacking the entire
cytosolic domain B-dystroglycan (Cyto-BDG-GFP) was used in overexpression assays and
generated as previously described (Chen et al. 2003). Purified OPCs were resuspended in
proliferation media, plated onto Petri dishes, and maintained overnight at 37°C, 7.5% CO,. The
following day OPCs were collected by brief trypsinization with 0.5X Trypsin-EDTA (Sigma) in
PBS. Trypsinization was stopped using DMEM + 10% FCS and OPCs were gently pelleted and
resuspended in proliferation media. Cells were allowed to rest in suspension for 1.5 hours at
37°C after which they were gently repelleted and transfected by electroporation using the Rat
Oligodendrocyte Nucleofector Kit (Amaxa). For dystroglycan siRNA transfections, OPCs were
seeded into PDL-coated Nunclon tissue culture plates and maintained for two days at 37°C in
proliferation media (with one media change on day 1) to ensure time for adequate dystroglycan
knockdown. For morphometric assays, the cells were gently trypsinized, resuspended in
differentiation media, and grown in 8-well chamber slides coated with either PDL or laminin.
For Cyto-BDG-GFP overexpression experiments, OPCs were seeded into PDL-coated Nunclon

tissue culture plates, or acid-washed glass coverslips, and maintained 12-14 hours at 37°C in
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proliferation media. For proliferation assays, OPCs were then incubated with Sato's medium
supplemented with 5-bromo-2'-deoxyuridine (BrdU) and increasing amounts of PDGF (0,1,10,20
ng/ml) for 8 hours. Proliferation was detected via indirect immunocytochemistry to visualize
BrdU incorporation in GFP expressing cells. A minimum of 100 GFP-positive cells per condition
condition were counted in 3 independent experiments. For microtubule disruption assays, OPCs

were treated with 10 pg/ml nocodazole (Sigma) for two hours, fixed, and incubated with

antibodies to detect a-tubulin and GFP via indirect fluorescence microscopy.

Subcellular Fractionation

Purified OPCs were seeded into PDL-coated dishes and either 1) expanded for 3 days in
Sato's medium +0.5% FCS supplemented with 20ng/ml PDGF and 20 ng/ml FGF, or 2) grown
for 3 days in differentiation medium. Cells were collected by brief trypsinization with 0.5X
Trypsin-EDTA (Sigma) in PBS. Trypsinization was stopped using DMEM + 10% FCS and cells
were gently pelleted. The pellets were resuspended in ice cold PBS, re-pelleted at 4°C, and
resuspended in ice-cold PBS. A portion was removed for total cell lysates. The remaining cells
were gently centrifuged and resuspended in lysis buffer 1 (LB1) containing 20mM HEPES pH
7.9, 1.5 mM MgCl, , 10 mM KCI, 0.5 mM DTT, Protease Inhibitor III-EDTA free (Calbiochem),
and Phosphatase Inhibitor II (Calbiochem). Cells were incubated on ice for 20 minutes, passed
10X through a 25 gauge needle, and centrifuged for 5 minutes at 5,000 rpm. The supernantant
containing the cytosolic fraction was removed to a new tube. The pellet (nuclear fraction) was
washed in LB1, re-centrifuged, and resuspended in lysis buffer 2 (LB2) containing 20mM
HEPES pH 7.9, 1.5 mM MgCl, , 0.2 mM EDTA, 20% glycerol, 0.42M NaCl, 0.5 mM DTT,

Protease Inhibitor III-EDTA free (Calbiochem), and Phosphatase Inhibitor II (Calbiochem). The
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nuclear fraction was placed on a rotating wheel at 4°C for 30 minutes and then centrifuged for 5
minutes at 13,200 rpm. The supernatant containing the nuclear fraction was removed to a new
tube. The nuclear, cytosolic, and total fractions were assayed for protein concentration, boiled in

SDS-PAGE sample buffer, and resolved on a 10% SDS-PAGE gel as described below.

Protein Analysis

Cells were lysed for 15 minutes at 0°C in radioimmunoprecipitation (RIPA) buffer
containing 50 mM Tris-HCL (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, Protease Inhibitor III-EDTA free (Calbiochem), and
Phosphatase Inhibitor II (Calbiochem). Lysates were centrifuged to remove insoluble material,
and a detergent compatible protein assay (BioRad) was used to determine protein concentration.
Lysates were boiled for 10 minutes in SDS-PAGE sample buffer (NuPAGE, Invitrogen)
containing 12% PB-Mercaptoethanol, and proteins were resolved on 8% SDS-PAGE gels. Proteins
were transferred to nitrocellulose membranes, which were blocked in Tris buffered saline
containing 0.1% Tween20 (TBS-T) and 4% BSA. B-dystroglycan, however, required blocking in
TBS-T containing 1% non-fat milk. Membranes were incubated overnight at 4°C with primary
antibodies, washed with TBS-T, and incubated at room temperature for 1 hour with either
biotinylated secondary antibodies (1:10,000), or HRP-conjugated secondary antibodies (1:2000).
Biotinylated antibodies were washed and incubated with Peroxidase-conjugated Streptavidin
(1:10,000) for 1 hour at room temperature. Detection of immunoreactive proteins on film was

performed using enhanced chemiluminescence (ECL) (GE Healthcare).
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Immunoprecipitation

Oligodendrocytes were differentiated on PDL-coated NUNC dishes for 4 days and lysed
in ice-cold RIPA buffer. Lysates were incubated on ice for 15 minutes, and then clarified at 4°C
to remove insoluble material. 250 ug of pre-cleared lysates were incubated with Protein A/G
beads (Pierce) and either 5 ug/ml mouse IgG anti-B-DG (Novocastra), 5 ug/ml mouse IgG anti-
FAK (BD Transduction), or 5 ug/ml control mouse IgG (Jackson) on a rotating wheel at 4°C
overnight. Next, beads were pelleted and washed 3 times with RIPA buffer with protease and
phosphatase inhibitors. Immunoprecipitated proteins were eluted from beads by boiling in SDS-

PAGE sample buffer for 10 minutes and separated on an 8% SDS-PAGE gel.

Antibodies

Mouse IgM a-dystroglycan antibody (clone IIH6C4; Millipore) was used for
immunocytochemistry, or, following dialysis to remove sodium azide, used in dystroglycan
blocking experiments at 10 ug/ml. Hamster IgM against integrin 1 (clone Ha2/5, Pharmingen)
was used at 10 pug/ml in blocking experiments. The following antibodies were used for
immunocytochemistry: rabbit anti-FAK (phospho Y397), rabbit anti-NG2 Chondroitin Sulfate
Proteoglycan (Chemicon), whole antiserum produced in rabbit against Galactocerebroside (GalC
- Sigma), and mouse anti- 2',3'-cyclic nucleotide 3'-phosphodiesterase (CNPase - Sigma). Mouse
anti-o-tubulin (Upstate) was used for immunobloting and immunocytochemistry. The following
antibodies were used for immunoblot analysis: mouse anti-B-dystroglycan (Novocastra), rabbit
IgG anti-lamin B1 (Abcam), mouse anti-Focal Adhesion Kinase (FAK - BD Transduction),
mouse anti-B-actin (Sigma), biotinylated anti-mouse IgG (Vector Labs), and horseradish

peroxidase linked sheep anti-mouse IgG (GE Healthcare). The following secondary antibodies
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were used for immunocytochemistry: fluorescein (FITC)-conjugated donkey anti-rabbit IgG or
DyLight488 donkey anti-rabbit IgG (Jackson) were used to detect GFP, NG2, GalC, and FAK
pY397; Cy3-conjugated donkey anti-mouse IgG (Jackson) was used to detect CNP and f-
dystroglycan; biotin-SP-conjugated F(ab'), donkey anti-mouse IgM (u chain specific) and Cy3-
conjugated streptavidin (Jackson) were used to detect a-dystroglycan; Cy5-conjugated donkey

anti-rabbit IgG (Jackson) was used to detect FAK pY397 during coimmunocytochemistry.

Immunocytochemistry

Cells grown in chamber slides for morphological analysis were fixed with 4%
paraformaldehyde (PFA) for 10 minutes, washed with PBS, permeabilized with 0.1% Triton X-
100 in PBS for 5 minutes, and blocked for 1 hour in blocking buffer (1% BSA in PBS). Primary
antibodies were incubated overnight at 4°C in blocking buffer, washed with PBS, and incubated
for 1-2 hours at room temperature with secondary antibodies diluted in blocking buffer.
Subsequent labeling of F-actin was accomplished using either Texas Red-X-phalloidin or
Alexa488 phalloidin (Invitrogen) diluted in blocking buffer for 20 minutes at room temperature.
Cell nuclei were labeled with 4',6-diamidino-2-phenylindole (DAPI) for 10 minutes at room
temperature, and slides were then coverslipped with Fluoromount G (Southern Biotech). A live
labeling technique was used to visualize o-dystroglycan. Briefly, cells were differentiated on
acid washed coverslips coated with 25 pg/ml PDL in Boric Acid Buffer (50 mM boric acid, 12.5
mM sodium tetraborate, pH 8.5). At the required time of labeling, differentiation media was
removed and replaced with fresh OPC culture media containing ITH6 anti a-dystroglycan and
incubated for 20 minutes at room temperature. Following 3 quick washes in OPC media, cells

were incubated with biotinylated anti-mouse IgM diluted in OPC media for 20 minutes at room
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temperature. After 3 more quick washes with OPC media, cells were incubated with Cy3-
conjugated streptavidin diluted in OPC media for 10 minutes at room temperature. Cells were
briefly washed 3 more times, fixed with 4% PFA, and co-stained with primary antibodies or

phalloidin.

Microscopy and Image Acquisition

Images for morphological analysis were captured with a Zeiss Axiocam MRM digital
camera controlled by Zeiss Axiovision software (Rel. 4.8) using an inverted Zeiss Axioplan
epifluorescence microscope fitted with a 10X eyepiece and either 20x (0.5 N.A.), 40x (0.75
N.A.), or 63x oil immersion objectives. High resolution a-dystroglycan localization and
filopodia images were captured by a Cool Snap HQ2 digital camera controlled by Nikon
Elements NES software using a Nikon Eclipse Ti inverted microscope fitted with a 10x eyepiece
and either 60x or 100x Plan Apo oil immersion objectives. FAK pY397 and a-dystroglycan
confocal images were acquired using a Zeiss LSM 510 Meta confocal microscope running Zeiss
LSM software and fitted with a 10x eyepiece and either 100x or 63x Plan Apo oil immersion

objectives.

Morphological Analysis

Oligodendrocytes identified by appropriate oligodendrocyte lineage protein antibodies
were analyzed, and a minimum of 100 cells per experimental condition were measured
(minimum 3 independent experiments). The length of the longest process was visualized by
phalloidin labeling of F-actin and measured using ImageJ analysis software (NIH). A process

was measured if the length of the process from the cell body to the leading distal edge was equal
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to or greater than the diameter of the cell body. Additionally, where distinguishing the base of
wide processes from the cell body was difficult, length was measured from the point where
process width was equal to or less than half the width of the cell body diameter. Data is reported
as the mean process length (um).

The mean numbers of primary processes per cell were counted only in cells also
measured for process length. Similarly, the numbers of secondary processes were counted only
in cells also measured for process length (see Fig. 2A). Process complexity was measured using
a Sholl analysis plug-in for Imagel (see Fig. 3A). The following parameters were used for all
Sholl analyses: 10 um starting radius, 50 um ending radius, 10 um step size, and 0.1 um span.
Data is reported as the mean number of intersections per radius. A minimum of 30 randomly
chosen cells per condition with at least one process > 50 um were analyzed (n=3 independent
experiments).

The total length and number of filopodia formed by immature oligodendrocytes was
measured using Zeiss Axiovision software (Rel. 4.8). OPCs were differentiated for 12 hours on
PDL- or laminin-coated chamber slides in the presence or absence of dystroglycan blocking
antibodies. A minimum of 30 randomly chosen oligodendrocytes per condition were analyzed
and total number of filopodia per cell and filopodia length was measured (n=3 independent
experiments). Data is reported as the mean number of filopodia per cell, or as mean filopodia
length (um). Additionally, to normalize filopodial measurements with respect to overall cell size,
the total number of filopodia per cell was divided by the perimeter of the cell, and expressed as

filopodia per micron of cell perimeter.
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Statistical Analysis
Statistical analysis was performed using SigmaPlot 11 data analysis software. The Mann-
Whitney Rank Sum Test was used to assess statistical significance in all experiments. Results

were deemed significant if P < 0.05. All error bars represent Standard Error of the Mean (s.e.m.).
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